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Foreword

Orthopedic and trauma surgery has been among the most innovative and successful 
areas of medicine in recent decades. Survival from major trauma and bone cancer 
has increased exponentially, and many older people can now retain their mobility 
and activities well beyond the expectations of past generations. However, we face 
major challenges with the complications of injury and surgery. Among these com-
plications, infection and bone loss cause great disability for our patients. When they 
occur together, they produce chronic ill health, recurring need for medical interven-
tion, social isolation, loss of income and employment, and a high risk of depression 
and mental disorder.

The problem of infected bone defects is now much more common than previ-
ously. Prior to 1990, many patients with severe head or chest trauma did not survive 
the initial resuscitation, so no reconstruction of their associated limb injuries was 
required. Similarly, primary bone cancer of the limbs was often treated with ampu-
tation. Now we need better reconstructive options to restore function for the survi-
vors of major trauma and cancer.

We have made major strides in understanding the mechanisms behind fracture 
healing, bone regeneration, bacterial invasion, adhesion, biofilm formation, and 
clinical infection. This has allowed us to develop strategies to prevent bacterial col-
onisation, for the treatment of established infection and restoration of bone defects. 
However, our current treatments could not be regarded as ‘patient-friendly’. They 
often rely on prolonged hospital treatment with staged surgery, invasive bone graft-
ing, use of toxic antimicrobials with frequent adverse effects, and bone stabilisation 
using cumbersome external fixation. In the best units, there are still failures with 
recurrence of infection in up to 20% of cases and late amputation rates of 10%.

This book focusses our attention on an attractive range of options for enhanced 
tissue engineering. The use of interactive biomaterials has been an aspiration of 
many surgeons and scientists for at least a century. It is fascinating to read that in 
1932, Alexander Fleming noted the ability of tellurium to kill bacteria which were 
resistant to penicillin. Now we are investigating a plethora of materials, ions, and 
elements, which can interfere with bacterial physiology and help us with the rapidly 
advancing problem of antimicrobial resistance.
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Initially, we asked little of our orthopedic materials. They needed to be biocom-
patible or at least bio-tolerant, with certain mechanical properties. But this evolved 
into the concept of bioactivity and biodegradability. Now we look for materials 
which can provide mechanical support, drug delivery, inhibition of certain cells or 
pathogenic organisms, and then allow remodelling into normal human tissue by 
induction of complex cellular pathways. This task is equivalent to the moon landing 
of 50 years ago!

The following chapters introduce novel ideas which will be fascinating for sur-
geons. The book is inspiring in the range of possibilities which await future clini-
cians. ‘Anti-biofouling materials’ or ‘bone-like multifunctional coatings’ are 
certainly engaging ideas. Better understanding of the natural mechanisms which 
prevent bacterial infection and promote tissue healing may allow us to exploit those 
areas of overlap which achieve both goals. The concept of using endogenous human 
responses to heal defects (in antibody-mediated osseous regeneration) promises to 
allow improved healing without the toxic effects of exogenous therapy. In general, 
a move from systemic therapy to local therapy within bones has already seen major 
improvements in clinical outcomes with reduced adverse effects.

The next phase of research in orthopedic biomaterials will be critical in estab-
lishing what is useful in clinical practice. It is interesting to show that materials can 
exhibit osteoinductive behaviour or antimicrobial properties under ideal laboratory 
conditions. This now needs to be tested in the more taxing clinical environment. 
Patients with multiple comorbid conditions, taking several disease modifying drugs, 
and being non-compliant with therapy will fully expose any weaknesses in the con-
cepts. It is essential that scientists and surgeons learn to work together to direct the 
studies which will be required. Our patients need us to step up to this challenge.

Martin McNally
Oxford Bone Infection Unit, Oxford University Hospitals
Oxford, UK
2019

Foreword
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Preface

 Half a Century and Billions of Dollars Later, Is the Charnley 
Hip Implant Still the Best We Have?

From around 1947 to now, the Charnley hip implant has revolutionised medicine, 
returning motor function to millions of patients suffering from hip fractures. It is 
hard to imagine life before what is now a common surgical procedure to restore 
motor function to patients suffering from hip fractures as a result of accidents, dis-
ease, cancer, and so much more. But, it was not a pretty time. Consider if you broke 
your hip and then came to the quick realisation that there is no treatment for you to 
restore motor function, or even walk to the store to get groceries ever again. Although 
implant failures were reported (and still are) with the original Charnley hip implant, 
it has certainly given hope to patients worldwide that they can once again walk on 
their own after a debilitating hip fracture.

Of course, as with any medical advance, over the decades since the Charnley hip 
implant was first introduced to medicine, numerous researchers and companies have 
tried to improve its original design from changing chemistry, geometry, surface tex-
ture, to even getting rid of the whole idea by using injectable or biodegradable 
chemistries. One can now find alterations to the original Charnley hip implant in all 
of today’s commercially available hip implants. Yet, some fundamental design 
parameters from the original Charnley hip have remained the same—the general 
geometry (with a stem inserted into the femur marrow space and the acetabular cup 
into the hip), strong metal components to help support physiological loads, compo-
nents that can be easily imaged for diagnosis using X-rays, and other features.

Some of the more ‘revolutionary’ design enhancements to the original Charnley 
hip have been new surface textures, which provide a more beneficial three- 
dimensional surface that promotes bone growth. But is this enough? Aren’t these just 
baby steps in the scheme of improving orthopedic implant functionality? Weren’t 
these modifications easy? Would anyone call them a revolutionary change in ortho-
pedic implants? Don’t problems still exist? Yes, and here are some: orthopedic 
implant lifetimes less than the lifetime of the patient, lack of diagnosis of bacteria 
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presence at an early enough time to do anything about it, infection, orthopedic 
implants that cannot be used in children to grow with the child, chronic inflamma-
tion, wear debris causing bone loss surrounding the implant, lack of return to a fully 
active lifestyle for high-end athletes after hip implant surgery, clinical outcomes 
dependent on following proper rehabilitation schemes. These are just some of the 
problems that 70 years after the first Charnley implant we are yet to solve.

This book offers some solutions. It is focused on the big steps, not the small steps 
commonplace today, necessary for a revolutionary advancement in hip (or any 
orthopedic) implant design to meet such persistent problems. Chapters cover new 
strategies such as immunomodulation to aid in bone growth surrounding implants, 
peptide-functionalized biomaterials and injectable peptide approaches, nanoparti-
cles, gasotransmitters, 3D nanofibre tissue engineering matrices, nanotechnology, 
antibody approaches to growing bone, bioprinting, new osteoconductive and osteo-
inductive materials, additive manufacturing, new bone biomaterial chemistries, 
antimicrobial approaches, nanocoatings, drug delivery coatings, decellularized 
extracellular matrices, and so much more. It also emphasises common problems 
encountered in developing new orthopedic biomaterials, such as novel animal mod-
els that more accurately assess bone biomaterials, strategies for infection control, 
and more.

This book pushes the envelope and encourages all of us to think out of the box 
for new orthopedic biomaterials, not just the incremental changes that have occurred 
for advancing the Charnley implant over the past three quarters of a century. We 
need such revolutionary changes to meet the growing demands placed on today’s 
orthopedic implants, which are inserted into more patients than ever before to finally 
move beyond the Charnley hip for improved patient health.

Morgantown, WV, USA  Bingyun Li 
Graubünden, Switzerland   Thomas Fintan Moriarty 
Boston, MA, USA   Thomas Webster 
Winnipeg, MB, Canada   Malcolm Xing  
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Abstract The enormous growing problem with antibiotic resistance in pathogenic 
microbes is one of the greatest threats we are facing today. In the context of ortho-
pedic applications, infections also lead to the limited healing ability of infected and 
defected bone. Generally, these problems are treated with a load of antibiotics or 
surgical intervention. Therefore, having antibacterial properties integrated with a 
biomaterial would reduce the time of healing and treatment, amount of antibiotic 
needed, and total cost. Currently, there exists several strategies and materials with 
the potential of tackling these challenges. Some materials with antibacterial proper-
ties currently employed are silver nanoparticles (AgNPs), cerium oxide nanoparti-
cles (CeO2NPs), selenium nanoparticles (SeNPs), copper nanoparticles (CuNPs), 
antimicrobial peptides (AMPs), biopolymers (such as chitosan), and carbon nano-
structures. On the other hand, osteoinductive and osteoconductive materials are 
important to promote bone healing and regeneration. Within this framework, mate-
rials which have been employed widely are bioactive glasses (BG), calcium phosphates 
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(CaPs) (e.g., hydroxyapatite (HA), tricalcium β-phosphate (β-TCP), and biphasic 
calcium phosphate (BCP)), peptides, growth factors, and other elements (e.g., mag-
nesium (Mg), zinc (Zn), strontium (Sr), silicon (Si), selenium (Se), and Cu, to name 
a few). Some of the current technological solutions that have been employed are, for 
instance, the use of a co-delivery system, where both the antibacterial and the osteo-
inducing agents are delivered from the same delivery system. However, this 
approach requires overcoming challenges with local delivery in a sustained and 
prolonged way, thus avoiding tissue toxicity. To address these challenges and pro-
mote novel biomaterials with dual action, sophisticated thinking and approaches 
have to be employed. For this, it is of the utmost importance to have a solid funda-
mental understanding of current technologies, bacteria behavior and response to 
treatments, and also a correlation between the material of use, the host tissue and 
bacteria. We hope by highlighting these aspects, we will promote the invention of 
the next generation of smart biomaterials with dual action ability to both inhibit 
infection and promote tissue growth.

Keywords Antibacterial · Osteoinduction · Osteoconduction · Biomaterials  
Orthopedic treatment · Tissue engineering · Defect · Infection · Antibiotic resistant  
Dentistry

 Introduction

Currently, there is no doubt that the grand challenging problem with the prevalence 
of multi-antibiotic resistant microbes due to the overuse of antibiotics is among the 
greatest threats to society and the healthcare system. With respect to orthopedic 
challenges, infection also plays an important role in negatively impacting the treat-
ment and healing process significantly [1]. For instance, defected or damaged bone 
can be treated with osteoinductive biomaterials in order to promote healing and 
regeneration; however, these materials does not prevent infection. There are several 
challenges in orthopedic problems associated with infections, foremost, they could 
be difficult to detect at an early stage, as vide supra stated an increased challenge to 
treat multidrug-resistant organisms, and persistence and recurrence of infection, 
particularly associated with implants [2, 3]. In the context of implants associated 
with a risk of microbial infection, the general approaches are, for instance, implant 
replacement, or in worst case amputation or mortality [4]. Hence, integrating anti-
microbial properties with the implant would provide huge advantages [4]. 
Furthermore, a great solution to the vide supra mentioned challenges would be the 
development of dual functional biomaterials with the ability to promote the healing 
of the bone by displaying osteoinductive properties, and simultaneously inherent 
antibacterial properties, without the use of antibiotics [5]. This could enable the 
treatment or prevention of future conceivable infections [6, 7]. Here, over the years, 
a plethora of biomaterials with antibacterial or osteoinductive properties have been 
reported. Examples of the latter, in particularly, in their nanoparticle forms are silver 

S. Afewerki et al.
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nanoparticles (AgNPs) [8], cerium oxide nanoparticles (CeO2NPs) [9] selenium 
nanoparticles (SeNPs) [10], and polymers or materials such as carbon nanostruc-
tures [11], chitosan [12], natural-based polyphenols [13–15], and antimicrobial pep-
tides (AMPs) [16] (Fig. 1). Examples of biomaterials with osteoinductive properties 
are those which include osteogenic growth factors (OGF), fibroblast growth factor 
(FGF), vascular endothelial growth factor (VEGF) and epidermal growth factor 
(EGF), bioactive glass (BG), bone morphogenic proteins (BMP), hydroxyapatite 
(HA), elements (e.g., magnesium (Mg), zinc (Zn), silicon (Si), selenium (Se), and 
copper (Cu)), and peptides such as those in parathyroid hormone (PTH) and 
arginine- glycine-aspartic acid (RGD) [17–21] (Fig. 1). In this chapter, the current 
challenges with bone repair/regeneration and antibacterial infection will be high-
lighted. Furthermore, fundamental aspects of antimicrobial and osteoinductive 
properties will be discussed providing the reader an essential platform information 
within this topic and then some examples of antimicrobial and osteoinductive bio-
materials. Subsequently biomaterials displaying dual functions or dual delivery sys-
tems with both antimicrobial and osteoinductive properties in various orthopedic 
applications will be presented.

 Current Challenges

Reviewing the historical development of bone tissue engineering and its advance-
ments, it is clear to see that a large impact has been mainly made due to the integra-
tion of multidisciplinary fields such as biology, material science and engineering, 

Fig. 1 Examples of biomaterials with antimicrobial and osteoinductive properties widely 
employed in orthopedic applications

Advances in Antimicrobial and Osteoinductive Biomaterials
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and clinical avenues [22]. Starting from the first example of prosthetics employed in 
humans in the 1960s, and then further through a more sophisticated design and 
development of biomaterials by 1984 [23]. Here, the dogma transformed from 
designing a bioinert tissue responsive material to a bioactive one, which more 
resembles the host bone and also with similar mechanical properties. These types of 
biomaterials mainly consisted of ceramics, glasses, and glass-ceramics, and were 
thought to have better performance due to their ability to promote cellular functions 
such as colonization, proliferation, and differentiation within the surrounding envi-
ronment of the implant. Therefore, this class of materials was further implemented 
into various orthopedics and dentistry applications [24]. The incorporation of vari-
ous bioactive components (such as HA) onto implants and prostheses improved their 
performance and osteoinduction properties [25, 26]. Further, important features of 
this new class of biomaterials, besides resembling the native bone, both structurally 
and mechanically, were that they were also resorbable [27]. This property allowed 
for the chemical breakdown of the material, thus, eventually being completely 
replaced by newly formed tissue. In this regard, an important study by Hench on the 
impact of time on the resorption of the Dexon sutures in vivo promoted the employ-
ment of resorbable polymers as implants [27]. To date, a wide range of implant 
products have been approved by the Food and Drug Administration (FDA) for a 
wide range of applications and are available for clinical use, displaying properties 
such as bioinertness, bioactivity, and resorption [22, 23]. Nevertheless, great research 
efforts have been devoted to further improve biomaterial properties and perfor-
mance, thus overcoming some current limitations leading to imperfect implant func-
tion and survival (Fig. 2a). One of the greatest challenges to be addressed is the 
precise control of the biomaterial features such as material composition, surface 
chemistry, pore size, porosity, morphology, degradation rate, and mechanical perfor-
mance (Fig. 2b) [28]. In order to tackle these problems, a fundamental understand-
ing of the vital processes such as osteogenesis, biomaterial and bone interactions, a 
mechanistic interfacial interaction between the host tissue and the biomaterial 
impact at the cellular level are important aspects. All of these features would highly 
promote the invention of the next generation of materials. Furthermore, the more 
sophisticated challenge of designing a material which displays both osteoconductive 
and antimicrobial properties functioning for a wide range of applications is an 
important research topic. This would allow for the design of biomaterials that are 
resistant to infections, prevent drug resistance and at the same time promote bone 
healing and regeneration. To pursue this vision, the right optimization between its 
fabrication (sustainable and eco-friendly technologies), safety, and performance 
need to be included, without impeding one another [29]. As vide supra mentioned, 
an optimal biomaterial for promoting the healing and regeneration of bone defects 
should not only possess the right mechanical and degradation properties, but also the 
right surface chemistry to endorse cellular processes such as cell attachment, prolif-
eration, migration, differentiation, and remodeling leading to vascularization and 
eventually the formation of new bone tissue [30]. Some of the central challenges and 
desired properties in such a devised biomaterial for orthopedic engineering are high-
lighted in Fig. 2.

S. Afewerki et al.



7

Nowadays, the concept of taking biomaterial features to the next level is paramount, 
where it should not only function as a replacement, but rather regenerate the damaged/
defected tissue [23]. This paradigm shift is highly dependent on the biomaterial design, 
hence due to the general lack of synthetic biomaterials responding to physiological 
stimuli [31], naturally or biologically derived materials can be employed. For instance, 
decellularization of biological structures has proven to be able to function as vascular-
ized scaffolds [32]. The aim here is to promote vascularization, allowing the transport 
of oxygen and nutrients to cells and simultaneously removal of waste products [33]. 
Biomaterials for bone tissue regeneration are  generally more challenging to design due 

Fig. 2 Demonstrating (a) scaffold engineering incentives and (b) their influencing factors and 
challenges

Advances in Antimicrobial and Osteoinductive Biomaterials
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to the lack of proximal blood supply, thus, less access to existing blood supply compa-
rable for instance to cartilage tissues [34]. However, several strategies have been devel-
oped to address these challenges, such as the employment of prevascularized scaffolds 
and/or the use of growth factors [35, 36]. Another important parameter of the scaffolds 
is the porosity, since this will play an important role in the interaction with the local-
ized blood vessels, which indirectly impact vascularization [37]. Here, the design of 
the scaffolds which smoothly integrate with the host vasculature is another challenge 
and necessity [38]. To date, several biomaterials with various properties have been 
developed for improving vascularization (Fig. 3) [39].

Furthermore, features on the implant surface play a crucial role since they have 
the ability to direct protein adsorption or cellular attachments. This mechanism can 
start a cascade reaction where it promotes the vascularization and subsequently 
endorses the proliferation of osteoblasts. In this context, Bielby et al. demonstrated 
the differentiation of murine embryonic stem cells into osteogenic cells which fur-
ther enhanced proliferation through the incorporation of soluble ions onto the scaf-
fold [40, 41]. Several reports have disclosed various strategies for improving the 
interface between the implant and host bone, for instance through the employment 
of interconnected porous biomaterials [42], which also can be loaded with cells 
[43]. Here, in the context of direct cell transplantation in implants, it is vital that the 

Fig. 3 Biomaterial design strategies for improving vascularization post-implantation in the region 
of tissue defects

S. Afewerki et al.
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right cell type is employed, considering, its accessibility, generated in high yield, 
and efficiently to promote the repair of the tissue and with a high survival rate [44]. 
These will overcome the limitations due to poor adjacent vascularization and cell–
cell interactions, causing cell death due to insufficient nutrient and oxygen uptake. 
The overall goal is to obtain a smooth host-tissue cell scaffold interphase, which 
eventually will allow for incorporation into the surrounding host bone and endure a 
normal bone remodeling processes [38, 45]. Recently, we have seen blossom 
advances and interest in the employment of stem cells in various regenerative and 
tissue engineering applications. However, despite the great promise of stem cell 
technology and their potential, several contemplations have to be made such as 
developing a solid controlled approach for stem cell differentiation to the desired 
phenotype, acceptable purities and negligible carcinogenic latent [23, 46]. Over the 
years, several types of stem cells have been distinguished starting from the earliest 
embryonically derived stem cells to stem cells from the bone marrow, gut, liver, 
brain, and the circulatory system [47, 48]. In the context of orthopedic applications, 
the induced pluripotent stem cells (iPS cells) have been shown to be good candi-
dates [46]. However, despite the improvement of implant scaffolds through surface 
tailoring or the addition of cells into the scaffolds, other challenges remain, in order 
to devise a material with high performance and with no limitations. Here, orthope-
dic implants can also promote bacterial adhesion and growth ensuing a negative 
impact on clinical outcomes and increase healthcare expense [2]. This is also one of 
the major factors leading to orthopedic implant failure. There are several mecha-
nisms triggering this failure, for instance, lapses in surgical hygiene, contact with 
microbial flora, or the invasion of microorganisms due to implant failure [49]. 
Moreover, the bacterial adhesion on the implant causes several problems, firstly it 
promotes colonization leading to biofilm formation and this in turn can hinder tissue 
integration and thereby block various cellular functions and regeneration processes 
[50]. Furthermore, these also result in a prodigious negative impact on the patient 
leading to pain, surgical intervention for removal or replacement of the implant, and 
continuation of antibiotic treatment. Nevertheless, we have witnessed the problem 
with the frequent use of antibiotics promoting drug-resistant bacteria such as 
methicillin- resistant Staphylococcus aureus (MRSA) [51]. Over the years, several 
strategies and technologies have been invented to overcome these grand challenges, 
such as implant coatings with/without releasing bactericidal agents, but with the 
ability to prevent or reduce bacterial adhesion [52–54]. In this regard, a bactericidal 
agent frequently employed within such a coating is silver or their respective 
nanoparticle system (AgNPs) [55]. Nevertheless, they have to be engineered to 
provide a sustained, controlled and prolonged release preferable for at least 1 year 
[51, 55]. Interestingly, common food ingredients or natural medicinal components, 
such as garlic extracts and Aloe Vera, have been successfully demonstrated for their 
incorporation with implants promoting bone repair and preventing bacterial infec-
tions [56–58]. Additionally, bactericidal agents or strategies that have been employed 
to reduce bacteria adhesion and prevent plausible biofilm formation are the employ-
ment of nitric oxide [59] or the use of self-assembled monolayers (SAMs) to block 
bacterial attachment [60]. Furthermore, these strategies can be designed to provide 
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both bacterial protective and at the same time promote bone healing/repair processes 
through the incorporation of osteoinductive components, such as BMP [61] and 
transforming growth factor beta (TGF-β) [62]. There are several challenges encoun-
tered when designing a system and materials with dual functions, such as the pre-
cise control of the delivery of each component, longstanding over the desired time 
frame, early and long-term osseointegration, and controlled resorbability [28]. Here 
resorbability, allowing the material to degrade into non-toxic components, is an 
important feature of the biomaterials; however, it requires a sophisticated design, in 
particular when it comes to the precise control of the in vivo degradation rate [63, 
64]. Figure 4 highlights some of the most common bone grafting materials, includ-
ing their resorptions mechanism [65]. Ideally, the material should degrade at the 
same rate as the tissue ingrowth and healing process [51]. However, this is highly 

Fig. 4 Selected bone graft substitutes and their resorption mechanisms. Reproduced with permis-
sion [65]. Copyright 2010, Elsevier Ltd. (CC BY) license
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influenced and dependent on several factors such as the site of implantation, the 
in vivo conditions, and the nature and degree of the infected/defected site, which 
make it a great challenge in devising biomaterials with the desired resorbability.

Despite all the current challenges, the vast advancement and innovations in the 
field of biomaterial technology will, most probably, successively promote inven-
tions of grand solutions. For instance, the advancement of wireless technologies has 
the potential of providing tools to monitor or remotely control the healing process, 
the delivery of drugs in situ, or even indirectly stimulate the formation of bone 
tissue [51]. In this context, a great complementary would be the development of 
personalized medicine, this would allow overcoming current limitations, such as 
mechanical variations arising from the biomaterial and the treated person, and 
irregularities in various procedures [66, 67].

 The Fundamental Basics of Antimicrobial and Osteoinductive 
Properties

One of the ideal approaches solving the problems posed by the grand challenges is not 
only to identify the fundamental mechanism leading to the problem, but also the fun-
damentals behind the solution. In the context of orthopedics, the biomaterial employed 
should display an ability to support the adhesion and localization of proteins, osseous 
cells, and growth factors in the region of the bone defect in order to promote the repair 
and regeneration of bone [68]. The process of successful bone formation promoted 
through biomaterials is depicted in Fig. 5. In step 1, osteogenesis starts, where mature 
osteoblasts are differentiated into progenitor cells, followed by osteoconduction, where 
bone starts growing on the surface of the biomaterial and simultaneously osseointegra-
tion takes place, meaning the direct contact between bone and biomaterial [69, 70]. 
Next, the osteoinduction process takes place, where cells are developed into bone 
forming cells (osteoprogenitor cells), and the progression of of osteogenesis is induced. 
Subsequently, the process of angiogenesis is promoted and cells are recruited and 
afterward the bone is fruitfully formed (Fig. 5) [71].

Additionally, alongside with promoting bone healing and repair, a secondary 
fundamental pursuit in biomaterial design is the prevention of bacterial infections 
and biofilm formation on the biomaterial employed [70]. In this regard, what makes 
it difficult is to predict any possible infection due to challenges of early detection. 
Here, when biomaterials, for instance titanium, are implanted in vivo, several mech-
anisms are triggered in the process of integration with the microenvironment pro-
moting osteointegration and the prevention of bacterial infections [72]. Initially 
(Phase I), negatively charged biomolecules are adsorbed onto the positively charged 
titanium surface and further interact through various non-covalent forces such as 
hydrophobic, electrostatic, hydrogen bonding, and Van der Waals forces. This 
 process proceeds within seconds. Next (Phase II), cells and bacterial attachment 
starts (minutes), followed by (Phase III) non-specific cellular adhesion resulting in 
fixing the cells with the aid of extracellular matrix (ECM) attaching proteins to the 
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surface (can take hours). In the next stage (Phase IV) (days to weeks) migration, 
proliferation and differentiation proceeds, and lasts (V) the entire process of miner-
alization and bone remodeling which starts (Weeks) (Fig. 6) [72]. Therefore, tailor-
ing the surface of the biomaterial is an important strategy [73]. For instance, 
introducing nanotopographies on the surface has shown to successfully promote the 
detachment of bacteria [74–76]. Other approaches regarding surface fabrication are 
coating of the surface to provide different properties or altering the surface rough-
ness and surface energy [73, 77, 78]. Figure  7 presents the various antibacterial 
arsenals and therapeutics available to combat against infections and biofilm 
formation.

 Antimicrobial Biomaterials

To date, we are entering an era where antimicrobial diseases are on the rise and pre-
dicted to cause enormous of death, even more than all cancers together [80]. Therefore, 
the development of novel materials with antimicrobial properties would provide an 
alternative to traditional antibiotics for various biomedical applications [81]. In this 

Fig. 5 The mechanism of a scaffold’s promotion of bone repair and regeneration through the 
endorsing of osteogenic, osteoinductive, and osteoconductive processes in vivo
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context, nanotechnology presents a potential approach to antimicrobial resistance, 
which could stimulate innovation and create a new generation of antibiotic treatment 
for future medicines [82]. Within this topic, AgNPs are some of the most employed 
antimicrobial agents in the biomedical field due to its wide antibacterial activity [83]. 
Additionally, other materials and elements, and their respective nanoparticle (such as 
Se, cerium (Ce), gold (Au), titanium (Ti), Cu, iron (Fe), carbon (carbon nanotubes 
(CNT), fullerene, graphene, etc.)) have been proven to display antimicrobial proper-
ties [84]. Noteworthy, while some of these materials, for instance, Ag and Cu, are 
intrinsically antibacterial even in their bulk state, others such as iron oxide need to be 
transformed to their respective nanoform in order to display antibacterial properties. 
The success of these strategies and nanotechnologies have led to several commercial-

Fig. 6 The proposed in vivo local reaction onto the surface of a titanium-based implant. 
Reproduced with permission [72, 79]. Copyright 2017, Basel, Switzerland (CC BY) license
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ized products for applications in bacterial diagnosis, antibiotic delivery, and medical 
devices [83]. Several strategies have been developed in order to enhance the antibacte-
rial properties of these nanomaterials. Some of these strategies are: their incorporation 
into biomaterials thus controlling the release, protection from aggregation, improved 
solubility, and engineering their size and shape. All of these aspects are also important 
for providing low toxicity for in vivo applications [83, 85].

 Elements

In this section, various elements with antibacterial properties demonstrated in the lit-
erature will be presented (Fig. 8a). In this context, AgNPs constitute a very promising 
approach for the development of new antimicrobial technologies [86]. Nanoparticle 
formulations can add significant improvements to the antibacterial activity of ele-
ments through specific actions, such as improved adsorption at the bacterial surface 
[8, 87, 88]. AgNPs have attracted increasing interest due to their chemical stability, 
catalytic activity, localized surface plasma resonance, and high conductivity. In addi-
tion, previous reports have shown that the reactive oxygen species (ROS) formed at 
the surface of the AgNPs, or the release of free silver ions under certain conditions 
may induce cell death of either mammalian cells or microbial cells, which endows the 
AgNPs with unique antibacterial and antifungal effects [89, 90]. Based on these 
effects, AgNPs hold great potential in preventing wound inflammation and hence pro-
moting wound healing in the form of topical  administration. Here, for topical use, skin 
penetration ability and safety of AgNPs should be assessed [88, 91]. Small silver 
particles (e.g., 4–122 nm) with lower toxicity to humans have been developed, but 
must be released in a controlled manner to minimize side effects and maximize anti-
microbial activity [84, 88]. To date, a vast number of reports have been disclosed 
demonstrating AgNPs and combinations as an efficient antimicrobial agent for a 
wide range of bacteria [8, 92, 93]. Prominently, despite the promising potential of 
AgNPs, some reports have demonstrated bacterial resistance against silver [94]. 

Fig. 7 Examples of various antibacterial arsenals and therapeutics for combatting bacterial 
biofilms and the mechanism of biofilm formation
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However, which the high antibacterial effect of AgNPs has been widely described the 
exact mechanism of their action has yet to be fully elucidated. In fact, their potent 
antibacterial and broad-spectrum activity against morphologically and metabolically 
different microorganisms seems to be correlated with a multifaceted mechanism by 
which the nanoparticles interact with the microbes. As depicted in Fig. 8b, the mecha-
nism may proceed via various pathways, such as an interaction with the bacterial cell 
wall to cause leakage, interaction with various metabolic pathways, inhibited protein 
synthesis and promoted ROS triggering DNA damage and degradation [8, 79, 95, 96]. 
Furthermore, elemental Se has also shown to be a good antimicrobial candidate, 
particularly in its nanoform (SeNPs) [10, 97]. Interestingly, despite its broad and 
high antibacterial performance, an in vitro study demonstrated a safe toxicity profile 
[10, 98]. Several groups have demonstrated the successful employment of SeNPs 
and its derivative against various bacteria [99–101]. For instance, they have been 
employed as a medical device coating for preventing biofilm formation [98, 102]. 
Moreover, Ce in its oxide form (CeO2NPs) also displays antibacterial properties 
through a similar mechanism as the AgNPs [9, 83, 103].

Fig. 8 (a) Various elements with antibacterial activity. (b) The proposed mechanism of the anti-
bacterial activity of AgNPs. Reproduced with permission [79]. Copyright 2014, Springer Science 
Business Media New York
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 Polymers and Miscellaneous

Polymers have also been shown to have characteristic antimicrobial activity, but 
here it is well established that polymers with cationic components interact better 
with the negatively charge bacteria membrane and promote damage and cell lysis 
[104]. A good example within the subject is nitrogen containing compounds such as 
chitosan, poly-ε-lysine, polyethyleneimine, and polyguanidines [105]. A careful 
material design will allow for the tailoring of the antibacterial properties of the 
polymers, for instance, addition of a hydrophobic group will endorse infiltration 
into the hydrophobic bacterial membrane [85, 106, 107]. Here, chitosan is probably 
one of the most known and widely employed nitrogen containing polymer with 
antimicrobial properties [108]. As depicted in Fig.  9a, chitosan is obtained after 
deacetylation from chitin, a polysaccharide extracted from the exoskeletons from 
insects, cell walls of fungi, and from invertebrates [109]. It is well known that 
materials with a quaternary amine moiety displayed increased antibacterial proper-
ties [110]; here several studies have confirmed increased antibacterial performance 
of quaternary chitosan compared to pure chitosan [111–114]. Interestingly, the 

Fig. 9 (a) The generation of chitosan through a deacetylation step from chitin and their chemical 
structures. (b) The plausible antibacterial mechanisms of chitosan. Reproduced with permission 
[108]. Copyright 2019, Elsevier B.V
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antibacterial property of chitosan can be improved through several strategies, by the 
length of the alkyl moiety on the amine generating quaternary amine, where gener-
ally an increased alkyl chain promotes higher performance, molecular weight, and 
degree of acetylation, where lower molecular weight and lower degree of acetyla-
tion result in improved performance [115]. The plausible antibacterial mechanism 
of action of chitosan is depicted in Fig. 9b, which proceeds through several path-
ways [108]. As vide supra mentioned, the positive charge interferes with the nega-
tively charge bacteria surface, or through inhibition of the mRNA and protein 
synthesis, chelation of important metals and nutrients and thereby changing cell 
permeability or preventing nutrients from entering the cell through electrostatic 
interaction with the cell wall [115–117].

Furthermore, antimicrobial peptides (AMPs), widely found in nature, have also 
shown the potential for being a source of antibacterial material for a wide range of 
microbials [16, 85, 118]. These AMPs can be categorized based on their structure as 
following: α-helical AMPs, cysteine-rich AMPs, β-sheet AMPs, AMPs rich in regu-
lar amino acids, and AMPs with rare modified amino acids [16]. Moreover, some 
modes of action of these AMPs are, for instance, bacteria membrane disruption and 
ion channel formation leading to leakage of potassium ions and other components 
[16]. Going further, carbon nanostructure such as fullerene [11, 119], carbon nano-
tubes (CNTs), and graphene all have inherent antibacterial properties and proceed 
with a wide range of mode of actions [11, 120–123]. Some of the antibacterial 
mechanisms are, for instance, reduction of biofilm formation and cell attachment, 
generation of oxidative stress and ROS, and promoted the loss of the cellular integ-
rity [11, 124, 125]. Nevertheless, the antibacterial efficiency and mode of action 
depend on several factors such as the composition of the material, size, type of 
microbe, etc., and can also be tailored through surface modification [11, 125]. Here, 
in 2007, Kang et al. disclosed a seminal work demonstrating the evidence of the 
antimicrobial activity of single-walled carbon nanotubes (SWCNT). The authors 
concluded that the SWCNT promoted membrane damage causing cell inactivation 
and bacterial cell death. Considering the high cost of a pure carbon nanostructure 
material, a good alternative could be the merging with other materials. In this regard, 
Aslan et  al. incorporated the polymer poly(lactic-co-glycolic acid) (PLGA) with 
SWCNT and employed the constructs against Escherichia coli (E. coli) and 
Staphylococcus epidermidis (S. epidermidis), providing up to 98% bacteria death 
[124]. Furthermore, graphene in various forms, such as graphene oxide (GO) [126], 
graphene oxide nanoribbons (O-GNR) [127], and graphene-wrapped silver nanow-
ires (AgNWs) [128] have all been reported to be good candidates for eliminating or 
reducing various bacterial types. There have also been reports where several types 
of carbon nanostructures have been merged in order to provide for higher antibacte-
rial performance [129]. Nevertheless, in order for the carbon materials to find 
translational applications, limitations such as high cost and also in some cases rela-
tively low solubility or insolubility in water must not be overlooked. Furthermore, 
another class of natural based omnipresent materials with antimicrobial properties 
are polyphenols [130] such as lignin [131–133] and tannin [134, 135], which are 
widely found in nature [13, 136]. Besides displaying antimicrobial properties, 
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these components have several additional advantages such as being cheap, readily 
available and renewable, and valorization of these products is of great interest and 
importance, and therefore they are good candidates, particularly in the quest for 
fighting microbial resistance challenges [137–139]. It is believed that the hydroxyl 
(OH) groups in the polyphenol structure are inherent for its antibacterial properties 
[140]. However, the unique structure of polyphenols allows for a wide range of 
interaction possibilities such as covalent and physical interactions, e.g., hydrogen 
bonding, metal coordination, hydrophobic, imine and amine formation through a 
Schiff base reaction, and ionic based interaction [141]. All these interaction possi-
bilities will promote the interaction with the bacterial cell wall and membrane, inhi-
bition of biofilm formation, inhibition of bacterial enzymes and substrate deprivation, 
protein regulation, and metal iron deprivation due to chelating ability [140].

 Osteoinductive Biomaterials

Biomaterials employed for various orthopedic applications should possess the abil-
ity to function as a scaffold and induced new bone formation (osteoinductive) [142]. 
Nevertheless, little is known about the exact mechanism for how these processes 
proceed, despite that several materials identified and implemented with an osteoin-
ductive ability [143, 144]. One good strategy for the invention of a new biomaterial 
for bone repair and regeneration could be to mimic the composition of native bone, 
where it mainly consists of collagen (type 1) fibers combined with inorganic miner-
als such as HA and other important materials such as osteogenic factors [143, 145, 
146]. In this context, materials such as calcium phosphates (CaPs) have shown 
osteoinductive and osteoconductive properties due to their resembling of the miner-
als in native bone [17, 147]. Examples of CaPs are HA, β-tricalcium phosphate 
(β-TCP) (both started to be employed in 1980), and biphasic calcium phosphates 
(BCP) (started being employed in 1990) [143]. Some differences between these 
materials are their mechanical properties, solubility, and resorbability [17, 148, 
149]. Therefore, it is important in selecting the appropriate material with suitable 
properties for their intended application without compromising any other  properties. 
For instance, employing a material with high resistance could also mean increased 
brittleness [149]. Alternative approaches surmounting these limitations could be 
through merging with other materials such as polymeric based biomaterials, which 
also would provide an ECM like composition [150–155]. Enduring inorganic mate-
rials, silica-based material bioglasses with an ability to easily form bonds with bone 
and stimulate new bond formation are other types of materials widely employed for 
various orthopedic applications [19, 25]. The conventional BG (45S5Bioglass®) is 
comprised of SiO2 (45 wt%), Na2O (24.5 wt%), CaO (6 wt%), and P2O5 (6 wt%) 
[148, 156]. Advantages with BG except being non-toxic, biocompatible, osteocon-
ductive, and osteoinductive are their fast reaction with tissue and the ability to bind 
both hard tissues like bone and also soft tissues [155, 157]. Lately, BG based on 
borate and borosilicate have demonstrated an improved performance compared to 
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the silica-based materials, due to their controllable degradation; however, one limi-
tation is the concern of toxicity due to boron released [148].

Moreover, the mechanism of BG bioactivity has been well studied and starts with 
the formation of silanol (SiOH) bonds and the release of silicic acid (Si(OH)4), and 
then a polycondensation step of the SiOH takes place generating hydrated silica gel. 
Subsequently, adsorption of an amorphous formed carbonate film composed of 
CaO-P2O5, and then crystallization of hydroxyl carbonate apatite (HCA). Afterwards, 
adsorption of biological moieties in the HCA layer occurs, then BG reacts with 
macrophages, osteoblast stem cells attach, and differentiation and proliferation of 
osteoblasts leading to matrix formation ensues. Next, crystallization of the matrix 
and growth of bone ensues, and finally bone formation takes place [148].

To date, several different BG have been developed and even commercialized; for 
more detailed information within this subject, the readers are referred to other beauti-
ful reviews and articles found in the literature [148, 158–162]. Beside BGs, other 
inorganic biomaterials with osteoinductive properties employed in orthopedics are 
for instance elements such as Mg, Zn, Sr, Si, Se and Cu [20], and also the silicate 
nanoplatelets Laponite® [163]. Interestingly, Si as an element has also proven to be 
an important agent promoting various fundamental processes such as metabolism, 
formation and calcification of bone tissue, increasing bone mineral density and stim-
ulating the formation of collagen and osteoblastic differentiation [164–166]. Here, 
each element contributes differently, for instance, Mg plays a vital role in the struc-
ture, density, and mechanical properties of bone. However, it also promotes ECM 
interactions and the activation of alkaline phosphatase (ALP) and integrins [167]. On 
the other hand, Zn is important for various cellular processes such as formation, min-
eralization, development, and maintenance of healthy bones [17, 148, 168]. Moreover, 
the element Sr not only stimulates bone formation, but also inhibits bone resorption 
and promotes the death of osteoclasts [17, 169–171]. Several reports have demon-
strated the use of Sr as an additive in combination with other osteoinductive bioma-
terials [172–174]. Different from the other elements, Se functions as a protecting 
agent and aids in immune defenses, and antioxidant protection against ROS, reactive 
nitrogen species (RNS) and oxidative damage. However, it also promotes collagen 
expression, calcium (Ca) deposition, and osteoblastic differentiation [175–177]. 
Lastly, the element Cu has proven several  functions, such as promoting the synthesis 
of bone and connective tissues, inhibiting bone resorption, and enhancing angiogen-
esis through functioning as a hypoxia- mimicking material [158, 178–180].

Other strategies stimulating bone production could be through the addition of 
OGF with the potential of stimulating osteoinduction, osteoconduction, and osseo-
integration. Some examples are FGF, TGF, VEGF, BMPs [181, 182], and EGF [18, 
21]. De facto, these materials have been employed by native bone during bone for-
mation (osteogenesis). In order to stimulate several processes simultaneously, 
within this framework, Zhan et al. disclosed the combination of both VEGF and 
BMP-2 in a silk scaffold. Here, VEGF promoted angiogenesis and BMP-2 enhanced 
bone formation [18]. Moreover, in addition to OGF, certain type of peptides have 
also shown important applications in orthopedic challenges, such as RGD peptides 
(promoting the osseointegration), PTH [183], thrombin peptide 508 (TP508), 
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PepGen (P-15), calcitonin gene-related peptides (CGRP) [21], osteogenic growth 
peptide (OGP), and ECM-derived peptides. All these agents play different roles in 
the final quest of improving regeneration and repair of bone tissue. For instance, the 
PTH influences the regulation of calcium phosphate metabolism and activates 
osteoblasts through several processes such as promoting osteoblast proliferation 
and differentiation, and reducing osteoblast apoptosis and peroxisome activator 
receptor [18, 21, 184]. On the other hand, OGP plays an important role to increase 
bone formation through promoting ALP activity, and regulation of osteoprogenitor 
cell proliferation, differentiation, osteocalcin secretion, and collagen and matrix 
mineralization [21].

 Dual Functional Biomaterials

Biomaterial-associated infection in various orthopedic applications is a great chal-
lenge and an increasing problem. Prominently, since the current golden standard of 
treatment includes high doses of antibiotics, or in some cases, additional surgical 
debridement of the infected tissue, such advances are badly needed [185]. 
Consequently, advances in the development of novel technologies for this over-
whelming problem are of great interest. There are several strategies disclosed to 
address this problem, which will be highlighted in this section. One approach could 
be through the use of a co-delivery system, where both osteoinductive and antibac-
terial agents are delivered from a scaffold. However, there are several challenges 
with this strategy. Here, some of the challenges with a co-delivery system are diffi-
culties with precise control of the delivery rate (sustained), sequential or simultane-
ously delivery, site (locally), and avoiding interference between the two agents [6, 
186]. Therefore, the next generation of materials in this context would be a material 
that possesses dual function inherently without the need of adding any antibacterial 
or osteoinductive agents [6]. Nevertheless, designing and inventing these kinds of 
materials requires a sophisticated strategy including rational design. Moreover, the 
material also needs to display other vital properties, such as biocompatibility and 
adequate mechanical and degradation properties [31]. From the perspective of dual 
functional biomaterials, Lobo and coworkers very recently disclosed the fabrication 
and generation of nanofibers based on the combination of polycaprolactone (PCL), 
polyethylene glycol (PEG), and gelatin methacryloyl (GelMA) with the potential to 
promote bone regeneration and repair through stimulating ALP activity and Ca 
deposition [187]. Interestingly, the same material also showed antibacterial activity 
against S. aureus, P. aeruginosa and MRSA [188]. Based on these studies, the mate-
rial could be a potential candidate with dual function for orthopedic applications. 
Very recently, Wang and coauthors designed core shell nanofibers as a co-delivery 
system, where the shell was comprised of PCL and the core of gelatin [189]. The 
nanofibers were designed as a bone regeneration and anti-infective membrane; 
therefore, the core was loaded with the antibiotic metronidazole, while the shell 
with nano-HA. A prolonged release of the antibiotic was observed for more than 
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20 days and showed significant improvement compared to nanofibers without core 
shell structure. There are still several limitations with the presented technology, 
besides employing an antibiotic, with the potential of promoting antibiotic resis-
tance; for example, about 55% of the drug was already released at just day 1. 
Moreover, Shi et al. employed different strategies for inducing both antibacterial 
and osteoinductive properties through the design of a bio-interface consisting of the 
cationic polymer (polyhexamethylene biguanide (PHMB)) [190]. Primarily, the 
material was coated with polydopamine and then further through cation–π interac-
tions with the PHMB bioelectrical environment that could be generated. Surface 
modification or coating is a powerful and facile approach allowing for tailoring of 
the properties of biomaterials and providing osteogenic and antibacterial properties 
[191]. This strategy has been employed by Kumar et al. for the addition of amine 
and carboxylic functionalities onto PCL and multiwall CNT (MWCNT) [192]. The 
material did not only exhibit osteoinductive but also antibacterial properties, never-
theless it also improved mechanical properties (increased tensile strength and elas-
tic modulus) and polymer crystallinity. Other groups have also employed the surface 
coating strategy in order to induce dual functionality on titanium implants [193, 194].

Moreover, chitosan has been widely employed in various orthopedic applications 
due to its favorable antimicrobial property [114, 195]. In the context of dual func-
tional biomaterials for orthopedic applications, it has been merged with BG-poly(3- 
hydroxybutyrate- co-3-hydroxyvalerate) (PHBV) for the generation of microspheres 
[196]. The membrane was designed as a multidrug delivery scaffold against bacte-
rial infection and osteoporosis for periodontal repair, therefore, the antibiotic drug 
tetracycline hydrochloride and the antiosteoporosis agent daidzein were selected as 
the model drugs. Nevertheless, no bacterial test was demonstrated, which could be 
interesting to see if the antibacterial properties could be inherent from the chitosan 
within the membrane, thus avoiding the use of antibiotics [196]. Overall, the mate-
rial displayed multifunctionality, besides antibacterial and antiosteoporosis proper-
ties, it also displayed enhanced osteoblast activity, increased surface roughness, 
improved hydrophilicity, decreased swelling ratio, and decreased degradation. 
Moreover, the quaternary chitosan hydroxypropyltrimethyl ammonium chloride 
chitosan (HACC) has been integrated with BMP-2 for inducing dual function within 
zein-based materials [197]. Here, the BMP-2 was incorporated into the porous silica 
material SBA-15 in order to provide sustained and localized release. The multicom-
ponent scaffold displayed prolonged antibacterial activity for up to 5 days and the 
BMP-2 could be released for more than 27 days. The performance of the material 
was demonstrated using an in  vivo rabbit model of a critical-sized radius bone 
defect, which showed efficient bone formation [197].

Alternative to the fibers for periodontal applications, recently, dual functional 
PCL based electrospun materials loaded with zinc oxide nanoparticles (ZnO-NPs) 
have been disclosed [198]. The authors demonstrated the translational application 
of their devised material through an in vivo experiment by implanting the material 
in a rat periodontal defect model. The successful performance of the material could 
be observed in the decreased distance between the cementoenamel junction (CEJ) and 
the bone crest [198]. Moreover, a bone implant composed of calcium silicate- gelatin 
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(CSG) coated with chitosan or chitosan oligosaccharide has been demonstrated as a 
dual functional biomaterial [199]. The authors demonstrate that having 0.2% of 
chitosan or 0.4% of chitosan oligosaccharide displayed comparable antibacterial 
properties against S. aureus and E. coli as to Ag coating. Nevertheless, the Ag 
showed significant toxicity even at a low concentration (0.004%), while the chito-
san-based material did not show any cytotoxicity at <0.4% concentration. In paral-
lel, osteogenic properties were also demonstrated showing an ability to promote cell 
attachment, proliferation, ALP activity, and osteocalcin and Ca deposition.

Furthermore, Bari et al. designed a Cu containing mesoporous BG (Cu-MBG) 
nanoparticle composed of SiO2-CaO as a multifunctional biomaterial for bone 
regeneration. As stated above, Cu has the ability of inducing both antibacterial and 
osteoinductive properties through various mechanisms [200, 201]. The biomaterial 
released copper ions (Cu2+) in a sustained manner for up to 7 days. However, no 
proper biological study was performed on its osteogenic ability, rather through ana-
lyzing the HA-forming ability of the biomaterial. The biomaterial showed improved 
antibacterial properties tested against E. coli, S. aureus, and S. epidermidis com-
pared to the material without Cu (e.g., a 50% reduction against S. epidermidis at day 
3, while in the absence of Cu no reduction was observed). Moreover, the osteoin-
ductive component BMP-2 was merged with AgNPs within a scaffold made from 
PLGA and was successfully demonstrated for the repair of rat femoral infected 
segmental defects [202]. A similar combination with PLGA as the base polymer 
was also demonstrated by other research groups [203, 204]. Additionally, Sun et al. 
employed the same combinations; however, the scaffold employed in this study was 
a collagen composite [205]. Several reports have demonstrated the use of BMP-2 in 
combination with vancomycin employing different scaffolds such as a silica cal-
cium phosphate nanocomposite [206], a calcium sulfate composite [207], poly(2- 
hydroxyethyl methacrylate)-nanocrystalline HA (pHEMA-nHA) [208], and 
polyurethane [209]. Additionally, an interesting strategy and dual combination was 
fruitfully demonstrated for bone regeneration using Sr and Ag combination within 
NTs [210, 211]. Furthermore, Fig. 10 depicts additional antimicrobial and osteoin-
ductive biomaterials, their delivery methods and approaches employed for the 
incorporation of the agents [212].

 Future Perspective and Remarks

A wide range of biomaterials and technologies displaying both antimicrobial and 
osteoinductive functionalities have been presented and developed over the years. 
Despite this fruitful progress, no ideal biomaterials providing dual functionalities 
with high efficiency, controllable triggering mechanisms, avoiding the use of antibi-
otic and long-lasting have been invented. All these should also be integrated with 
facile, scalable and sustainable fabrication and preparation technologies. Organic 
chemistry can play a crucial role in the quest of designing novel dual functional 
biomaterials allowing for the employment of green chemistry parameters such as 
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atom economy, waste reduction, reduced toxicity, and the use of renewable resources 
[213, 214]. This would also allow tailoring the surface of the biomaterials and in 
that way introducing antimicrobial and osteoinductive functionalities [215]. 
Therefore, further advancements within this field are important for not only future 
perspectives, but also the fundamental understanding of various cellular mecha-
nism, material and tissue interactions, long-term performance of such materials, etc. 
These will provide for the development and invention of a more solid technological 
platform which will be easier to translate into the clinic and find useful and suitable 
applications. A co-delivery system is one strategy extensively employed allowing 
the delivery of both agents consecutively without interfering with one and other, 
nevertheless, some of the limitations and challenges that need to be overcome in the 
future are, for instance, controlled local and sustained delivery, thus avoiding sys-
temic toxicity, delivery over the desired time point and avoiding the use of antibiot-
ics, thus circumventing the risk and promotion of the development of antibiotic 
resistance organisms. Moreover, having biomaterials that prevent future infection 
will also promote the healing and repair of bone since infections have the ability to 
decline or hinder the healing process. Besides being dual functional biomaterials, 
they should also display vital properties such as biocompatibility, biodegradability, 
support tissue attachment, regeneration, proliferation, optimal mechanical properties, 

Fig. 10 Antibacterial and osteogenic scaffold constituents and delivery methods
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and good integration with the host tissue. Another option for future advanced 
biomaterial within the discussed topic could be the employment of smart materials 
[31]. Adding properties to existing biomaterials, such as the ability of triggering 
itself in case of any treatment or future damages or infections, is progressing. 
These are some of the future materials we hope will boost this endeavor and advance 
the current topic.
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Abstract Bone defects are a significant cause of morbidity in the fields of orthope-
dics, maxillofacial surgery, and oral implantology, yet their treatment currently 
faces many challenges including the defect size and location, underlying disease, 
and microbial infection. Bacteria may be introduced to healing bone through several 
routes including colonization during open-wound trauma, introduction during sur-
gery, from blood-borne bacteria, or infection of a medical device such as a bone 
screw. Unfortunately, current treatment strategies are often inadequate and lead to 
severe and costly consequences. To tackle the problem of infection during bone 
healing, novel biomaterials such as scaffolds, cements, surface-modified implants, 
and particles have been developed that comprise both antimicrobial and osteocon-
ductive properties. The antimicrobial properties of these biomaterials typically stem 
from the addition of antimicrobial agents like antibiotics and silver nanoparticles to 
the composite material, while osteoconductive properties are conveyed by biomol-
ecules such as growth factors or hydroxyapatite. By controlling modes of delivery 
and/or release kinetics, these antibacterial and osteoconductive therapeutic con-
structs are potentially capable of significantly improving bone healing. Recent find-
ings have shown very promising results in the application of these constructs with 
dual functions in treating infected bone defects. Here, we summarize the advances 
within the last decade in particle technologies, implant coatings, tissue engineering, 
and bone cements with both antimicrobial and osteoconductive activity with an 
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emphasis on fabrication and the performance of constructs in various in vitro and in 
vivo models.

Keywords Drug delivery · Bone tissue engineering · Nanoparticles  
Microparticles · Antibacterial · Bactericidal · Antibiotic · Silver · Titanium · Wound 
healing · Regenerative medicine · Medical implant infection · Biofilm · Scaffold  
Cement

Abbreviations

Ag-HA Silver-containing hydroxyapatite
AgNP Silver nanoparticle
AgNP/GS Silver nanoparticle gentamicin
AgNP-BHAC Silver nanoparticle-doped hydroxyapatite coatings with oriented 

block arrays
AgNPPGA Poly(l-glutamic acid)-capped silver nanoparticles
ALP Alkaline phosphatase
Bbr Berberine
BMP Bone morphogenetic protein
BMSC Bone marrow-derived mesenchymal stem/stromal cells
CAP Calcium phosphate
CD Zero-dimensional carbon dot
CFU Colony forming unit
CL Clindamycin phosphate
CMCS O-carboxymethyl chitosan
Col I Type I collagen/procollagen
CS Chitosan
CT Computed tomography
Cu Copper
E. coli Escherichia coli
F Fluorine
Fe Iron
GR-HA Glass-reinforced hydroxyapatite
GS Gentamicin sulfate
HA Hydroxyapatite
IGF-1 Insulin-like growth factor 1
LbL Layer-by-layer (deposition)
MCPM Monocalcium phosphate monohydrate
MIC Minimum inhibitory concentration
MRSA Methicillin-resistant Staphylococcus aureus
MSC Mesenchymal stem cell
nHA Nanohydroxyapatite
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NPs Nanoparticles
NT Nanotube
OCN Osteocalcin
P. aeruginosa Pseudomonas aeruginosa
PBS Phosphate buffered saline
PCL Polycaprolactone
PDLLA Poly(d,l-lactide)
PLGA Poly(lactic co-glycolic acid)
PM PLGA Microparticles
QRT-PCR Quantitative real-time polymerase chain reaction
RUNX2 Runt-related transcription factor 2
S. albus Staphylococcus albus
S. aureus Staphylococcus aureus
S. epidermidis Staphylococcus epidermidis
SBA-15 Mesoporous silica nanoparticle
SEM Scanning electron microscopy
SNPSA Silver nanoparticle/poly(dl-lactic-co-glycolic acid)(PLGA)-

coated stainless steel alloy
Sr Strontium
SR Strontium ranelate
TCP Tricalcium phosphate
Ti Titanium
TNT Titania nanotubes
XRD X-ray diffraction
Zn Zinc
ZnO Zinc oxide

 Introduction

While it is one of the few human tissues that repairs itself through regeneration [1], 
bone healing can be limited in certain situations due to location or size of the defect, 
extensiveness of trauma, underlying disease, patient-specific factors such as smok-
ing, or infection [2, 3]. The incidence of bone fracture is estimated to be 2704 per 
100,000 person-years in the United States, with incidence increasing with age and 
being 49% greater among women [4]. Although bone repair typically results in a 
return of the tissue to pre-injury cellular, structural, and functional status, approxi-
mately 10% of fractures do not heal [1]. Genetic and age-related diseases or disor-
ders such as congenital malformation, osteogenesis imperfecta, rheumatoid arthritis, 
or osteoporosis complicate the healing process and limit the bone’s capacity for 
self-healing within a reasonable timeline. The most common clinical interventions 
to improve bone regeneration include human or bovine tissues and can include 
orthobiologics such as the “gold standard” bone autograft, bone allograft, bone graft 
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substitutes, bone matrices, and various other isolated biological molecules [5]. 
While these treatments are viable in many situations, factors such as patient-specific 
limitations and morbidity associated with the harvest site for autografts and antige-
nicity, donor shortages, and low osteoinductivity of allografts motivate research 
towards future improved interventions.

Infections and poor osteoinductivity are the major challenges in bone fracture 
healing. Bone development, repair, and remodeling are dynamic processes, with the 
local environment playing a large role in the phenomena. Bone healing occurs 
through one of two mechanisms, direct or indirect healing. Direct healing requires 
anatomical reduction and internal fixation, which are most common through surgi-
cal intervention. These conditions allow for healing to immediately regenerate 
lamellar bone as opposed to the remodeling steps that precede this in the indirect 
healing mechanism. In non-stable conditions, indirect bone healing starts with 
blood clot formation providing the scaffold that becomes the site for inflammation, 
mesenchymal stem cell (MSC) recruitment, and creation of the primary cartilagi-
nous callous. The primary callous is revascularized, calcified, and finally remodeled 
into normal bone [1, 6]. The presence of signaling molecules in the local environ-
ment is key; cytokines and growth factors are necessary to promote the actions of 
osteoprogenitor cells that produce extracellular matrix. Significant evidence sug-
gests that bone morphogenetic proteins (BMP) and other factors play an important 
role in recruiting MSCs to the injury site [6]. Key markers of cellular osteoconduc-
tive activity include alkaline phosphatase (ALP), osteocalcin (OCN), type one pro-
collagen (Col I), and runt-related transcription factor 2 (RUNX2), which are often 
used to indicate the differentiation of MSCs towards an osteoblastic phenotype and 
bone regeneration.

Infections present a unique challenge in orthopedic surgery and bone grafting, 
with bacterial contamination commonly associated with failure to heal despite anti-
biotic treatment. Osteomyelitis is an infection of the bone that can result from open 
fracture traumatic injuries, surgical interventions, or colonization from an infection 
spread through the bloodstream. Infections resulting from surgery present an inter-
esting and pressing situation [7, 8] as the incidence of orthopedic and dental surger-
ies continues to rise with population aging and advances in hip replacements, knee 
replacements, and dental fixation that make these options more widely available. 
Infections at the surgical site can result from early or late infection, owing to the 
introduction of bacteria during surgery or the acute healing process compared to 
colonization of the implanted biomaterial device or surrounding bone weeks, 
months, or years after implantation [9]. Due to the adhesive nature of many materi-
als used for bone grafting to encourage fixation to surrounding healthy bone, bone 
grafts and related products like cements can be a breeding ground for bacterial 
attachment and infection. Titanium (Ti) and Ti alloys are widely used in medical 
implants, but bacterial infections and poor osseointegration often occur at the early 
stage of implantation and lead to early orthopedic implant failures. While risk of 
infection after total joint replacement is considered low at 0.5–5% [7, 8, 10], the 
treatment of these infections is complicated and costly with severe cases involving 
implant removal, surgical debridement, long-term antibiotic treatment, and possible 
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amputation [8, 11]. Current clinical approaches for preventing infection include 
minimizing contamination during surgery and administering peri-operative prophy-
lactic antibiotics, but the continuing incidence of post-surgical infection indicates 
that this is an inadequate regimen. There exists a significant need for new strategies 
for the prevention of early and late infections during bone healing as a result of 
traumatic injury and orthopedic surgery.

Care following infection is complex and depends on the source of infection, 
location, and severity. Staphylococcus species (including MRSA), Acinetobacter 
baumannii, Enterobacter and Klebsiella species, and Pseudomonas aeruginosa are 
among the most commonly isolated bacterial strains from traumatic and open 
wounds [12–14]. Interestingly, gram-negative species are likely the initial coloniz-
ers during care, but gram-positive bacteria appear to be cultured more readily from 
recurrent infections [12, 13]. Common first-line treatments include antibiotics 
administered either orally, intravenously, or locally to the site of infection as well as 
wound debridement and irrigation [13, 15–19]. Local dosing at high concentrations 
of antibiotics is recommended to improve efficacy and avoid systemic side effects, 
but without a means of containing and releasing the pharmaceutical agent in a con-
trolled manner, patient well-being can be compromised. Eliminating the need for 
repetitive dosing, enabling localized delivery and controlled kinetics of antibiotics, 
and increasing the efficacy of drugs are all advantages to the use of a drug delivery 
technology in the treatment of bone infections.

While many strategies detailed below include antibiotics in cements, particles, 
and scaffolds, other approaches highlight the limitations of antibiotics including 
their fragile and finite nature (i.e., controlled release cannot continue forever), the 
growing concern of antibiotic resistant bacterial strains, and complications associ-
ated with biofilm infections that may limit the use of traditional antibiotics in the 
next generation of tissue healing approaches. In fact, the majority of surgical site 
infections including implant-related infections are caused by biofilms, which are 
surface-associated bacteria that exist within a self-produced polysaccharide matrix. 
Biofilms are up to 1000-times more tolerant to antibiotics than their planktonic 
counterparts and wound debridement is insufficient [20–22]. Often, high potency 
antibiotics such as vancomycin and tobramycin must be employed, and even they 
are oftentimes unsuccessful in biofilm eradication [23]. Due to these limitations, 
researchers have alternatively investigated the use of metallic particles and ion 
inclusions into implant materials. One of the most popular non-antibiotic, antibacte-
rial technologies is silver. The bactericidal activity of silver has been known for 
centuries, with more recent use being pervasive in orthopedic and dental applica-
tions [24, 25]. The antibacterial nature of silver is thought to require either direct 
contact between metallic nanoparticles and bacteria or ionization, with ions readily 
reacting with negatively charged molecules such as proteins, RNA, DNA, and chlo-
ride [26]. A notable limitation of silver is the protein-rich nature of infected or heal-
ing wounds, which may prompt a requirement that high concentrations of silver be 
used for effective bacterial killing. Delivery of silver to the infection site varies from 
research group to group, and many current strategies are detailed below.
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Due to these unique challenges, many researchers have worked towards tissue 
engineering constructs and drug delivery technologies that not only improve rates of 
bone healing but also prevent or treat bacterial infections. Research efforts in tissue 
engineering to promote more rapid bone healing have focused on the introduction 
of scaffolds or constructs made of polymers and/or ceramics containing biomole-
cules to promote bone growth in addition to antibiotics to deter infection. 
Additionally, nanomaterials have been used to induce osteoconductive but infection- 
protective conditions through the delivery of biomolecules. Implant coatings and 
bone cements are also promising means of delivering osteoconductive, antibacterial 
agents. Of note, implant coatings and cements may hold promise because they are 
typically lower-cost than tissue engineering approaches, which would enable 
quicker and more widespread adoption in industry.

In this chapter, we summarize efforts over approximately the last decade to 
accomplish both improved bone healing and antimicrobial activity in various 
in vitro and in vivo animal studies through the use of micro- and nanoparticle tech-
nologies, implant coatings, tissue engineering, and bone cements. With a focus on 
study outcomes, technologies are summarized starting from fabrication or synthesis 
as well as any important characterization and cell and animal studies.

 Nanoparticles, Microparticles, and Powders as a Means 
of Osteoconductive and Antimicrobial Therapy

Microparticles and nanoparticles (NPs) have been in wide use for several decades in 
the field of drug and gene delivery, starting from the delivery of small molecules and 
advancing to deliver complex biomolecules such as proteins and nucleic acids. 
Microparticles are most often locally delivered by such means as injection or 
implantation at the site of intended action, whereas nanoparticles are frequently 
designed to traverse physiological barriers via passive or active targeting. Both mic-
roparticles and nanoparticles can be made of various materials including polymers, 
ceramics, carbon, metals, or composites thereof. Metallic silver nanoparticles 
(AgNPs) have great significance in antimicrobial applications due to their ability to 
kill bacteria through an as-of-yet not fully understood mechanism that may involve 
release of silver ions or direct contact between AgNPs and bacteria [26]. Likewise, 
ceramic particles are of keen interest in this topic area due to the important role of 
calcium phosphate (CAP) and the natural form of CAP, hydroxyapatite (HA), in 
bone tissue. Therefore, the use of ceramic particles to recapitulate some of the natu-
ral properties of bone is widespread. Nanoparticles comprising CAP are frequently 
used to increase the mechanical strength and osteointegration of polymeric tissue 
engineering scaffolds. Finally, polymers are tunable materials that allow for the 
facile synthesis of particles or scaffolds with varied properties such as molecular 
weight, size, charge, and surface chemistry. Polymeric materials allow for control 
over release kinetics and are appropriate for a broad range of encapsulants from 
small to large molecules. Due to the different advantages of each of these materials, 
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much research has focused on composite approaches that involve the use of more 
than one class of material; recent reviews of nanoparticulate platforms for bone 
infection are highlighted in the field [27–29]. The particles used by the researchers 
summarized in this section are detailed in Table 1.

 Bone Healing Particles That Treat or Prevent Infections Based 
on Silver

To create particles appropriate for wound dressings and prophylaxis, Stevanović 
et al. investigated combining a lyophilization method and a physicochemical sol-
vent/nonsolvent approach in synthesizing multifunctional poly(lactic-co-glycolic 

Table 1 Antibacterial and osteoconductive particle-based technologies

Type of 
particle

Material 
of particle Key properties

Antimicrobial 
used Key properties

Bacteria 
strains tested 
against

Nanosphere 
[30]

PLGA Biocompatible, 
biodegradable, 
nontoxic

Silver 
nanoparticles

Effective against 
both gram- 
positive and 
gram-negative 
bacteria

MRSA, 
E. coli

Microsphere 
[31]

PLGA Biocompatible, 
biodegradable, 
nontoxic

Silver 
nanoparticles

Effective against 
a broad spectrum 
of bacteria and 
microorganisms, 
unlikely to 
encounter 
resistant strains

MRSA, 
S. epidermis

Nano-sized 
powder [32]

Calcium 
phosphate

Composed of 
two main 
inorganic 
materials that 
make up bone, 
nontoxic, 
biocompatible

Silver Effective against 
most 
microorganisms, 
nontoxic, prevents 
proliferation of 
bacterial colonies

S. aureus, 
P. aeruginosa, 
E. coli, 
C. albicans

Microparticle 
[33]

Calcium 
phosphate

Composed of 
materials found 
in human bone, 
nontoxic

Clindamycin 
phosphate

Effective against 
a wide range of 
bacteria, 
commonly 
prescribed to treat 
osteomyelitis

S. aureus

Microsphere 
[34]

Chitosan Derived from 
nontoxic chitin, 
positively 
charged, easy to 
assemble into 
nanospheres and 
nanofibers

Berberine 
chloride

Water soluble, 
antimicrobial, 
anti- 
inflammatory, and 
antifungal

S. aureus
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acid) (PLGA) nanospheres encapsulating poly(l-glutamic acid)-capped silver 
nanoparticles (AgNPPGA) and ascorbic acid, which were designed to allow for 
both osteoinductive and antibacterial properties. Over the last several decades, lac-
tic and glycolic acid-based polymeric particles have been widely used in pharma-
ceutics and tissue engineering because they are degradable and considered to be 
highly biocompatible in medical applications and in drug delivery systems. 
AgNPPGA were synthesized by adding PGA and silver nitrate (AgNO3) to distilled 
water containing sodium hydroxide and glucose. Ascorbic acid was added to 
AgNPPGA before encapsulating the particles with PLGA dissolved in acetone. 
PLGA/AgNPPGA/ascorbic acid nanosphere synthesis was confirmed using X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and dynamic light scatter-
ing with reported hydrodynamic sizes of 86 nm for 10% of particles, 50% of parti-
cles were smaller than 142 nm, and 90% of particles were smaller than 397 nm. 
XRD analysis showed no crystalline peaks of PLGA, suggesting that the polymer 
was amorphous in this formulation, while characteristic signals strongly suggested 
encapsulation of AgNPPGA by PLGA particles. Osteoinductivity was investigated 
in MC3T3-E1 osteoblastic cells in vitro by treating cells with PLGA encapsulated 
AgNPPGA ascorbic acid particles and using quantitative real-time polymerase 
chain reaction (qRT-PCR) to quantify the expression of two major osteogenic mark-
ers, OCN and Col I. Both markers were significantly upregulated in cells treated 
with ascorbic acid nanoparticles—OCN was over 60% higher than the control while 
Col I was over 80% higher than the control—compared to cells not treated with 
particles. The antibacterial activity of the particles was investigated in methicillin- 
resistant Staphylococcus aureus (MRSA) and Escherichia coli (E. coli) using a 
microdilution assay of the broth to obtain minimal inhibitory concentrations (MIC) 
in the bacterial cell lines. In E. coli, the MIC remained low and steady at about 
0.09 μg/mL for over 50 days, while MRSA experienced a decrease in MIC from 
0.09 μg/mL to approximately 0.03 μg/mL over the same time period, confirming 
antibacterial activity of the AgNPPGA with ascorbic acid. While further study is 
necessary, this paper adds to a wealth of knowledge contributed by a very active lab 
in bactericidal and osteoconductive technologies [30].

In a related approach using composite materials and PLGA, Mao et al. used a 
novel solid-in-oil nanosuspension method to fabricate strontium ranelate (SR)-
loaded PLGA microspheres (PM) assembled with silver and hydroxyapatite nanopar-
ticles (SR-PM-Ag-HA) for the treatment of bone infections and enhancement of 
bone regeneration. SR, which increases bone deposition by osteoblasts and reduces 
bone resorption by osteoclasts, is often used in the treatment of osteoporosis. The 
advantages of this combined formulation included the high  biocompatibility of 
PLGA as the carrier, the osteoinductive properties of HA, the controlled release of 
SR, and the antimicrobial properties of AgNPs. In vitro SR release results showed 
~90% release of the drug in the SR-PM, SR-PM-Ag, and SR-PM-Ag-HA samples 
after 22 days. The samples with NPs showed a steady release over time, whereas the 
SR-PM sample showed a slight burst release between 2 and 10 days. The four micro-
sphere types—PM, SR-PM, SR-PM-Ag, and SR-PM-Ag-HA—were tested in the 
presence of two bacterial stains Staphylococcus epidermidis and MRSA. SR-PM-Ag 
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and SR-PM-Ag-HA showed the best antimicrobial properties as a negligible number 
of surviving colony forming units (CFUs) were observed as compared to more than 
350 CFUs seen for PM and SR-PM in both bacterial stains. Similar results were 
observed when biofilm formation of the same two strains on Ti disks using the four 
microspheres was tested by staining viable cells using BacLight Green. The cells 
treated with SR-PM-Ag and SR-PM-Ag-HA showed inhibition of biofilm formation; 
few viable cells were observed for either bacterial stain in the presence of these par-
ticles. The authors stated that human bone marrow mesenchymal stem cells (hBMSC) 
and an extra control sample such as SR-PM-HA would be tested to validate these 
results in the future, but it is clear that SR-PM-Ag-HA showed potential for combat-
ing infection and promoting bone regrowth in bone- related infections [31].

Bostancıoğlu et al. investigated the angiogenic, cytotoxic, and antibacterial prop-
erties of silver-doped, nano-sized, CAP-based inorganic powders. CAP is already 
well established as a therapeutic agent for bone defects, while the antibacterial 
properties of silver have also been well investigated. In this study, powders were 
synthesized using wet chemical manufacturing methods where both calcium 
hydroxide and silver nitrate were dissolved in ultra-filtered water and mixed by stir-
ring for 2 h. The pH of the mixture was adjusted to 5.5 using ortho-phosphoric acid, 
and precipitates were collected and dried at 80 °C. XRD analysis showed character-
istic peaks of nano-sized apatite crystals, while elemental analysis using energy- 
dispersive X-ray spectroscopy was used to confirm the presence of silver in the 
formulation. Ultrasonic homogenization was used to determine the size of the par-
ticles, approximately 60 nm. The antimicrobial activity of the silver-doped powders 
was investigated in S. aureus, P. aeruginosa, E. coli, and C. albicans using the halo 
test. Powders with higher concentrations of silver reduced bacterial colonies and 
fungi. In vitro toxicity was investigated in human umbilical vein endothelial cells, 
mouse embryo fibroblasts NIH-3T3, hamster lung fibroblasts V79 379A, and nor-
mal human fibroblasts TIG-114 using the MTT assay. The most significant toxicity 
result was observed in V79 379A cells, which showed an almost 90% decrease in 
viability after cells were treated with the highest tested concentration of silver- 
doped CAP powder (1 mg/mL). Human endothelial cells seeded on Matrigel sub-
stratum and treated with the synthesized powders showed high motility and 
differentiated into fine network-like structures in a dose-dependent manner. These 
powders were not tested for osteoinductive potential but have strong antibacterial 
and angiogenic activity, suggesting their future investigation as bone fillers or 
implant coatings [32].

 Bone Healing Particles That Treat or Prevent Infections Based 
on Antibiotics

In order to locally administer antibiotics for the treatment of osteomyelitis, Makarov 
and colleagues designed a bone defect-filling material to promote healing and 
deliver high concentrations of vancomycin. Degradable materials were used in this 
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approach in order to prevent the need for an additional surgery to remove the mate-
rial and to avoid the introduction of a permanent biomaterial with surface area for 
bacterial colonization. Therefore, resorbable CAPs and degradable polymers were 
selected for the basis of the composite material. Composite beads were synthesized 
by admixing dicalcium phosphate–polycaprolactone (PCL) or solution-mixed beta- 
tricalcium phosphate (TCP)-PCL composite powder with either 1 or 4 wt% vanco-
mycin. All composite matrices were composed of 40% PCL and 60% CAP, and they 
all had low porosity of less than 7%, which was important to sustain release of the 
antibiotic. All composites had slow release profiles, with the slowest releasing of 
10% vancomycin within the first 24 h and 90% over 10 weeks. Importantly, the 
formulation process did not significantly diminish the activity of the vancomycin, 
which had a similar MIC to the reference vancomycin. Follow-up in  vitro and 
in  vivo studies are necessary to validate the material’s ability to promote heal-
ing [35].

Uskoković and Desai added foundational knowledge to the field by studying the 
effect of five different previously synthesized types of CAPs along with the antibi-
otic clindamycin phosphate (CL) on bacterial and osteoblastic cell cultures to 
replace the conventional treatment materials for osteomyelitis. The authors aimed to 
eliminate the need for repetitive dosing as the CAP/CL materials would enable 
localized delivery and controlled release of antibiotics, increasing the efficacy of the 
drug. The optical density of the broth inoculated with S. aureus and incubated with 
different concentrations of the CAP/CL particles, monocalcium phosphate monohy-
drate (MCPM), dicalcium phosphate anhydrous, amorphous CAP, HA, and calcium 
pyrophosphate was measured. The MIC levels for all the particles were below 
15 mg/mL and were the highest for MCPM and less than 1 mg/mL for amorphous 
CAP. Incubation of CAP/CL particles with osteoblastic cells in vitro showed mini-
mal toxicity (<2%) for all of the particles except MCPM/CL. When the CAP/CL 
particles were exposed to MC3T3-E1 cells for gene expression analysis, each par-
ticle upregulated osteogenic genes, with dicalcium phosphate anhydrous showing 
the highest upregulation of osteopontin BSP-1, osteocalcin BGLAP, Col I, and 
RUNX2, which were used as markers for bone regeneration. Due to the combina-
tion of antimicrobial and osteogenic properties, these materials show potential to be 
used as alternatives to conventional osteomyelitis treatment [33].

Dual-function methods have been studied intensively, but most approaches 
exhibit an initial burst release of encapsulated agents, whereas Cai and colleagues 
have designed a material for the sustained release of both loaded agents. Cai et al. 
investigated the use of an injectable gel with dual regenerative and antimicrobial 
effects based on chitosan (CS) microspheres loaded with the osteoconductive 
growth factor BMP-2 and berberine (Bbr), a water-soluble isoquinoline alkaloid 
with antimicrobial characteristics, for bone healing. Positively charged CS micro-
spheres were loaded with BMP-2 via swollen encapsulation, and negatively charged 
O-carboxymethyl chitosan (CMCS) microspheres were loaded with Bbr via physi-
cal adsorption. Then CS and CMCS microspheres were mixed together using a 
dispersion system through extrusion to form an injectable gel. The release of BMP-2 
and Bbr from microspheres over time in phosphate buffered saline (PBS) was stud-
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ied, showing a steady increase in accumulated concentration of both agents in the 
first 40 days, which then plateaued as the protein release was completed. The anti-
bacterial activity of Bbr-loaded CMCS microspheres was evaluated using the disk 
diffusion method to observe the bacteria inhibition zone on S. aureus on an agar 
plate overnight. Diffused Bbr-loaded CMCS microspheres significantly inhibited 
bacterial growth on agar plates. Cell differentiation was assessed using BMSCs. 
Cell morphology and cell viability were evaluated with little deleterious effect from 
the microparticles after 4 days of incubation. Cells were cultured in medium con-
taining BMP-2-loaded CS microspheres for 7  days and exhibited significantly 
higher ALP activity level (three times higher after 2 weeks) and OCN production 
(three times after 1 week) compared to BMSCs cultured in regular medium over 
3 weeks of incubation. Furthermore, a femoral defect animal model was studied 
using New Zealand white rabbits. The defects were either left empty or filled with a 
microsphere gel, and regenerated bone volume was measured using reconstructed 
micro-computed tomography (CT) images. Five experimental conditions were eval-
uated: no filling material (control) or filled with (a) bare CS + CMCS microspheres, 
(b) Bbr-loaded CMCS microspheres, (c) BMP-2-loaded CS microspheres, or (d) 
BMP-2-loaded CS + Bbr-loaded CMCS microspheres. At 4 weeks, groups c and d 
significantly increased new bone volume. At 8 weeks, all groups showed increases 
in bone volume with group d having the highest volume, and at 12 weeks there was 
no difference among groups. This study developed an innovative approach with 
demonstrated results in enhancing bone tissue volume at short time periods after 
defect filling and inhibiting bacterial infections during the bone fracture healing 
process. The injectable gel form of the release vessel can be very versatile in future 
therapeutic applications [34].

While the above particle-based materials are stand-alone technologies, it is also 
important to realize the pervasiveness of particle technologies in this field that is 
evident in the remainder of this chapter where particles are used as part of many 
composite strategies for coatings or constructs to improve osteoconductive or anti-
bacterial outcomes.

 Modifying Medical Implants to Have Combinatorial 
Osteoconductive and Antimicrobial Properties

While metallic medical implants are widely used, bacterial infections associated 
with implant material surfaces lead to local inflammation and can eventually result 
in implant failures and deleterious effects on patients. Technologies to promote 
healing and prevent or treat infections detailed below come in the form of implant 
coatings. Coatings are a popular strategy due to their often lower-cost and potential 
for adaptability to allow for widespread industrial implementation. Implant coatings 
may or may not incorporate growth factors, antibiotics, silver, ceramics, polymers, 
and multiple layers. A ceramic material of significant importance in this field is 
hydroxyapatite, which has been used commercially on metallic implants since the 
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1980s. HA is a naturally occurring CAP in bone that gives the tissue its compressive 
strength, and a synthetic version of HA as well as synthetic CAP are widely used. 
Delamination from the surface and release of free HA particles have been widely 
discussed as potential failure mechanisms of these coatings, although recent data 
suggests that outcomes of HA-coated implants are similar to uncoated implants at 
10- and 20-years post-implantation. HA continues to be a material of great focus for 
improved outcomes for orthopedic implants [36–42] (Table 2).

 Implant Coatings Using Metallic Antimicrobial Strategies

 Coatings Without Growth Factors

The surface properties of the implants play a very important role in initial bacterial 
adhesion, and the use of Ag to control infection in dental and orthopedic devices has 
been widely studied. In 2007, Chen et al. investigated the use of silver-containing 
hydroxyapatite (Ag-HA) thin film coatings created by a sol-gel method in order to 
control initial antibacterial adhesion and enhance osteoblast cell proliferation and 
differentiation. Passivated Ti substrate surfaces were coated with an Ag-doped HA 
sol. The film coating was designed to passively repel bacterial adhesion and increase 
tissue compatibility. All experiments were carried out on three surface coatings: 
HA, Ag-HA1.0, and Ag-HA1.5, which contained 0, 1, and 1.5 wt% AgNO3 in dop-
ing steps, respectively. The antibacterial effects of the coatings were assessed in the 
presence of S. epidermidis or S. aureus, using the total number of CFU as an indica-
tor of infection. Both silver-containing HA coatings showed a significant reduction 
in S. aureus CFU compared to the HA coating; Ag-HA1.5 showed an approximate 
40% reduction while Ag-HA1.0 showed more than an 80% reduction. In the pres-
ence of S. epidermidis, Ag-HA1.5 showed a 25% reduction and Ag-HA1.0 showed 
more than a 80% reduction in CFU compared to the HA coating. Osteoblast cell 
proliferation and differentiation were investigated in human embryonic palatal mes-
enchyme cells using dsDNA quantification and ALP activity. No significant 
 differences in dsDNA (cell proliferation) amount were observed among the 3 sur-
faces, and no differences in ALP activity were observed between HA and the 
Ag-HA1.0 surfaces; however, the Ag-HA1.5 surface exhibited significantly less 
ALP activity after 12 and 15 days of culture. Silver-containing HA coatings showed 
efficacy in controlling initial bacterial adhesion while maintaining similar osteocon-
ductive activity as HA surfaces [43].

Similarly, Rameshbabu et al. created silver substituted nanosize hydroxyapatite 
(Ag-nHA) thin film coatings synthesized using the fast, simple, and efficient 
method of microwave processing in order to minimize the risk of bacterial con-
tamination without compromising bioactivity or osseointegration. Calcium hydrox-
ide and AgNO3 mixed in water were subjected to microwave irradiation for 
approximately 30 min at 800 W power. Stainless steel disks were surface coated 
with 0.5Ag-nHA, 1.0Ag-nHA, or 1.5Ag-nHA, which contained 0.5, 1, and 1.5 wt% 
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AgNO3, respectively. E. coli and S. aureus were cultured in the presence of the 
coated disks, and the spread plate method was used to quantify the bacterial colo-
nies. At an exposure level of 105 bacterial cells/mL, all Ag-nHA coatings showed 
almost zero bacterial colonies after 48 h. At 108 cells/mL, all Ag-nHA coatings 
showed almost zero S. aureus colonies, while the E. coli colony numbers were the 
greatest for the 0.5Ag- HA surface and the least for the 1.5Ag-nHA. A cell adhe-
sion test using human osteoblast cells and SEM imaging revealed that all Ag-nHA 
surfaces showed poor cell attachment except 0.5Ag-nHA (Fig. 1). While this paper 
developed an efficient and fast way to synthesize Ag-nHA particles for surface 
coatings and antibacterial effects were evident, poor cell adhesion presented a 
challenge [44].

While previous studies showed the antibacterial effects of Ag-HA coatings, 
Ag-HA was considered to have poor biocompatibility and cause cell death and nearly 
complete loss of ALP activity. Fielding et al. incorporated strontium in the Ag-HA 
coatings to offset the negative effects of Ag-HA coatings and improve their perfor-
mance compared to pure HA coatings. The authors investigated the use of silver-
containing, strontium (Sr)-doped plasma sprayed hydroxyapatite thin film coatings 
in order to improve the antimicrobial properties of implant materials and reduce the 
cytotoxic effects of the Ag-HA coatings. Strontium is a non-essential element that 

Fig. 1 SEM images of osteoblast cell attachment on tissue culture plate (a), 0.5Ag-nHA (b), 
1.0Ag-nHA (c), and 1.5Ag-nHA (d) pellets [44]
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displaces calcium in osteoblastic calcium-mediated processes and stimulates bone 
formation. HA was doped with 2 wt% Ag2O and 1 wt% SrO to create Sr/Ag-HA-
coated Ti substrates, which were then compared to HA alone, Sr-HA, and Ag-HA 
coatings. The antibacterial effects of the coatings were investigated in P. aeruginosa 
using live/dead fluorescent dyes. Both Ag-HA and Sr/Ag-HA  coatings showed a 
strong antibacterial effect compared to HA and Sr-HA coatings, as judged by qualita-
tive fluorescence microscopy. Osteoblast cell proliferation and osteoconductivity 
were investigated in human fetal osteoblast cells using MTT and ALP immunohisto-
chemistry. Both Sr-HA and Sr/Ag-HA showed significantly higher cell viability 
compared to Ag-HA after 3 and 11 days of culture, suggesting a reduced cytotoxic 
effect by adding Sr to the Ag-HA coating. Both Ag-HA and Sr/Ag-HA coatings 
showed stronger ALP activity compared to HA and Sr-HA coatings at all-time points, 
suggesting improved osteoconductivity by the addition of Sr to the Ag-HA coatings 
(Fig. 2). This study showed that the thin film Sr/Ag-HA coating passively repelled 
bacterial adhesion and decreased the cytotoxic effects of the Ag-HA coating alone. 
These authors presented a method for enhancing the long- term antimicrobial proper-
ties of implant surface coatings while minimizing the negative cytotoxic effects of 
the coating to improve cell proliferation and osteoconductivity. This approach could 
potentially improve orthopedic device clinical outcomes [45].

Most methods for creating Ag-HA coatings on surfaces cannot be applied to 
porous surfaces, so Qu et al. designed a process for placing Ag-HA composite coat-
ings on porous titanium surfaces using a sol-gel method in order to reduce the risk 
of bacterial contamination while maintaining the biocompatibility of pure HA sur-
faces. Ca(NO3)2 and P2O5 were mixed to create a Ca/P sol, which was then mixed 
with either 0.8 or 1.6 wt% AgNO3 to create a Ag-HA gel that could be dip-coated 
onto porous Ti substrates (Fig.  3). The antibacterial effects of the coatings were 

Fig. 2 Confocal micrographs showing ALP expression in human fetal osteoblast cells at 5 and 
11  days. Green fluorescence indicates active ALP; blue fluorescence indicates the nuclei of 
cells [45]
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investigated in the presence of E. coli and Staphylococcus albus (S. albus) using the 
spread plate method. All Ag-HA coatings showed significantly fewer bacterial colo-
nies when compared to pure HA coatings, and the coatings with higher silver 
 concentration showed the strongest effect. Biocompatibility testing was done using 
SEM imaging and ALP quantification on samples seeded with osteoblasts derived 
from Sprague-Dawley rats. All Ag-HA surfaces showed cells adhering to the coat-
ing and spreading on the surfaces at all imaged time points from 1 to 7 days after 
seeding. Reduced ALP activity was shown in Ag-HA1.6 but not Ag-HA0.8. These 
authors developed an approach to modify porous Ti substrates with Ag-HA coat-
ings, showing that these coating technologies have the potential for wide clinical 
applicability [46].

Tian and colleagues presented a method that could potentially be applied to a 
variety of metallic implant surfaces to improve their antimicrobial properties and 
reduce negative long-term outcomes by modifying the surface with silver 
nanoparticle- doped HA coatings with oriented block arrays (AgNP-BHAC). The 
authors showed that AgNP-BHAC improved the biocompatibility and osteoinduc-
tivity of Ti-6Al-4V Ti alloys while also exhibited antibacterial effects. The method 
used incorporated silver into HA coatings with block morphology, taking advantage 
of the antimicrobial effects of AgNPs and the excellent osteoconductivity and bio-
activity of HA. The AgNP-BHAC coatings were applied in three steps beginning 
with the creation of a bioglass coating on Ti alloy substrates by dip coating into a 
mixed solution (calcium nitrate, tetraethyl orthosilicate, triethyl phosphate, ethanol, 
and nitric acid) followed by calcination. Next, the BHAC layer was added by hydro-
thermal treatment with a simulated body fluid solution (NaCl, NaHCO3, KCl, 
K2HPO4-3H2O, MgCl2-6H2O, CaCl2, Na2SO4, and (CH2OH)3CNH2) at 120 °C for 

Fig. 3 The schematic 
drawing of the sol-gel 
process [46]
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24 h. Finally, the AgNP-BHAC coatings were formed via facile Ag mirror reaction 
by dipping BHAC-coated alloy substrates in an [Ag(NH3)2]OH solution for 20 s and 
drying. Standard physiochemical property characterization was performed includ-
ing SEM, transmission electron microscopy, and Fourier-transform infrared spec-
troscopy. Bare alloy substrates, alloy substrates coated with BHAC, and alloy 
substrates coated with Ag-BHAC were exposed to S. aureus or E. coli cultured in 
suspension for 24 h. Bacterial colony formation was examined using confocal laser 
scanning microscopy and SEM imaging. The AgNP-BHAC-coated alloy substrates 
showed much less colony formation compared to other samples. Antibacterial activ-
ity was evaluated using the spread plate method: substrates incubated in bacterial 
suspensions were washed with PBS, sonicated to detach the adherent cells, and the 
detached cells were collected and cultured on soy agar plates. CFUs were quanti-
fied, with the AgNP-BHAC-coated alloy showing extremely strong antibacterial 
activity with near-zero CFU compared with the bare alloy and the BHAC-coated 
alloy, which formed multiple colonies. Furthermore, the osteoinductivity of the 
coating was studied using hBMSCs cultured on the coated and uncoated implant 
surfaces. A higher expression of integrins and better cell proliferation was shown in 
hBMSCs that were cultured on the AgNP-BHAC-coated alloy surface, and mRNA 
expression of osteogenic differentiation-related genes also showed significantly 
higher expression compared to controls. This new hydrothermal method for rapid 
synthesis of AgNP-BHAC coatings improved implant biocompatibility and osteoin-
ductivity while demonstrating potential applications for surface modification on 
orthopedic and dental implants for infection prophylaxis [47].

Recently, another composite approach in the use of silver to mediate bacterial 
infections and HA to promote bone growth was investigated by Huang and col-
leagues, who investigated the use of a hybrid coating of nanostructured HA partially 
substituted with Ag+ and fluorine (F−) ions electrodeposited on titania nanotube 
(TNT) arrays on Ti substrates. The authors stated the need for a bifunctional coating 
that incorporates antimicrobial activity and osteoinductivity to overcome current 
challenges in the use of Ti and its alloys. The authors provided a simple and rapid 
method for creating a bifunctional coating via chemical bonding, incorporating silver 
into the HA-TiO2 hybrid coating for improved antimicrobial properties with a second 
binary element fluorine to increase the structural stability of the coating on the Ti 
substrate. The release of silver was quantified by analyzing the silver ion concentra-
tion after incubation of the coated substrates in PBS; a steady release was observed 
for the entire 16-day experiment with 230 ppb cumulatively released. Three groups 
were studied for cytotoxicity via the MTT assay and for osteoinductivity using 
MC3T3-E1 mouse osteoblast precursor cells in vitro, including bare Ti substrates, Ti 
substrates with HA coating, and Ti substrates with a bilayer coating of HA partially 
substituted with F- and Ag+ electrodeposited on titania nanotubes (F-Ag-HA/TNT). 
On day 4 and day 7 but not on day 1, the HA coating and F-Ag-HA coating showed 
a significant increase in cell proliferation compared with the bare Ti substrate. The 
ALP expression level was significantly increased (~30%) in cells cultured on HA and 
F-Ag-HA coatings compared to control Ti, indicating improved differentiation of 
osteoblast cells. Moreover, Ti substrates with different coatings were placed in agar 
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plates with pre-cultured S. aureus bacteria, and Ag-HA and F-Ag-HA showed a 
100% inhibition after 24- and 36-h incubation, while HA and FHA showed less than 
a 20% inhibition. Follow-on animal studies are necessary, but this newly developed, 
simple and rapid method for creating a uniform, bifunctional nanostructure coating 
incorporating fluorine and silver on Ti implant surfaces holds promise [48].

Cheng et al. investigated the seeding of Sr- and Ag-loaded nanotubular structures 
on Ti surfaces for the repair of bone defects while providing antibacterial protec-
tion. The persistent release of Sr was intended to rapidly increase the filling of the 
bone defect by enhancing the repair of damaged cortical bone and increasing tra-
becular bone microarchitecture. The continuous and controlled release of Ag from 
the nanotubes was designed to provide anti-adherent and antibacterial properties 
against MRSA and E. coli. Ti foils (average size: 10.0 mm × 10.0 mm × 1.0 mm) 
and Ti rods (diameter: 1.0 mm; length: 12 mm) were anodized and treated hydro-
thermally for 3 h at 200 °C in 0.02 M Sr(OH)2 solution to incorporate Sr into the Ti 
and create nanotubes (NT-Sr). NT-Sr was soaked in a 1.5 M or 2.0 M AgNO3 solu-
tion for 10  min at room temperature to incorporate Ag into the system, overall 
resulting in Sr- and Ag-loaded nanotubular Ti (NT-AgSr). Initially, inductively cou-
pled plasma-atomic emission spectrometry was used to monitor the release of Ag 
and Sr from NT-AgSr into PBS over time. Ag release from NT-AgSr decreased from 
0.096 ppm on day 1 to 0.02 ppm on day 3, while Sr released from the composite also 
decreased from over 0.11 ppm on day 1 to just under 0.05 ppm on day 3. Release of 
both Ag and Sr remained constant for the next 11 days. The effectiveness of NT-AgSr 
to induce osteogenesis was investigated in  vitro in MC3T3-E1 mouse preosteo-
blasts. Expression levels measured via qRT-PCR of osteogenesis-related genes ALP, 
OCN, RUNX2, and Col I were significantly higher (over 100%, 100%, 50%, and 
70% higher, respectively) in cells treated with NT-AgSr compared to control cells 
treated with Ti only. Antibacterial activity was detected in samples treated with 
NT-AgSr, which resulted in a clear zone of growth inhibition on bacterial strains 
E. coli, methicillin-sensitive S. aureus, and MRSA, with the largest zone observed 
for all three bacterial strains on the plates containing the NT-AgSr with the highest 
concentration of silver. Unique among many similar reports of new materials, these 
authors also tested in vivo bone regeneration in 6-week-old Sprague-Dawley rats 
using histomorphometrical analysis. Rats treated with NT-AgSr showed a 15–20% 
increase in new bone tissue compared to animals treated with Ti without Sr and Ag. 
This formulation seems to be effective at inducing bone growth in vivo, while inter-
rupting bacterial activity in vitro. Moving forward, the researchers plan to investi-
gate the effectiveness of NT-AgSr in infected bone defects before progressing to 
clinical studies [49].

Zhou et  al. have developed a multi-layered coating intended for use on Ti 
implants that exhibits increasing bactericidal activity with decreasing pH.  This 
work is a follow-up to earlier research by the same group, honing the functionality 
of the previously developed silver nanoparticle gentamicin (AgNP/GS) loaded silk 
fibroin coating intended to decrease Ti implant-associated infection [50], by incor-
porating a pH-sensitive CS “nanovalve” layer (Fig.  4). Cleaned and polished Ti 
disks (10 mm × 10 mm × 0.5 mm) were first decorated with polydopamine and 
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 dip- coated in an AgNP/GS-loaded silk fibroin solution as previously described [50]. 
The disks were then either dip-coated or spin-coated with CS [56]. Local acidifica-
tion induced by bacterial growth on the multi-layered coating resulted in proton-
ation of the amino groups of the CS, collapsing the CS layer and allowing the 
bactericidal release of Ag+. This pH-dependent “nanovalve” was found to mitigate 
the cytotoxicity associated with the initial burst release followed by sustained, 
uncontrolled AgNP release seen previously [50]. Local acidification caused by 
S. aureus proliferation increased the bactericidal killing rate of an AgNP/GS-loaded 
silk fibroin coating on polydopamine-decorated Ti disks with dip-coated or spin- 
coated CS layers by 85.1% and 94.6%, respectively, as compared to a control with-
out a pH-responsive CS layer. Preosteoblast MC3T3-E1 cells exhibited the greatest 
increase in attachment and proliferation on the spin-coated CS layer, with increased 
osteoblast differentiation potential compared to the control, as evidenced by ALP 
expression. The authors believe there is great clinical potential in their work, devel-
oping a multi-layered coating that simultaneously defends a Ti implant from bacte-
rial invasion while promoting osteogenic activity [56].

While most studies use silver as the metallic antibacterial agent, this study used 
copper (Cu) and zinc (Zn). Huang et al. designed Cu/Zn co-substituted HA coated 
on pure titanium by electrodeposition in order to improve the antibacterial proper-
ties of pure HA while maintaining the material’s biocompatibility. Since high cop-
per content would induce cytotoxicity, the investigators also incorporated a 
secondary agent, Zn, to lessen the negative effects of Cu. Furthermore, they used 
electrodeposition, which is a cost-friendly method for coating both smooth and 

Fig. 4 Conceptual illustration of constructing multifunctional multi-layers through a facile depos-
iting process. The depicted bacteria-responsive drug release mechanism is that attached bacteria 
proliferate and secrete lactic and acetic acid, which cause a local decrease in pH near the functional 
coating. The reduced local pH triggers the outmost CS barrier layer to swell and be corrupted, and 
increase the release of AgNPs/GS complexes loaded in the inner silk fibroin layer to inhibit bacte-
rial attachment and kill planktonic bacteria [56]
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porous surfaces that establish a strong substrate-coating bond. ZnCuHA coatings 
showed significantly fewer E. coli bacterial colonies compared to pure HA coatings 
and bare substrates, with an over 90% decrease in colony number. Also, MC3T3-E1 
osteoblast-like cells grown on the ZnCuHA surface appeared more flattened and 
evenly spread compared to the HA-coated surface. MTT assay results showed sig-
nificantly higher viability of cells on the ZnCuHA surface than HA or bare sub-
strates. This unique material surface coating shows potential as it outperforms HA 
coatings, but a direct comparison to Ag-HA coatings was not done [57].

 Coatings with Growth Factors

Liu et  al. investigated the use of an AgNP/PLGA-coated stainless steel alloy 
(SNPSA) as a potential implant material to target a broad spectrum of bacteria and 
reduce the risk of developing antibiotic resistance associated with the use of broad- 
spectrum antibiotics [51]. This study followed up on the work done by Zheng et al. 
on AgNP-based PLGA bone grafts loaded with BMP-2 that were shown to regener-
ate bone in vivo in rat femoral segmental defects infected with S. aureus [58]. Liu 
et al. soaked a 316 L stainless steel wire in a solution of 17.5% (w/v) PLGA and 
either 0%, 1%, or 2% AgNP for 30 s, air dried, and then soaked an additional two 
times to allow for a uniform coating of AgNP to form. The high surface energy of 
the nanoparticle coating encouraged the adsorption of BMP-2 growth factor, which 
aided in the promotion of bone growth [54–56, 58]. When treated with 105 CFU/mL 
S. aureus and P. aeruginosa, 2%-SNPSA demonstrated significant inhibition of ini-
tial adherence with less than 1% of cells remaining after a 24-h incubation. In 
in  vitro culture with preosteoblastic MC3T3-E1 murine cells, these 2% SNPSA 
materials significantly increased the ALP activity by almost 50% per cell and sig-
nificantly promoted the terminal differentiation of osteoblasts in cells that attached 
to the coating when compared to the 0%-SNPSA control. A hind femur rat model 
loaded with either S. aureus or P. aeruginosa was used to assess SNPSAs. After 
8 weeks, 2%-SNPSA demonstrated significant bone formation despite a contamina-
tion level that could cause invasive tissue infection, and the samples showed no 
signs of osteolysis as confirmed by radiography and 3D micro-CT analysis. H&E 
staining showed no evidence of bacterial survival with minimal inflammatory cell 
infiltration in the surrounding tissue with 2%-SNPSA after 8 weeks, whereas both 
were present in the 0%-SNPSA control. The authors stated that further studies must 
be performed to test the interfacial adhesion of the silver/PLGA nanoparticle coat-
ing to different commonly used metal implant materials like Ti, Ti alloys, cobalt 
alloys, and different stainless steel alloys, but based on these findings there is poten-
tial for the use of the coating to improve biomaterial implants [51].

Similarly, Xie et al. investigated a method that incorporates AgNPs and BMP-2 
into HA coatings on a Ti surface that could be used to modify metallic orthopedic 
and dental implants. The AgNPs were electrochemically deposited on the Ti surface 
along with CS, which was used for stabilization, uniform distribution, and reducing 
toxicity of the AgNPs. BMP-2 mixed with heparin was immobilized on the surface 
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of the coating through an electrostatic reaction with CS/Ag/HA. The release studies 
indicated a sustained release of Ag from BMP/CS/Ag/HA and CS/Ag/HA coatings 
at 4.7 and 4.8 mg/L after soaking in PBS for 30 days. Similar results were observed 
for release studies of BMP-2, with 56% being from BMP/CS/Ag/HA and 86% 
being released from CS/Ag/HA coatings after 25 days. The ALP activity of BMSCs 
on BMP/CS/Ag/HA coatings was 11 U/gprot, which was higher than all the other 
coatings being tested and indicated the differentiation of BMSCs towards osteo-
blasts. A rabbit model was used to assess the osteoinductivity of the Ti implants 
with BMP/CS/Ag/HA; histological analysis after 12 weeks indicated linkage of the 
newly grown bone from the implant surface with a nearby host bone along with the 
presence of osteocytes, which indicated bone maturation [52].

 Implant Coatings Containing Antibiotics

 Direct Surface Modification with Antibiotics

An approach used infrequently but with possible wide-reaching impact involves the 
direct immobilization of an antibiotic onto the surface of a material intended for 
implantation. This approach is designed to decrease the chances of early infection 
after device implantation, which is key especially in instances of open fractures, but 
is more limited in long-term device infection abatement. Nie et al. investigated the 
use of bacitracin immobilized on a Ti surface in order to improve antibacterial activ-
ity and biocompatibility of bone implants, which they studied using a rat osteomy-
elitis model with femoral medullary cavity placement of Ti rods. Ti and Ti alloys are 
widely used in medical implants, but bacterial infections and poor osseointegration 
often occur soon after implantation and lead to early orthopedic implant failures. Ti 
is bio-inert; therefore, an approach that can promote osseointegration while prevent-
ing early stage infection around the implant at the same time is needed to overcome 
this challenge. As a follow-up in vivo study of their previous in vitro study [59], 
rods were machined to a 1.5 mm diameter and 20 mm height from Ti6Al4V tita-
nium alloy. After rigorous cleaning with sodium hydroxide and water, the Ti rods 
were soaked in a dopamine solution to create a dopamine bioactive layer for drug 
immobilization, then they were soaked in bacitracin dissolved in ethanoic acid solu-
tion to allow for chemical bonding to the surface. Ti rods and Ti rods with bacitracin 
surface modification were exposed to a suspension of S. aureus and compared to 
control bare Ti rods in PBS. All three groups of rods were implanted in the femoral 
cavity of Sprague-Dawley rats without further treatment, and all mice were sacri-
ficed 3 weeks later. Bacteria dwelling on the rods post-sacrifice were quantified via 
a spread plate method, and osteoregeneration was monitored using micro-CT on 
post-surgery day 1 and week 3. Rods in the bacitracin surface modification group 
and bare rods without bacterial incubation showed significantly higher regeneration 
of bone (twofold) and fewer bacteria CFU compared to bare rods with bacterial 
incubation. This study explored a simple, rapid method for immobilizing bacitracin 
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on a Ti alloy surface with a demonstrated antibacterial and osteoinductivity- 
promoting effect. The simplicity of the approach might make it more translatable to 
industrial use and clinical application for Ti/Ti alloy implants [60].

 Multi-layer Implant Coatings

Release rate is a key parameter in the effective delivery of therapeutics, with varied 
physiological conditions and encapsulants requiring different rates of release for 
optimal efficacy. With multiple components embedded within a single carrier, Strobel 
et al. investigated a sequential drug delivery system consisting of poly(d,l- lactide) 
(PDLLA) as the carrier, GS as the antibiotic, and insulin-like growth factor 1G 
(IGF-1) and BMP-2 as the two growth factors for osteoinduction. Ti wires were 
coated with either PDLLA, a suspension of GS and PDLLA, BMP-2 and PDLLA, or 
IGF-1 and PDLLA by dipping the wires in the suspension and allowing them to dry 
between coatings. All three active agents were released in a specific manner from the 
coating, starting with a burst release of the antibiotic, a burst release followed by a 
sustained release of IGF-1, and finally a slow release of BMP-2. Drug release data 
from the two-layer (GS/BMP-2) coated wire soaked in PBS showed that 44% of the 
GS was released on day 1, which slowed down and reached a maximum of 57% after 
8 weeks, whereas 42% of the BMP-2 was released after 2 weeks, which slowed down 
even further reaching a maximum of only 49% after 8 weeks. The three-layer (GS/
IGF-1/BMP-2) coated wire showed a burst release of GS releasing 38% in 3 days, 
burst release of IGF-1 releasing 26% in 3 days followed by a plateau at 47% until 
8 weeks, and slow release of BMP-2 releasing only 6% in 8 weeks. Consequences of 
the BMP-2 and IGF-1 release were tested in vitro using human primary osteoblast-
like cells; the three-layer coated wires showed the highest cell metabolic activity 
(130%) in the first 2 weeks as compared to the PDLLA control with a slight decrease 
in activity in week 3. On the other hand, single-layer coated wires of BMP-2 and 
IGF-1 showed 110% metabolic activity in the first 2 weeks, which then dropped and 
was comparable to the PDLLA control until 8 weeks. These results showed that the 
multiple coatings had a definite effect over the single implant coating, and the 
approach had potential to stimulate bone healing by controlling the release kinetics 
by varying the drug concentrations in the layers [53].

Min et al. investigated the tunable release of multiple therapeutics from layer-by- 
layer (LbL) coatings to prevent biofilm formation. A novel clay interlayer barrier 
was used to prevent interlayer diffusion. The designed coating was intended to 
release both the antibiotic GS, and the osteoinductive growth factor recombinant 
human BMP-2  in therapeutically relevant amounts with tunable rates of release, 
thus reducing the chance of infection or biofilm formation in new implants, and 
making the treatment of infected implants much simpler. The osteoinductive layer 
consisted of alternating layers of poly(β-amino esters), poly(acrylic acid), and 
BMP-2, while a similar antibacterial layer substituted GS for BMP-2. The poly(β- 
amino esters) of molecular weights 15 kDa and 20 kDa degrade at different rates 
under physiological conditions, thereby releasing GS and BMP-2 at different rates. 
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GS is an antibiotic effective against strains of S. aureus and is most efficacious with 
a localized delivery at low concentrations [61]. BMP-2 is a known osteoinductive 
growth factor that best delivers advantageous effects with a localized release at low 
rates [62–65]. Laponite clay has been shown to promote osteogenic differentiation 
of stem cells and has already been utilized in drug delivery systems because of its 
intercalation capacity [66–68]. The LbL coatings were created by dipping plasma- 
etched silicon substrates in cationic and anionic solutions of BMP-2 or GS until the 
desired thickness of the layers was achieved. A programmable spraying apparatus 
was used to deposit the polymer/clay barriers in between or on top of the layered 
films. In a Kirby–Bauer disk diffusion assay, the composite film consisting of 
BMP-2 with 80 iterations of application, laponite clay with 15 iterations of applica-
tion, GS with 40 iterations of application and another layer of laponite clay with 15 
iterations of application (B80L15G40L15), the composite film without laponite clay 
layers(B80G40), as well as a film containing just GS (G40) all showed clear zones of 
inhibition of S. aureus greater than the 15 mm benchmark, indicating that the lapo-
nite clay barrier was not interfering with the film’s ability to deliver GS. The release 
of BMP-2 was modeled by measuring ALP activity in preosteoblast MC3T3-E1 
cells cultured in vitro with a single-barrier film containing BMP-2 or composite 
films containing B80G40, or B80L15G40L15. Over the course of 5  weeks, BMP-2 
released from the barrier-containing film maintained ALP activity. In comparison, a 
50% reduction in the ALP activity was observed when a barrier layer was not 
included in the film. The activity of ALP reduced to zero over time when a single 
layer of BMP-2 was used. This indicated that the barrier composite film was capable 
of delivering a low, consistent rate of BMP-2 for a long period of time and reduced 
the occurrence of an initial burst release. Researchers concluded that the implemen-
tation of laponite clay barriers allowed for the separation and delivery of complex 
therapeutics in one film. These films have high potential to be tuned to achieve dif-
ferent release rates by varying layer separation and thickness [54].

In another study conducted by the same group, Min et al. developed a multi- 
layered thin film implant coating to deliver both a broad-spectrum antibiotic and an 
osteoinductive growth factor, which followed controlled but disparate release kinet-
ics. The authors suggest that such an implant coating would reduce revision arthro-
plasty to a single surgical step, decreasing the cost and timescale associated with the 
current two-stage standard procedure. The LbL deposition technique employing 
electrostatic multi-layer assembly was used to create a thin film incorporating 
BMP-2 releasing and GS releasing layers (Fig. 5). The osteoinductive layer con-
sisted of alternating layers of poly(β-amino esters), poly(acrylic acid), and BMP-2, 
while a similar antibacterial layer substituted GS for BMP-2. As before, the poly(β- 
amino esters) of differing molecular weights degraded at different rates, thereby 
releasing GS and BMP-2 at different rates. A rat tibia model was used to assess the 
antibiotic and osteoinductive efficacy of the multi-layered implant coating on a 
radiolucent polyetheretherketone implant. A bare implant infected with biolumines-
cent S. aureus Xen 29 was removed 7 days post inoculation and replaced in a single- 
stage revision by an implant with the antibacterial coating, the osteoinductive 
coating, a multi-layered coating including both antibacterial and osteoinductive 
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layers, or by a bare control implant. Excised implants that included both functional 
layers showed a bioluminescent signal comparable to the background at 8 weeks, 
indicating no further infection of the implant, compared to an obvious infection in 
the untreated controls. Micro-CT and histological analysis revealed that implants 
containing both functional layers induced bone coverage of up to 80% in 3 weeks. 
A complete host-implant integration of excised implants containing both functional 
layers was observed at 8 weeks compared to bone destruction, fracture, and ultimate 
failure seen in control. In terms of long-term antimicrobial efficacy, untreated con-
trol tibiae exhibited a strong bioluminescent signal, suggesting robust bacterial 
metabolic activity, while antibiotic treated tibiae showed no expression of biolumi-
nescence. By rolling the implant on the blood agar, the surface bacterial growth was 
examined, and a three orders of magnitude of difference was observed between the 
uncoated implant and the coated one. Min et al. suggested that the multi-layered 
thin film coating could be explored for use with biomedical applications beyond 
bone implants, such as vascular grafts and artificial hearts [55].

Most dual-action antimicrobial systems describe a diffusion-based release of a 
biocide and contact-killing or bacteria repelling capabilities; however, Wong et al. 
designed a bifunctional film system that exhibited a bolus release of a biocide and a 
sustained release of an anti-inflammatory agent. Many implant failures are caused 

Fig. 5 Programmed sequential dual therapy delivery strategy to win the “Race to the Surface” 
against bacteria. (a) Illustration of a rat tibia model with induced osteomyelitis. (b) Desired release 
profile of an antibiotic and a growth factor and illustration of the top-down degradation of an LbL 
coating on an orthopedic implant. (c) Possible scenarios following in vivo application: (ci) In an 
uncoated implant, the residual bacteria in the defect and avascular tissue act as foreign bodies and 
can cause reinfection and form a biofilm (represented by the yellow area). (cii) In our dual therapy 
LbL coating, however, local delivery of an antibiotic (red circles) controls infection until the 
implant is vascularized and immune-competent. The subsequent release of a growth factor (blue 
circles) induces the osteogenic differentiation potential of endogenous precursor bone marrow 
stem cells, resulting in optimal bone healing and bone-implant integrity [55]
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by an adverse foreign body response by the patient’s immune system, which occurs 
in the days to weeks following implant placement and can be worsened by the pres-
ence of implant-related infection. Wong et al. designed a bifunctional LbL construct 
that incorporated antibiotic GS and anti-inflammatory drug diclofenac. This work 
was a follow-up study to previously demonstrated results with hydrolytically 
degradable polycation-based multi-layers for both the sustained and designed sub-
stantive bolus release of small-molecule drugs from surfaces [61]. The construct 
consisted of a permanent microbicidal polyelectrolyte multi-layered base film N,N- 
dodecyl,methyl-PEI/Poly(acrylic acid) with a hydrolytically degradable polyelec-
trolyte multi-layered top film. Two degradable film architectures were presented in 
this study: one for the burst release of GS to eradicate initial infection and one for 
the sustained release of diclofenac to suppress the inflammation at the implantation 
site. In vitro release experiments in PBS showed that GS was released within the 
first 6 h, while diclofenac was released sustainably over 16 days. Cytotoxicity of the 
film substrate and cell adhesion were assessed by culturing MC3T3-E1 cells and 
A549 epithelial cancer cells on the substrate; compared with cells cultured on bare 
glass substrate, no statistical difference was observed. The activity of GS after 
release from the film was visually confirmed using a Kirby–Bauer assay with 
S. aureus, and the activity of diclofenac released from the film was confirmed for up 
to 9 days by investigating the inhibition of cyclooxygenase. The bactericidal activity 
of the permanent base film after drug release and complete degradation of the top 
film was also confirmed using the Kirby–Bauer assay. The use of a permanent bac-
tericidal base film with added tunable release of therapeutic agents potentially has 
broad applications for a variety of medical devices [69].

 Tissue Engineering Scaffolds

Tissue engineering plays an increasingly important role in the future of clinical 
bone repair. The use of autologous and allogenic grafting has multiple limitations 
such as a lack of donors, additional risk of infection at donor sites, and immunologi-
cal antigenicity; tissue engineering aims to circumvent these technologies. Tissue 
engineering most often employs a scaffold or construct material to house or recruit 
cells and provide necessary biochemical and biomechanical cues to recapitulate 
normal tissue. Important concerns in tissue engineering include being able to closely 
match the biochemical and mechanical properties of native bone and allowing for 
appropriate transport through the scaffold material for nutrient and waste exchange 
as well as oxygen delivery to cells in the scaffold. The use of tissue engineering for 
bone regeneration has been very widely researched, but here we focus on approaches 
that also include a means of discouraging bacterial infection (Table 3).

Limited graft availability and infection at the surgical sites cause serious risk in 
bone regeneration. However, the brittleness and the lack of an ideal implant shape 
are still key challenges in bone surgery; therefore, Schneider et al. designed flexible, 
osteoconductive scaffolds capable of delivering antimicrobials. Synthetic, flexible, 
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cotton wool-like nanocomposites consisting of a biodegradable PLGA matrix 
loaded with either CAP nanoparticle (PLGA/CAP) or silver-doped CAP nanopar-
ticles (PLGA/Ag-CAP) in order to achieve bioactivity while providing additional 
antimicrobial properties have been developed. CAP and Ag-CAP were prepared by 
flame spray synthesis, and PLGA/CAP and PLGA/Ag-CAP scaffolds were fabri-
cated by low-temperature electrospinning. A total number of 8 drill hole defects 
were created in two female sheep. The bone cavities were washed and then filled 
with PLGA/CAP or PLGA/Ag-CAP scaffolds, and the sheep were sacrificed 
8 weeks after surgery. Bone regeneration was evaluated using micro X-ray and his-
tological imaging. The average area of newly formed bone was not statistically dif-
ferent between the two samples, 20.5 ± 11.2% for PLGA/CAP and 22.5 ± 9.2% for 
PLGA/Ag-CAP treated defects (Fig. 6). This easily applicable system using a com-
pressible material has great potential in applications to minimize invasive surgery or 
for specific indications in dental or orthopedic surgery [70].

Fig. 6 Bone formation in defects left empty and for bone cotton wool treated defects. Histological 
ground sections for an (a) empty defect show the formation of an organized blood clot in the center 
of a defect, whereas the (b) PLGA/CAP treated defect bone formation (blue) is visible. Schematic 
description (c, d) of bone formation (red arrow) and bone resorption (black arrow) [70]
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Sun et al. designed a novel collagen scaffold composite that encapsulated AgNP 
and BMP-2 to heal bone defects. This hybrid collagen scaffold combined porous 
structure, antibacterial activity, and osteoinductivity of collagen scaffolds with 
AgNP and BMP-2 to control bacterial infection and enhance bone regeneration, 
respectively. The absorbance of suspension-cultured vancomycin-resistant S. aureus 
strain Mu50 was monitored after exposure to varying concentrations of diluted col-
lagen, Ag/NP/collagen, or BMP-2/AgNP/collagen scaffolds. Collagen scaffolds 
alone did not inhibit bacterial growth, but S. aureus proliferation was completely 
inhibited by Ag/NP/collagen and BMP-2/AgNP/collagen scaffolds at 10 μg mL−1 
in  vitro. Longer Ag+ release periods enhanced the antibacterial activity of these 
hybrid composites; only 45% (AgNP/collagen) and 50.5% (BMP-2/AgNP/colla-
gen) of Ag+ was released in the first 24 h with continuing steady release over 300 h, 
whereas 89% of the Ag+ was released from the control AgNO3 sample in the first 
24  h. The expression levels of RUNX2 showed upregulation upon analysis of 
BMSCs, which confirmed that the hybrid BMP-2/AgNP/collagen scaffold retained 
the ability to differentiate BMSCs towards osteoblasts. The authors stated that fur-
ther study was warranted to understand the mechanical strength of these composites 
towards their use in bone repair, but these hybrid scaffolds show potential based on 
these preliminary findings [71].

The use of an osteoinductive scaffold material with controlled-release growth 
factors that additionally serves to mitigate implant-associated infection can be a key 
combination for the long-term efficacy of orthopedic bone defect repair. Zhou et al. 
have investigated the use of silica/hydroxypropyltrimethyl ammonium chloride CS/
zein composite scaffolds loaded with recombinant human BMP-2 for bone tissue 
engineering. The growth factor BMP-2 was impregnated within the mesoporous 
SBA-15 nanoparticles, which acted to prevent the initial burst release of the growth 
factor, a common issue seen when therapeutic carriers are not incorporated in such 
scaffolds. The synthesis of SBA-15 nanoparticles was published in a previous study 
[75]; in brief, a block copolymer surfactant was dissolved in an acidic solution 
before the addition of silica source. The obtained gel was crystallized and filtered to 
remove the surfactant template. The water-soluble CS derivative hydroxypropyltri-
methyl ammonium chloride chitosan, previously studied by the same group [76], 
was incorporated into a scaffold made of zein, the principle protein found in corn, 
for its demonstrated antibacterial properties. The relative release rate of BMP-2 was 
significantly improved by its impregnation into SBA-15. Compared to a cumulative 
protein release of 97% by day 11 in a control without the carrier, the cumulative 
release of BMP-2 was found to be reduced between 40 and 80%, depending on the 
relative weight ratio of SBA-15 nanoparticles in the scaffold. A rabbit forelimb 
segmental defect model was used to assess the efficacy of the scaffold in bone defect 
repair. At 12 weeks post-implant, the scaffold was found to have been completely 
resorbed and replaced with more extensive new bone growth compared to controls 
as evaluated with micro-CT analysis and histological staining. Zhou et al. demon-
strate the utility of SBA-15 particles in facilitating the retention and controlled 
release of BMP-2 at the scaffold site, which may be incorporated into osteoinduc-
tive scaffolds or a myriad of additional biomedical applications [77].
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Felice et  al. investigated the use of scaffolds containing PCL and zinc oxide 
(ZnO) nanostructures with or without HA, for their potential application in bone 
tissue engineering. ZnO has been shown to exhibit both osteoinductive and antibac-
terial effects, whereas HA has been studied for its osteoconductive properties. Due 
to the brittle nature of these components, incorporation of various concentrations of 
HA and ZnO into an electrospun, hydrolytically degradable nanofibrous PCL sub-
strate allowed for their use in scaffolds (Fig. 7). While several mechanisms have 
been proposed [78–80], the authors inferred the antibacterial property associated 
with ZnO in this study might be ascribed to the action of the released Zn2+ ions, a 
mechanism which was explored elsewhere. ALP activity of human fetal osteoblasts 
cultured on PCL scaffolds containing 6% ZnO was found to be 141 times higher 
compared to the PCL-only control on day 14, a strong marker of the ability of the 
ZnO-containing scaffolds to initiate mineralization. The authors found that PCL 
exhibited a variable degradation rate with ZnO concentration, and therefore the pro-
posed synthetic scaffold might be employed in engineered resorption systems of 
varied timescales [81].

Lu et al. created a novel zero-dimensional carbon dot (CD) doped chitosan/nano-
hydroxyapatite (CS/nHA/CD) scaffold to investigate the effects of CD on osteogen-
esis, osteosarcoma ablation, and the elimination of clinical bacteria. The fabricated 
scaffold would circumvent the current limitations in treating bone defects by pro-
moting osteogenesis, eradicating common bacteria, and treating tumors and infec-
tions through photothermal therapy. CDs were synthesized by the traditional 
microwave method and were then doped onto the prepared CS/nHA scaffolds. CDs 
were shown to guide MSC osteogenesis and demonstrated photothermal effects 
under near-infrared radiation, making them a viable option for the photothermal 
treatment of tumors and infections [82–84]. Rat BMSCs were used to investigate 
the osteogenic effects of the scaffold. At 7 days, the rat BMSCs on the CS/nHA/CD 

Fig. 7 SEM of scaffolds with different degradation times. Micrographs of scaffolds with different 
ZnO content. PCL, PCL:HA, PCL:ZnO 1%, PCL:ZnO 3%, PCL:ZnO 6%, PCL:HA:ZnO 1%, 
PCL:HA:ZnO 3%, and PCL:HA:ZnO 6%. Last row shows a zoom of samples after 15 days of 
degradation. Magnification bars are equal to 2 μm [81]
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scaffold showed statistically significantly higher ALP expression levels in comparison 
to the control CS/nHA scaffold. After 14 days, the CS/nHA/CD showed signifi-
cantly higher levels of Col I and OCN than the CS/nHA scaffold (p < .01 and < .05, 
respectively), indicating greater levels of osteoblast differentiation. When treated 
with near-infrared light, the CS/nHA/CD scaffold showed an antibacterial rate of 
99% with S. aureus and 97% with E. coli, compared to just 75% in the control. 
Four weeks after implantation in a classic rat model for porous scaffolds, the aver-
age bone mineral density in the CS/nHA/CD scaffold was 205.55 mg/cm3 com-
pared to 183.9 mg/cm3 in the CS/nHA scaffold as measured by micro-CT scans. 
After 14  days of implantation in osteosarcoma-bearing mice, the CS/nHA/CD 
scaffold irradiated with light showed complete suppression of the subcutaneous 
osteosarcoma tumor as compared to an average tumor volume of 2500 mm3 in CS/
nHA/CD, CS/nHA, and CS/nHA groups. However, the authors stated that this test 
was limited by the fact that there were no existing in vivo models of osteosarcoma. 
However, they concluded that CD promoted osteogenesis within the CS/nHA scaf-
fold and the CS/nHA/CD scaffold enhanced the osteogenic differentiation of rat 
BMSCs. Also, when irradiated with light, the scaffold had a high antibacterial rate 
against common clinical bacteria and was able to completely suppress an osteosar-
coma tumor, making it a promising method for bone repair and treatment for 
tumors and bacterial infections [72].

Topsakal et al. fabricated nanofiber scaffolds loaded with the antibiotic amoxicillin 
and synthesized it with polyurethane, CS, and TCP that could induce bone tissue 
regeneration while providing antibacterial activity. The amoxicillin-loaded nanofiber 
was synthesized by mixing a 3 wt% CS solution in acetic acid with 5 wt% polyure-
thane, and varying levels of TCP (3–10 wt%). Amoxicillin (40 mg) was added to the 
resulting polymeric solution and was mixed for 1 h before electrospinning with flow 
rates between 0.8 and 2.3 mL/h. Amoxicillin-loaded nanofiber synthesis was con-
firmed using Fourier-transform infrared spectroscopy analysis which showed charac-
teristic peaks of CS, polyurethane, and TCP. The morphology of the nanofiber was 
visualized using SEM, which showed macropores throughout the scaffolds, few 
micropores in the pore walls, and nanofibers mostly ranging from 87 to 112 nm. In 
vitro studies were conducted with L929 fibroblast cells to investigate the attachment, 
toxicity, and proliferation of cells in the presence of amoxicillin-loaded nanofibers. 
Nanofiber attachment occurred rapidly with about 75–80% cells attached to the fibers 
after 3 h. Toxicity was not observed, and cells treated with the nanofibers proliferated 
at a 30% faster rate than cells treated with TCP only. Loaded nanofibers released 60% 
of the amoxicillin within 24 h. Moving forward, the researchers plan to further inves-
tigate these loaded nanofibers for their potential in bone tissue engineering [73].

Jin et al. fabricated a biomimetic and bioactive silver ion-loaded CAP/CS mem-
brane capable of mimicking the extracellular matrix to induce cell function naturally 
while providing antibacterial activity. This biomimetic process is classified as guided 
bone regeneration, which has become popular for reconstructing bone defects in oral 
and maxillofacial surgery in both orthopedic and dental applications. Guided bone 
regeneration makes use of a membrane that has two main functions: preventing fibrous 
ingrowth and directing growth of neo-bone tissue. In this study, the membrane was 
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synthesized by dissolving CS in trifluoroacetic acid before Ag-CAP was added and 
mixed ultrasonically for 30 min. The mixture was electrospun at 26 kV with a distance 
to collector of 20 cm and a pump rate of 1 mL/h. The membrane was stabilized and 
crosslinked with 5% (w/v) vanillin dissolved in ethanol for 2 h at 50 °C. Synthesis of 
Ag-CAP/CS was confirmed using XRD analysis, which showed characteristic peaks 
of CaHPO4, indicating that CAP was transformed into CaHPO4 during electrospin-
ning. Additionally, X-ray photoelectron spectroscopy was used to detect and confirm 
the presence of silver ions in the membrane. The bone-linking ability of Ag-CAP/CS 
was investigated by observing mineralization on the surface of membranes incubated 
in simulated body fluid. After 2 weeks, pure chitosan did not show any mineralization 
in contrast to the Ag-CAP/CS membrane that was covered with spherical minerals 
that increased as the immersion time increased. For cell studies, BMSC were used 
to investigate attachment and proliferation facilitated by Ag-CAP/CS. SEM images 
showed good attachment of cells to the Ag-CAP/CS membrane after 4 days. The 
membrane also induced 30% higher cellular proliferation than cells in the presence 
of chitosan membranes. Finally, antibacterial activity was also investigated using 
the direct contact test on Porphyromonas gingivalis and Staphylococcus mutans 
bacterial cells. In the presence of both bacterial cells, Ag-CAP/CS reduced growth 
by at least three times more than the control [74].

 Bone Cements

CAP cement is commonly used as a therapeutic agent for bone defects, especially 
in infected defects. Cements have several benefits such as full degradability, low 
price, osteoconduction, and biocompatibility. The combinatorial delivery of osteo-
conductive and antibacterial factors from cements that are often employed anyway 
would be cost effective for the promotion of tissue healing (Table 4).

Table 4 Bone cement-based osteoconductive and antimicrobial technologies

Type of cement
Growth 
factor used

Antimicrobial 
used Key properties

Bacteria strains 
tested against

Calcium 
phosphate [85]

BMP-2 Vancomycin Sustained release over a 
long time period, causes 
mineralization of primary 
rat MSC, effective against a 
broad range of bacteria

N/A but 
commercially 
available and FDA 
approved

Calcium 
phosphate [86]

Absent Iron Induces expression of 
several osteogenic genes, 
strong antimicrobial activity 
especially effective against a 
broad range of bacteria

E. coli, Salmonella 
enteritidis, 
P. aeruginosa, 
S. aureus

Hydroxyapatite 
[87]

Absent Cerium(III) 
oxide

Nontoxic, initiates bone 
repair rapidly, exhibits 
strong antimicrobial activity

S. aureus, 
S. epidermidis, 
P. aeruginosa
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Calcium-based bone cement loaded with recombinant human BMP-2 and the 
antibiotic vancomycin holds potential to be effective at eradicating causative organ-
isms while repairing bone defects simultaneously. Wang et al. created calcium sul-
fate cement constructs loaded with BMP-2 and vancomycin and studied their release 
kinetics and bioactivity in vitro and in vivo. BMP-2 and vancomycin-loaded cal-
cium sulfate cement were fabricated in a mixing bowl containing osteoset at con-
centrations of 180 μg of BMP-2, 48 mg of vancomycin, and 960 mg of CAP. An 
ALP activity assay demonstrated the sustained release of BMP-2 for 29 days, while 
high-performance liquid chromatography detected vancomycin within 1 cm of the 
implant site for about 10 days post treatment, resulting in mineralization of primary 
rat MSCs in  vitro. Detected vancomycin concentrations detected ranged from 
293.3 ± 54.3 μg/g and 196.1 ± 92.2 μg/g at different locations on bone on day 1 post 
treatment to 8.7 ± 19.3 μg/g on day 7 post treatment, while BMP-2 detected in new 
bone tissue declined from over 100 ng/g detected on day 1 to 1.49 ng/g on day 28. 
Histomorphometrical analysis using adult male New Zealand white rabbits showed 
an almost 60% increase in new bone tissue after treatment with the BMP-2/
vancomycin- loaded calcium sulfate cement compared to bone defects that were 
treated with calcium sulfate alone, which only produced about 20% new bone tissue 
28 days post treatment. The composite initially released a bolus of vancomycin and 
BMP-2 to the bone before a continued release for over 14 and 21 days, respectively, 
showing extensive opportunity for translation to clinical studies [85].

Uskoković et al. enhanced self-hardening CAP cements with self-setting, iron 
(Fe)-doped bone-integrative cements to improve deficiencies of CAP in bone tissue 
substitutes. These deficiencies are expected to be improved by iron ion dopants that 
transform Fe-doped β-tricalcium phosphate (Fe-TCP) to nanocrystalline brushite. 
TCP has been shown to incorporate foreign ions; therefore, cationic substitution 
was hypothesized to not impose any significant lattice distortions in the material. 
Fe-TCP precursor was prepared by mixing Ca(NO3)2 with Fe(NO3)3 before adding 
(NH4)2HPO4 dropwise at the rate of 20 mL/min. The precipitates were crystallized 
by heat treatment for 1-h at 900 °C. Using energy-dispersive XRD, the researchers 
observed that cement composite stabilized compositionally and mechanically 50-h 
after fabrication. The compressive strength of the composite doubled from 11.5 ± 0.5 
to 24.5 ± 2.0 MPa after Fe dopant was added. The osteoinductivity of Fe-TCP was 
investigated in MC3T3-E1 cells by measuring mRNA expression levels of the 
osteogenic genes OCN and RUNX2. Gene expression was elevated for both genes; 
OCN was expressed over 90% more in cells treated with Fe-TCP compared to con-
trol cells treated with ascorbic acid and β-glycerophosphate. Antibacterial activity 
was observed against all four bacterial strains investigated: E. coli, Salmonella 
enteritidis, P. aeruginosa, and S. aureus. Among all the bacterial strains, the diam-
eter of the bacteria inhibition zones was at least 30% higher than bacteria not treated 
with Fe-TCP. The only exception was P. aeruginosa treated with a low concentra-
tion of Fe-TCP, which showed very weak antibacterial activity. Moving forward, 
Fe-TCP performance should be investigated in animal models to discern the perfor-
mance of the composite in vivo [86].

Morais et al. investigated the biological performance of three previously fabricated 
hydrogels based on CS, alginate, and HA to improve osteoconductive properties of 
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glass-reinforced hydroxyapatite (GR-HA). GR-HA is a CAP-based bone substitute 
capable of chemically mimicking the inorganic phase of bone. Synthetic bone substi-
tutes like GR-HA have been associated with hydrogels, which make the formulation 
injectable in clinical settings, aiding in minimally invasive placement into complex 
bone defect geometries. GR-HA was synthesized by adding 2.5% (w/w) of glass 
(which was composed of 15CaO-65P2O5-10Na2O–10CaF2, mol%) to a mixture of HA 
and microcrystalline cellulose. Injectable bone substitutes were fabricated by mixing 
and aggregating GR-HA granules with hydrogels previously synthesized. Cellular 
viability using the MTT assay with MG63 human osteosarcoma cells showed HA 
injectable hydrogels with almost a 60% increase in cell growth 72 h post treatment. 
SEM analysis showed that cells treated with HA hydrogels developed more filopodia 
with more spreading just 1 day post treatment compared to cells treated with other 
types of hydrogels that exhibited lamellipodia. Hyaluronic acid hydrogels were chosen 
for animal studies and were subcutaneously implanted in Sprague-Dawley rats, result-
ing in histologically visible tissue repair with little inflammatory response. Antimicrobial 
activity was investigated by incorporating Ce(III) ions into the HA hydrogel using 
cross-linking solutions to target microbial activities of S. aureus, S. epidermidis, 
Candida albicans, and P. aeruginosa. The Ce(III) incorporated hydrogel showed over 
70% antimicrobial activity in all microbes except for P. aeruginosa, which was just 
over 20%. The weaker Ce(III) effect on P. aeruginosa was attributed to the fact that 
gram-negative bacteria lack peptidoglycans on their cell wall [87].

 Conclusion

Infection remains one of the main obstacles in the repair of bone defects. Current 
clinical methods are not effective enough to handle both bone repair and antimicrobial 
activity, so the development of biomaterials with both osteoconductive and antimicro-
bial properties could be a viable treatment option. As detailed herein, dual osteocon-
ductive and antimicrobial constructs are capable of repairing bone defects in different 
environments while providing antimicrobial activity. Many of these constructs did not 
pose any cytotoxicity issue. Moreover, most silver-nanoparticle- containing technolo-
gies reported similar outcomes to antibiotic-loaded constructs suggesting versatility 
and room for the future optimization of constructs with silver as a broad-spectrum 
treatment. These new dual functional biomaterials show a very promising potential to 
lessen the burden of osteomyelitis and surgical site infections.
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Abstract Orthopedic implants are medical devices surgically placed into the body 
to replace a missing joint or bone or to reinforce a damaged structure. However, 
there is up to a 28% loosening rate on cementless implanted knee joint prostheses 
within a 4–10-year period after implant insertion, and a 2–5% infection rate for 
orthopedic implants (joint prostheses and fracture fixation devices). In the USA, 
total hip and knee arthroplasties currently account for over one million interventions 
each year. Due to the enormous size of the patient population with orthopedic 
implants, even a currently low risk of infection or failure has not only caused many 
patients to suffer, but it has also incurred huge costs for the associated health care 
system. Therefore, there is an urgent need to develop a novel dual-functional nano-
coating technology with judiciously engineered physicochemical properties to 
address simultaneously the two critical issues long facing orthopedic implants: lack 
of integration with bone tissue and biofilm-caused infections for the enhanced suc-
cess of implants.
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We have generated a nanocoating showing a very promising capability of inhibiting 
biofilm formation by Staphylococcus aureus and Staphylococcus epidermidis, two 
of the most common biofilm formers on orthopedic implants, and enhancing bone 
conductivity simultaneously. The dual-functional nanocoatings coming out of our 
research demonstrated the following unique features for orthopedic implants: (1) 
inhibit bacterial colonization and concomitantly promote osteoblast functions; (2) 
generate long-lasting functionalities for practical clinical applications because these 
nanocoatings are dense and highly cross-linked without substances of low molecu-
lar weight; (3) provide needed abrasion resistance for orthopedic implants and 
ensure strong coating adhesion to the surface; and (4) improve bone integration and 
reduce device-related infections in the long run.

Keywords Anti-biofilm · Nanocoating · Osseointegration · Bone conductivity  
Staphylococcus aureus · Staphylococcus epidermidis · Low temperature plasma 
deposition · Dual-function · Orthopedic implants · Coating adhesion · Abrasion 
resistance · Surface chemistry · Contact angle · Proliferation · Differentiation  
Infection

 Introduction

 Existing Problems with Metal-Based Orthopedic Implants

Orthopedic implants, mainly made from stainless steel and titanium alloys for 
strength, have been increasingly used to provide fixation of bone or to replace artic-
ulating surfaces of a joint to restore the function of fractured bone segments, 
impaired limbs, or affected joints. However, metal, as a foreign material with a very 
different chemical composition from the bone (a living tissue made of minerals and 
collagens, more like a polymer-ceramic composites), when implanted in the human 
body, inevitably has very different responses at the cellular level and tissue level 
compared to human bone. Some of the responses are detrimental clinically and 
might cause significant complications and even lead to painful revision. For exam-
ple, slow or incomplete osseointegration between surrounding bone and orthopedic 
implants could lead to implant loosening [1], and the osseointegration is affected by 
the differentiation of osteoblastic cells on the implant surface [2]. As another exam-
ple, infection of metal implants with a biofilm has also been an unsolved problem 
for orthopedic implants. Bacteria in biofilms are extremely resistant to antibiotics 
being protected from antimicrobial agents and from host defense mechanisms [1–
5]. It is even worse considering that the infection can happen during the implanta-
tion or months or years later and infection may also exist after the implants are 
surgically removed [6]. Staphylococcus aureus (S. aureus) and Staphylococcus epi-
dermidis (S. epidermidis) account for approximately two thirds of infections associ-
ated with surgical implants [7]. In the USA, total hip and knee arthroplasties 
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currently account for almost 1.1 million interventions per year [8], and the number 
is expected to increase to four million annually by 2030 [9]. Around seven million 
Americans are living with a hip or knee replacement [10]. Approximately 10% of 
patients within a 10-year period require revision surgery with biofilm-related infec-
tion as the second major cause for implant failure, costing approximately $1.9 bil-
lion in the USA per year [7].

Therefore, novel strategies are urgently needed to simultaneously address the 
two critical issues of incomplete implant integration with bone tissue and biofilm- 
caused infections to further enhance the success of orthopedic implants, and to 
reduce associated health care costs.

 Existing Strategies Modifying Implants to Prevent Biofilm 
Formation and Promote Osteoconductivity

Surface modification of implants has a distinguishing feature that it only modifies 
the top surfaces and does not alter the bulk properties. Therefore, a lot of effort has 
been made to modify the implant surface in order to achieve either an optimal bio-
compatibility, or anti-bacterial property, or both, while maintaining the excellent 
mechanical strength of metals. Antibiotics were successfully coated on the surface 
of implants to prevent biofilm formation [11–13]. However, coating a medical 
device with a bactericidal compound could potentially increase the risk of selecting 
for antibiotic-resistant pathogens in humans over time [14, 15]. Heavy metal silver 
was used as an anti-biofilm agent on the surfaces of biomaterials [16–18]. However, 
medical devices coated with silver ions or metallic silver have disappointing clinical 
outcomes, probably due to inactivation of metallic silver when the devices are con-
tacting blood and the coating is wearing off [19]. Other bactericidal agents (such as 
furanones) have been coated on surfaces to inhibit biofilm formation [20, 21], but 
encountered with one critical shortcoming, that is, the surfaces could be covered by 
macromolecules and dead microorganisms, causing loss of their antimicrobial func-
tion [22]. The infection-resistant surface of implants was also developed by deposit-
ing a thin layer of anti-adhesion coating on implants to prevent attachment of 
pathogenic bacteria. Those approaches include coating of peptide-functionalized 
poly(l-lysine)-grafted-poly(ethylene glycol) copolymers [23], grafting of long- 
chain zwitterionic poly(sulfobetaine methacrylate) [24], superhydrophobic xerogel 
coating [25], and manufacturing of submicron-textured biomaterial surfaces [26]. 
However, no animal studies have been reported for those studies, and thus the 
in vivo anti-biofilm effectiveness remains unclear.

Rapid and complete integration between the bone and implant surface is of great 
importance for a successful outcome of orthopedic implantation procedures. As a 
result, surface modification of orthopedic implants that can improve osteoconduc-
tivity will be of great benefit to the patients receiving implants. Being the major 
mineral component of natural bone and structurally similar to the bone, 
 hydroxyapatite (HA) has been used to coat orthopedic implants with the hope of 
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achieving a high osteogenic activity (osteoconduction and osseointegration) [27–
30]. However, such coatings have not yet led to successful clinical results and dis-
played additional failure modes, such as delamination of coatings and undesirable 
osteoconductivity. Studies have shown that porous titanium orthopedic implants 
coated with HA could incur more severe infection in a rabbit tibiae implant model 
[31, 32]. Currently, none of these coatings have received FDA approval for their use 
on orthopedic metal implants due to unproven clinical safety and efficacy.

To bring more benefits to patients, other surface modification methods have been 
used to simultaneously inhibit bacterial adhesion and promote osteoblast functions 
[33]. Titanium surfaces modified with poly(methacrylic acid) brushes and silk seri-
cin have shown enhanced osteoblast adhesion, proliferation, and alkaline phospha-
tase (ALP) activity while concomitantly reducing the adhesion of S. aureus and 
S. epidermidis [34]. Titanium surfaces grafted with RGD-functionalized hydro-
philic polymers have also been investigated [23, 35, 36] to take advantage of the 
tripeptide RGD (Arg-Gly-Asp) motif present in a number of extracellular host pro-
teins (including fibronectin and fibrinogen) that interact specifically with the integ-
rin receptors on host cells, but is not recognized by bacteria [35]. Titanium substrates 
functionalized with chitosan and subsequent modification by RGD also showed 
substantial reduction in adherent bacteria and significantly increased osteoblast pro-
liferation and ALP activity [37, 38]. Another approach to achieve the dual purpose 
of inhibiting bacterial colonization and enhancing osteoblast functions is to immo-
bilize bone morphogenetic protein-2 (BMP-2) on titanium surfaces with either an 
anti-adhesive polymer or bactericidal polymer as an intermediate layer [39, 40]. 
Vascular endothelial growth factor (VEGF) conjugated to either bactericidal car-
boxymethyl chitosan (CMCS) or anti-adhesive hyaluronic acid grafted on titanium 
was shown to achieve similar results [41]. However, those dual-function approaches 
are facing the following major challenges: (1) adverse effects of friction or handling 
during implantation on the surface moieties of implants functionalized with pro-
teins; (2) unfavorable development prospects from positive in vitro studies to a simi-
lar clinical outcome; and (3) uncertainties regarding the long-term performance of 
the implant surface modified with functional polymer coatings and growth factors 
that will degrade over time.

 Nanocoating with Tailored Functional Groups for Biomedical 
Applications

Our judiciously designed dual-functional and durable nanocoatings for orthopedic 
implants have demonstrated promising in vitro and in vivo efficacy in inhibiting 
biofilm formation and concomitantly promoting osseointegration. In addition, the 
nanocoating is conformal (not changing the surface topography of the implant sur-
face), durable, and tenaciously adhered to implant surfaces, suitable for orthopedic 
implant applications. The novel dual-functional nanocoatings of 20–30 nm in thick-
ness are deposited on stainless steel and titanium alloy, from which orthopedic 
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implants are mainly made, through plasma deposition using silicon-based mono-
mers, and its mixture with oxygen. Plasma deposition is a thin film forming process 
in a vacuum reactor, where thin films deposit on the surface of substrates under 
plasma conditions. In a plasma deposition process, monomers are introduced into a 
plasma reactor and get activated to produce a gaseous complex composed of highly 
energetic electrons, ions, free radicals and excited monomer molecules, known as 
the plasma state. In recent decades, plasma process has been widely used in the 
preparation of biomedical materials with unique performance and in the manufac-
turing of medical devices [42]. For instance, a new nitrogen-rich plasma-deposited 
biomaterial as an external coating for stent-grafts can promote healing around the 
implant after endovascular aneurysm repair [43]. Through plasma deposition, many 
appropriate functional groups, such as amine, hydroxyl, and carboxylic acid, useful 
for the immobilization of bioactive molecules, can be created in the deposited coat-
ings. More importantly, these chemical groups can be put onto almost any material 
by choosing the right monomers and plasma processes.

Our research group has investigated plasma deposition processes extensively for 
various applications. One example of our work is the development of biocompatible 
coatings for improved thrombo-resistance and endothelialization for medical 
devices and implants [44–47]. It is hoped that by tailoring the chemistry and func-
tional groups of the nanocoating, we can regulate the growth of cells and bacteria on 
an implant surface, thus achieving dual functions. Successful application of this 
nanocoating technology will help to achieve the desired outcome of rendering the 
implant surface more infection-resistant and more osseoconductive without the use 
of any antibiotics, peptides, or growth factors, as supported by the promising pre-
liminary results of significantly less biofilm formation by S. aureus or S. epidermi-
dis and enhanced osteoblast cell proliferation/alkaline phosphatase level on the 
nanocoated surfaces. Therefore, we anticipate that the novel nanocoatings could 
make significant impact on public health care and the area of orthopedic implants 
through benefiting millions of patients in the USA.

The novelty of our nanocoating technology stems from the following essential 
advantages: (1) it will not affect the underlying topography of the implant surface 
because of its nanoscale (20–30 nm) nature; (2) it is a sterile process, environmen-
tally friendly, and cost-effective, unlike the wet chemistry processes [24–26], (3) it 
poses no risk for promoting antibiotic resistance because of its non-drug-based 
nature; and (4) it creates long-lasting functionalities due to the tenacious adhesion 
of the abrasion-resistant nanocoating to the implant surface through covalent chem-
ical bonding. As demonstrated in our preliminary studies, this nanocoating approach 
has shown its great promise of translating positive in vitro results into in vivo effi-
cacy and a future similar clinical outcome.

Other plasma-deposited coatings on titanium showed significantly reduced 
attachment of bacteria [48]. However, there was no animal study to demonstrate 
in vivo efficacy and no mention of osteoconductivity. The orthopedic implants with 
stable and durable dual functions of inhibiting biofilm and promoting  osseointegration 
to come out of our research could become a high-impact innovation in medical 
implant procedures.
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 Experimental Setup and Methods

 Fabrication of Nanocoatings with Tailored Coating Chemistry 
and Surface Properties

Through process optimization by means of changing plasma power level, working 
pressure, working gas, gas mass flow, and treatment/deposition time, the amount of 
surface functionalities, coating thickness and consequently the final surface proper-
ties can be adjusted and well controlled. Specifically, nanocoating optimization can 
be focused on balancing surface −CH3 groups, which has been considered as the 
most important factor for reducing protein adsorption which in turn resulted in less 
biofilm formation as compared to a bare metal surface [49], and Si-O groups, which 
represent hard surfaces that could provide favorable conditions to osteoblast cells 
for improved proliferation even at a lower level of protein (e.g., fibrinogen) adsorp-
tion, by means of using different ratios of trimethylsilane (TMS) to O2 in the coating 
process. It has been reported that a dense and rigid layer of nanoscale SiOx on the 
surface could promote osteogenesis of human mesenchymal stem cells (hMSCs) 
[50]. The nanocoating optimization strategy can be adjusted based on feedback 
from anti-biofilm activity and osteoconductivity studies in multiple rounds. Further 
work will be focused on keeping a good anti-biofilm performance already achieved 
with TMS nanocoatings while trying to maximize bone regrowth properties by pro-
ducing denser, more rigid or harder coatings.

A bell-jar plasma reactor, which had been described in our previous work [49], 
was powered by a direct current (DC) power supply to generate a low temperature 
gas discharge plasma. TMS or its mixture with oxygen (O2) was introduced into the 
plasma reactor for coating deposition. Plasma surface pretreatment using O2 as a 
working gas would provide a clean and reproducible starting condition for further 
plasma coating deposition, by forming a well-controlled surface layer. Specifically, 
it was used to introduce oxygen-containing groups on the metal substrate surface for 
covalent chemical binding to the subsequent TMS plasma coating. The substrates 
included stainless steel (SS) and titanium alloy (Ti). The main operational parame-
ters investigated included: mass flow rate of TMS (1–4 standard cubic centimeters 
per minute [sccm]), discharge power (5–10 W), working pressure (20–80 mTorr), 
and deposition time (0.2–2 min). The ratio of TMS to O2 was varied from 1:0, 1:1, 
1:2, 1:4, and 1:8 for desired coating properties by changing the surface chemistry, 
energy, or hardness.

It is worth mentioning that our nanocoatings are designed to be 20–30 nm thick, 
which could go up to 60 nm to be achieved with some combinations of process 
parameters for increased surface hardness, much thinner than other  plasma- deposited 
coatings of 100–285  nm thick siloxane and fluorosiloxane on titanium [48], in 
which the internal stress usually inherent in thicker coatings could increase the risk 
of coating cracking or delamination. In our coating process, DC plasma was used, 
and metallic implants served as part of the cathode to ensue stronger coating adhe-
sion and better pin-hole free coating due to positive ion bombardment to the implant 
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surface removing loosely bound elements, advantageous to radio frequency (RF) 
plasma coating processes widely used in other similar approaches for coating depo-
sition or surface modification. Furthermore, in this DC plasma process, due to the 
configuration of a metallic implant as part of the cathode, every single spot of the 
substrate surface exposed to the plasma environment is deposited with a uniform 
coating of desired abrasion-resistant strength.

 Characterization of Coatings and Surfaces

Surface morphology, energy, and chemical composition are often investigated to 
better understand how they affect surface bioactivity such as biofilm formation, 
osteoblast functions, and how they are correlated.

Scanning Electron Microscopy (SEM) was used to analyze the surface mor-
phology of the nanocoated surfaces. Atomic Force Microscopy (AFM) was used 
to characterize surface roughness of coatings on SS and Ti and measure coating 
thickness on Si wafers. Contact angle analysis was used to evaluate the surface 
energy of nanocoatings and how surface hydrophobicity or wettability could affect 
bacterial and osteoblast cell attachment. X-ray Photoelectron Spectroscopy (XPS) 
was used to analyze the chemical composition of the coatings and chemical bonding 
states of the elements contained. The change in elemental composition of carbon, 
silicone, and oxygen can be correlated with surface biological activities. Attenuated 
Total Reflection (ATR) Fourier Transformed Infrared (FTIR) Spectroscopy 
was used to characterize functional groups on nanocoatings such as −CH3, Si-O and 
their changes over plasma coating conditions.

 Evaluation of Durability of Bioactivity and Nanocoating 
Integrity

The durability or stability of the bioactivity created on the substrate surface is very 
critical to the successful clinical application of orthopedic implants. It has to pro-
vide a long-lasting (preferably longer than 2 years) bioactivity on the surface of 
orthopedic implants to make a successful product. The nanocoating also has to 
maintain its mechanical integrity since premature delamination or insufficient abra-
sion resistance will lessen its benefits in clinical applications.

Bioactivity durability test in wet condition was performed in an environment 
simulating the conditions of medical devices when inserted or implanted in patients 
where the surfaces will be in contact with human body fluid. SS and Ti substrates 
with optimized nanocoatings were immersed in wells of 24-well cell plates filled 
with simulated body fluid (SBF) [51] with 10% fetal bovine serum (FBS) and then 
placed in an incubator (37 °C, 5% CO2, humidified) for 1 and 2 months. The medium 
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(SBF + 10% FBS) was replaced every other day. At the end of each incubation 
period, the specimens were removed, rinsed, and utilized in the biofilm assay and 
osteoblast cell culture test to determine the durability of the nanocoatings.

Accelerated adhesion test was conducted using 2″×2″ SS and Ti substrates 
(wafers) coated with optimized nanocoatings. The coated wafers were immersed 
into a 60 °C water bath for 1, 3, and 10 days. Following standard ASTM D 3359, 
wafers at different time-points were taken out and scribed with a cross-hatch to form 
100 tiny squares, and then a tape pull test was performed. The tested surfaces were 
inspected by both visual and optical microscopy. A rating scale of 0–100, which was 
the number of squares that remained after the tape test, was used. Rating of over 96 
after 10 days of immersion was considered as a pass.

Abrasion resistance test: Nanocoated SS and Ti bone screws were implanted 
into bovine femur obtained from a local slaughter house and then removed. This 
procedure was repeated twice. Then those screws were rinsed with a PBS solution, 
dried and examined under optical microscope for any possible cracking or 
delamination.

 Assessment of Nanocoatings with In Vitro and In Vivo Models

In vitro biofilm assay: TMS nanocoatings with desired mechanical strength, dura-
bility, and biocompatibility, as determined by the aforementioned studies, were fur-
ther tested for in vitro anti-biofilm property evaluation. Bacteria were cultured on 
wafers that were coated with 20% (v/v) human plasma coated [52] in 24-well flat- 
bottomed sterile microtiter plates overnight. Bacteria (S. aureus NRS234 and S. epi-
dermidis RP62A) in biofilms were counted by a plate counting method following 
being dispersed by ultrasonication, as previously reported [49].

Small animal treatment: The mouse bone implant infection model allowed us 
to study the peri-implant bacterial infections of bone and soft tissues after femur 
intramedullary pin implantation [53–55]. SS pins were used in a mouse bone 
implant infection model adopted from Bernthal et al. [56] to characterize the effect 
of nanocoating on implant biofilm infections in vivo.

 Study of Fibrinogen and Fibronectin’s Roles in Mediating 
Anti-biofilm Activity of Nanocoatings

We have observed that TMS nanocoatings reduce host plasma protein adsorption of 
both fibronectin and fibrinogen onto the implant surface. Since these proteins have 
been shown to play an important role in biofilm formation via facilitating the bacte-
rial adhesion [33], we hypothesize that the ability of the TMS nanocoating to 
reduce fibrinogen and fibronectin adsorption onto implant surface is a driving force 

M. Chen et al.



81

underlying its inhibitory effect on biofilm formation. These studies not only can 
elucidate the mechanisms important for understanding how nanocoatings work, but 
also identify additional functional readouts such as protein adsorption to screen 
new materials for expanded and improved biological and clinical functions. The 
protein adsorption of fibrinogen, fibronectin, and albumin on SS coupons was mea-
sured by an ELISA approach [57].

 Results and Discussion

Using low temperature plasma deposition technology, we fabricated nanoscale 
(20~30 nm) coatings of TMS or its mixture with oxygen on the surfaces of 316L 
SS and a Grade 5 Ti alloy of medical grade widely used in making orthopedic 
implants. This plasma process was performed using a DC plasma source. The 
silicon- containing monomer, trimethylsilane can be polymerized and deposited 
rapidly onto the metallic substrate surface with strong adhesion inside the plasma 
deposition reactor. Plasma-deposited organosilicon coatings exhibit not only a 
dense film as conventional plasma coatings do, but also provide a certain level 
of  abrasion resistance for the surface of orthopedic implants due to its inor-
ganic -Si-Si- and -Si-C-Si- backbone. The good adhesion is attributed to the for-
mation of the -Si-O-Fe- or -Si-O-Ti- chemical bonds between the plasma-deposited 
layer and the oxide layer on the substrate surface. Because surface chemistry, 
topography, and wettability, among many other factors, affect cell attachment 
and interaction to the surface of biomaterials [58], we have investigated those 
surface properties in our preliminary studies.

Surface chemistry of coated surfaces: The surface chemistry of the coated SS 
and Ti substrates was analyzed with XPS. High-resolution scans of C1s were con-
ducted for control SS, SS with TMS plasma coating, control Ti, and Ti with TMS 
plasma coating [49].

Compared to the uncoated SS, the surface with the TMS coating exhibited more 
components, with a binding energy of 284.5 eV, indicating a large amount of CH3 
formed on the surface, which could contribute to decreased protein adoption and 
bacterial attachment [49]. A similar phenomenon was also observed on Ti surfaces 
coated with a TMS coating, indicative of functional CH3 groups generated at the 
surface regardless of the underlying bulk material.

Plasma nanocoatings of TMS mixed with oxygen at various ratios deposited on 
SS substrates were also analyzed and the elemental composition data are listed in 
Table 1. Increasing O2 mass flow in the coating process resulted in decreased C 
percentage and elevated O while the Si percentage remained relatively stable, indic-
ative of more Si-O formation on the coated surface, which could be one of the 
causes leading to reduced biofilm formation and improved osteoblast functions as 
described in the following subsections.

Water contact angle: As an indication of surface wettability affecting cell 
attachment, contact angle has been measured. The results (Fig. 1) demonstrated 
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that the TMS plasma coating without oxygen rendered the surface of SS more 
hydrophobic (the contact angle for bare SS was about 40° as shown in the figure), 
whereas increasing the ratio of O2 for the coating process tended to turn the TMS 
plasma coated surfaces more hydrophilic. On the other hand, the data also sug-
gested that all the coated SS surfaces appeared to be very stable during the time 
period of 2 weeks after coating deposition. Similar contact angle results were also 
seen on Ti surfaces: 99° ± 6° for TMS coated, 43° ± 5° for TMS + O2 (1:4), and 
66° ± 7° for bare Ti (n = 5).

Plasma nanocoatings displayed strong adhesion to stainless steel surfaces: 
Robust adhesion of functional nanocoatings to implant surfaces is a fundamental 
feature required for clinical applications since premature delamination will lessen 
its benefit. Our initial test of a TMS coating to 2 × 2 inch SS wafers via standard 
ASTM D 3359 indicated that there was no coating coming off of the cross-hatched 
and surrounding area, indicative of strong adhesion to the underlying surface, which 
warrants the coating integrity on the surface of orthopedic implants during the clinical 
implantation procedure.

TMS coating displayed potent inhibition of staphylococcal biofilm forma-
tion: We found that there was significantly less biofilm formation on both SS and Ti 

Table 1 Elemental composition of SS as determined by XPS survey scan (atomic %)

Sample ID C Si O Zn Ni Fe Cr N Mg

316L SS 27.71 1.37 47.72 0.31 0.45 15.84 4.39 0.33 1.87
TMS 50.34 25.09 24.57 0 0 0 0 0 0
TMS/O2 1:1 33.24 24 42.76 0 0 0 0 0 0
TMS/O2 1:2 23.13 23.49 53.38 0 0 0 0 0 0
TMS/O2 1:4 12.07 26.61 61.32 0 0 0 0 0 0
TMS/O2 1:8 6.87 28.09 65.04 0 0 0 0 0 0
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coated with TMS plasma nanocoating by S. epidermidis (biofilm forming RP62A 
strain) than uncoated controls in vitro [49], with a reduction of 99.6 ± 0.6% on SS 
and 99.6 ± 0.2% on Ti. Only sporadic cells or cell clusters were observed on TMS 
coated surfaces while multilayer biofilms were formed on uncoated surfaces [49].

Further modification of the coating process was made to incorporate oxygen into 
the coating to inhibit S. aureus biofilm formation. A variety of mixtures of TMS 
with oxygen at molar ratio of 1:1, 1:2, 1:4, and 1:8 were used to deposit plasma 
coatings on SS surfaces, and it was found the ratio of TMS to O2 at 1:4 could gener-
ate the highest inhibition of S. aureus (biofilm forming NRS234 strain) [59] biofilm 
formation on SS surfaces while also demonstrating significant inhibition of S. epi-
dermidis biofilm (Fig. 2a). Similar anti-biofilm activity was also observed on sili-
cone substrate [57]. Very recently we have completed an immersion test using SBF 
to study the long-term stability of stainless steel wafers with nanocoatings (test 
procedure described in Subsection “Evaluation of Durability of Bioactivity and 
Nanocoating Integrity”). The anti-biofilm activity of the TMS/O2 coating was well 
preserved (~80%) against S. aureus (NRS234) after 8 weeks of immersion.

Immediately upon insertion into the host, the surface of implants adsorbs plasma 
and extracellular proteins, such as fibrinogen and fibronectin [60]. S. aureus and 
S. epidermidis display a number of bacterial surface proteins that specifically bind 
to fibronectin and fibrinogen [61], which may mediate bacterial attachment to bio-
materials [61, 62]. Interestingly, as shown in Fig. 2a, the TMS/O2 1:4 nanocoating 
significantly decreased fibrinogen deposition on SS surfaces (p < 0.04) with a trend 
of decreased fibronectin binding. This finding suggests that the TMS nanocoating 
prevents the adhesion of proteins that favor bacterial adhesion to inhibit biofilm 
formation.

TMS nanocoatings displayed anti-infection efficacy: To further analyze the 
in vivo anti-infection efficacy of the nanocoating, TMS/O2 1:4 coated and uncoated 
SS pins were dipped into 108 CFU of methicillin-resistant S. aureus (MRSA) strain 
NRS 384 and implanted into the femoral intramedullary canal of 12-week-old male 
C57BL/6 mice following a bone implant model by Bernthal et al. [56]. The mice 
receiving TMS/O2 1:4 SS pins demonstrated markedly improved symptoms than 
mice with uncoated pins at 4 weeks with less swollen knee joints and less inflamma-
tion around the implantation sites by visual examination (Fig. 2b). The results sug-
gested that the TMS nanocoating could reduce infection and inflammation caused 
by S. aureus infection of bone implants.

TMS nanocoatings displayed osteoconductivity for bone regeneration: 
Optimal bone regeneration around implants is critical for long-term success of 
implants. Intriguingly, we observed that when the murine osteoblast MC3T3-E1 
cells were cultured on the TMS/O2 1:4 coated SS for 7 or 14 days in vitro, they 
displayed significantly increased cell numbers (Fig. 3a) and alkaline phosphatase 
(ALP) protein levels (Fig. 3b), compared with those growing on uncoated surface. 
These results demonstrated that TMS/O2 1:4 stimulated proliferation and differen-
tiation of murine osteoblasts in vitro. Importantly, the TMS nanocoating also stimu-
lated the gene expression of osteoblast marker bone sialoprotein (BSP) (Fig. 3c), a 
cell surface adhesion molecule, and induced ALP protein expression (Fig. 3d) in 
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Fig. 2 Nanocoatings inhibited biofilm-related infections. (A) TMS/O2 1:4 nanocoating inhibited 
staphylococcal biofilm formation and protein adsorption (n = 3). Student’s t tests were performed. 
A p-value of <0.05 was considered to be statistically significant. Data was pooled from three 
samples and presented as mean ± standard deviation. ∗ p < 0.05. (B) Mice implanted with MRSA- 
infected SS pins coated with TMS/O2 1:4 nanocoating exhibited reduced infection and inflamma-
tion symptoms
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human bone marrow stromal cells (hBMSCs) KM101. Taken together, these obser-
vations demonstrate that the TMS nanocoatings have a potent osteoconductive 
capacity for both murine and human osteoblastic cells in vitro.

Moreover, the TMS/O2 1:4 coated SS pins, when implanted into the mouse femo-
ral intramedullary canals, displayed markedly increased bone-implant contact (%) 
at 8  weeks post surgery, when compared with uncoated SS pins (Fig.  3e). 
Hematoxylin and Eosin (H&E) staining demonstrated that the TMS/O2 1:4 coated 
SS pin surfaces were covered by well-organized bone tissues; in contrast, the 
 infiltration of adipocytes, inflammatory cells, and fibrous tissues were often found 
associated with the uncoated SS (Fig. 3e). Furthermore, intriguingly, even in the 
presence of bacterial infection, the mice receiving TMS/O2 1:4 pins displayed sig-
nificantly increased serum levels of ALP, indicating increased bone formation in 
these mice, compared with those receiving uncoated pins (Fig. 3f). The former mice 
also displayed significantly reduced levels of bacterial infection and local tissue 
inflammation (Fig. 2b). Taken together, the results demonstrate the potent stimula-
tory effects of the TMS nanocoatings on osteogenesis both in vitro and in vivo, with 
or without bacterial infections.

Fig. 3 TMS nanocoatings promoted osteogenesis. (A, B) TMS/O2 1:4 coated SS surfaces pro-
moted (A) murine osteoblast proliferation and (B) alkaline phosphatase levels, compared with 
uncoated surfaces (n = 9; ∗∗P < 0.01). (C, D) TMS coating stimulated osteoblastic differentiation 
of human BMSCs, as reflected by increased human BSP mRNA levels, as shown by (C) qRT-PCR 
and (D) enhanced ALP staining, compared with uncoated surfaces. (E) H&E stain and quantifica-
tion of bone-implant contact on the TMS/O2 1:4 coated pins, compared with the uncoated pins, 
in vivo (n = 3) with ∗ indicating newly formed bone tissues. (F) Mice implanted with the TMS/O2 
1:4 coated pins demonstrated significantly increased serum levels of ALP activity, compared with 
the control mice with uncoated pins in the presence of MRSA (n = 9 in uncoated group, n = 10 in 
TMS/O2 1:4 group)
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Future research in this area will cover fundamental understanding of interaction 
of host and bacteria on foreign body implant, or study of mechanisms. Integration 
of an implant into bone, determining the long-term performance of the device, takes 
place largely at the interface of tissue and implant. Surface chemistry and surface 
topography of the implant, among other various factors, could impact the develop-
ment of this interface [33]. Infections associated with orthopedic implants are mani-
fested by bacterial colonization and biofilm formation on the implanted device and 
infection of the adjacent tissues. It is thus imperative to understand how implant 
surface chemistry and topography modulate host protein adsorption, bone cell and 
bacterial cell signaling. The novel dual-function nanocoating discussed here in this 
entry could also serve as a research tool to explore the cellular and molecular mech-
anisms underlying the interaction of host and bacteria on foreign body implant. By 
identifying critical host and bacterial genes and proteins that contribute to the dual 
anti-biofilm and osteoconductive properties of the nanocoatings, we would not only 
shed light on bone development and bacterial pathogenesis, but also identify novel 
therapeutic molecular targets for treating infectious and bone diseases.

 Conclusions

Biofilm-inhibiting and osseointegration-promoting orthopedic implants are in 
urgent need to battle implant-related infections and lack of integration of implant 
with bone tissue. We have identified novel TMS nanocoatings with acceptable 
mechanical durability and unique dual properties of anti-biofilm formation and 
osteoconductivity, which would warrant further development of TMS coating tech-
nology for better mechanical duration, biological compatibility as well as more 
potent anti-biofilm and osteoconductivity. Our preliminary studies have demon-
strated that −CH3 and Si-O groups could be major surface factors that regulate the 
anti-biofilm function of the TMS nanocoatings. Further, we have found out that the 
molecular mechanisms underlying the dual functions of the TMS nanocoatings can 
be distinct from but intricately linked with and mutually beneficial to each other, 
thus making the optimization of the dual functions possible. Successful application 
of this nanocoating technology may not only lead to improved clinical efficacy, 
increased quality of life, and decreased health care costs to the patients, but also 
generate rich fundamental knowledge of the complex and highly inter-related events 
occurring at the implant surface after implantation.
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Three-Dimensional (3D) and Drug-Eluting 
Nanofiber Coating for Prosthetic Implants

Liang Chen and Weiping Ren

Abstract Failure of osseointegration and implant infection are the two main causes 
of implant failure and loosening. There is an urgent need for orthopedic implants 
that promote rapid osseointegration and prevent infection, particularly when placed 
in bone compromised by disease or physiology of the patients. This chapter reviews 
current and potential future use of biologic and drug-eluting coatings for orthopedic 
implants to facilitate osseointegration and prevent implant infection. The potential 
application of porous and drug-eluting coaxial nanofiber as a means of alternative 
implant surface coating was discussed.
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NFs Nanofibers
PAA Poly(acrylic acid)
PCL Polycaprolactone
PEO Poly(ethylene oxide)
PJI Prosthetic joint infection
PLGA Poly(lactic-co-glycolic acid)
PVP Polyvinyl pyrrolidone
rhBMP-2 Recombinant human bone morphogenetic protein-2
rhBMP-4 Recombinant human bone morphogenetic protein-4
THA Total hip arthroplasties
Ti Titanium
TiColl Type-I collagen-coated titanium
TJA Total joint arthroplasty
TKA Total knee arthroplasties
VEGF165 Recombinant human vascular endothelial growth factor
β-TCP β-tricalcium

 Background

 Introduction

Total joint arthroplasty (TJA) is a life-improving intervention for millions of people 
all over the world. It is for total replacement of hip, knee, ankle, elbow, and shoulder 
by orthopedic implant/prosthesis. In the USA alone, there were approximately 
332,000 total hip arthroplasties (THA), and over 700,000 total knee arthroplasties 
(TKA) performed in 2010 [1, 2]. The number of TJA continues to increase signifi-
cantly along with an aging population. It may reach 572,000 and 3,480,000 for hip 
and knee arthroplasties, respectively, by 2030 [2, 3]. Besides, the procedure for 
other joints, including ankles, elbow, and shoulders, are also available, and also 
increasing performed.

TJA is one of the most successful clinical procedures. It helps patients with func-
tional restoration, pain and stiffness relief, thereby improving patients’ quality of 
life. Several surveys reported that the patients who received TKA expressed 90–95% 
of satisfaction rate [4–9]. The survival rate of the implants within 10–15 years was 
greater than 90% [4–9], which indicates the reliability and durability of the implants.

A biocompatible and bioactive orthopedic implant is one of the keys that deter-
mine the success of the TJA. An implant should be sufficiently inert to avoid trig-
gering systemic immune/inflammatory reactions; and in the meanwhile it should 
stimulate the integration of the implant to the surrounding tissues. The most widely 
used implant materials are titanium (Ti) and its alloys. It has notable  biocompatibility 
and lower stress shielding comparing to other metallic materials. Therefore, the Ti 
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alloy has become the gold standard in cementless implants [10]. Focusing on the 
orthopedic implants of TJA, this chapter will introduce the potential complications 
of TJA and current strategies on how to address issues by utilizing implant coatings 
(design, materials, and drugs).

 Complications of Total Joint Arthroplasty: Osseointegration 
Insufficiency and Infection

The TJA is a well-established orthopedic procedure in both surgical technique and 
implant design. Nevertheless, a small portion of patients has poor outcomes, like 
implant loosening or infection. As a result, they may need a revision surgery. The 
revision rate, within the first 2 years after TKA, is approximately 3% [4, 11]. This 
percentage, although seems insignificant, would lead to considerable medical costs 
considering the total number of TKA procedures each year.

A successful TJA requires the orthopedic implant to be appropriately stabilized 
(primary stability) through mechanical press-fit during the surgery [10]. It is fol-
lowed by native bone ingrowth to bridge the gaps between the implant surface and 
periprosthetic tissues. Subsequently, osteoblast-like cells deposit on the interface of 
the implant and surrounding bone and start active proliferation (first 10–12 days 
after implantation) [10]. Through a series of spatiotemporal cellular activities, the 
extracellular matrices (ECM) are finally mineralized to a mature ECM (28  days 
after implantation), which is composed of ~65% minerals, like hydroxyapatite (HA) 
and ~35% of organic components, mainly type-I collagen [12]. Thus, the implant 
could be further stabilized to the host bone, which is called secondary stability [10, 
13]. The bone continues remodeling until it completely integrates with the implant 
to restore the function. It is a dynamic and long-term healing process. If any one of 
these steps is delayed or disrupted, it may lead to TJA failure. For instance, if the 
implant was not fixed perfectly at beginning, it would initiate micromotion and 
enlarge the gap between the implants and bones. Later, more and more wear debris 
may be accumulated in the gap, leading to macrophage-induced osteolysis [14–16].

The reasons of implant failure include aseptic loosening (AL) and septic loosen-
ing, also referred to as periprosthetic joint infection (PJI) [2]. AL is the leading 
cause of TJA failure and its incidence continues to increase [17]. Rapid and suffi-
cient osseointegration can enhance implant stability and increase the implant life. In 
1950s, Dr. Brånemark et al. first presented the concept of “osseointegration.” It was 
based on the observation of the formation of a direct interface between a Ti implant 
surface and periprosthetic bone [10, 18]. The clinical definition of the osseointegra-
tion is that alloplastic materials are rigidly fixed to bone and maintained during load 
bearing [10]. The lack of sufficient osseointegration causes implants micromotion, 
instability, osteolysis, and loosening [14, 16]. Ryd et al. reported that early implant 
loosening in both hips and knees might result in implant failure [19]. Kärrholm 
et al. also concluded that the subsidence of the implant could increase the risk of AL 
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[20]. The physiochemical and bioactive characters of the implant surface have a big 
impact on the consequence of the osseointegration.

PJI is another leading cause of TJA failure. The annual incidence of PJI after TJA 
is more than 2% among the Medicare population [21]. This is a large number con-
sidering ~581,000 total knees and more than 193,000 total hips are performed each 
year in the USA alone. The direct cost/hospital cost to treat PJI in the American 
health care system was $566 million in 2009 [2, 22]. In general, the first 2 years has 
the highest risk of PJI in that roughly 60–70% PJI happens in this period [2, 21, 23, 
24]. The incidence of implant infection is even higher after revision surgery than 
after primary surgery. The average cost of treatment PJI in revision surgery is 3–6 
times higher than the primary implantation.

The PJI is mainly initiated through introducing bacteria like Staphylococcus 
aureus, a leading pathogen (60%) of PJI, during the surgery [25, 26]. The bacteria 
contaminate the orthopedic implant surface or periprosthetic tissue, and quickly 
colonize on the implant surface. Later, the infection spreads and progresses to adja-
cent tissues during early onset infections (within first few months after implanta-
tion). Hematogenous spreading is another path for PJI.  The overall rate of 
hematogenous spreading is low however, the patient may remain at the risk of 
hematogenous infection throughout the life of the implant and is one of the causes 
of late-onset PJI (over 1 year after implantation) [27]. Biofilm is a complex com-
munity of one type or multiple types of microorganisms that forms on a surface of 
the implant. It may start to take shape at any time, including during the late-onset 
PJIs [23]. The formation of the biofilm makes the treatment of infection more dif-
ficult and complicated. The biofilm protects the cells from the treatment of antibiot-
ics and the action of the immune system [23, 28] because of their low growth rate, 
antibiotic resistance property, and the protective extracellular matrix [29, 30].

The PJI treatment that aims to control the infection and restore the function of joints 
can be reached by many different medical and surgical strategies. It includes antibacte-
rial treatment without surgery, debridement with implant retention, and resection of the 
implant without reimplantation or with reimplantation through one- stage arthroplasty 
or two-stage arthroplasty exchange, and amputation [21]. Prophylactic systematic 
administration of antibiotics is a routine treatment to prevent infection. However, long-
term use of antibiotics may lead to drug resistance. In addition, the systematic antibiotic 
treatment would be less effective when the biofilm was formed on the implant surface. 
To prevent implant infection, various strategies have been attempted, either by implant 
surface fabrication or incorporation of antibiotics into the implant devices [31].

 Recent Implant Coating Developments: Advantages 
and Disadvantages

The aim of the TJA is to restore or improve the pre-morbid function. Over the past 
25 years, the orthopedic implant concept or design has progressed from the restora-
tion of the mechanical functions of bone tissue to regenerative medicine. Researchers 
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have no longer been satisfied with the Ti or its alloy implants for the lack of the 
bioactive property. An increasing number of scientists have been focusing on adding 
biological properties of the implants to enhance the bone healing. Implant surface 
coating is one of the strategies to modify the physiochemical properties of the 
implant surface, and to reach locally pharmacological treatments [10, 32]. Recent 
developments in implant surface coating technologies for the osseointegration 
enhancement and infection inhibition are summarized and discussed below.

 Hydroxyapatite (HA) Coating

HA coating fabricated by plasma spray is a common coating in the clinic. It has 
been used clinically since 1987 [14]. The HA coating has similar component to the 
bone, which provides calcium and phosphate for new bone formation. Clinical stud-
ies indicated that HA coating not only bridges the interface of implant and bone, but 
also enhances the osseointegration of cementless metallic implants within bone [33, 
34]. In a canine study, the formation of new bone was discovered at distance of 
400 μm from the HA coated implant, which was inserted in the femoral condyles of 
mature dogs [35]. This finding proved the osteoconductive capability of HA coating 
[35]. However, there were also controversial reports stating that no differences were 
found between HA coated and non-coated implants for the long-term clinical out-
comes [36, 37]. The HA coating may impair initial osseointegration because it lacks 
a physiological surface [38]; It’s brittle in nature [39] and the poor adhesion strength 
[40] additionally effect the clinical outcomes.

Recently, the traditional HA coating has been used as a drug delivery device for 
the local delivery of growth factors, peptides, antibacterial drugs, and DNA [41–
46]. He J. et al. [41] developed a porous HA coating infiltrated with collagen, RGD 
peptide, and recombinant human bone morphogenetic protein-2 (rhBMP-2) for Ti 
alloy implant. The collagen/rhBMP-2-modified HA coating increased the attach-
ment, proliferation, and differentiation of mesenchymal stem cells (MSCs) in vitro. 
It also significantly accelerated bone growth rate after implantation into dog femora. 
Thus, the modification of the HA coating by embedding osteogenic factors becomes 
an effective method to enhance osseointegration at bone–implant surface [41].

With the aim to inhibit implant-associated infection, the HA coating was used to 
load with antibacterial drugs, such as silver [46, 47], antibiotics [48], and antimicro-
bial peptides (AMP) [49]. Silver has a broad antibacterial spectrum. The bacteri-
cidal effect of silver coating is through the interaction of silver with the membranes, 
proteins, and DNA of bacteria [50]. Moreover, silver can interrupt the formed 
 biofilm [14]. Thus, silver is an effective bactericide, which has been applied to the 
HA coating. For example, Chen W. et al. used co-sputtering technology to create a 
silver- HA coating on Ti implant surface [47]. The silver-HA coating significantly 
reduced the attachment of S. epidermidis and S. aureus when compared to uncoated 
surfaces. Moreover, the silver-HA coating did not induce in vitro cytotoxicity. In 
another study, although the silver-HA coating fabricated by plasma spray inhibited 
bacterial colonization, it showed cytotoxic effect [46]. The silver-HA coating 
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reduced the viability and osteogenic differentiation of human fetal osteoblast cells. 
Fortunately, adding strontium to the silver-HA coating offsets the negative effects, 
and even improved the performance when compared to pure HA coating [46]. Thus, 
the silver embedded HA coating is a multifunctional surface, which enhances osseo-
integration and inhibits infection. Like silver, other alternative inorganic antibacte-
rial elements, including copper, zinc, nitrogen, and gold, can be applied to HA 
coating for infection inhibition in the future [51, 52].

Systemic administration of antibiotics is common clinical practice to prevent 
infection for TJA patients. However, the effectiveness may be reduced because of 
relatively low dose in the implant site, and the risk of antibiotic resistance occurred 
after long time use. Therefore, local delivery of antibiotics is expected to directly 
eliminate the bacteria on the implant surface and hence even more effective when 
combined with the systemic antibiotic treatment. HA coatings have embedded vari-
ous types of antibiotics, such as gentamicin, tobramycin, and vancomycin [53–55]. 
The antibiotic-embedded HA coatings have shown effective antibacterial properties 
[53–55]. A biodegradable, poly (lactic-co-glycolic acid) (PLGA), gentamicin- 
embedded HA coating on cementless hip implant was developed by Neut D. et al. 
for the prevention of PJI [53]. The PLGA-gentamicin-HA coated pin reduced staph-
ylococcal infection rate in a bacterially contaminated medullary canal of rabbit; and 
didn’t impair the bone ingrowth rate through a condylar defects of Beagle dog 
model [53].

Although HA coatings embedded with osteogenic or antibacterial agents can 
enhance osseointegration and prevent infection, there are some unsolved issues 
regarding the efficacies of local drug delivery. The first issue is the methodology of 
embedding agents into HA coating. The plasma spray is a high temperature proce-
dure and may lead to the inactivation of embedded drugs, such as growth factors and 
antibiotics during the procedure. Therefore, the types of drugs that can be incorpo-
rated within the HA coating is limited. The second issue is uncontrollability of drug 
release [56]. In HA coating, physical absorption is the mechanism of agent embed-
ding. The weak bonding force results in a burst release of embedded agents. A study 
showed that most antibiotics were released from HA coating within 1-h incubation 
[57]. Besides the HA coating, many coating technologies have been developed to 
extend and control the release of embedded drugs to enhance osseointegration and 
inhibit infection. They can be classified into three categories: hydrogel coating, 
layer-by-layer (LBL) coatings, and immobilization [58], which are introduced in 
the following sections.

 Hydrogel Coating

Hydrogel networks are generally obtained by chemical or physical cross-linking, 
ultraviolet (UV) irradiation, and electrochemical polymerization. Hydrogel coat-
ings are usually achieved by simply immersing implants into a hydrogel solution 
and drying out afterward. Hydrogel coatings have been easily applied to many types 
of implants for stabilizing the implant through bridge of the bone–implant interface 
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[14]. In addition, a broad range of drugs can be easily added into hydrogel solution 
before coating. Many studies demonstrated that Ti implants coated with type-I col-
lagen promoted osseointegration [59–62]. Sartori M. et  al. developed a type-I 
collagen- coated titanium (TiColl) screw [60]. The TiColl screws increased bone–
implant contact and bone ingrowth in the femoral condyles of healthy and osteope-
nic rats. The results proved that the TiColl coating enhanced osseointegration even 
in the physiologically compromised animals. Stadlinger B. et al. combined chon-
droitin sulfate (CS) and recombinant human bone morphogenetic protein-4 
(rhBMP-4) to the type-I collagen coating on Ti implant [61]. The in vivo results 
showed that the highest bone–implant contact was formed on CS-collagen-coated 
implant, followed by collagen-coated implant and CS-rhBMP-4-collagen-coated 
implant [61].

Chitosan is a derivative of chitin, which is a popular polymer material in tissue 
engineering because of its good biocompatibility and antibacterial property. It has 
been reported that either chitosan alone [63] or combined with other polymers such 
as poly(acrylic acid) (PAA) [64] and polyvinyl pyrrolidone (PVP) [65] can form 
hydrogels to carry antibiotics. For example, a drug-eluting chitosan-vancomycin 
coating on Ti foil was biocompatible and bactericidal. It reduced the infection risk 
in antibacterial tests [63]. Recently, an antibiotic-loaded fast-resorbable hydrogel 
coating (defensive antibacterial coating, DAC) has been applied in an European 
clinical trial for THA and TKA [66]. The DAC composes of covalently linked hyal-
uronan and poly-d,l-lactide with antibiotics. In a clinical trial, the DAC was used by 
simply spreading on the hip/knee prosthesis surface during the surgery. The results 
showed that the DAC reduced the rate of early surgical site infection. There were no 
detectable side effects after THA and TKA with a cementless or hybrid implant [66].

The limitation of hydrogel coating as a drug-eluting device is the burst drug 
release. Like the DAC, it completely degraded within 72 h with 100% antibiotics 
released [66]. It can be applied as antibacterial coating to prevent early onset infec-
tion but is not suitable for the inhibition of the late-onset infection.

 Layer-by-Layer (LBL) Coatings

Layer-by-layer (LBL) coating is by depositing layers of polyelectrolyte solutions 
with opposite charges in an alternating fashion on the implant surface, resulting in 
a thin film that can be used to load a variety of biomolecules [58]. The number of 
layers, concentration of molecules in the solution, and chemical properties of the 
polyelectrolyte solution can be modified to reach an optimal drug loading efficiency 
and release kinetics. Various growth factors have been deposited on the implant via 
LBL coating technology [44, 67, 68]. Shah NJ et al. [67] developed [poly (β-amin 
ester)/polyanion/growth factor/polyanion] LBL tetralayer coating on 
polycaprolactone/β-tricalcium (PCL/β-TCP) scaffolds. With the aim to mimic the 
healing process, this coating not only extended the release time of recombinant 
human vascular endothelial growth factor (VEGF165) and BMP-2, but also delivered 
the two growth factors at different times. As a result, the implant coating facilitated 
blood vessel ingrowth and bone formation in vitro [67].
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Bactericidal LBL coating has been developed by incorporation of polyelectro-
lyte multilayer films with silver [69], gentamicin [70], and vancomycin [71]. The 
LBL coating can control drug densities and release profiles. For example, it has 
been reported that polyelectrolyte multilayers on Ti implants showed a sustained 
release of bioactive gentamicin over 1 month [70]. The coating has been demon-
strated to be bactericidal against S. aureus and biocompatible in vitro. An in vivo 
study has shown that the coated Ti implant successfully decreased the degree of 
infection in a rabbit S. aureus bone infection model [70].

Overall, the LBL coating is a promising technique for massive drug loading and 
controllable drug release. It can be applied to prevent late-stage infection and inhibit 
biofilm formation. However, the broad application of LBL techniques has been lim-
ited due to several technical challenges. Firstly, the fabrication of LBL coating is 
labor intensive and expensive. In order to reduce initial drug burst release and to 
extend releasing duration, usually a few hundreds layers would be required. 
Secondly, the LBL coating is performed in acidic solution, which may cause toxic-
ity to tissue [58].

 Immobilization of Drugs on the Implant Surface

An alternative strategy for long-term drug delivery is to immobilize drugs directly 
on the implant surface. Osteogenic peptides are the most common used agents that 
have been used for the improvement of osseointegration [58, 72–74]. Peptide 
GFOGER, derived from type-I collagen, was proven to promote osteogenic dif-
ferentiation through binding to the α2β1 integrin receptor on the surface of 
osteoblast- like cells [72]. Wojtowicz et al. immobilized the GFOFER peptides on 
the surface of PCL scaffolds via passive absorption [72]. The implantation of 
GROFER-coated PCL scaffolds was performed in rat femoral defects model. The 
results showed that the GROFER-coated PCL scaffold effectively promoted bone 
repair with significant bone volume increase after 12-week implantation [72]. The 
peptides can be easily absorbed on the polymer surface but is difficult to attach on 
the metallic surface via physical absorption. Therefore, a strong covalent bonding 
between drugs and metallic surface needs to be formed to immobilize the drugs. 
For example, in order to improve the cell adhesion on Ti implant, modified cyclic-
RGD peptide with phosphonic acid anchors was developed. The phosphonic acid 
anchor can bond to titanium oxide and indirectly immobilize the RGD peptides to 
the metal surface [74].

To inhibit infection, immobilization of vancomycin (Vanc) on the Ti or 
Ti6Al4V(Vanc-Ti) implant surface through covalent bonding was reported [75–77]. 
In this way, the Vanc-Ti coating presented the antibiotic for a long period. It inhib-
ited S. aureus colonization up to 11 months in vitro [75]; and even inhibited S. epi-
dermidis biofilm formation [76]. Although the immobilization technology achieved 
long-term drug delivery, the immobilized antibiotics or peptides should remain 
function in their tethered form, which limits the application of many types agents.
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 Other Coatings

Other coatings focus on modifying the surface structure of the implant. Porous 
implant surface coatings have been used clinically on ceramic or metallic implants 
since 1970 to assist osteoconduction [14, 78]. Various types of porous structures 
have been developed and investigated, such as open pores and highly interconnected 
porous structure. The most commonly used porous coating is trabecular metal (Ti) 
[14]. The trabecular metal with high porosity (80%) allows rapid bone ingrowth and 
implant stabilization as reported in in vivo studies [79]. However, clinical revision 
rates of patients using these porous implants are not reduced [80]. Thus, more clini-
cal investigations are needed to evaluate the long-term survival rate of the implants 
with porous coatings. Currently, several engineered implant surfaces with micro- or 
nanostructure have been developed [81, 82]. This micro- or nanoscale surface with 
increased porous structure enhances the cell adhesion and bony ingrowth. At the 
same time the rough surface increases the friction force and enhances the osseoin-
tegration. A cell-favored surface may also attract bacterial attachment. It is a chal-
lenge to balance promoting host cells growth and inhibiting bacterial growth.

 Future Direction

The implant surface coatings for enhancing osteointegration and inhibiting infec-
tion have been closely related and stated as a “race for the surface” by Gristina [83]. 
The host cells and bacteria will be racing for the implant surface right after implan-
tation. The ideal implant surface should promote strong osseointegration by facili-
tating host cells attachment to the surface and meanwhile inhibit the bacterial 
colonization. Thus, the strategies for osteointegration and anti-infection coating 
could be combined together to reach a multifunctional coating. In addition, the 
applicable coating should be simpler for preparation and economic for fabrication.

 Electrospun Nanofibers (NFs) Coating to Enhance 
Osseointegration

 Characters and Current Researches in Electrospinning

The native ECM of bone tissues is a nanofibrous collagen network. The fundamen-
tal unit of the bone is mineralized and highly ordered collagen I fibrils, only a few 
nanometers thick [84] with collagen. The collagen I fibrils are aligned and arranged 
to form a higher order structure seen in a mature bone matrix [85–87]. One of the 
promising technologies that can be used to mimic bone nanoscale ECM structure is 
electrospinning [88, 89].
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Electrospinning, developed in the early 1930s, has been applied in various indus-
trial products, such as highly efficient filters, lightweight and protective cloth, and 
battery cells, as well as tissue engineering and regenerative medicine [90]. It uses an 
electrical charge to exceed the surface tension of a charged polymer solution, result-
ing in the formation of micro- or nanoscale fibers [91]. With the expanding avail-
ability of nature, synthetic or combined polymer materials, electrospun NFs have 
been applied to tissue engineering because of its unique characteristics, such as high 
surface area and porosity [89]. Recent studies indicated that the attachment, prolif-
eration, and differentiation of bone cells can be enhanced by the physiochemical 
and microstructural properties of electrospun NFs [92, 93]. The potential applica-
tion of implants with NF coating for the enhancement of osseointegration is promis-
ing but often is overlooked [89]. More efforts are obviously required to better 
understand the dynamic interplay between the physiochemical and microstructural 
natures of NFs and the fate of bone cells [89].

 Limitations (Dense and Compact Structure)

The porous structure of the NF scaffolds is critical for its application in tissue engi-
neering and regenerative medicine. The nutrition and waste of cells should be trans-
ported through the pores [94]. Cells growth and differentiation demand a porous 
structure of the local environment. It is well known that different cells require dif-
ferent pore sizes [94]. For example, vascularization happens at pore sizes over 
300 μm in the bone tissue [95]; while fibroblasts prefer a pore size of 6–20 μm [96]. 
Thus, ideal electrospun NFs scaffold should have three-dimensional shape and mac-
roscale pores, which provide sufficient space for cell infiltration and differentiation 
[97]. From this aspect, one main limitation of current electrospinning technology is 
that the electrospun NFs are firmly packed that only provide a superficial porous 
structure due to the sheet-like assembly process [98]. This inevitable event impedes 
cell infiltration and growth throughout the NF mats [98]. There are no satisfactory 
resolutions of this technical barrier. The fabrication of loose, thick, and bulky 
 scaffolds (3D scaffolds) with controllable microstructures remains a technical chal-
lenge [99].

 Current 3D NFs Fabrication Techniques

Many efforts have been explored in past decades to fabricate 3D porous and looser 
NF scaffolds. The first strategy to form the 3D NF scaffold is by simply stacking, 
folding, or rolling multiple thin NF films [100]. For example, by layer-by-layer 
interval stacking, micro- and nanofiber membrane were formed into a sandwich-like 
3D scaffold. The nanofiber layers assisted cell adhesion and proliferation; while the 
microfiber layers with larger pores helped cell infiltration [100]. Levorson et  al. 
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found that this scaffold has increased the chondrogenic differentiation of MSCs 
in vitro [101]. However, the microstructure of the layer-by-layer stacking NFs is 
still dense and compact.

Adding porogens, including salt particles [98, 102], ice crystal, and washable 
polymers [103], is an alternative strategy to fabricate 3D porous NFs. The embed-
ded porogens can quickly built-up the NFs volume during the electrospinning. The 
porogens will be then washed away after electrospinning, leaving numerous larger 
pores in the formed NFs. Salt leaching uses salt particles as the porogens. Nam et al. 
introduced NaCl crystal (diameter: 90–106 μm) to the Taylor Cone by a sheath sur-
rounding the spinneret [98]. Formed 3D PCL NFs characterized a uniform porous 
structure with average pore size of 200 μm. The highly porous structure facilitated 
CFK2 cell infiltration to the depth of 4 mm [98]. The salt leaching method can be 
used to control the pore size; while the requirement of multiple steps and the modi-
fication of electrospun device together make fabrication far more complicated.

Cryogenic electrospinning, by embedding ice crystal as porogens, was first 
reported by Simonet et al. in 2007, and later was termed as cryogenic electrospin-
ning in 2009 by Leong et al. [104, 105]. From condensing humidity, the ice crystals 
are formed simultaneously with NFs deposition by a low-temperature fiber collector 
device; and the crystals will be then removed by freeze-drying procedure [105]. The 
porosity of formed 3D NFs was four times higher than the traditional NFs [105]. 
Correctly balancing between the fiber and ice crystal formation is the key to achieve 
the 3D NFs by cryogenic electrospinning. Unlike the salt leaching, another limita-
tion of this method is relatively smaller and uncontrollable pore size. Another 
removable polymer porogen is poly (ethylene oxide) (PEO) [106]. PEO is a water- 
soluble material electrospun with PCL polymer to achieve a combination of PEO 
NFs and PCL NFs. Later, the PEO NFs were washed away leaving pure and porous 
PCL NFs. The porosity could be adjusted by the ratio of PCL and PEO NFs. 
However, it is difficult to increase the pore size and scale up the formed NF volume 
through this approach.

It has been demonstrated that the fabrication of NF collector surface design is 
one of the most effective approaches to create 3D fibers with desired fibrous struc-
ture and patterns [102]. Some advanced NF collector modification techniques have 
been reported recently, such as rolling or stacking collectors [100, 107], liquid bath 
collector [108, 109], and micro-patterned collector. The liquid bath collector design 
increased the dispersion effect and decreased the fiber bonding through collecting 
NFs in various liquid solutions, such as water and organic solvents [103, 110]. Yang 
et  al. collected 3D cotton-like poly(lactic-co-glycolic acid) (PLGA)/PCL NFs in 
ethanol bath for bone regeneration in vivo [109]. The super loose and uncompressed 
NFs scaffolds were found to enhance the chondrogenic differentiation both in vitro 
and in vivo. Yarn, a bundle of aligned nanofibers, is formed in a liquid bath as well. 
Usually, the NFs deposit on the surface of the liquid bath, and through water vortex, 
the NFs are pulled and twisted into a continuous yarn. The yarns could be further 
collected by a rotating collector to compose a 3D nanoyarn scaffold [111]. 
The nanoyarn scaffolds have been studied in tendon tissue regeneration [111] and 
cartilage tissue regeneration [112] for the improvement of cell penetration and 
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vascularization. Overall, the NFs formed in the liquid bath collector have homoge-
nous structure, but they are difficult to scale up.

Micro-patterned collector is another collection technique allowing the formation 
of highly porous NFs. Li and Xia arranged conductive and nonconductive void 
spaces to make a patterned collector [113]. NFs were aligned across a nonconduc-
tive void. These methods make it possible to form 3D NFs scaffolds in certain 
forms. However, the processing is relatively complex, slow, and difficult to control. 
In addition, this process cannot be used to create scalable, block scaffolds with an 
interconnected porous structure. It is obviously that a simple and one-step real-time 
technology for the preparation of controllable porous NF matrix is urgently needed 
for the application of tissue engineering of different tissues and/or organs.

 The Technique of 3D NFs Collector (Mechanism, Device, 
Physiochemical Properties of NFs, and Cellular Behavior)

The working mechanism of electrospinning is that driven by high voltage, a charged 
polymer jet overcomes its surface tension and deposits onto low potential targets in 
the form of numerous NFs. Commonly, the NFs collected on the flat surface with 
equipotential density. We designed a NF collector mounted with multiple movable 
sharp and electric conductive needles. The corona discharge effect leads to continu-
ous deposition of 3D NF matrices on the surface of the NF collector [114]. As a 
result, the local electric field around the needle tip creates strength much higher than 
the surrounding conductor, resulting in an acceleration of free electrons to a high 
velocity, which ionizes neutral air molecules [114]. Thus, the charged polymer jet 
prefers to deposit onto the sharp tip of the needle during the electrospinning (Fig. 1a) 
[114]. According to this mechanism, we have designed a 3D NF collector with 
numerous movable needles where electrospun NFs are gradually deposited to form 
3D architectures (Fig. 1) [114]. Unlike conventional electrospinning that lays down 
a uniform deposition, the electric field vectors in the vicinity of the collector majorly 
target two fractions—the projecting points of needles (A) and the edging corner of 
the platform (B/C), which enforces the deposition of spinning nanofibers along the 
alignment of B-A-C and allows a triangle-shaped fiber sheet formation as shown in 
Fig. 1b-1 [114]. When two points are more prominent on the surface of collector such 
as points D and E, the spinning fibers are deposited to these points giving a wave-
shaped fiber sheet formation (Fig. 1b) [114]. When the collector was fully covered by 
a deposited fiber sheet, the needles’ positions were re-adjusted by gradually pushing 
those pierced needles forward. At the same time, a new fiber sheet would start depos-
iting on the tips. After several rounds, 3D NFs architectures were gradually built on 
the surface of the collector by stacking multilayers of fiber sheet into bulk (Fig. 1). 
Thus, using the coronal charge effect provides a simple and one- step approach to 
develop the 3D nanofibers. In comparison to the 2D PCL nanofibers, the 3D PCL 
nanofibers have a looser microstructure and larger pore sizes via scanning electron 
microscopy (SEM) [114]. The pore sizes of 2D NFs was in the range of 0–1 μm2; the 
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3D NFs had larger pores size were mainly in the range of 0.1–10 μm2. In addition, 
3D NFs with looser structure stimulated the infiltration, proliferation, and differen-
tiation of murine pre-osteoblastic MC3T3-E1 cells [114]. The pre-osteoblast cells 
infiltrated the entire 3D PCL nanofibers, while they only spread on the surface of 2D 
nanofibers after 7 days culture. A significantly higher cellular proliferation was also 
discovered on 3D NFs at 7-day culture than that on the 2D NFs (p < 0.01). The looser 
structure further increased the differentiation level of the cells, which had a signifi-
cantly higher alkaline phosphatase (ALP) concentration on 3D NFs (p < 0.01) [114]. 
However, one of the key limitations is that the microstructure and shape of the formed 
3D NFs based on the corona discharge mechanism are neither controllable nor repro-
ducible because of the manual movement of the mounted needles. Since both the 
macrostructure and microstructure of the NFs affect cell behavior, establishing refer-
ence NF scaffolds with well- characterized cell response is critical to advancing their 
use in the tissue engineering field. Further development of this novel coronal dis-
charge-based porous NF fabrication technique requires standardization of the elec-
trospinning process and characterization methods. Therefore, we developed a 
programmed electrospun 3D NF collector that can be used to fabricate 3D NFs with 
desired microstructure, such as pore size and porosity, by precisely controlling the 
moving speed of NF collector during electrospinning [115]. This device can be used 
to  precisely control the needle collectors constantly moving forward via different 

Fig. 1 The fabrication of PCL 3D nanofibers (NFs). (a) A diagram of the mechanism of NFs 
depositing on the needle tip by coronal discharge effect. (b) Illustration of a cross-sectional view 
of electrospun fibers built-up between the spinneret and needle-collector. (c) Photograph of col-
lected fibers deposited along needles and platform during electrospinning. (d) Multiple rounds 
(5, 10, and 20) to form 3D nanofibers on needle collectors [114]
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moving speeds (0–0.232 mm/min) (Fig. 2). Four types of polycaprolactone (PCL) 
3D NF matrices with different microstructures can be obtained concurrently on the 
NF collector surface by setting different forward moving speed of the NF collector 
device (from low to high) (Fig. 3). A linear increase in the NF sheet thickness was 
recorded with increasing NF collector moving speed with 1-h electrospinning. 
Scanning electron microscopy (SEM) measurement showed a looser microstructure 
and an increase of porosity with the increase of collector moving speed (Fig. 4). NFs 
prepared at high collector speed showed enhanced cell proliferation and differentia-
tion (ALP expression) of pre-osteoblastic MC3T3 cells compared to NFs collected 
on a static collector. A programmable NF collector permits the fabrication of repro-
ducible 3D NF scaffolds of variable size and adjustable microstructure. This simple, 
controllable, one-step 3D electrospun NFs fabrication may help move forwarding the 
clinical translation of electrospun NFs in regenerative medicine.

High Voltage DC
Supply

Microcontroller-driven
needles

Robotic collector platform

Base

Collector Moving forward

Fig. 2 Illustration of automatic 3D nanofibers collector (unpublished data)

Fig. 3 Illustration of four types of NFs formed on collector with different moving speeds
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 Nanofibers Coating as Drug-Eluting Device to Enhance 
Osteointegration and Treat Periprosthetic Infection (PJI)

 Coaxial Nanofibrous Coating as a Controlled Drug-Eluting 
Device (Current Technology Development Status)

Electrospun NF can be used as a drug-eluting device by embedding drugs into the 
polymer solution before electrospinning. The drug release kinetics is determined by 
NFs structure and the degradation rate of NFs. Polyvinyl alcohol (PVA) has been 
extensively used in electrospinning because of its excellent biocompatibility and 
good electrospun NF-forming capability [116]. It has been reported that the mor-
phology and chemical composition of electrospun PVA/HA NFs were similar to the 
basic architecture of bone [117]. We [116] developed electrospun PVA/Collagen/
HA NFs and found that the inclusion of HA and collagen in the PVA NFs signifi-
cantly increased the fiber stability and the mechanical strength. The encapsulated 
nano-HA crystals and collagen also enhanced the adhesion and proliferation of 
osteoblastic MC3T3 cells in vitro. However, these blended PVA/Collagen/HA NFs 
cannot be used as a desired drug release device because of their fast degradation rate 
(~10 days) [116].

Coaxial electrospinning has been used to prepare coaxial core-sheath NFs that 
can be used to control and extend the embedded drug release. We have used this 
technology to prepare coaxial NFs scaffolds as a local drug-eluting device to 
enhance osseointegration and prevent infection both in vitro and in vivo [89, 118]. 
During coaxial electrospinning, a spinneret is employed to trap a secondary fluid 
layer (containing labile drugs) within the core of the forming NFs [89]. The sheath 
solution acts as a guide and surrounds the core material. The sheath structure repre-
sents a physical barrier to reduce the initial burst release and protects the drugs in 
the core fiber. The concentration gradient inside the core fiber is the driving force 

2D-NFs NF-zero NF-low NF-mid NF-high

Porosity 
(%)

65.39±1.58 70.14±2.7 76.11±2.02 84.63±3.2 88.88±1.82

Fig. 4 The morphology of five types PCL NFs. Porosity was calculated by SEM images and 
Image J software. Experiments repeated three times with triplicate. 2D NF: NFs were collected in 
a flat collector surface
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for diffusion [89]. In a core-sheath system, a drug release rate is affected by both the 
concentration gradient and the degradation rate of the sheath barrier. Therefore, 
control of the drug release rate can be achieved by preparation of various formula-
tions and thicknesses of slow/fast degradation sheath fibers and/or modification of 
physiochemical properties of NFs [89, 119]. We [89] developed coaxial electrospun 
PCL/PVA core-sheath NFs blended with both HA nanorods and type-I collagen 
(PCLCol/PVAHA). The incorporation of collagen into the PCL sheath (PCLcol) 
increased its hydrophilicity and provided numerous binding sites for cell adhesion. 
The incorporation of HA into the PVA core (PVAHA) increased the surface rough-
ness and mechanical strength of NFs. The PVAHA core was used as a drug reservoir. 
This hybrid core-sheath NF scaffold takes advantage of the slow degradation nature 
of PCL and the bioactivity of PVA while minimizing the disadvantages of both. 
Doxycycline (Doxy) embedded in the PCLCol/PVAHA NFs showed more sustained 
release (~1 month) compared with the blended NFs (completely released within 
48 h). Doxy released is stable and bactericidal as evidenced by a modified S. aureus 
growth inhibition assay [120]. We also found that PCLcol/PVAHA NF coating 
enhanced osseointegration in vivo.

In the next section, we would like to introduce our two recent studies using 
implants with coaxial nanofiber coating from the aspects of osseointegration 
enhancement and infection inhibition.

 Sustained Strontium Release from Coaxial NFs to Enhance 
Osseointegration

The use of NF coating needs careful understanding and coordination of its rate of 
degradation with the physiology of osseointegration. An early and sufficient 
osseointegration resulting in “the formation of a direct interface between an 
implant and bone without intervening soft tissue” is critical for the early implant 
stability (~1 month). Obviously PCL is not an appropriate NF material because of 
its much slower degradation rate both in vivo and in vitro [121] that has been veri-
fied in our previous pilot study. Therefore, we added PLGA to PCL as the sheath 
fiber in this study because of its faster and controllable degradation rate (~1 month) 
comparable to that of osseointegration physiology [122]. Another benefit of 
PLGA is its stronger binding to the Ti surface [123, 124] than that of PCL [89]. 
One reason for this is that PLGA has much higher ratio of oxygen atoms in its 
molecular structure than that of PCL, thus providing more electrostatic interaction 
on the Ti surface [125].

Strontium (Sr2+) is a minor element that can be found in our body and daily diet 
[126]. Nearly 99% of Sr2+ ions are deposited in bone [126]. The Sr2+ ion has the 
similar cellular transport pathway as calcium ions, and has strong affinity for the 
incorporation in the bone matrix during mineralization [126, 127]. Sr2+ enhances 
bone formation and strength through the inhibition of osteoclasts and activation of 
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osteoblasts [128–131]. There are few studies that investigated the role(s) of Sr2+ in 
the field of implant osseointegration [132, 133]. Park et al. found that Sr2+-embedded 
Ti implants significantly enhanced implant osseointegration as compared with the 
control Ti implants in a rabbit tibia implantation model [134].

We [135] have developed a Sr2+-doped coaxial PCL/PLGA-PVA NF coating to 
enhance the osseointegration. The sheath fiber formula PCL/PLGA (1:1, v/v) was 
optimized to match the NFs degradation rate to the implant osseointegration physi-
ology, which is about 1 month. Although an initial Sr2+ burst release was observed, 
a sustained release of Sr2+ from the PCL/PLGA (1:1, v/v)-PVA coaxial NFs was 
detected for over 2  months. The Sr2+-doped PCL/PLGA-PVA coaxial NFs were 
biocompatible and significantly enhanced the differentiation of murine pre- 
osteoblast MC3T3-E1 cells using both indirect and direct contact approaches 
in vitro. Taken together, Sr2+-doped PCL/PLGA-PVA coaxial NFs are promising 
nanofabricated implant coatings to promote earlier and sufficient implant 
osseointegration.

 Sustained Release of Doxycycline from Coaxial NFs to Prevent 
and Treat PJI (In Vitro and In Vivo Study)

For the prevention and treatment of PJI, we have developed a Doxy-doped coaxial 
electrospun PCL/PVA NFs as the Ti pin coating [118]. This hybrid core-sheath NF 
scaffold takes advantage of the slow degradation nature of PCL and the bioactivity 
of PVA while minimizing the disadvantages of both. The slow degradation of the 
PCL concomitantly reduced the Doxy diffusion from the PVA (core materials). 
Doxy embedded in the PCL/PVA NFs showed more sustained release (~1 month) 
compared with the blended NFs (completely released within 48 h). The Doxy-doped 
coaxial PCL/PVA NFs were directly deposited on the Ti pin surface during electro-
spinning with the aim to improve osseointegration and inhibition infection. The 
bone–implant surface (%) in the NFs-coated Ti pin groups was significantly higher 
(p < 0.05) than the non-coating groups after implantation 2, 4, and 8 weeks in a 
S. aureus infected rat tibia implantation model [118]. In addition, the Doxy-loaded 
NFs inhibited bacterial growth up to 8 weeks in vivo [118]. However, the bacteria 
grown back and formed biofilm after 16  weeks implantation. These two studies 
showed the great potential of NFs coating for the enhancement of implant osseoin-
tegration and infection inhibition. The results of the in vivo study revealed the two 
challenges in the application of nanofibers as implant coating. The first problem is 
the weak bonding of the nanofibers with the implant surface. The nanofibers may be 
separated from the Ti pin surface during implantation, which may cause larger gaps 
between the implant and the surrounding tissue. We have blended PLGA with the 
NFs to increase the bonding strength to Ti pin surface. More strategies could be 
developed to strengthen adhesion of nanofibers coatings to different metal implant 
surfaces. The second problem is the lack of a long-term infection inhibition. 
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Nanofiber is an ideal matrix for host cells and bacteria adhesion and growth. If any 
bacterial residues are left in the matrix, they may slowly colonize, and form a bio-
film when the antibiotic dose was low or missing. Thus, the antibiotic dose should 
be high enough to kill the majority of bacteria without toxicity to the host tissue 
within 48 h after implantation. In addition, a sustained and controllable antibiotic 
dose at a sufficient level is needed to prevent the recurrence of infection. Multiple 
antibacterial drugs can be embedded within the same NF coating to increase the 
antibacterial efficiency, especially those that inhibit later infection or disrupt biofilm 
formation.

 Summary and Conclusions

Orthopedic implants have been widely and successfully applied in TJA worldwide. 
As for the duration of the implants, although 10- to 15-year survival rate is higher 
than 90%, the amount of implant failures is a clinical challenge. It lays huge burden 
on patients, physically and mentally. This chapter generally introduced the two 
leading complications of TJA, that is, insufficient osseointegration and infection. 
The implant surface is the “racing arena” for host cells and bacteria after implanta-
tion. An ideal implant surface should benefit host cell growth and inhibit bacteria 
adhesion. For this reason, implant coatings have become a potential solution to 
promote TJA success. It has drawn much interest to enhance osseointegration and 
inhibit infection. Various current coating strategies for osseointegration and infec-
tion prevention are compared and summarized in the chapter. At the end, we 
 discussed the possibility of using nanofibers as implant coating and briefly intro-
duced our researches about nanofibers Ti implant coating. More efforts are needed 
to develop advanced implant coating technologies that are more “bone-like” and 
multifunctional to both enhance osseointegration and prevent infection.
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Cationic Antimicrobial Coatings 
with Osteoinductive Properties
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Abstract Orthopedic implant-associated infections caused by pathogenic bacteria, 
especially the Staphylococcus genus, have been a medical and surgical challenge. 
The infections not only delay the healing process, and have patients suffer from 
severe pain and even be subjected to re-implantation, but also cause enormous eco-
nomic losses. It is clear that both a reduction of bacterial infections and acceleration 
of bone healing are critical to improving the osseointegration of orthopedic implants. 
Recently, various antibacterial coatings have been employed for the surface modifi-
cation of orthopedic implants to reduce the bacterial infections. Interestingly, it has 
been found that some antibacterial coatings, including polycations and metal 
cations, also possess osteoinductive properties, and thus effectively speed up the 
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healing process. In this chapter, we will shed light on the antibacterial and osteo-
genic mechanisms of positively charged biomaterials and present some typical cat-
ionic antimicrobial coatings with osteoinductive properties in detail.

Keywords Polycations · Copper · Antibacterial · Osteoinductive · Angiogenesis

 Introduction

Annually, more than $200 billion is spent on bone fracture treatment and over 
500,000 bone grafting procedures are carried out in the United States. Because of 
the limitations of autografts (e.g., donor-site morbidity and supply) and allografts 
(e.g., immunogenic response to foreign tissue and the risk of disease transmission), 
the demands of bone graft substitutes (BGSs) are increasing. The market for BGS 
was valued at about $2.4 billion in 2015 and is estimated to double in the next 
decade [1]. The ideal BGSs should be osteoconductive and osteoinductive, and pos-
sess similar mechanical strength to real bones. Osteoinductive activity of biomateri-
als is an important consideration for orthopedic implants since it determines the 
degree of osteogenesis and bone defect healing process. When BGSs are implanted 
into patients, the adhesion of bacterial pathogens on their surfaces often causes 
infections and even osteomyelitis, which is a tough medical issue [2]. The 
Staphylococcus genus, especially Staphylococcus aureus (S. aureus) and 
Staphylococcus epidermidis, are the main bacterial pathogens in implant-related 
infections and their drug-resistant strains have even been termed superbugs [3]. The 
infections may negatively influence the osseointegration of bone implants, require 
the removal of implants, and prolong treatment time. Therefore, it is critical to 
develop antimicrobial biomaterials to control implant-associated pathogenic infec-
tions. Given the above concerns, some innovative biomaterials with antibacterial 
and osteoinductive properties, consisting of polycations and metal cations, have 
been designed and developed in order to meet the urgent requirements of orthopedic 
implants. This chapter will focus on these positively charged coatings and shed light 
on their functional mechanisms.
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 Antimicrobial and Osteoinductive Mechanisms of Cationic 
Coatings

 Antibacterial Mechanisms of Positively Charged Coatings

Due to the growing global concerns about antibiotic-resistant pathogens, cationic 
antibacterial materials have attracted more and more attention from researchers 
because they kill bacteria usually through physical approaches that are not easy to 
generate bacterial drug-resistance. In nature, most bacteria are negatively charged 
because their cell wall components contain the negatively charged teichoic acids in 
Gram-positive bacteria and phospholipids and lipopolysaccharides in Gram- 
negative bacteria [4], and therefore, the positively charged materials are inclined to 
attract negatively charged bacteria and subsequently disrupt the bacterial wall/mem-
brane, finally resulting in cell death. The positively charged synthesized polymers, 
natural antimicrobial peptides (AMPs), and metal cations (e.g., Ag+ and Cu2+) have 
been utilized in the preparation of antibacterial coatings on orthopedic implants.

 Polycations

The synthesized bactericidal polycations, including the polymers derived from qua-
ternary ammonium compounds, polyethylenimine derivatives, and chitosan deriva-
tives, are capable of interrupting the integrity of bacterial cell walls/membranes via 
the mechanisms of “phospholipid sponge effect” or “polymeric spacer effect,” or 
inactivating the bacterial enzymes to kill bacteria upon contact. However, the major-
ity of cationic polymers have poor biocompatibility and are prone to provoke 
inflammation or hemolysis. On the contrary, AMPs and their mimics normally have 
good biocompatibility, and they are able to exchange the divalent cations (e.g., Mg2+ 
and Ca2+) on the bacterial membrane via an “ion-exchange mechanism” to destabi-
lize the cytoplasmic membrane, leading to bacterial death. Additionally, through 
electrostatic attraction, the positively charged AMPs attach onto the negatively 
charged cytoplasmic membrane that is comprised by phospholipid bilayers, and 
then insert into the membrane to disturb the membrane integrity, finally resulting in 
the leakage of cytoplasm and bacterial death [5].

 Metal Cations

Silver is an effective broad-spectrum antibacterial metal, and various silver coatings 
have been utilized to reduce orthopedic implant-associated infections [6]. However, 
the highly dose-dependent cytotoxicity of silver toward osteoblast and mesenchy-
mal stem cells (MSCs) has a negative influence on implant osseointegration, while 
copper has better biocompatibility compared with other antimicrobial metal cations 
such as Ag+, Zn2+, Hg2+, and Co2+ as presented in Table 1. Based on the results of 
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growth inhibition tests with L929 fibroblasts, the lethal doses 50 (LD50, the specific 
concentration of metal cations to reduce cell growth by 50%) and its corresponding 
biocidal efficiency showed that cells tolerated Cu2+ at relatively high concentrations 
(LD50: 2.3 × 10−1 mmol/L) and Cu2+ showed the highest antibacterial effectiveness 
(reduction rate: 2.5 × 104) at the corresponding LD50, which indicated that the anti-
bacterial Cu2+ had better biocompatibility compared with other metal cations [7]. In 
this chapter, we focus on the functional activities of copper coatings.

The antibacterial mechanisms of copper are summarized in Fig.  1. Copper is 
capable of entering into bacteria and generating reactive oxygen species, which 
leads to damage of the cytoplasmic membrane integrity and degradation of DNA 
and RNA, resulting in cell lysis, cytoplasm leakage, and bacterial death. It is inter-
esting to find that bacteria have copper resistance systems which prolong bacterial 
survival, but the system cannot completely protect bacteria from the antibacterial 
performance and thus cannot threaten the final antibacterial effects of copper [8].

 Osteoinduction and Signaling Pathways

Osteoinductivity is another important property of BGSs. The osteoinduction phe-
nomenon can be divided into three principles: (1) osteoinductive materials should 
be able to recruit mesenchymal cells to bone graft surfaces, (2) the materials should 

Table 1 LD50 concentrations of different metal cations for L929 fibroblasts and corresponding 
bacterial reduction rates

Metal ions LD50 (L929) (mmol/L) Bacterial reduction rates at LD50

Ag+ 3.5 × 10−3 0.93
Zn2+ 3.6 × 10−3 1.11
Hg2+ 4.2 × 10−3 7.58
Cu2+ 2.3 × 10−1 2.5 × 104

Co2+ 3.4 × 10−2 1.42
Al3+ 1.8 0.46

Source: Adapted from Heidenau F, et al., J Mater Sci Mater Med, 16 (10):883–888, 2005

Fig. 1 Antibacterial mechanisms of copper. (a) Copper cations influx into bacteria and damage 
cytoplasmic membrane integrity. (b) Bacterial lysis caused by copper. (c) Copper cations generate 
reactive oxygen species which cause further bacterial damage. (d) Nucleic acids are degraded [8]
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promote mesenchymal differentiation into bone-forming osteoblasts, and (3) osteo-
blasts should form ectopic bone in vivo (Fig. 2) [9].

The multipotent mesenchymal stem cells (MSCs) are capable of differentiating 
into osteoblasts, adipocytes, chondrocytes, myocytes, and fibroblasts, and play a 
critical role in cell-based therapy [10]. Osteoblast lineage cells are a group of cells 
that include mesenchymal cells, pre-osteoblasts, osteoblasts, bone-lining cells, and 
osteocytes [11]. Osteoblasts originate from mesenchymal progenitors and then via 
the proliferation and differentiation of pre-osteoblasts to form matured osteoblasts. 
The functional osteoblasts secrete an extracellular matrix (ECM) and then deposit 
hydroxyapatite on collagen to form bones. At the final stage of bone development, 
the osteoblasts either become bone-lining cells, which cover the surface of bone to 
prevent certain ions, or mature into osteocytes entrapped in the bone matrix to main-
tain a matrix and keep calcium homeostasis [12]. During the differentiation from 
MSCs into osteoblasts, there are various phenotypic markers such as Runt-related 
transcription factor 2 (RUNX2), osteoblast-specific transcription factor (osterix or 
OSX), alkaline phosphatase (ALP), type I collagen (COL I), osteocalcin (OCN), 
osteopontin (OPN), and bone sialoprotein (BSP) as shown in Fig. 3. RUNX2 and 
OSX are the essential and sufficient transcription factors during mesenchymal dif-
ferentiation into osteoblasts. RUNX2 is the key regulator for determining cell fate 
and is needed for the expression of non-collagenous proteins such as OCN and 
BSP. OSX, as a downstream factor of RUNX2, ensures the full differentiation to 
osteoblasts [13]. ALP is an early marker of osteoblast differentiation and partici-
pates in the initiation of mineralization through producing Pi to form CaP crystals 

Fig. 2 Principles of osteoinductive materials [9]

Fig. 3 Osteoblast lineage cells and the differentiation markers for MSCs, pre-osteoblasts, osteo-
blasts, and osteocytes [9]
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with the combination of Ca2+. COL I is the primary extracellular matrix protein in 
bone. Both non-collagenous proteins BSP and OCN play a crucial role in hydroxy-
apatite formation on COL I and bone turnover [9]. The abovementioned factors 
have been widely used as biomarkers for investigating osteoinductivity of biomate-
rials at different osteo-differentiation stages (Fig. 3).

Osteoblast differentiation is regulated by various signaling pathways, and the 
main pathways are shown in Fig.  4. In the hedgehog signaling pathway, Indian 
hedgehog (IHH) binds to the receptor Patched homologue 1 (PTCH1) and activates 
signaling through Smoothened (SMO), thus impeding the production of the proteo-
lytically cleaved GLI3 repressor (GLI3R) and increasing the production of the GLI2 
activator (GLI2A). While derepression of GLI3R is able to produce RUNX2+cells, 
both derepression of GLI3R and activation of GLI2A are required for generation of 
the RUNX2+ and OSX+ cells. The Notch signaling pathway suppresses osteoblast 
differentiation. In the WNT signaling pathway, wingless-type (WNT) ligands are 
important in the development and homeostasis of bone metabolism through both 
canonical β-catenin dependent and non-canonical protein kinase Cδ (PKCδ) signal-
ing pathways. During β-catenin dependent WNT signaling, WNT protein binds to 
its receptors Frizzled (FZD) and lipoprotein receptor-related protein 5 (LRP5) or 
LRP6, leading to the stabilization and translocation of cytosolic β-catenin into the 
nucleus where it binds transcription factors including members of the T-cell factor 
(TCF) and lymphoid enhancer binding factor (LEF-1) family, and thus upregulates 
the transcription of RUNX2 and OSX. In the BMP signaling pathway, bone morpho-
genetic proteins (BMPs) bind to their receptors and subsequently phosphorylate 
SMAD1, SMAD5, or SMAD8, which are capable of forming a complex with 
SMAD4, and then enter the nucleus to regulate gene expression, finally stimulating 
the transcription of RUNX2/OSX and osteoblast differentiation. In the FGF signal-
ing pathway, fibroblast growth factors (FGFs) bind to cell surface Tyr kinase FGF 
receptors (FGFRs), resulting in the activation of multiple signaling modules and 
thus regulating pre-osteoblast proliferation and differentiation [11].

Biomaterials interplay with cells via an ECM. Biomaterial–ECM–cell interac-
tions involve integrins that are a family of transmembrane αβ heterodimer and 

Fig. 4 Main signaling pathways of osteoblast differentiation (Adapted from Long F, Nat Rev Mol 
Cell Biol, 13 (1):27–38, 2012). (a) Hedgehog signaling, (b) Notch signaling, (c) WNT signaling, 
(d) BMP signaling, (e) FGF signaling
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convey the outside signals into the cells through a cascade of signaling pathways 
(Fig. 5). The interaction between the ligands in the ECM and integrins across the cell 
membrane induces the recruitment and phosphorylation of focal adhesion kinase 
(FAK) and activation of phosphatidylinositol 3-kinase (PI3K) and mitogen- activated 
protein kinase (MAPK) ERK1/2, resulting in stimulation of RUNX2 transcription 
and osteogenic differentiation. In another way, integrins recruit and activate the 
integrin-linked kinase (ILK) and PI3K/AKT, leading to the inhibition of glycogen 
synthase kinase-3b (GSK3-b) and ubiquitin (Ub)-mediated β-catenin degradation. 
Then, the accumulated β-catenin proteins translocate into the nucleus and stimulate 
osteogenic differentiation via the WNT/β-catenin signaling pathway [14].

 Angiogenesis and Osteogenesis

Blood supply is a principal issue in bone reconstruction when using orthopedic 
implants. Vascularization plays an important role in the bone defect healing process 
by providing cells with nutrients, and thus angiogenesis is believed to play an 
 essential role in the osteogenesis of the implants [15]. The interaction between 
osteogenesis and angiogenesis is regulated by the factors produced by osteoblasts 
and endothelial cells and their precursors. The most important angiogenic factor, 
vascular endothelial growth factor (VEGF), also promotes osteogenesis. As shown 
in Fig. 6, at the normal physiological levels, VEGF maintains bone homeostasis, but 
too little VEGF disturbs osteogenic differentiation and too much VEGF upregulates 
osteoclast recruitment, resulting in bone resorption. During bone restoration, 

Fig. 5 Osteogenic signaling mediated by integrins [14]
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VEGF is generated by osteoblasts, and increases migration and proliferation of 
endothelial cells. In sequence, endothelial cells secrete osteogenic factors including 
BMP-2 and BMP-4 to promote osteogenic differentiation. Besides, VEGF controls 
Sema3A expression of endothelial cells in a dose-dependent manner and Sema3A 
from different sources inhibits osteoclast differentiation, thus promoting bone depo-
sition. Moreover, Sema3A is able to recruit neuropilin 1-expressing (Nrp1+) mono-
cytes, which supports vessel stabilization [16].

 Positively Charged Polymer Coatings with Antimicrobial 
and Osteoinductive Properties

Various antimicrobial polycations are capable of controlling orthopedic implant- 
associated infections, and thus prevent inflammatory osteolysis, reduce loosening of 
orthopedic implants, and improve their osseointegration. Furthermore, in order to 
improve the osteoinductivity of implants and speed up the bone healing process, 
some polycations with both antimicrobial and osteoinductive properties have been 
investigated. Shi et al. reported that a coating consisting of cationic polyhexameth-
ylene biguanidine (PHMB) and polydopamine had excellent antibacterial efficacy 

Fig. 6 Interplay between angiogenesis and osteogenesis (Adapted from Grosso A, et al., Front 
Bioeng Biotechnol, 5:68, 2017)
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and upregulated the expression of osteogenic marker genes including Runx2, Alp, 
Opn, Ocn, and Bsp in bone MSCs from rats [17]. Schaer et al. reported that the 
hydrophobic polycation N,N-dodecyl,methyl-polyethylenimine coatings on the sur-
faces of titanium and stainless steel resisted S. aureus biofilm formation and 
improved the healing of orthopedic fractures in a sheep trauma model [18]. Makihira 
et al. found that a cationic antimicrobial peptide (JH8194) immobilized on titanium 
inhibited biofilm formation from Porphyromonas gingivalis and enhanced the dif-
ferentiation of mouse pre-osteoblast MC3T3-E1 cells. The mRNA expression of 
Runx2 and Opn, and ALP activity obviously increased compared with the control 
titanium [19]. Tripathi et al. added positively charged arginine residues to a KLD 
peptide that possessed three positive and three negative charges with a net charge of 
zero, and thus obtained a series of positively charged KLD-R/2R/3R/4R peptides 
that significantly improved the antimicrobial activity of KLD and did not show any 
cytotoxicity [20]. In addition, KLD and KLD-2R/3R enhanced mineralized nodule 
formation and stimulated the expressions of Runx2 and Col-1 in bone marrow stro-
mal cells. It was interesting to find that KLD-2R improved bone regeneration in 
adult Sprague Dawley rats in a dose-dependent manner and KLD-2R at 250 μg/rat 
exhibited higher activity than KLD in vivo [20]. Lee et al. studied the in vivo effects 
of the antibacterial human beta-defensin-2 (hBD2) and -3 (hBD3) on bone healing. 
The defensin-overexpressing rat bone marrow stromal cells were implanted into the 
S. aureus-contaminated rat calvarial defect model, and the results revealed that 
hBD2 and hBD3 significantly reduced viable S. aureus in vivo and remarkably 
enhanced new bone formation to improve bone healing [21]. Choe et al. reported 
that the innate defense regulator peptide IDR-1018 promoted the recruitment of 
macrophages to the site of infections, improved S. aureus clearance, inhibited 
excess cytokine production, and preserved osseointegration [22] (Table 2).

The antimicrobial mechanisms of the positively charged polymers have been 
explained in “Polycations” section, while their osteoinductive mechanisms still 
remain to be elucidated. The surface chemistry of the polycations may modulate the 
structure of fibronectin or other ligands such as OPN and COL I, which conveys 
signals into cells through αβ integrins, as illustrated in Fig. 5, to induce osteogenesis 
through a cascade of signaling pathways [14, 23]. Additionally, the positive charge 
may influence the NO synthase (NOS) system that has a critical role in maintaining 
the bone homeostasis [24, 25]. Besides the direct osteoinductive effects of the 
 polycations, for the bacteria-contaminated model, especially S. aureus infected 
implants, the antimicrobial property of polycations also contributed to the inhibition 
of the negative effects of S. aureus on osteoblasts. During bone homeostasis, osteo-
blasts and osteoclasts are responsible for the formation and resorption of the bone 
ECM, respectively. Once infection sits in, S. aureus can be internalized and survived 
in osteoblasts. Through the interaction with the extracellular/intracellular receptors, 
S. aureus or its components may induce over-production of cytokines, chemokines, 
and growth factors to increase inflammation, recruit inflammatory cells to stimulate 
osteoclastogenesis and thus increase bone resorption, lead to osteoblast death 
through apoptosis or necrosis, and eventually result in bone loss or failure of bone 
regeneration [26]. Therefore, through killing bacteria, the antimicrobial polymers 
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are capable of preventing the disruption of S. aureus on bone homeostasis. 
Additionally, although some polycations have not been fabricated as functional 
coatings, they are able to be coated on the orthopedic implants to endow the surfaces 
with antimicrobial and osteoinductive properties.

 Cationic Copper with Antimicrobial and Osteoinductive 
Activities

Due to the excellent biocompatibility of copper as presented in “Metal cations” sec-
tion, herein, we focus on the copper-bearing orthopedic implants that exhibit anti-
microbial and osteoinductive activities. Wu et  al. found that copper (5% 
Cu)-containing mesoporous bioactive glass (Cu-MBG) scaffolds significantly 
inhibited the bacterial viability of Escherichia coli compared to MBG without Cu 
in vitro. Cu-MBG scaffolds stimulated HIF-1 and VEGF expression in human bone 
marrow stromal cells, and they significantly increased the expressions of ALP, 
OPN, and OCN, and thus promoted the osteogenic differentiation of the bone mar-
row stromal cells [27]. Burghardt et al. galvanically deposited copper to a titanium 
surface, and found the released Cu2+ at concentrations from 0.3 to 1.75 mM inhib-
ited the growth of S. aureus and cleared the adherent bacteria from the implant 
surface within 24 h in vitro. The released copper at a concentration around 0.1 mM 

Table 2 Antimicrobial and osteoinductive polycations

Polycations Antimicrobial effects
Osteoinductive 
characterizations

Cell/animal 
models

Polyhexamethylene 
biguanidine and 
polydopamine [17]

Killing S. aureus Upregulating expressions 
of Runx2, Alp, Opn, Ocn, 
and Bsp

Rat BMSCs

N,N-dodecyl,methyl- 
polyethylenimine [18]

Resisting biofilm 
formation from 
S. aureus

Promoting bone healing Sheep trauma 
model

Peptide JH8194 [19] Inhibiting biofilm 
formation from 
Porphyromonas 
gingivalis

Enhancing ALP activity 
and expressions of Runx2 
and Opn

Mouse 
pre-osteoblast 
MC3T3-E1 
cells

Arginine modified 
KLD-12 peptide [20]

Inhibiting growth of 
E. coli, S. aureus, 
B. Subtilis, 
P. aeruginosa

Increasing ALP activity 
and expressions of 
Runx2, Col 1, and 
BMP-2

Rat calvarial 
osteoblasts

Human beta-defensin-2 
and -3 [21]

Decreasing viable 
S. aureus

Promoting bone healing 
in S. aureus- 
contaminated bone 
defects

Rat calvarial 
defect model

Peptide IDR-1018 [22] Improving S. aureus 
clearance

Preserving 
osseointegration

Murine model 
of implant 
infection
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promoted the proliferation of human bone marrow derived MSCs, increased ALP 
activity, enhanced the expression of COL I, OPN, osteoprotegerin, and stimulated 
mineralization, revealing that the coating stimulated osteogenic differentiation [28]. 
Wu et al. found that Cu-incorporated TiO2 coatings had potent antimicrobial ability 
against Escherichia coli, with an antibacterial ratio of above 90% at Cu concentra-
tions of 10 and 100 nM in vitro. The incorporated copper ions significantly enhanced 
the expression of the angiogenesis-associated Vegf and promoted the expressions of 
osteogenesis-related Opn, Bmp-2 and Col I as well as ALP activity of rat bone mar-
row stem cells, compared with the pristine coating, which revealed that copper 
stimulated the coupling activities of angiogenesis and osteogenesis [29].

The above in vitro investigations clearly demonstrated that Cu2+ possesses anti-
microbial and osteoinductive properties. Furthermore, in  vivo animal tests were 
employed to observe the bone restoration on the orthopedic implants. Prinz et al. 
reported that copper-coated nails, with an average copper load of 1 mg/mm2, pre-
vented bacterial infection of S. aureus. The copper-coated nails were used to repair 
the fractured tibia of female white New Zealand rabbits and promoted new bone 
formation through a stimulation of callus formation, which might be attributed to 
the enhanced angiogenesis activity stimulated by Cu2+ [30]. Ren et al. implanted the 
317L-Cu stainless steel (Cu-SS) into 2-month-old female Sprague Dawley rats and 
found more new bone tissue formed around the Cu-SS implant compared with the 
control 317L SS without Cu. The bone volume on the Cu-SS sample increased by 
10% at day 3 post-operation, while the bone volume on SS without Cu reduced by 
10% [31] (Table 3).

Cationic copper is able to kill bacteria via the mechanisms illustrated in Fig. 1. 
Through the generation of reactive oxygen species, copper damages the cell 

Table 3 Antimicrobial and osteoinductive Cu-containing materials

Materials
Antimicrobial 
effects Osteoinductive characterizations

Cell/animal 
models

Cu-containing 
mesoporous bioactive 
glass scaffolds [27]

Inhibiting bacterial 
viability of E. coli

Increasing expressions of ALP, 
OPN, and OCN; stimulating 
angiogenesis-associated HIF-1α 
and VEGF expression

Human bone 
marrow 
stromal cells

Cu-containing 
titanium surfaces [28]

Inhibiting growth of 
S. aureus

Increasing ALP activity, 
enhancing expressions of COL I, 
OPN, osteoprotegerin, and 
stimulating mineralization

Human bone 
marrow 
derived MSC

Cu-incorporated TiO2 
coatings[29]

Killing E. coli Promoting expressions of Opn, 
Bmp-2, and Col I as well as ALP 
activity; enhancing expressions 
of VEGF and HIF-1α

Rat bone 
marrow stem 
cells

Cu-coated nails [30] Preventing S. aureus 
attachment and 
biofilm formation

Stimulating bone formation Female white 
New Zealand 
rabbits

317L-Cu stainless 
steel [31, 32]

Killing S. aureus 
and E. coli

Stimulating APL activity and 
expressions of Runx2, Col I, and 
Opn

Mouse 
MC3T3-E1 
pre-osteoblasts
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membrane, enzymes [29], and nucleic acids, finally leading to bacterial death [8]. 
Copper not only has good biocompatibility [7], but also exhibits an osteoinductive 
property which might be attributed to the results that copper increased the expres-
sion of VEGF [29] and subsequently promoted bone regeneration through VEGF-
associated angiogenesis and osteogenesis [16] as illustrated in Fig. 6.

 Final Comment and Future Directions

Orthopedic implant-associated infections, especially caused by S. aureus, have been 
a serious clinical problem. Recently, the positively charged biomaterials have been 
explored and the research reveals that some cationic biomaterials possess both anti-
bacterial and osteoinductive properties and are capable of reducing bacterial infec-
tions and improving the osseointegration of the bone implants, simultaneously. In 
this chapter, we summarized the antibacterial and osteoinductive mechanisms of 
positively charged biomaterials and presented some studies about cationic antibac-
terial coatings with osteoinductive properties, which will offer some new clues for 
the design of novel antimicrobial materials and benefit the development of orthope-
dic biomaterials.

With the in-depth research on mechanisms of anti-bacteria and osteogenesis and 
the development of various new biomaterials, in the future, novel composite bioma-
terials consisting of antibacterial and osteoinductive cationic components will be 
applied to orthopedic biomaterials to prevent biofilm formation and increase osseo-
integration of implants. In addition, blood supply is of great importance in bone 
healing, and therefore the effect of cationic antimicrobial materials on acceleration 
of angiogenesis and osteogenesis will be a key concern on the development of 
advanced orthopedic biomaterials.
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Peptide-functionalized Biomaterials 
with Osteoinductive or Anti-biofilm 
Activity

Jennifer Patterson

Abstract Peptides are short sequences of amino acids. Peptides with biological 
functionality can be derived from the active domain of proteins or determined from 
peptide screening experiments. Combined with modern chemical techniques to 
facilitate peptide synthesis, this leads to peptide modification as an interesting 
approach to render synthetic biomaterials bioactive. Peptides have been used to 
functionalize implant surfaces as well as bulk biomaterials, and they can be incor-
porated within controlled release systems. This chapter considers both osteoinduc-
tive peptides and anti-biofilm peptides with the goals to improve bone regeneration 
and reduce implant-associated infection, respectively.

Keywords Peptide synthesis · Phage display · Surface modification · Hydrogels  
Nanofibers · Titanium · Controlled release · Osteoinductive peptides · Osteogenic 
differentiation · Bone morphogenetic protein · Osteogenic growth peptide  
Hydroxyapatite · Antimicrobial peptides · Anti-biofilm · Bone tissue engineering  
Dentistry

 Introduction

Proteins are the functional building blocks of cells and tissues. They are made up of 
differing combinations of 20 natural amino acids (Table 1), which have an amino 
group on one end, a carboxylic acid group on the other end, and a variable side 
chain coming off the central carbon atom. Within a protein or polypeptide, the 
amino acid residues are joined together by the formation of an amide bond between 
the carboxylic acid of one amino acid and the amino group of the next. The sequences 
of natural proteins are determined from the genetic code whereby DNA is first tran-
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scribed to messenger RNA and then translated to protein with each three-base-long 
codon specifying an amino acid. Similar to proteins, peptides are shorter chains of 
amino acids, also linked by amide bonds, that are typically less than 50 amino acids 
in length. With advances in chemical and molecular biology techniques, peptides 
can be chemically synthesized and modified, and de novo sequences can be 
designed. As a treatment strategy, peptides offer many of the advantages of protein 
therapeutics while addressing some of their limitations.

This chapter focuses on the use of peptides in biomaterial-based approaches for 
bone regeneration and anti-biofilm applications. First, a perspective is given on 
peptide design with two main approaches being the derivation of amino acid 
sequences from natural proteins and the screening of de novo libraries of peptides 
for specific functions. Then, relevant peptide synthesis techniques are presented 
along with chemical methods that allow functionalization of surfaces and bulk 
materials with peptides. The main focus of the chapter is the introduction of specific 
peptides from two main classes: osteoinductive peptides and anti-biofilm peptides. 
In both cases, in vitro assays to assess peptide activity as well as in vivo studies to 
demonstrate efficacy are presented. To date, however, few studies have combined 
osteoinductive peptides with antimicrobial peptides to stimulate bone formation 
while simultaneously reducing infection. The chapter concludes with some future 
perspectives on the topic.

Table 1 The 20 standard amino acids, their abbreviations, and types of side chains

Amino acid Three-letter abbreviation One-letter abbreviation Type of side chain

Alanine Ala A Hydrophobic
Cysteine Cys C Thiol
Aspartic acid Asp D Negatively charged
Glutamic acid Glu E Negatively charged
Phenylalanine Phe F Hydrophobic
Glycine Gly G None (hydrogen)
Histidine His H Positively charged
Isoleucine Ile I Hydrophobic
Lysine Lys K Positively charged
Leucine Leu L Hydrophobic
Methionine Met M Hydrophobic
Asparagine Asn N Polar uncharged
Proline Pro P Special
Glutamine Gln Q Polar uncharged
Arginine Arg R Positively charged
Serine Ser S Polar uncharged
Threonine Thr T Polar uncharged
Valine Val V Hydrophobic
Tryptophan Trp W Hydrophobic
Tyrosine Tyr Y Hydrophobic
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 Peptide Design

 Peptides Derived from Proteins

The primary structure of a protein is its chemical composition determined by the 
specific sequence of amino acids. Protein secondary structure, which includes units 
such as α-helices and β-sheets, arises from the organization of portions of the pro-
tein by weak intramolecular bonds, such as hydrogen bonding and ionic interac-
tions. Hydrogen bonding can occur between atoms on the protein backbone, but in 
other cases, these interactions are driven by the chemical composition of the side 
chains of the amino acids. With some exceptions, these side chains can be either 
positively or negatively charged, polar uncharged, or hydrophobic (Table 1). In de 
novo protein design, specifying the pattern of hydrophobic and hydrophilic amino 
acids in the protein sequence is in many cases sufficient to drive protein folding into 
α-helices [1] or β-sheets [2], as measured by circular dichroism. As with proteins, 
peptides with specific patterns of amino acids can self-assemble to form these struc-
tural units, such as RADA16 [RADARADARADARADA [3]; single-letter amino 
acid abbreviations used throughout this chapter, see Table  1] and Q11 
[QQKFQFQFEQQ [4]] that form β-sheets or LD6 [LIVAGD [5]] that forms α-helical 
intermediates. These self-assembling peptides have also been used to generate cyto-
compatible hydrogels for biomedical applications, but further discussion of their 
use is outside the scope of the current chapter.

Likewise, these interactions can occur intermolecularly, that is, between two pro-
teins, leading to receptor–ligand pairing or enzyme–substrate docking for example. 
As the amino acid sequences that are involved in these interactions are usually spe-
cific, they can serve as a starting point for the design of bioactive peptides that 
mimic these active domains of the protein. One of the most simple and commonly 
used peptide mimetics is the cell adhesive RGD sequence. RGD is found in several 
proteins including fibronectin, laminin, collagen, vitronectin, and others and medi-
ates cell attachment through various integrins on the surface of cells [6]. Cell attach-
ment to RGD is sequence specific, as evidenced by reduced binding to scrambled 
peptides such as RDG, and exposure to soluble RGD causes cells to detach from 
their substrate [6]. Functionalization of an otherwise nonadhesive biomaterial with 
RGD will allow cells to attach to and spread on or within the material. Patterning of 
RGD can also restrict cell attachment to specific areas, as has been shown by observ-
ing encapsulated cell spreading in inert poly(ethylene glycol) (PEG) hydrogels 
compared to PEG hydrogels with uniform functionalization with RGD and with 
spatially patterned RGD (Fig. 1) [7].

Besides RGD, there are a number of other integrin binding peptides that can be 
used as cell adhesion ligands, as summarized in Table 2. The use of integrin-binding 
peptides is a generic strategy in tissue engineering approaches, as most cell types 
are adherent and thus will attach, spread, proliferate, and migrate on the peptide- 
functionalized materials. Knowledge of the surface receptor profile of different cells 
can aid in the selection of which ligand or ligands to choose to be able to bind a 
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Table 2 Cell adhesion (integrin binding) peptides

Peptide 
sequence Binding partners Source and/or function References

RGD Several integrins Fibronectin and others [6]
YIGSR Integrins α1β1, α2β1 Laminin; binds endothelial cells [8–10]
VAPG Galactoside-binding 

protein
Elastin; binds smooth muscle cells [8, 11]

SIKVAV Integrins α3, α6, β1; αVβ3 Laminin; binds endothelial cells [12, 13]
RNIAEIIKDI Integrins α3β1, α6β1, 

α6β4, α7β1

Laminin [9]

EILDVPST Integrin α4β1 Fibronectin; binds lymphoid and tumor 
cells

[14]

KLDAPT Integrins α4, β1, β7 Fibronectin; binds lymphoid cells [15]
WQPPRARI Heparin-binding Fibronectin; binds endothelial cells and 

fibroblasts
[16]

PHSRN Integrin α5β1 Fibronectin [17]
AEIDGIEL Integrin α9β1 Tenascin-C [18, 19]
REDV Integrin α4β1 Fibronectin; binds endothelial cells [20]

specific cell type. These peptides can then be used to functionalize biomaterials in 
both 2D and 3D. For example, nanofibrous matrices were formed from the self- 
assembly of peptide amphiphiles functionalized with either YIGSR or VAPG. The 
materials presenting YIGSR enhanced the attachment of endothelial cells, whereas 
the matrices containing VAPG promoted greater spreading of smooth muscle cells 
[8]. Hydrogels formed from photo-cross-linked PEG diacrylate combined with 
VAPG-functionalized PEG monoacrylate were also shown to preferentially support 
attachment of smooth muscle cells over fibroblasts, endothelial cells, and platelets 
[11]. Further, SIKVAV-conjugated chitosan hydrogels were demonstrated to pro-
mote angiogenesis and re-epithelialization in vivo [12]. These cell adhesive peptides 

Fig. 1 Effect of the addition of RGD uniformly throughout compared to spatially patterned within 
PEG hydrogels that were formed by click chemistry on 3 T3 fibroblast spreading. (A) No RGD. 
(B) Uniform RGD. (C) Patterned RGD. The scale bars are 100 μm. (Reprinted by permission from 
Springer Nature, Nature Materials, ©2009 [7])
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can potentially be combined with peptides targeting other receptors, and the design 
of osteoinductive and anti-biofilm peptides that are based on naturally occurring 
domains within proteins are further described in sections “Osteoinductive Peptides” 
and “Anti-biofilm Peptides” of this chapter.

Moving beyond the direct use of peptides derived from natural proteins, these 
mimetics can be varied, often in a systematic way, by changing individual amino 
acids within the peptide sequence to increase or decrease the activity of the peptide. 
One good example of this is the use of collagen-derived peptides to explore the 
sequence specificity of matrix metalloproteinases (MMPs), which are a family of 
enzymes that are active during normal tissue remodeling processes and also in dis-
ease states. Starting from an eight-amino-acid-long MMP substrate sequence found 
in the α1 chain of type I collagen, GPQGIAGQ, Nagase and Fields systematically 
varied the amino acids in each position and found that the substitution of A with W 
led to increases in the Michaelis-Menten parameter kcat/KM and the relative rate of 
hydrolysis by MMP-1, MMP-8, and MMP-3 [21]. These peptide sequences were 
then used in innovative enzymatically degradable synthetic hydrogels formed by the 
Michael-type addition reaction of end-functionalized multi-arm PEG macromers 
with cross-linker peptides containing the MMP substrate sequences [22, 23]. Indeed, 
the hydrogels containing the modified GPQGIWGQ substrate degraded faster than 
the hydrogels containing the collagen-derived GPQGIAGQ sequence, and this 
allowed for faster remodeling of the matrix and migration of embedded fibroblasts 
(Fig. 2) [22]. These degradable hydrogels were also found to support bone forma-
tion in combination with the osteoinductive molecule, bone morphogenetic protein 
(BMP)-2 [23]. In a rat calvarial defect model, hydrogels that were not degradable 
but loaded with BMP-2 led to similar low amounts of bone formation as degradable 
hydrogels without BMP-2 (approximately 20% bone coverage); however, the 

Fig. 2 Fibroblast migration into PEG hydrogels prepared through a Michael-type addition reac-
tion with the MMP-sensitive GPQGIWGQ peptide cross-linker. (A) Phase contrast images after 1, 
3, 5, and 7 days with scale bar = 250 μm. (B) Confocal image showing cell membranes and nuclei 
with scale bar = 150 μm. (Reprinted with permission from [22]. ©2003 National Academy of 
Sciences, USA)
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hydrogels that were degradable and loaded with BMP-2 resulted in similar amounts 
of bone formation as the standardly used collagen sponge with BMP-2 (approxi-
mately 90% bone coverage) [23].

 Library Screening Approaches

It is also possible to design peptides completely from scratch, and several method-
ologies have been developed to screen libraries of peptides for specific biological 
activity. In fact, half of the 2018 Nobel Prize in Chemistry was jointly awarded to 
George P. Smith and Sir Gregory P. Winter for developing the technique of phage 
display of peptides [24] and antibodies [25]. Phage display utilizes gene editing of 
the coat proteins of bacteriophage to incorporate peptide sequences that are dis-
played as part of the coat proteins. These phage can then be screened against target 
molecules for an interaction of interest and further amplified. The DNA within the 
selected phage can finally be sequenced to determine the relevant peptide sequence. 
Phage display can be useful in determining substrate specificity of enzymes. For 
example, to determine mutant substrates that are not cleaved by an enzyme, the coat 
proteins are modified with the library of peptide sequences, each with a tag on the 
terminus to allow for separation using antibody-coated beads (Fig. 3). After incuba-
tion with the enzyme, the phage that are still attached to the beads can be separated, 
washed, amplified, treated with enzyme, and sorted again. After several rounds of 
sorting and amplification, the individual phage can be isolated and sequenced. This 
approach has been used to identify substrates that are less susceptible to cleavage by 
the metalloproteinase ADAMTS13 [26], and by changing the method to select the 
phage of interest, one can identify enzyme substrates that are preferentially cleaved, 
peptides that bind to specific proteins or other molecules, etc. [24].

An alternative to phage display for peptide design is mixture-based oriented 
peptide libraries [27]. The mixture-based oriented peptide library approach screens 
the peptides in solution and relies on peptide sequencing methods (Edman degra-
dation) to determine the sequence. It has been applied for determining enzyme 
substrates and protein interaction domains [28–31]. For example, to determine an 
enzyme substrate, in a first round, a totally degenerate peptide library with the 
amino (N-) termini acetylated is treated with the protease. The fragments that are 
generated have a free amine group on the N-terminus and are subjected to 
N-terminal sequencing. The amino acids that are most abundant in each position 
are then fixed in a second-generation library, which have the N-termini as free 
amines and the carboxy (C-) termini tagged with biotin. After cleavage with the 
protease, the C-terminal fragments and uncleaved peptides can be separated using 
immobilized avidin, and the N-terminal fragments can be sequenced. This approach 
has been used to generate substrates for a variety of MMPs [27]. Another approach 
to screen for enzyme substrates is a technique called cellular libraries of peptides 
substrates (CLiPS) [32]. A library of peptides containing potential substrates 
tagged with a ligand for a fluorescent probe are displayed on the surface of E. coli. 
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After treating the cells with the protease of interest, the intact peptides are able to 
be detected using fluorescence- activated cell sorting (FACS), and the clones with 
hydrolyzed substrates can be enriched by repeating this cycle several times. 
Compared to phage display and soluble peptide libraries, up to 104 copies of the 
substrate are displayed on a single cell, which allows quantitation of substrate con-
version for an individual clone [32].

These techniques are commonly used to identify peptides that bind to target recep-
tors or to natural ligands, for epitope mapping or mimicking, in drug discovery to find 
new enzyme inhibitors and receptor agonists and antagonists, for epitope discovery in 
vaccine development and diagnostics, and selection of DNA-binding motifs, among 
others [24]. Of relevance to biomaterials development, they have also been used to 
identify new substrates for various MMPs, such as MMP-2 [33], MMP-3 or -7 [34], 
MMP-11 [35], MMP-13 [36], and MT1-MMP [37]. These peptide substrates were 
evaluated with the PEG hydrogel system described above, and sequences resulting in 
hydrogels with increased susceptibility to MMP-1, MMP-2, or plasmin were identi-
fied [38, 39]. The faster degrading hydrogels supported increased proliferation of 
encapsulated fibroblasts as well as sprouting of endothelial cells in a chick aortic ring 

Fig. 3 Working principle of phage display. In this case, the substrates that are not cleaved by the 
enzyme ADAMTS13 are selected and amplified. (Reprinted under the terms of the Creative 
Commons Attribution License from Desch et al. ©2015 [26])
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outgrowth assay [38, 39]. Similar to the cell adhesion peptides already described, the 
functionalization of scaffolds with enzyme substrate peptides also provides a generic 
strategy to support the matrix remodeling, proliferation, and migration of cells within 
the matrix. More specific peptides that are osteoinductive or anti-biofilm, which have 
been found by library screening approaches, are detailed in sections “Osteoinductive 
Peptides” and “Anti-biofilm Peptides” of this chapter.

 Chemical Methods

 Peptide Synthesis

During protein translation from messenger RNA, the nascent protein chain is syn-
thesized from N- to C- terminus in the ribosome via the action of transfer RNA, 
which recognizes the codon in the RNA strand. A new amide bond is formed to 
attach the amino acid to the growing polypeptide chain. Specific codons initiate and 
terminate the synthesis of the protein. On the other hand, peptides are typically 
synthesized chemically using a technique called solid-phase peptide synthesis, 
which allows excess reagents and by-products of the reactions to be easily removed 
by washing and filtration after each step. They can also be synthesized in solution, 
although this requires additional work to separate the peptide intermediate after 
each step. In the case of solid-phase peptide synthesis, the peptide is synthesized on 
a solid support from the C- to N-terminus. Cleavable protecting groups typically 
block reactive functionalities on the side chains and amino group of the amino acid. 
The latter protecting group is often an Fmoc (base-labile) or Boc (acid-labile) group, 
which can be removed before the addition of the next amino acid. Merrifield was the 
first to describe the solid-phase peptide synthesis technique in 1963 [40], and the 
Fmoc/t-Bu orthogonal protecting group strategy has become the most common 
approach applied today. Solid-phase peptide synthesis typically proceeds by cou-
pling of the first amino acid to the supporting resin followed by a deprotection step 
to remove the Fmoc group. The next amino acid is added, followed by deprotection, 
and so on until the last amino acid or other N-terminal group is added. Then, the 
peptide is cleaved from the resin, and the protecting groups are also removed from 
the side chains. The peptide is typically purified by reversed-phase HPLC-MS, with 
the MS used to confirm the molecular mass of the synthesized peptide.

Important considerations when planning to synthesize a peptide include the gen-
eral synthesis strategy, the choice of protecting groups for the side chains, the resin 
used as solid support as well as how it is linked to the C-terminus of the peptide, and 
the choice of coupling reagents [41]. The speed and quality of solid-phase peptide 
synthesis can be improved by the application of microwave irradiation, which raises 
the temperature and helps to break up chain aggregation of the peptide intermedi-
ates [42]. The microwave energy reduces the reaction time for both the coupling of 
amino acids and also the removal of the Fmoc protecting group [42, 43]. Nevertheless, 
synthesis of longer peptides tends to result in lower yields, and some amino acids 
are more difficult to couple than others. As a result, chemical ligation strategies can 
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be used to join two shorter peptides together in solution phase. These methods result 
in the formation of amide or other chemical bonds between the two peptide seg-
ments, and typically chemoselective functional groups are chosen to allow ligation 
in the presence of the unprotected side chains on the peptides. Commonly used 
reactions include thioester ligation, thioether ligation, and imine ligation [44]. 
Enzyme-catalyzed methods, which have been primarily developed for ligation of 
proteins, can also be applied to peptides. For example, sortase A derived from 
Staphylococcus aureus recognizes and cleaves the LPxTG motif, which can be 
tagged on one peptide. The resulting thioester is then ligated to the N-terminus of a 
second peptide that starts with a G residue [45, 46]. The enzyme subtiligase, an 
engineered mutant of subtilisin, can also catalyze the reaction between a peptide 
thioester or peptide ester and the N-terminus of a second peptide [47, 48].

An advantage of solid-phase peptide synthesis is that it is not limited to the 20 natu-
ral amino acids, and in fact any compounds with appropriate reactive groups can be 
added to the peptide chain. Some examples are provided in Table 3. The functional 
group on the C-terminus of the peptide is usually determined by the choice of starting 
resin, and the N-terminus is often acetylated to block the reactivity of the amine group. 
Fluorescent labels or dyes can be incorporated into the peptides, including them as 
modifications on side chains or directly within the peptide chain if proper reactive 
groups are available. Examples of molecules used in this approach are summarized in 
Table 4. Fluorescent dyes such as fluorescein isothiocyanate (FITC), 5-carboxyfluo-
rescein (5-FAM), Dansyl, 5- (and 6-) carboxytetramethylrhodamine [5(6)-TAMRA], 

Table 3 Potential modifications to peptides prepared by solid-phase peptide synthesis

Modification Molecules

N-terminus Free amine, acetylation, Fmoc
C-terminus Free acid, amidation
d-form amino 
acids

d-Ala, d-Cys, d-Asp, d-Glu, d-Phe, d-His, d-Ile, d-Lys, d-Leu, d-Met, 
d-Asn, d-Pro, d-Gln, d-Arg, d-Ser, d-Thr, d-Val, d-Trp, d-Tyr

Phosphorylation pSer, pTyr, pThr
PEGylation PEGX

Cyclization Disulfide bridge

Table 4 Fluorescent tags for incorporation into peptides, their excitation (λex) and emission (λem) 
wavelengths, and their function

Fluorophore λex λem Function

Biotin NA NA Binding-tagged streptavidin
FITC 492 nm 515 nm Fluorophore, donor for FRET
5-FAM 492 nm 518 nm Fluorophore
Dansyl 333 nm 518 nm Fluorophore, FRET
TAMRA 546 nm 575 nm Fluorophore, acceptor for FRET
Dnp 350 nm NA Acceptor for FRET (quencher)
MCA 322 nm 390 nm Fluorophore, FRET with Dnp
5(6)-CR6G 522 nm 550 nm Fluorophore
DABCYL 428 nm NA Acceptor for FRET (quencher)
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7-methoxycoumarin-4-acetic acid (MCA), and 5- (and 6-) carboxyrhodamine 6G 
[5(6)-CR6G] have different excitation and emission wavelengths, and they can be 
selected to avoid overlap with tissue autofluorescence or with other fluorescent mol-
ecules used in a biomaterial formulation. Biotin can be incorporated for later tagging 
with fluorophores conjugated to streptavidin, and other molecules such as dinitrophe-
nol (Dnp) or DABCYL can be used as part of Forster energy resonance transfer 
(FRET) pairs. Some of these molecules can be used as an N-terminal modification by 
reaction of the molecule with the amine group at the end of the peptide as the last step 
during peptide synthesis. This reaction can be achieved through a carboxylic acid 
group already present in the molecule or by first modifying the molecule with a suc-
cinimidyl ester group, which can then react with the terminal amine group. 
Alternatively, the fluorescent molecule can be added to the side chain of a lysine resi-
due, and then this modified lysine can be incorporated anywhere in the peptide using 
standard coupling and deprotection reactions.

Labeling of peptides with fluorescent dyes can be a useful strategy for examining 
the loading and release of the peptide from a biomaterial carrier. For example, 
FITC-labeled peptides were used to track release from electrospun nanofibrous 
membranes and aerogels of poly(lactide-co-glycolide) (PLGA)/collagen/gelatin 
[49, 50]. A fluorescence plate reader can directly measure the concentration of the 
released peptide over time without the need for more complicated assays, such as 
ELISA, for the detection of the peptide. FRET pairs and dye quenching can also be 
used in peptide design to track spatial information about the peptides or peptide 
fragments. Fluorescent dyes and molecules that quench their fluorescence when in 
close proximity, such as the combination of fluorescein with DABCYL, can be 
incorporated on the opposite ends of enzyme substrate peptides similar to the ones 
described above. When the peptide is intact, the dye and quencher are close enough 
that there is no fluorescence; however, once the substrate is cleaved, the two frag-
ments can diffuse away from each other, and the fluorescence is restored. In addi-
tion to being useful for determining kinetic parameters of the enzyme substrate 
interaction in solution [21], this approach has been used to track the local degrada-
tion of a PEG hydrogel incorporating such peptides (Fig. 4) [51].

Fig. 4 Design and characterization of quenched fluorescent peptides as enzyme substrates. (a) 
Sequence and design of cleavable peptide and non-degradable control. (b) Degradation kinetics 
tracked by monitoring fluorescence over time. (Reprinted from Biomaterials, 34, Leight JL et al., 
Direct measurement of matrix metalloproteinase activity in 3D cellular microenvironments using 
a fluorogenic peptide substrate, 7344–52, ©2013 with permission from Elsevier [51])
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 Peptide Functionalization

In addition to synthesis of the desired peptide, it must be able to be chemically 
bound to or mixed in with the biomaterial while maintaining its biological activity. 
This can also influence the design of the peptide. For covalent binding of the pep-
tide, an appropriate reactive group or additional amino acids must be added to 
allow the reaction to occur. One example of this is the use of a peptide substrate, 
which can be covalently cross-linked through the action of an enzyme. One such 
substrate is NQEQVSP(L), which is derived from α2-plasmin inhibitor and is a 
substrate for the transglutaminase enzyme factor XIIIa. This peptide allows cova-
lent  cross- linking with some natural biomaterials, such as fibrin [52, 53], or with 
synthetic biomaterials that have a complementary substrate (FKGG) recognized by 
the enzyme [54]. For covalently bound peptides that act as a ligand, spacer amino 
acids may need to be added within the peptide to prevent steric hindrance interfer-
ing with receptor recognition. Cyclization of the peptide to constrain its presenta-
tion may also help to improve ligand–receptor interactions, as has been demonstrated 
with the RGD peptide [55]. For peptides that are active in soluble form, an MMP 
substrate can be added in the peptide sequence between the covalent attachment 
point and the peptide of interest to allow enzymatic cleavage and release of the 
peptide. For example, this has been done by adding the MMP substrate sequence 
PVGLIG to the N-terminus of osteogenic growth peptide (OGP) and then using 
carbodiimide chemistry to link the peptide to a partially oxidized form of alginate. 
Release of the peptide from the alginate matrix through the action of MMP-2 was 
confirmed [56].

In the PEG hydrogels prepared by a Michael-type addition reaction described 
above, a covalent bond was formed between the polymer and the peptides through 
the functionalization of the PEG with vinyl sulfone groups and the incorporation of 
cysteine residues, which have a reactive thiol group, in the peptides. This allowed 
both the functionalization of the PEG with the cell adhesive RGD peptide and the 
cross-linking of the PEG into an enzymatically degradable network using the sub-
strate peptides [22, 23, 38, 39]. Similar conjugation reactions can also be performed 
between maleimide groups and thiol groups [57]. This strategy has been used to 
functionalize surfaces with peptides, for example, with layer-by-layer films of 
peptide- grafted poly(allylamine hydrochloride) (PAH) [58] and maleimide self- 
assembling monolayers on quartz substrates [59].

Depending on the reactive groups present on the material, peptides can also be 
covalently attached via an amide bond using 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as coupling reagents to 
materials such as maleic anhydride-modified poly(lactic acid) (PLA) [60] or the 
carboxyl groups of partially oxidized alginate [56]. Typically, this approach relies 
on the reaction of an amine group coming from the N-terminus or a lysine side chain 
of the peptide with a carboxyl group on the material. Further, copper-catalyzed 
azide alkyne cycloaddition reactions can be used with azide-functionalized peptides 
and, for example, propargyl functionalized l-phenylalanine-based poly(ester urea)s 
[61]. Alternatively, the reactive groups can be switched between peptide and 
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polymer, as in the case of azidopropyl hyperbranched poly(arylene oxindole) func-
tionalization with 5-Hexynoic-RGDS [62].

For noncovalent binding of peptides, the peptides may be allowed to adsorb to 
the material or be mixed in during processing, so that they are entrapped in the 
matrix. Alternatively, the peptide can be modified with an affinity domain that pro-
motes noncovalent interactions with the material. For example, the addition of a 
highly negatively charged E7 domain, consisting of seven glutamic acid residues in 
a row, enables peptides to bind to calcium-based materials [63–66] or to pre- 
mineralized materials, such as PLGA/collagen/gelatin nanofibers [49]. For an anor-
ganic bovine bone graft material, coupling of a BMP-2-derived peptide to E7 led to 
increased loading and greater retention, even after 8 weeks of implantation in vivo 
[63]. Alternatively, the hydroxyapatite binding domain of statherin (N15 domain) 
was used to bind either PGRGDS or PDGEA (a cell adhesive peptide derived from 
type I collagen) to hydroxyapatite surfaces. The peptide-coated materials bound 
MC3T3-E1 osteoblasts via the αVβ3 integrin (for  PGRGDS)  and α2β1 integrin 
(for PDGEA) [67].

Other linkers, such as polydopamine, can be used to mediate peptide attachment 
to surfaces [68–72]. In one approach, the surface can be coated with polydopa-
mine, and then the peptide can be bound to the polydopamine coating [68]. 
Polydopamine coatings can be formed by dip-coating of a material in an aqueous 
solution of dopamine, which self-polymerizes, and they allow for further function-
alization via secondary reactions [73]. This methodology is inspired by the adhe-
sive proteins in mussels, which contain 3,4-dihydroxy-l-phenylalanine and lysine 
amino acids, and the covalent and noncovalent interactions that can occur with 
catechol compounds, and it is particularly interesting because it is compatible with 
a number of different inorganic and organic materials, such as metals, oxides, poly-
mers, and ceramics [73]. Alternatively, peptides can be functionalized with a short 
polydopamine tag that can then interact with surfaces via the catechol groups 
(Fig. 5) [70]. This approach has been used to functionalize otherwise inert titanium 
(Ti) surfaces with RGDS and OGP, which enhanced the attachment, proliferation, 
and osteogenic differentiation of bone marrow-derived mesenchymal stem cells 
(BM-MSCs) in vitro as well as improved osteogenesis and mechanical stability of 
peptide-coated screws implanted in the femoral condyles of New Zealand White 
rabbits in vivo [70].

 Osteoinductive Peptides

Peptide-functionalized materials provide an interesting approach to stimulate bone 
regeneration. In the fields of orthopedics and dentistry, peptides are relevant in two 
major ways. The first is to provide surface functionalization of the frequently 
Ti-based implants that are used as permanent implants. The use and characterization 
of Ti implants [74] as well as their combination with biopolymers [75] have been 
previously reviewed. The second is to use peptides in tissue engineering approaches. 
Typically, tissue engineering aims to combine cells, biomaterials, and biological 
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factors to create living implants that can repair or regenerate tissue function [76], 
and peptides are one means of providing these biological signals. In this case, tissue 
engineering scaffolds of a variety of materials have been modified and examined for 
their effects both in vitro and in vivo.

This section focuses on the application of peptides with osteoinductive capabili-
ties, that is, peptides that can promote the osteogenic differentiation of progenitor 
cells in vitro and can lead to de novo bone formation in vivo. While the cell adhesive 
and enzymatically degradable peptides discussed above as well as other peptides, 
such as pro-angiogenic peptides, can support tissue remodeling and repair more 
generally and thus are interesting to consider as part of treatments to regenerate 
bone, as considered in recent reviews [77, 78], in this section, peptides that influ-
ence bone progenitor cells are specifically considered. These peptides are derived 
from a number of sources including identification of active domains in BMP-2, 
BMP-7, and other osteogenic proteins. A number of osteogenic peptides, their 
sequences and variants, and their effects are briefly summarized in Table 5.

 OGP Peptides

Osteogenic growth peptide (OGP; ALKRQGRTLYGFGG) is a 14 amino acid pep-
tide derived from the C-terminus of histone H4. It is found naturally in soluble form 
in serum and has been shown to influence osteoblast proliferation and differentia-
tion [79]. OGP increased alkaline phosphatase (ALP) activity of MC3T3-E1 pre- 

Fig. 5 Cell adhesive (DOPA)4-G4-GRGDS and osteoinductive (DOPA)4-G4-YGFGG peptides that 
mimic mussel-derived proteins with catechol groups to enable coordination between the catechol 
groups and titanium oxide for surface functionalization of Ti cortical bone screws. (Reprinted with 
permission from [70]. ©2016 American Chemical Society)
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osteoblasts in  vitro and improved bone remodeling in  vivo in a rat mandibular 
condyle model when delivered systemically [79]. In addition, systemic administra-
tion of OGP has been shown to improve the structural and mechanical properties of 
the fracture callus in a rat model [93].

OGP has also been used with several biomaterials, both as a 2D surface modifi-
cation and for incorporation in a 3D scaffold [94, 95]. When OGP and its shorter 
variant, OGP(10–14) (YGFGG) [80], were tethered to 2D surfaces via click chem-
istry between an azide-functionalized peptide and an alkyne-terminated self- 
assembled monolayer (SAM), they led to increases in MC3T3-E1 attachment and 
proliferation in  vitro [96]. A similar approach has been used with azide- 
functionalized OGP and poly(ester urea) scaffolds via propargyl groups on the 
surface of the  scaffolds. This functionalization increased the differentiation of 
human mesenchymal stem cells (hMSCs), as demonstrated by increases in ALP 
activity, calcium deposition, and expression of osteogenic genes [61]. Carbodiimide 
chemistry has been utilized to link OGP(10–14) to maleic anhydride-modified 
PLA scaffolds, improving the proliferation, differentiation, and mineralization of 
neonatal rat calvarial osteoblasts [60]. Moreover, OGP has been used to function-
alize the surface of Ti implants through a polydomamine linker. In combination 
with the cell adhesive peptide RGD, the OGP-functionalized surfaces promoted 

Table 5 Osteoinductive/osteogenic peptides and their effects

Peptide Sequence Effects Reference

OGP ALKRQGRTLYGFGG
YGFGG (shorter variant) 

Osteogenic differentiation in vitro; 
bone formation in vivo

[70, 79, 
80]

BMP-2 
derived

NSVNSKIPKACCVPTELSAI Ectopic bone formation in vivo [81]

KIPKASSVPTELSAISTLYL Osteogenic differentiation in vitro; 
ectopic bone formation in vivo

[82]

DWIVA Osteogenic differentiation in vitro; 
increased bone formation in vivo

[83]

BMP-7 
derived

TVPKPSSAPTQLNAISTLYF Osteogenic differentiation in vitro [84]

GQGFSYPYKAVFSTQ (BFP-1) Osteogenic differentiation in vitro [85]
ETLDGQSINPKLAGL (BFP-3) Osteogenic differentiation in vitro [86]

BMP-4 
derived

RKKNPNCRRH Osteogenic differentiation in vitro 
(ERK1/2 activation); bone formation 
in vivo

[87]

BMP-9 
derived

KVGKACCVPTKLSPISVLYK Osteogenic differentiation in vitro; 
ectopic bone formation in vivo

[88, 89]

PTH1-34 SVSEIQLMHNLGKHLNS- 
MERVEWLRKKLQDVHNF

Orthotopic bone formation in vivo [90]

Others GTPGPQGIAGQRGVV (P-15) Proliferation in vitro; bone formation 
in vivo

[91]

GLRSKSKKFRRPDIQY- 
PDATDEDITSHM (CBM)

Mineralization in vitro and in vivo [92]

PFSSTKT (BMHP1) Osteogenic differentiation in vitro [59]
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cell attachment and mineralization in vitro, and functionalized Ti screws led to 
increased osseointegration, as shown by increased bone volume, bone-implant 
contact, and pull-out force (Fig. 6) [70].

Additionally, hydrogels have been formed using OGP(10–14) tethered to algi-
nate matrices by a protease-sensitive linker. Exposure to enzymatic treatment led to 
the release of the peptide and osteogenic differentiation of treated hMSCs. The 
MSC-laden, OGP-functionalized alginate hydrogels also resulted in ectopic bone 
formation in vivo [56]. Moreover, functionalization with OGP increased MC3T3-E1 
proliferation and alkaline phosphatase activity for cells cultured on hydrogels 
formed from the self-assembling peptide RADA16 [97].

 Peptides Derived from BMP-2

As BMP-2 is one of the most potent osteoinductive growth factors [98], peptides 
derived from BMP-2 have also been studied for their ability to stimulate osteogenic 
differentiation in vitro and bone formation in vivo. One of the first peptides derived 
from BMP-2 was a 20-amino-acid-long sequence (NSVNSK-IPKACCVPTELSAI), 
which led to ectopic bone formation in the calf muscle of rats when linked to an 
alginate hydrogel [81]. A peptide containing the motif DWIVA has also been dem-
onstrated to promote proliferation and osteogenic differentiation of MC3T3-E1 
cells  in vitro and to increase bone growth when conjugated to the surface of Ti 
implants used in mandibular bone defects in beagle dogs [83].

Fig. 6 Effect of OGP surface treatment of Ti bone screws on osteogenesis and mechanical stabil-
ity in a rabbit femoral condyle. (a) Reconstructed microCT images. (b) Quantitation of bone vol-
ume (BV)/total volume (TV) from microCT images. (c) Representative histological images stained 
with toluidine blue with 1 = untreated control, 2 = OGP, 3 = RGD, and 4 = OGP/RGD (3,1). (d) 
Quantification of bone-implant contact (BIC) from histological images. (e) Biomechanical pull- 
out testing. (Reprinted with permission from [70]. ©2016 American Chemical Society)
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The peptide KIPKASSVPTELSAISTLYL, derived from residues 73–92 of the 
knuckle epitope of BMP-2, has promoted ALP activity and osteocalcin gene expres-
sion by C3H10T1/2 cells in culture and, when combined with an alginate hydrogel, 
has led to ectopic bone formation in rat muscle tissue [82, 99] and accelerated bone 
formation in a rat tibial defect [100]. Entrapping the peptide in chitosan micro-
spheres that were then embedded in nano-hydroxyapatite/collagen/poly(lactic acid) 
(PLA) scaffolds provided controlled release of the peptide, which still retained its 
activity [101]. Further, grafting the peptide to self-assembled monolayers in combi-
nation with the cell adhesive RGD peptide led to the upregulation of bone sialopro-
tein expression as well as promotion of mineralization, even in the absence of other 
osteogenic supplements [102]. As has been shown with OGP, polydopamine has 
also been used to link the BMP-2-derived peptide to PLGA scaffolds [69, 71]. For 
example, the modified scaffolds promoted osteogenic differentiation of human 
adipose- derived stem cells (hADSCs) in culture and resulted in bone formation in 
calvarial defects in vivo [69].

The BMP-2-derived KIPKASSVPTELSAISTLYL has also been incorporated 
into surface coatings using electrostatic interactions. One way this has been achieved 
is by forming layer-by-layer films of PAH and poly(sodium 4-styrenesulfonate), 
with the peptide grafted on the PAH. The films were coated on electrospun mem-
branes of nano-hydroxyapatite and PLGA, and they promoted alkaline phosphatase 
activity by MSCs in vitro and bone formation in a rat calvarial defect in vivo [58]. 
A second method to immobilize the peptide is through the E7 calcium binding 
domain described earlier. E7-modified BMP-2- derived peptides have been bound to 
anorganic bovine bone [63], α-tricalcium phosphate (α-TCP) scaffolds [64], and 
even nanofibrous membranes of PLGA/collagen/gelatin that were pre-mineralized 
[49]. Nanofibrous aerogels of electropsun PLGA/collagen/gelatin and Sr-Cu-doped 
bioactive glass fibers were also functionalized with E7-BMP-2 peptides. The addi-
tion of the peptide increased bone formation in vivo in rat calvarial bone defects 
(Fig. 7) [50].

 Peptides Derived from BMP-7

Bone forming peptide-1 (BFP-1; GQGFSYPYKAVFSTQ) is derived from residues 
100–114 of BMP-7. Treatment with soluble BFP-1 led to increased ALP activity and 
calcium deposition by bone marrow stromal cells, and further these BFP-1- treated 
cells increased bone formation when injected subcutaneously in mice [85]. Likewise, 
hMSCs also showed increased ALP activity, calcium deposition, and osteogenic 
gene expression when cultured on nanofibrous scaffolds consisting of polycaprolac-
tone (PCL) functionalized with the peptide via a polydopamine linker. This enhance-
ment in osteogenic differentiation was also seen when the cells were cultured in 
medium lacking other osteoinductive factors [68]. Further, human- induced pluripo-
tent stem cells (hiPSCs) also increased ALP activity, calcium deposition, and osteo-
genic gene expression when cultured on 2D surfaces that had been functionalized 
with BFP-1 and carboxymethyl chitosan [72]. A second osteoinductive peptide, 
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BFP-3, was also determined from BMP-7 residues 250–265 (ETLDGQSI-
NPKLAGL ). It increased in vitro osteogenic differentiation of bone marrow stromal 
cells by increasing ERK1/2 and Smad1/5/8 phosphorylation [86].

 Peptides Derived from BMP-4 and BMP-9

Osteoinductive peptides have also been identified within BMP-9, including from the 
knuckle epitope, residues 68–87 (KVGKACCVPTKLSPISVLYK) [103]. In vitro, 
this peptide-induced gene expression of Runx2, osterix, type I collagen, and osteo-

Fig. 7 Calvarial bone regeneration induced by E7-BMP-2 peptide loaded aerogels. Radiographs 
of (A) untreated controls, (B) aerogel only control, (C) E7-BMP-2 peptide loaded aerogel group. 
Quantification of (D) regenerated bone volume and (E) bone formation area. (Reprinted with per-
mission from [50]. ©2018 John Wiley and Sons)
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calcin by MC3T3-E1 pre-osteoblast cells, and it activated the Smad pathway [89]. 
The phosphorylation of Smad1/5/8 was further enhanced when this peptide was 
presented in combination with a fibronectin-derived peptide containing both PHSRN 
and RGD ligands and functionalized on films of PCL [104]. When combined with a 
chitosan-based delivery system, the peptide induced ectopic bone formation in the 
quadriceps of mice. Interestingly, a collagen-based delivery system abrogated this 
response [88].

A heparin binding domain from residues 15–24 of BMP-4, RKKNPNCRRH, has 
been shown to have osteogenic activity. Administered in soluble form, the peptide 
promoted the osteogenic differentiation of hMSCs, as shown by increased matrix 
mineralization as well as upregulation of the osteogenic genes, ALP, osteopontin, 
and osteonectin. Phosphorylation of Smad 1/5/8 and MAPK was demonstrated by 
Western blotting and confirmed the activation of the ERK1/2 pathway. Further, 
when combined with an alginate hydrogel matrix, the peptide was able to stimulate 
in vivo bone formation in a rabbit calvarial defect model [87].

 Peptides Derived from Parathyroid Hormone

A peptide derived from parathyroid hormone residues 1–34 (PTH1–34; SVSEIQL- 
MHNLGKHLNSMERVEWLRKKLQDVHNF) has been used clinically as treatment 
for osteoporosis [105]. For stimulating bone regeneration, it has been covalently 
bound to an RGD-functionalized PEG hydrogel and been shown to lead to increases 
in in vivo bone formation, at levels similar to treatment with autologous bone, when 
implanted into alveolar bone defects surrounding standard Ti implants in a dog model 
[90]. Similarly, PTH1–34 was covalently bound to a fibrin matrix via an enzymatically 
degradable peptide linker, and this led to increased bone formation in defects of the 
femur and humerus of sheep [106]. The soluble form of PTH1–34 was also adminis-
tered via injection to determine dosing amount and frequency to improve bone healing 
in a mouse femoral allograft model [107]. Moreover, it was shown to protect against 
radiotherapy-induced trabecular bone loss in a rat model [108].

 Other Peptides

A number of other peptides have shown osteoinductive activity. Bone marrow 
homing peptide 1 (BMHP1; PFSSTKT), which was discovered from screening a 
phage display library, led to osteogenic differentiation of MSCs cultured on quartz 
substrates functionalized with the peptide [59]. The peptide P-15 derived from 
residues 766–780 of the type I collagen α chain (GTPGPQGIAGQRG-VV) accel-
erated bone formation in a rabbit calvarial defect model when it was coated on 
deproteinized bovine bone [91]. A collagen-binding motif (CBM) from osteopontin 
(GLRSKSKKFRRPDIQYPDATDEDITSHM) in combination with a type I collagen 
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matrix increased mineralization by cultured bone marrow stromal cells, as shown 
by calcein, Alizarin Red S, and ALP staining, as well as phosphorylation of 
Smad1/5/8 (Fig. 8). The peptide functionalized matrices also led to increased bone 
formation in rabbit calvarial defects [92].

 Use of Osteoinductive Peptides Clinically

The majority of peptides used to stimulate bone healing and regeneration have only 
been evaluated in vitro or in preclinical animal studies [109, 110]. Of the osteoinduc-
tive peptides discussed in this chapter, two have seen more extensive clinical use, 
PTH1–34 and P-15. In addition, chrysalin, also known as thrombin peptide 508 
(TP508), has been evaluated in Phase I/II clinical trials to treat distal radial fractures, 
showing reduced time to healing [111]. PTH1–34 has been approved for the prevention 
and treatment of osteoporosis clinically [105]. In a clinical study for the treatment of 
distal radial fractures, PTH1–34 shortened the time to healing with the lower of two 
doses tested [112] and appeared to improve early callus formation [113]. The use of 

Fig. 8 Effect of CBM on bone marrow stromal cells. (A) Micrographs of calcein staining (left 
panel), Alizarin Red S staining (middle panel), and ALP expression (right panel). (B) 
Quantification of ALP activity. (C) Western blot analysis for phosphorylated-Smad expression. 
(Reprinted from Biomaterials, 28, Lee J-Y et al., Assembly of collagen-binding peptide with 
collagen as a bioactive scaffold for osteogenesis in  vitro and in  vivo, 4257–67, ©2007 with 
permission from Elsevier [92])
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PTH1–34 in bone healing has also been documented in several case reports, including 
for sternal nonunion [114] and hip fracture [115], among others [110]. P-15 was 
combined with anorganic bone mineral and a hydrogel carrier material and tested in 
a clinical study for anterior cervical discectomy and fusion in comparison with auto-
graft. The radiographic fusion rates, clinical and patient- reported outcomes, and 
safety profile of the P-15 formulation were all similar to autograft bone [116]. In a 
first example of its use for orthopedic applications, again combined with anorganic 
bone mineral, P-15 has been tested in a pilot clinical trial to treat patients with mal-
union or delayed union fractures, leading to full consolidation in 90% of the cases 
[117]. In the oral cavity, P-15 in combination with anorganic bone mineral has been 
shown to lead to improved defect fill results when compared to anorganic bone min-
eral alone in a multicenter trial with 33 patients [118].

 Anti-biofilm Peptides

Biofilms are formed by the colonization of bacteria on surfaces and represent a 
leading cause of chronic and implant-associated infections clinically [119, 120]. 
They are characterized by the formation of aggregates of bacteria that encapsulate 
themselves in a dense extracellular matrix composed of polysaccharides, extracel-
lular DNA, proteins, and lipids [121]. As a result, bacteria in biofilms are 10- to 
1000- fold more resistant to antibiotics than planktonic (motile) bacteria [122, 
123]. Of relevance to biomaterials, biofilms can form on the surface of implanted 
medical devices, such as catheters, valves, stents, and orthopedic prostheses, and 
even of contact lenses [124]. In dentistry, the plaque that develops on the surface 
of teeth is also a biofilm [125]. Peptide-based treatments for preventing or elimi-
nating biofilms are becoming interesting due to the development of antimicrobial 
peptides, which demonstrate broad-spectrum activity against planktonic Gram-
positive and Gram-negative bacteria. A subset of these antimicrobial peptides 
have also demonstrated activity against bacteria in biofilms, both on their own and 
in combination with other antibiotics [126–132], and a number of examples are 
summarized in Table 6.

Antimicrobial peptides, a subset host defense peptides, are naturally produced by 
organisms including animals, fungi, plants, and bacteria, resulting in the identifica-
tion of more than 2000 such peptides [152]. Antimicrobial peptides typically act 
rapidly and have a broad-spectrum antimicrobial activity against planktonic cells, 
while host defense peptides also include those peptides that act as innate immune 
modulators through anti-infective, anti-inflammatory, wound healing, and/or anti- 
biofilm activities [153, 154]. Thus, these natural peptides are interesting to explore 
as potential therapeutics against biofilms. Alternatively, peptide screening methods 
can be used to identify peptides with antibacterial activity [155]. As the literature on 
antimicrobial peptides is vast, this chapter will focus on a few key examples of anti-
microbial peptides that are naturally derived or identified from peptide screening 
studies and have shown anti-biofilm activity. Additional emphasis will be placed on 
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peptides that have shown anti-biofilm activity in vivo in animal models or that have 
been used to modify biomaterial surfaces. Anti-biofilm activity is typically demon-
strated in vitro by the ability to kill multiple species of bacteria that can be present 
in biofilms, including Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 
species [131]. In vivo activity has primarily been tested in mouse skin wound or 
cutaneous abscess models as well as rat ureteral catheterization models. In addition 
to killing planktonic bacteria that can form or detach from biofilms as well as killing 
embedded bacteria, antimicrobial peptides can also act to interfere with bacterial 
adhesion and gene expression as well as influence the host response to the biofilm 
[127]. These latter activities can occur at concentrations much lower than the mini-
mum inhibitory concentration (MIC), which is usually used to characterize the 
effects of antimicrobial agents on planktonic bacteria [127] and provides a measure-
ment of anti-biofilm activity.

 LL-37, P10, AS10, and hep20 Peptides (Naturally Derived)

Of the many antimicrobial peptides, cathelicidin LL-37 (LLGDFFRKSKEKIG- 
KEFKRIVQRIKDFLRNLVPRTES) was one of the first human-derived peptides to 
demonstrate anti-biofilm activity. It can be found at mucosal surfaces and in the 
granules of phagocytes, and its concentration at sites of chronic inflammation is 
higher than baseline levels in most bodily fluids [146]. It is able to prevent biofilm 
formation in vitro at concentrations well below its MIC, and it can also reduce exist-
ing P. aeruginosa biofilms [146]. Shorter peptides derived from LL-37, such as P10 
(LAREYKKIVEKLKRWLRQVLRTL-R), have also shown antimicrobial activity. 
P10 was more effective at killing the methicillin-resistant S. aureus (MRSA) strain 
LUH14616 than LL-37, and it could eradicate MRSA strains LUH14616 and 
LUH15051 from thermally wounded human skin equivalents in vitro without show-
ing toxicity towards the fibroblasts and keratinocytes within the tissue models [147].

Likewise, the mouse cathelicidin-related antimicrobial peptide (CRAMP) has 
been shown to inhibit fungal biofilm formation [156]. Shorter peptides based on 
CRAMP, such as AS10 (KLKKIAQKIKNFFQKLVP), were also able to inhibit 
Candida albicans biofilm growth on Ti disks as well as formation of biofilms from 
other bacteria [134]. The study also tested the effect of AS10 on human osteoblasts, 
mesenchymal stromal cells, and endothelial cells in vitro and demonstrated no neg-
ative effects on cell viability. Further, AS10 did not interfere with calcium deposi-
tion by the osteoblasts or mesenchymal stromal cells or with tube formation by the 
endothelial cells, which suggests that AS10 could be used as an anti-biofilm coating 
on implants without affecting cells in the surrounding tissues [134].

A second human-derived antimicrobial peptide is hepcidin 20 (hep20; ICIFCC- 
GCCHRSHCGMCCKT), a 20-amino-acid peptide that is found in the liver. The 
related hepcidin 25 (hep25) is involved in the regulation of plasma iron levels by 
binding ferroportin on macrophages, enterocytes, and hepatocytes [157]. Both hep25 
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and hep20 have demonstrated antimicrobial activity against several bacterial strains 
[158] with hep20 also showing antifungal activity [159]. Hep20 inhibited biofilm 
formation of polysaccharide intercellular adhesion (PIA)-positive and PIA- negative 
clinical isolates of Staphylococcus epidermis, most likely by inhibiting the accumu-
lation of extracellular matrix within the biofilm [143].

 IDR-1018 and 3002 Peptides (from Peptide Library Screenings)

Innate defense regulator peptide 1018 (IDR-1018) and 3002 are two examples of 
peptides that have been optimized by peptide library screening methods. Starting 
from the bovine bactenecin derivative Bac2a (RLARIVVIRVAR-NH2), a library of 
over 100 peptides, each 12 amino acids long, was generated by performing point 
mutations, scrambling, and deletion of amino acids [160]. The immunomodulatory 
potential of the peptides from the library was evaluated by measuring the ex vivo 
induction of monocyte chemotactic protein 1 (MCP-1) and MCP-3 by human 
peripheral blood mononuclear cells, and IDR-1018 (VRLI-VAVRIWRR-NH2) 
resulted in a >50-fold increase compared to Bac2a [160]. IDR-1018 also exhibited 
broad-spectrum anti-biofilm activity towards P. aeruginosa, E. coli, A. baumannii, 
K. pneumoniae, MRSA, S. typhimurium, and B. cenocepacia when tested with 
sub- MIC concentrations [161]. It could also inhibit or eliminate biofilms, as dem-
onstrated by growing P. aeruginosa biofilms in continuous-culture flow cells in a 
minimal medium. The medium flowing through the cells was supplemented with 
IDR-1018 either during or after biofilm establishment, and in both cases, the treat-
ment led to thinner biofilms that lacked the structural features of mature biofilms 
or eliminated them entirely (Fig. 9) [161].

The sequence specificity of IDR-1018 was further explored by generating a sec-
ond peptide library that contained 96 peptides with single amino acid substitutions 
[133]. This library was SPOT-synthesized on cellulose arrays, and the ability to 
prevent MRSA biofilms was evaluated. The resulting data were fed into a quantita-
tive structure–activity relationship (QSAR) model, which predicted new peptides 
with anti-biofilm activity from an in silico library of 100,000 peptide sequences. 
The identified peptide 3002 (ILVRWIRWRIQW-NH2) was more effective than 
IDR-1018  in inhibiting biofilm growth and in eradicating pre-formed biofilms. 
Further, peptide 3002 was able to reduce abscess size in a mouse cutaneous model 
of high-density bacterial infection, an MRSA chronic infection model [133].

 DJK-5, DJK-6, and D-RR4 Peptides (d-Enantiomeric Peptides)

While peptides represent a potentially powerful therapeutic option, they have some 
drawbacks for use in vivo including degradation by proteases and inactivation in 
bodily fluids. The incorporation of non-natural amino acids into synthetic peptides 
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Fig. 9 Inhibition and eradication/reduction of biofilms of different bacterial strains by sub- 
inhibitory concentrations of peptide IDR-1018, as demonstrated in a flow cell assay. The scale bars 
are 30 μm. (Reprinted under the terms of the Creative Commons Attribution License from de la 
Fuente-Núñez et al. ©2014 [161])

can address some of these limitations by providing more stable variants, which may 
lead to increased activity [140–142, 162]. The synthetic antimicrobial peptides 
DJK-5, DJK-6, and D-RR4 have been developed including the d-enantiomeric form 
of amino acids and have shown strong anti-biofilm activity both in vitro and in vivo 
[140–142]. DJK-5 (vqwrairvrvir; d-amino acids) and DJK-6 (vqwrrirvw-vir; 
d-amino acids) were identified from screening a library of 12-amino-acid-long pep-
tides with the following design constraints: d-enantiomeric forms of only 9 amino 
acids (A, F, I, K, L, Q, R, V, W), 4 charged residues, 7–8 hydrophobic residues, and 
0–1 Q residues. DJK-5 and DJK-6 were identified as being able to inhibit biofilm 
formation by several common bacterial strains, at concentrations below their MIC, 
and to eradicate established biofilms [140]. Further, DJK-5 was shown to decrease 
abscess size and reduce bacterial burden in a mouse cutaneous abscess model 
induced by P. aeruginosa [141].

The peptide D-RR4 (wlrrikawlrrika-NH2; d-amino acids) was developed to be 
resistant to proteolytic digestion, as confirmed by stability in the presence of both 
bacterial (proteinase K) and mammalian (trypsin) proteases, and it remained active 
in the presence of physiologic concentrations of salt, serum proteins, and acidic pH 
[142]. It also showed reduced toxicity towards macrophages and keratinocytes when 
compared to the l-enantiomeric form of the peptide. The in vivo antibacterial activity 
of D-RR4 was demonstrated by increased survival and decreased bacterial burden of 
Caenorhabditis elegans worms infected with P. aeruginosa or A. baumannii, after 
treatment with the peptide [142].
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 BMAP28, Tachyplesin III, WRL3, and DRGN-1 Peptides 
(Evaluation In Vivo)

In vitro activity to inhibit or kill relevant bacterial strains as well as to inhibit or 
eradicate biofilms helps to demonstrate the potential of anti-biofilm peptides. 
However, ultimately, they must be effective in vivo, and thus the development of 
relevant animal models is important. As mentioned previously, the survival of C. ele-
gans worms and the reduction of cutaneous abscesses in mice are two examples of 
such in vivo models. However, they lack some of the complex features of implant-
associated biofilm formation and chronic infection. A more challenging model is an 
infected mouse burn wound model. In this case, a region of skin is first scalded and 
then infected with MRSA.  In addition to the size of the wound and the bacterial 
burden, the effects on host response [interleukin (IL)-6, IL-10, tumor necrosis factor 
(TNF)-α, and MCP-1 production] as well as angiogenesis can be evaluated. Using 
this model, the antimicrobial effects of an engineered amphiphathic peptide, WRL3 
(WLRAFRRLVRRLARGLRR-NH2), was demonstrated (Fig. 10). This confirmed 
its potential as an anti-biofilm agent as also shown by antimicrobial activity against 
MRSA and inhibition of biofilm activity in  vitro [151]. Likewise, DRGN-1 
(PSKKTKPVKPKKVA) enhanced healing in a mouse skin wound model that was 
infected with a biofilm containing both P. aeruginosa and S. aureus [163].

As catheters frequently develop biofilms, in vivo models have also been devel-
oped to study the effects of antimicrobial peptides on ureteral stent infection. These 
rat models have involved the implantation of ureteral stents either subcutaneously or 
in the bladder. The subcutaneous model was used to assess the effectiveness of 
stents coated with Tachyplesin III (KWCFRVCYRGICYRKCR-NH2), which is 
derived from horseshoe crabs and exhibits antimicrobial activity against P. aerugi-
nosa. After implantation of the Tachyplesin III-coated stent, P. aeruginosa was 
injected onto the implant surface. The Tachyplesin-III-treated group showed a 
reduction in bacterial count compared to uncoated stents, and this effect was further 
enhanced by co-treatment with intraperitoneal injection of piperacillin-tazobactam 
(TZP) [149]. On the other hand, the bladder implantation model was used with 
BMAP-28 (GGLRSLGR KILRAWKKYGPIIVPIIRI-NH2), a cathelicidin peptide. 
After implantation of the BMAP-28-coated stent, S. aureus or E. faecalis was inoc-
ulated into the bladder. The BMAP-28 coating reduced the bacterial counts for both 
strains compared to uncoated controls, and this level was further reduced by coad-
ministration of vancomycin intraperitoneally [137].

 Immobilization of Antimicrobial Peptides

A final consideration in the development of anti-biofilm peptides is their delivery 
mechanism. As biofilms tend to form on the surface of implanted devices, peptide 
immobilization techniques become relevant [164]. Antimicrobial peptides can simply 
be adsorbed on the surface of materials by soaking them in solutions of the peptides 
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[137, 149, 165]. Layer-by-layer films provide a next step in complexity of prepara-
tion and controlled release of the peptide. These films are formed from alternating 
deposition of cationic and anionic molecules (polymers or peptides) [166, 167]. 
For example, the thickness and stability of the coating, amount of peptide loaded, 
and the release rates of the antimicrobial peptide ponericin G1 (GWKDWA 
KKAGGWLKKKGPGMAKAALKAAMQ-NH2) were affected by the choice of 
polyanion used, and the film composition also influenced resistance to attachment 
of S. aureus [167].

Polymer brushes provide a means for covalent conjugation of antimicrobial 
peptides. Ti and quartz surfaces have been functionalized by surface-initiated 
polymerization of N,N-dimethylacrylamide and aminopropyl methacrylamide 
hydrochloride, resulting in a primary amine functionality. These amine groups 
were modified to maleimide groups, which then allowed the reaction with cyste-
ine-containing peptides [168, 169]. The presentation of antimicrobial peptide 

Fig. 10 In vivo antimicrobial activity of WRL3 as demonstrated in a mouse infected burn wound 
model. (A) Viable bacterial counts in colony-forming units (CFU). (B) Wound area measurements. 
(C) Images of wounded regions. (Reprinted with permission from [151]. ©2016 American 
Chemical Society)

Peptide-functionalized Biomaterials with Osteoinductive or Anti-biofilm Activity



156

Tet-20 (KRWRIRVRVIRKC) inhibited P. aeruginosa and S. aureus growth 
in vitro and S. aureus adherence in vivo on subcutaneous implants [169]. Similarly, 
an allyl glycidyl ether polymer brush with PEG-maleimide spacer was used to bind 
cysteine- containing peptides to polydimethylsiloxane (PDMS) surfaces [170].

As reduction in biofilm formation and improved osseointegration are important 
considerations for Ti orthopedic and dental implants, loading of antimicrobial pep-
tides in porous calcium phosphate (CaP) coatings on Ti surfaces has been explored. 
Coatings containing the peptide Tet213 (KRWWKWWRRC) demonstrated antimi-
crobial activity against S. aureus and P. aeruginosa bacterial strains while remain-
ing cytocompatible towards MG-63 osteoblast-like cells [171]. A similar coating 
loaded with HHC36 (KRW-WKWWRR) did not interfere with bone growth around 
press-fit grafts in a rabbit femoral defect model [172]. A more complex coating 
combining the CaP with vertically oriented TiO2 nanotubes and a phospholipid film 
were also able to provide sustained release and antimicrobial activity of HHC36 [173].

 Use of Anti-biofilm and Antimicrobial Peptides Clinically

Similar to the osteoinductive peptides, anti-biofilm peptides as well as antimicrobial 
peptides more generally have not yet resulted in many products for clinical use [174, 
175]. Of the peptides discussed herein, LL-37 has been tested in Phase I/II clinical 
trials to treat hard-to-heal venous leg ulcers. In this case, the LL-37 improved the 
healing rate constants [176], but the application was a topical treatment for wound 
healing and not treatment of biofilms. Polymyxin B and Polymyxin E (colistin) have 
been used clinically to treat drug-resistant infections resulting from Gram- negative 
bacteria [177–179]. However, the majority of antimicrobial peptides tested clinically 
have been used topically in clinical trials to treat infected diabetic foot ulcers, cath-
eter infections, and skin and fungal infections [175] and not for treatment and/or 
prevention of biofilms. While several anti-biofilm peptides show promise, clinical 
translation of antimicrobial peptides has met a number of regulatory hurdles [174].

 Conclusion/Summary and Future Perspectives

This chapter started out by introducing basic concepts in peptide design, from learn-
ing from nature and deriving peptides from active domains within proteins to utiliz-
ing peptide library screening methods to identify peptides with a desired response. 
Standard methods for peptide synthesis, most commonly solid-phase peptide syn-
thesis, and various techniques for functionalizing biomaterials with peptides were 
summarized. These chemical methods for peptide synthesis bring about additional 
opportunities in peptide design, as non-natural amino acids and fluorescent tags, 
among other molecules, can be incorporated during the synthesis. This allows for the 
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development of peptides that may be more stable or have higher activity than their 
naturally derived counterparts, and the possibility of adding dyes further provides 
simplified methods for detecting the peptides. These so-called peptidomimetics have 
started to be explored for their antimicrobial activities [126, 132, 180], and it would 
be interesting to explore further osteoinductive peptidomimetics. Covalent and non-
covalent binding of peptides to biomaterials also provides a means to localize the 
peptide and in some cases provide controlled release. It would also be interesting to 
explore osteoinductive and antimicrobial peptides in the context of other controlled 
release systems. For example, research is rapidly advancing in the development of 
stimuli-responsive systems that release their cargo in response to changes in tem-
perature, pH, light, etc., and conjugation to polymers or encapsulation in micro-/
nano-particles also provide a means for extended delivery of compounds [181].

Finally, this chapter focused on the development and application of two classes 
of peptides, those with osteoinductive and anti-biofilm activity. The osteoinductive 
peptides have been derived for a large part from the active domains of the different 
BMPs. Their activities have been demonstrated in vitro by stimulating osteogenic 
differentiation of different types of progenitor cells and in vivo by promoting bone 
growth, ectopically or orthopically. These peptides show promise to support osseo-
integration when functionalized on the surface of Ti or other inert implant materials. 
Further work to combine these peptides with newly developed biomaterial scaffolds 
[182, 183] would help to advance the field of bone tissue engineering. The anti- 
biofilm peptides presented have been developed from naturally occurring antimicro-
bial peptides as well as from screening of peptide libraries. Candidate peptides have 
shown activity against several strains of bacteria that are involved in biofilm forma-
tion, and they have also been shown to reduce bacterial burden or wound size in 
in vivo models. Development of more complex animal models that mimic the clini-
cal conditions of biofilm infection would help to further identify and characterize 
peptides with anti-biofilm activity. Last but not least, the combination of osteoin-
ductive and anti-biofilm peptides would allow for the development of materials that 
stimulate bone formation while simultaneously protecting against chronic infection. 
Anti-biofilm peptides have clearly been intended for orthopedic [184] and dental 
applications, as they have been studied while functionalized on Ti surfaces. Full- 
length BMPs have been combined with antibacterial agents, such as vancomycin 
and silver (Ag+) [185], so the combination of osteoinductive and anti-biofilm pep-
tides, functionalized on the surface of permanent implants or implemented in tissue 
engineering scaffolds, is a logical next step.
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Coatings on Titanium Implants with Both 
Self-Antibacterial and Osteoinductive 
Properties
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Abstract Bacterial infection and lack of osteoinductive ability are the major con-
cerns of titanium-based bone implants. This chapter describes the construction of 
bio-functionalized ZnO coatings with both self-antibacterial and osteoinductive prop-
erties on titanium implants. To obtain ZnO-modified coatings with strong binding 
forces with substrates, two preparation methods are presented including atomic layer 
deposition and laser cladding techniques. Next, the antibacterial and osteoinductive 
properties of ZnO-based coatings are described including Ag/ZnO/hydroxyapatite-
 Ti, Ti-ZnO/polydopamine/arginine-glycine-aspartic acid-cysteine and poly(lactic-co-
glycolic acid)/Ag/ZnO-Ti. We summarize the balancing strategies of reducing 
cytotoxicity of ZnO to bone cells and enhancing its toxicity towards bacteria.

Keywords Titanium implant · ZnO · Self-antibacterial · Osteoinductive · Atomic 
layer deposition · Laser cladding · Controlled release · Balancing

 Introduction

It is well known that zinc ions possess both antibacterial and osteoinductive proper-
ties. The appropriate amount of zinc incorporated on the surface of implants can 
improve bone tissue integration and inhibit bone resorption [1, 2]. However, these 
biological functions are associated with release behavior because the excess release 
of zinc ions and related reactive oxygen species (ROS) can produce high  cytotoxicity 
and thus inhibit the functions of improving bone formation [1]. On the contrary, 
high concentrations of zinc ion are helpful to its antibacterial effect. To address this 
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problem, the key point is to weaken the cytotoxicity of zinc ions towards bone cells 
and to enhance its toxicity towards bacteria to achieve both antibacterial and osteo-
inductive properties simultaneously.

As a promising zinc source, ZnO can be incorporated into and onto the coating 
of implants. From our previous investigations, we mainly chose two strategies to 
incorporate ZnO in the coating of Ti implants including atomic layer deposition 
(ALD) and laser cladding techniques [3, 4]. The ALD technique was first applied by 
Suntola et al. in 1970s [5]. Through two successive and cyclic sequentially self- 
limiting half-reactions, a controllable film can be prepared by a layer-by-layer mode 
on the surface of a substrate. Different from other methods such as vapor deposition, 
the thickness of the deposited film can be adjusted precisely through ALD at a 
monolayer level. Moreover, ALD can be operated under low deposition tempera-
tures (even below ambient temperature), which makes it practicable to modify some 
thermal-sensitive substrates such as polymers [6]. As for the laser cladding method, 
it can increase the specific surface area, change the surface roughness, and increase 
the wettability of implants to influence the attachment and differentiation of bone 
cells [7]. Moreover, some ceramic powders such as hydroxyapatite (HA) can be 
fixed tightly on the surface of implants through laser melting [4, 8].

ZnO possesses good antibacterial ability through releasing Zn2+ and ROS or 
contact- killing. But the obvious cytotoxicity induced by a high concentration of 
Zn2+ and ROS can induce cell apoptosis and inhibit osteogenesis [1]. As for decreas-
ing cytotoxicity of zinc ions to bone cells, we summarize three strategies according 
to our previous studies as follows: (1) chelating Zn2+ through coordination with a 
biocompatible coating; (2) reducing the produced ROS using an antioxidant; and (3) 
controlling the release behavior of Zn2+ and extending the release period [1, 4, 9, 
10]. In order to balance the cytotoxicity and antibacterial activity of ZnO, the anti-
bacterial performance of ZnO needs additional enhancement after the above treat-
ments. Generally, Ag nanoparticles can be added to improve the antibacterial 
efficacy. Due to the synergistic antibacterial effect of Ag and Zn, only a small 
amount of Zn2+ and Ag nanoparticles is needed to kill bacteria efficiently [4, 9]. 
Besides, the additional antibacterial agents are not limited to Ag [10, 11]. Herein, 
we introduce two strategies of fabricating ZnO-decorated coatings on Ti implants 
and describe their antibacterial and osteoinductive behavior.

 Fabrication and Characteristics of ZnO-Decorated Coatings 
on Ti Implants

The atomic layer deposition (ALD) technique is proven to be a promising strategy 
to fabricate a ZnO film on the surface of Ti implants. During deposition, diethyl zinc 
and H2O are used as Zn and O precursors, respectively. Since the thickness of ZnO 
films is dependent on the cycle times, the content of ZnO on Ti implants can be well 
adjusted to control their biological functions. Based on this method, ZnO nanofilms 
could be deposited on the surface of carbon nanotubes/chitosan (CNT/CS) or titania 
nanotubes (TNTs) coatings [3]. Figure 1a shows the modified CNT/CS coating on 

L. Tan et al.



171

the Ti implant via electrophoretic deposition. After depositing ZnO through the 
ALD technique, the dense nanoparticles distributed on CNT/CS were observed 
(Fig. 1b). From the X-ray photoelectron spectroscopy (XPS) results (Fig. 1c), the 
detected Zn element further proved the successful modification of ZnO nanofilms. 
The content of Zn increased with cycle times indicating that the content of ZnO 
could be regulated. Figure 1d shows the TNTs-Sr array on a Ti implant. It can be 
observed that the orifices of TNTs-Sr became rough after ZnO deposition (Fig. 1e). 
The signal of the Zn element was also detected by an energy dispersive spectrome-
ter (EDS) [12]. Obviously, the ZnO nanofilms can be deposited uniformly on the 
surface of organic or inorganic coatings via the ALD technique.

Moreover, ZnO nanorods (NRs) arrays could grow from the ZnO seed layer 
(ZnOs) obtained by the ALD through hydrothermal method. 
 Arginine-glycine- aspartic acid-cysteine (RGDC) peptide was covalently modified 
with Ti-ZnO/polydopamine (PDA) to improve osteogenesis (Fig. 2a). As shown in 
Fig. 2b, the size of ZnOs on Ti plate was around 20 nm. The hexagonal ZnO NRs 
with a 100 nm diameter were observed (Fig. 2c). Compared with ZnOs that is the 

Fig. 1 FE-SEM images of (A) CNTs/CS and (B) CNTs/CS-ZnO (300 cycles). (C) XPS spectra of 
alkali-heat-treated Ti (AHT), CNTs/CS, CNTs/CS-ZnO (30 cycles), CNTs/CS-ZnO (100 cycles), 
and CNTs/CS-ZnO (300 cycles) [3]. (Copyright 2016. Adapted with permission from the Elsevier 
and Copyright Clearance Center.) FE-SEM (insert), EDS, and TEM images of (D) TNTs-Sr and 
(E) TNTs-Sr/ZnO [12]. (Copyright 2017. Adapted with permission from the Elsevier and Copyright 
Clearance Center)
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ZnO seed layer (ZnOs) on Ti substrate obtained by ALD, ZnO NRs on Ti plate 
possessed a higher specific surface area and thus provided more active sites to 
improve the antibacterial performance and to increase the content of the modified 
RGDC. After the modification of PDA or RGDC, the surface of ZnO NRs became 
rougher (Fig. 2d, e). From the SEM image section (Fig. 2e1), the length of ZnO/
PDA/RGDC NRs was approximately 2 μm. The detected S element proved the 
successful modification of RGDC (Fig. 2e2) [1].

In addition to the above methods of preparing ZnO films, our previous investiga-
tion shows that ZnO also can be incorporated with hydroxyapatite (HA) and Ag 
nanoparticles onto Ti6Al4V (Ti6) implants through laser cladding. The prefabri-
cated Ag/HA and ZnO nanoparticles were first mixed and dispersed in deionized 
(DI) water. Then AgxZnOyHA dispersion was added to the surface of Ti6 and dried 
in a vacuum prior to laser cladding. The content of each component can be adjusted 
in the mixed powders for further antibacterial and osteoinductive investigation. The 
AgxZnOyHA modified Ti6 by laser cladding is shown in Fig. 3a. A regular texture 

Fig. 2 (A) Schematic illustration of the fabrication process of the hybrid ZnO/PDA/RGDC NR 
arrays on Ti. FE-SEM images of (B) Ti-ZnOs (scale bars = 100 nm), (C) Ti-ZnO, (D) Ti-ZnO/
PDA, and (E) Ti-ZnO/PDA/RGDC. (E1) Cross-sectional image of Ti-ZnO/PDA/RGDC. (E2) 
Elemental mapping of Ti-ZnO/PDA/RGDC, (scale bar  =  100  nm (inset figure  =  1  μm)) [1]. 
(Copyright 2017. Adapted with permission from the American Chemical Society)
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with parallel ridges was observed due to the back and forth movement of the laser 
spot which led to rapid melting and freezing of the composite on Ti6. The bulging 
areas of zone 1 (Fig. 3b) were attributed to the molten peaks while the flat areas of 
zone 2 (Fig. 3c) exhibited a loccular morphology, suggesting that the laser cladding 
can change the surface roughness of Ti6. From the section of the SEM image of 
AgxZnOyHA-Ti6 (Fig. 3d), the cladding with a 460 μm depth can be observed. 

Fig. 3 (A) SEM image showing the surface morphology of the Ag5ZnO5HA-Ti6 (5:5:90, wt%) 
composite coating. (B) SEM image of bulging area (zone 1). (C) SEM image of the flat area 
(zone 2). (D) Cross-sectional SEM micrograph. (E) Elemental distribution by EDS [4]. (Copyright 
2018. Adapted with permission from the American Chemical Society)
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For the sample of the Ag5ZnO5HA-Ti6 sample, the EDS images showed that the 
elements of Ca, P, Ti, Zn, and Ag were uniformly distributed in the coating, indicating 
that these biofunctional elements were successfully introduced (Fig. 3e) [4].

 Antibacterial Behavior Investigation

As we know, Zn2+ has antibacterial activity which is highly related to its content. 
However, high content or fast release can result in high cytotoxicity and cannot 
improve osteogenesis effectively. Benefiting from the laser melting of ZnO with 
coatings, the ZnO had a strong binding force with the coating. Therefore, the Zn2+ 
could be released slowly for 20 days (Fig. 4a). Whereas, the slowly release Zn2+ 
could not kill Escherichia coli (E. coli) or Staphylococcus aureus (S. aureus) effi-
ciently. From Fig. 4b, c, the addition of Ag significantly increased antibacterial effi-
ciency. On the contrary, the ZnO also could reduce the usage of Ag to lower its 
toxicity [4].

Due to the high specific surface area of ZnO NRs arrays on Ti (Ti-ZnO), the 
antibacterial performance of different modified ZnO NRs arrays were also investi-
gated. Before that, the release behavior of Zn ions and ROS were first studied. As 
shown in Fig. 5a, a1, the release amount of Zn2+ in each group was similar, but the 
slight increased release of Zn2+ in Ti-ZnO/PDA-RGDC was due to that of the oxida-
tion product of PDA which decreased the pH value (Fig.  5b, e). The decreased 
absorbance and faded color of PDA in the presence of Ti-ZnO demonstrated the 
antioxidant effect of PDA (Fig. 5c, d). Moreover, the electron spin resonance (ESR) 
results showed that Ti-ZnO generated an obvious more hydroxyl radical compared 
with Ti-ZnOs due to its higher specific surface area. However, the hydroxyl radical 
was decreased when PDA was introduced, which might weaken the antibacterial 
performance of Ti-ZnO (Fig.  5f). Besides, the released Zn2+ from Ti-ZnO/PDA 
could be chelated with the pyrocatechol of PDA (Fig.  5g, h), which thus might 
reduce the cytotoxicity [1].

Fig. 4 (A) Release of Zn2+ from different ZnO nanoparticles (NPs). (B) Antibacterial efficiency of 
the samples compared to Ti6 for E. coli. (C) Antibacterial efficiency of the samples for S. aureus. 
The error bars indicate mean ± standard deviations: ∗∗∗P < 0.001 vs. L-Ti6 (t test) [4]. (Copyright 
2018. Adapted with permission from the American Chemical Society)
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The antibacterial behavior of samples was investigated by the spread plate 
method. As shown in Fig. 6a, the antibacterial rate of Ti-ZnO was much higher than 
Ti-ZnOs, indicating that ZnO NRs possessed better antibacterial ability. After modi-
fying with PDA and RGDC, the antibacterial rates decreased but were still higher 
than 72%. From Fig. 6b, the antibacterial rate of Ti-ZnO/PDA-RGDC was much 
higher than Ti-ZnOs/PDA-RGDC [1].

Fig. 5 (A) Cumulative zinc ion release curves of Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC 
after immersion at 37 °C for 90 days. (A1) Short-term release; (B) pH values of the liquids corre-
sponding to (A1). Degradation of PDA: (C) UV-vis absorption spectra, (D) corresponding photo-
graph, (E) chemical degradation pathway of PDA by H2O2. (F) ESR spectra of Ti, Ti-ZnOs, 
Ti-ZnO, Ti-ZnO/PDA, and Ti-ZnO/PDA/RGDC. (G) HNMR spectra of PDA and PDA/ZnO [1]. 
(H) Structure of the Zn-PDA complex [1]. (Copyright 2017. Adapted with permission from the 
American Chemical Society)
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Since the Ti-ZnOs/PDA-RGDC and Ti-ZnO/PDA-RGDC exhibited similar Zn2+ 
and hydroxyl radical release behavior, we speculated that the bacteria were 
 physically punctured by Ti-ZnO/PDA/RGDC, which was proved by the TEM 
images of bacteria. As shown in Fig. 7, the bacteria treated by Ti-ZnO/PDA/RGDC 
showed obvious damages and were punctured by the needle-like NRs. Besides, the 
Zn2+ content was also higher than the Ti-ZnOs/PDA-RGDC group. These results 
showed that the physical puncture behavior and Zn2+ release of NRs had a synergis-
tic antibacterial effect [1].

We also utilized poly(lactic-co-glycolic acid) (PLGA) to modify the ZnO NRs 
arrays because PLGA not only can control the release behavior of Zn2+ but can also 

Fig. 6 (A, B) Antibacterial activity of the different samples. (C) Cumulative zinc ion release 
curves of Ti-ZnOs/PDA/RGDC and Ti-ZnO/PDA/RGDC after immersion at 37 °C for 1 day. (D) 
ESR spectra of Ti, Ti-ZnOs/PDA/RGDC and Ti-ZnO/PDA/RGDC.  The error bars indicate 
mean ± standard deviations: ∗P < 0.05 and ∗∗∗P < 0.001 (t test) [1]. (Copyright 2017. Adapted 
with permission from the American Chemical Society)
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reduce the cytotoxicity of ZnO NRs. The ZnO NRs surface showed a hydrophobic 
property due to its special nanostructure. The introduction of PLGA could increase 
the wettability of implant surfaces and thus be a benefit to the bone cell adhesion. 
However, the antibacterial ability of ZnO NRs was also weakened due to the cover-
age of PLGA. Our previous work showed that the antibacterial rate decreased from 
94.1% to 70.3% against S. aureus after the modification of PLGA (PLGA/ZnO-Ti). 
Figure 8a, b shows that the surface of ZnO NRs was almost covered completely by 
a thick film after spinning PLGA. Unlike Ti-ZnOs/PDA-RGDC, the NRs structure 
was not maintained on the surface of PLGA/Ag/ZnO-Ti. The antibacterial perfor-
mance of PLGA/ZnO-Ti is mainly attributed to the released ROS and Zn2+ but not 
the physical puncture effect. Similar to the abovementioned results, the introduction 
of Ag nanoparticles can further increase the antibacterial rate [9].

 Osteoinductive Behavior Investigation

In addition to self-antibacterial property, the cytotoxicity and osteoinductive proper-
ties of Zn2+ cannot be ignored. The osteoinductive property of ZnO is attributed to the 
fact that the released Zn2+ can promote bone formation. However, high concentration 

Fig. 7 TEM images of ultrathin section (about 70 nm) and the corresponding EDS of S. aureus 
and E. coli treated with Ti, Ti-ZnOs/PDA/RGDC, and Ti-ZnO/PDA/RGDC (scale bars = 500 nm) 
[1]. (Copyright 2017. Adapted with permission from the American Chemical Society)

Construction of Bio-functionalized ZnO Coatings on Titanium Implants with Both…



178

of Zn2+ can induce cytotoxicity and inhibit cell growth and bone tissue formation. 
We know that high concentration of Zn2+ possesses strong antibacterial ability. 
Therefore, how to use Zn2+ appropriately should be of concern. In the case of laser 
cladding method, the Zn2+ from Ag0ZnO10HA-Ti6 released quickly with cumula-
tive concentration of 1.91 μg/L on day 4 because of some decorated ZnO on the 
surface, which was still lower than the safe concentration of 3 mg/L provided by 
the World Health Organization. Besides, quick release of Zn2+ is helpful to early 
infection prevention. After 4 days, the Zn2+ released slowly and steadily due to the 
strong fixation of ZnO in the composite coating (Fig.  4a). Benefiting from the 
release behavior of Zn2+, the Ag0ZnO10HA-Ti6 exhibited high cell viability after 
1, 3, or 7 days culture (Fig. 9a). It also showed that the alkaline phosphatase (ALP) 
activity of Ag0ZnO10HA-Ti6 was higher than the untreated Ti6, laser-treated Ti6, 

Fig. 9 (A) Cell viability assessed by MTT after culturing for 1, 3, and 7 days. (B) Cell osteogen-
esis evaluated by the ALP activity assay for 3, 7, and 14 days. The error bars indicate mean ± stan-
dard deviations: ∗P < 0.05, ∗∗P < 0.05, and ∗∗∗P < 0.001 vs. Ti6 (t test) [4]. (Copyright 2018. 
Adapted with permission from the American Chemical Society)

Fig. 8 (A) Morphological and microstructural characterization by the SEM image of ZnO 
nanorods. (B) SEM image of PLGA/3Ag/ZnO nanorods composite coating [9]. (Copyright 2017. 
Adapted with permission from the Elsevier and Copyright Clearance Center)
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and HA-treated Ti6 on day 7 and day 14, suggesting that the osteogenesis ability of 
coating was obviously improved by the laser fixed ZnO. The appropriate addition 
of Ag nanoparticles not only did not influence the osteogenesis ability (Fig. 9b) but 
also showed efficient antibacterial performance [4].

As for ZnO NRs (Ti-ZnO), they exhibited high cytotoxicity after 1, 3, and 7 days 
towards MC3T3-El osteoblasts, which led to the lowest ALP expression. Although 
they could release Zn2+, the osteoinductive behavior was mainly dominated by its 
high cytotoxicity. The cytotoxicity of ZnO was significantly decreased by the modi-
fication of PDA (Fig. 10a). We found that the ZnO NRs arrays could puncture bac-
teria but not osteoblasts, which could be explained by the fact that the size of 
osteoblasts is larger than bacteria and the bacteria were selectively punctured by 
ZnO NRs. After that, the ALP activity of Ti-ZnO/PDA increased compared to 
Ti-ZnO due to a decreased cytotoxicity and released Zn2+ from ZnO NRs (Fig. 10b). 
The modified RGDC further increased the ALP activity because it could promote 
cell attachment and improve osteogenic ability. The results of Alizarin Red staining 
and osteoblast-related gene expression further proved the great osteoinductive prop-
erty of Ti-ZnO/PDA/RGDC (Fig. 10c–f) [1].

A bone implantation experiment in vivo was also conducted and we studied the 
osteoinductive property of Ti-ZnO/PDA/RGDC after 4 weeks. The results of micro-
 CT and Van Gieson’s picro fuchsin staining showed that the newly formed bone 
tissues on the surface of implants obviously increased compared to Ti, suggesting 
that the decorated RGDC and released Zn2+ from ZnO NRs could accelerate osseo-
integration of the implants in vivo (Fig. 11) [1].

Fig. 10 (A) MTT assay of cell viabilities cultured in the medium with different samples after 1, 3, 
and 7 days. (B) Specific ALP activities of MC3T3-El osteoblasts cultured in the medium with dif-
ferent samples after 1, 3, and 7 days. (C) Quantitative measurement of the Alizarin Red staining 
after 7 and 14  days. Quantification of the osteoblast-related gene expressions of (D) ALP, (E) 
RUNX2, (F) OCN on Ti, Ti-ZnO, and Ti-ZnO/PDA/RGDC using normalization against a β-actin 
reference on the 7th and 14th day. The error bars indicate mean ± standard deviations: ∗P < 0.05, 
∗∗P < 0.05, and ∗∗∗P < 0.001 (t test) [1]. (Copyright 2017. Adapted with permission from the 
American Chemical Society)
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 Conclusion

This chapter focuses on the construction of bio-functionalized ZnO coatings with 
both self-antibacterial and osteoinductive properties on titanium implants. A laser 
cladding method fixed the ZnO tightly on the surface of substrates, which controlled 
the release of Zn2+ and thus showed great biocompatibility and improved the osteo-

Fig. 11 (A) Micro-CT 2D and 3D images of new bone formation around the Ti and Ti-ZnO/PDA/
RGDC implants in the rabbit femur 4 weeks after implantation. (B) Quantitative measurement of 
micro-CT 3D images of bone remodeling. (C) Histological characteristics at the bone-implant 
interfaces stained with Van Gieson’s picro fuchsin (scale bars = 200 μm and 100 μm). (D) New 
bone area rate and bone-implant contact from the histomorphometric measurements. The error 
bars indicate mean ± standard deviations: ∗P < 0.05, ∗∗P < 0.05, and ∗∗∗P < 0.001 (t test) [1]. 
(Copyright 2017. Adapted with permission from the American Chemical Society)
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inductive property. The additional antibacterial agent such as Ag nanoparticles 
enhanced the antibacterial performance of ZnO.  The ALD technique provided a 
simple and mild method for preparing ZnO coatings with controlled thickness. 
Polymers such as PLGA and PDA reduced the cytotoxicity of ZnO NRs and the 
controlled release of Zn2+ can accelerate bone tissue integration. We believe that the 
successful balance of self-antibacterial and osteoinductive properties of ZnO can 
make it a promising coating for implants.

 Future Directions

At present, the development of the bio-functionalized ZnO coatings still focuses on 
the modification of ZnO to control the release of Zn ions to improve the biocompat-
ibility and osteoinductive ability. The antibacterial property of ZnO should be 
improved by additional antibacterial strategies through synergistic effect. All-in-one 
bio-functionalized ZnO coating is the future development direction. Moreover, our 
previous work reported that the bacteria on the surface of implants could be elimi-
nated through near-infrared light [13]. Unlike the self-antibacterial behavior of 
endogenous antibacterial coatings, the bacteria can be killed rapidly and efficiently 
using exogenous irradiation. As for the photo-induced antibacterial application of 
ZnO, we prepared an antibacterial surface using red phosphorus/ZnO heterointerface 
to realize a light-activated rapid disinfection through the generation of ROS and heat 
(Fig. 12) [14]. However, the light source was solar light which cannot penetrate into 

Fig. 12 Light-activated ultrafast bacterial inactivation due to the synergetic ROS and heat by RP/
ZnO heterojunction [14]. (Copyright 2019. Adapted with permission from the John Wiley and 
Sons and Copyright Clearance Center)

Construction of Bio-functionalized ZnO Coatings on Titanium Implants with Both…



182

the deep site of tissue. In the future, the key point is how to produce ROS or heat from 
ZnO-based coatings on implants using NIR light. So, the ZnO- based heterointerface 
or up-conversion nanoparticles can be incorporated into the coatings to realize NIR 
light induced disinfection on the surface of implant.
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Gasotransmitters: Antimicrobial 
Properties and Impact on Cell Growth 
for Tissue Engineering

Kenyatta S. Washington and Chris A. Bashur

Abstract Several clinical situations including birth defects, trauma, and fracture 
nonunions often result in critical-sized defects that require a graft that can remodel 
and integrate with the existing bone as well as mitigate the risk of infectious com-
plications. Delivery of gasotransmitters from tissue engineering scaffolds is a poten-
tial option to provide antibacterial properties while simultaneously promoting 
osteogenesis and tissue vascularization. Gasotransmitters, such as nitric oxide, car-
bon monoxide, and hydrogen sulfide, are inorganic gases that have an important role 
in cell signaling, and supplemental doses have also been shown to provide bacteri-
cidal properties. This chapter reviews the importance of understanding the complex 
and dose-dependent impacts of different gasotransmitters on both bacterial and 
mammalian cells. The current research into the selectivity of a gasotransmitter dose 
for killing bacterial cells compared to mammalian cells is a particular focus. The 
chapter also discusses the applications of gasotransmitters to engineered tissues, 
with a focus on bone and microvasculature, as well as the current limitations for 
incorporating gasotransmitters within scaffolds that need to be addressed.

Keywords Gasotransmitters · Antimicrobial agents · Tissue engineering  
Scaffolds · Bone regeneration · Carbon monoxide · Nitric oxide · Hydrogen sulfide 
Tissue vascularization · Drug delivery

 Introduction

Gasotransmitters are small, inorganic gases that have an important role in cell sig-
naling and represent a major area of research. Perhaps the most commonly investi-
gated gasotransmitter is nitric oxide (NO). For example, cell-produced NO has been 
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shown to be involved in bone marrow-derived mesenchymal stem cell (BMSC) 
 differentiation into osteoblasts for bone tissue engineering [1], and supplemental 
delivery of NO, through NO donors with a controlled release rate, has been shown 
to improve engineering strategies for bone and other tissues [2]. However, NO 
donors have alternatively been used to provide antibacterial properties for bone tis-
sue engineering scaffolds [3]. This elicits the possibility that a gasotransmitter can 
simultaneously provide antibacterial properties and promote cell remodeling and 
integration of a tissue engineered graft. Thus, this chapter reviews the importance of 
understanding the complex and dose-dependent impacts of gasotransmitters on both 
bacterial and mammalian cells. The gasotransmitters of NO, carbon monoxide 
(CO), and hydrogen sulfide (H2S) are discussed. This chapter also discusses the 
applications of gasotransmitters to engineered tissues, with a focus on bone and 
microvasculature, as well as the current limitations for incorporating gasotransmit-
ters within scaffolds that need to be addressed.

 Need for Antimicrobial Engineered Grafts

Bone frequently heals with minimal scarring, but critical-sized defects fail to heal 
naturally [4, 5]. This can occur due to several clinical situations including birth 
defects, trauma, infection, fracture non-unions, and tumor removal and will require 
some type of intervention. Current treatment options include permanent implants, 
such as metallic implants, and implants used to promote regeneration such as bone 
substitutes and grafts. However, there is still an inherently high risk of infectious 
complications with permanent implants for patients and challenges for physicians 
[6]. For oral disease or maxillofacial trauma, implants are exposed to an environ-
ment that is colonized with a wide array of microorganisms, biofilms, and inflam-
matory mediators that can contribute to infection and tissue destruction in some 
patients [7]. Further, infections occurring in relation to implants can inhibit bone 
remodeling and integration. A variety of antimicrobial agents and delivery strategies 
for bone tissue engineering have been developed and are discussed in detail in the 
other chapters of this book. An important consideration for these strategies is the 
ability to both prevent infection and allow efficient bone regeneration. The impact 
of the antimicrobial agent on the inflammatory response is an important consider-
ation for effectively regenerating bone because some pro-inflammatory mediators 
are required for bone regeneration, but an extended inflammatory response inter-
feres with bone healing [8]. In addition, tissue vascularization through angiogenesis 
or vasculogenesis within grafts is required for healing of these critical-sized bone 
defects. However, the lack of vascularization is a concern for current bone tissue 
engineering strategies. The delivery of gasotransmitters from scaffolds presents 
promise for bone regeneration by potentially providing antimicrobial properties and 
simultaneously promoting osteogenesis and tissue vascularization.

There are also many other types of engineered tissues (e.g., small diameter vascular 
grafts) where gasotransmitters may offer the ability to provide both antimicrobial 
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and pro-tissue healing responses. Some applications in addition to bone tissue 
engineering have an especially high risk of infection. One example of this is an 
arterio-venous shunt for hemodialysis access from the arm, where repeated punc-
ture will introduce exposure of the graft to bacteria and fungi on the skin. However, 
for any implanted graft, there is some risk of infection. This can occur at the time of 
surgery or even years afterward, as discussed in recent review articles [9]. A biofilm 
can develop on biomaterials after an infection and it is very hard to treat. It is also 
possible that biomaterial properties can have an influence on the long-term infection 
risk [10]. Degradable biomaterials appear to reduce the risk of infection compared 
to non-degradable options [11]. In addition, scaffolds with pores of a particular size 
may allow bacteria to enter but prevent the immune cells from entering and target-
ing the bacteria [12]. For these reasons, as well as traditional drug delivery consid-
erations, it is important to consider both the antimicrobial agent and the delivery 
strategy from the scaffold. This will be considered in the upcoming sections.

 Gasotransmitters in Mammalian Cells

Gasotransmitters are gaseous molecules that are endogenously produced in the 
body and are crucial to a wide range of biological applications. These include NO, 
H2S, and CO, which are often more commonly known only for their toxicity at high 
concentrations. However, there has been a growing interest in gasotransmitters 
because of their cell signaling function, antibacterial properties, and overall poten-
tial for biomedical use. It is important to note that controlling the dose level of 
gasotransmitters is critical for the desired response and can determine if it will be 
beneficial or toxic. This is illustrated in the situations when gasotransmitters are 
naturally produced in the body at different levels.

 Nitric Oxide

NO was the earliest discovered gasotransmitter. It is also the most widely researched for 
therapeutic applications, and it is in clinical use for treating pulmonary fibrosis. It has 
been used because of its ability to promote vasodilation, reduce platelet aggregation, 
and regulate a large range of other physiological functions in mammalian cells. For 
example, osteoclasts release NO in response to mechanical loading, and this can result 
in repair of microfractures and bone strengthening [13]. These physiological functions 
also include maintaining redox homeostasis within cells and acting as an effector mol-
ecule during immune responses [14]. During the immune response to bacteria or other 
pathogens, NO is released by macrophages to kill pathogens that have been engulfed 
[15]. Thus, NO has multiple roles in maintaining homeostasis within the body.

NO is a reactive species that is produced endogenously through the l-arginine/nitric 
oxide synthase (NOS) pathway. There are specific isoforms of mammalian NOS 
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based upon the common type of cell that they are expressed in, such as endothelial 
(eNOS) and neuron (nNOS), which are expressed at constant levels. There is also 
induced nitric oxide synthase (iNOS) that exhibits an elevated expression with inflam-
mation and contributes to NO fluctuations within the body. In chronic diseased condi-
tions, a much higher level of NO is often found [16]. This variation in the expression 
levels in the body results in differences that are also important to consider when using 
NO as part of a strategy to engineer a graft. For example, overproduction of NO has 
been connected to bone loss in some inflammatory conditions, but NO at lower levels 
has been shown to mediate the beneficial effects of estrogen on bone repair [17, 18]. 
One of the main concerns with high NO concentrations is that it can react to generate 
peroxynitrites that result in DNA damage and other cytotoxic impacts [19].

 Hydrogen Sulfide

H2S has more recently been investigated as a gasotransmitter and for therapeutic use 
[20–23]. H2S is synthesized from l-cysteine and is highly expressed in intestines 
and in the brain. It has been shown to regulate neurotransmission, neuromodulation, 
brain development, and insulin secretion as well as be involved in pathologies [24–
28]. H2S has also shown specific effects in bone and vascular tissue which include 
hypoxia sensing and bone remodeling as well as vasodilation [22]. Like NO and 
CO, the dose level of H2S is also very important. H2S at high concentrations can 
cause toxicity by inhibiting cytochrome C oxidase in the nucleus, and it has five 
times higher toxicity than CO [29]. There are still questions about the role that 
endogenous H2S has on mammalian host–pathogen interactions [30].

 Carbon Monoxide

Investigations into the benefits of CO as a gasotransmitter and antimicrobial agent 
are also more recent, and there are fewer studies than with NO. There are many 
similarities between the impacts of CO and NO. For example, carbon monoxide is 
also an endogenously produced signaling molecule within mammalian tissues. In 
addition, one of the pathways that CO acts through to provide responses desirable 
for tissue engineering (e.g., endothelial cell proliferation) involves binding to NOS 
molecules to induce NO production [31]. Several detailed reviews highlight the 
anti-inflammatory and tissue protective activity of CO in specific conditions, such 
as acute gastrointestinal inflammation [32] and preeclampsia [33]. There are also 
different responses of CO at varying levels. For the endogenous level found in the 
body, this has been shown to provide anti-inflammatory properties, reduce cell 
apoptosis, and to be necessary for vascular function. However, at higher levels, CO 
is pro-inflammatory, and it is fatal at even higher concentrations. A detailed review 
of the mechanisms of cell response to CO is provided elsewhere [34].
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There are also important differences between CO and the other gasotransmitters. 
Table 1 shows examples of different gasotransmitter that have been tested for their 
bactericidal properties, with some of these studies directly comparing to the corre-
sponding impact on mammalian cells. Many studies that have investigated the bene-
fits of these gasotransmitters on mammalian cells are not a focus of this table since 
this has been described in detail in several review articles [45]. While CO can also 
provide antibacterial properties and modulate the inflammatory response when added 
as a pharmacological agent, it is not thought to be directly involved in the body’s natu-
ral defense to bacterial infection. In addition, CO is more stable than NO, so it is less 
affected by the reactive oxygen species and other components of the inflammatory 
response found in many disease conditions. It has been proposed that the antibacterial 
impacts of CO is different than NO and H2S [46], likely due to several of these differ-
ent properties. A potential reason for this is described in more detail in the next sec-
tion where the role of gasotransmitters produced by bacterial cells is considered.

 Gasotransmitters in Bacterial Cells

In addition to gasotransmitters released by mammals killing bacterial cells, bacte-
rial cells themselves produce all three of these gasotransmitters. This is described in 
detail in a review article by Tinajero-Trejo et al., which included a description of 
signaling pathways as well as the roles that these gasotransmitters have within bac-
teria [46]. The roles for each of these gasotransmitters vary. For example, CO is a 
carbon and energy source in bacteria and H2S is a metabolic intermediate during 
anoxic sulfate respiration [47]. NO has been shown to promote biofilm formation in 
the Gram-negative bacteria Azospirillum brasilense [48], but adding NO donors has 
also been shown to have the opposite effect on some bacteria (i.e., the Gram-negative 
Pseudomonas aeruginosa that cause infections in hospitals) by reducing biofilms 
that have already formed [49]. The expression of these gasotransmitters within bac-
teria can have direct implications on their ability to be used as antibacterial agents.

 Role in Protecting Bacteria

Interestingly, NO has been shown to protect microbes in some studies, which is the 
opposite of their typical biomedical purpose. In these examples, NO has been able 
to protect bacteria against oxidative stress [39, 50], which can be produced by the 
host’s immune system in response to a pathogen. There are several reasons for this 
protective effect, including detoxification of NO by converting it to nitrate. In E. coli 
and other bacteria, flavohemoglobins have been shown to play a role in this 
 detoxification process [51, 52]. There are also other methods of protection that have 
been identified, including a reversal of S-nitrosothiol formation that would prevent 
the release of NO [53]. At the least, these protective mechanisms have the potential 
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to reduce the effectiveness of NO delivery as antimicrobial agent and need to be 
considered. In addition, there has been an antioxidant effect of bacteria-produced 
NO that has been proposed to be involved in bacterial resistance to some antibiotics 
[54]. However, there is still some debate about this [46].

Similar results have been observed with H2S. This is produced in large amounts 
by bacteria within the intestines. It is also produced by E. coli and other bacteria. 
There are a variety of different pathways due to the significant diversity of bacteria. 
Similar to mammalian cells, there is also less known about the role of H2S for pro-
tecting bacteria. One study has shown that H2S protects bacteria from several differ-
ent antibiotics through a reduction in oxidative stress, similar to what has been 
shown with NO [42]. However, other studies have shown the opposite (e.g., H2S 
promoting hydrogen peroxide generation to kill E. coli). Thus, further study is 
needed. It is likely that the dose of the H2S and maybe also the species of bacteria 
are important considerations for the effect of this gasotransmitter on bacterial cells.

Unlike NO and H2S, there does not appear to be a protective effect of CO on 
bacteria, even though it is also produced by bacteria [46]. CO is an inhibitor of 
mitochondrial respiration in bacterial and mammalian cells. Like the impact of CO 
on mammalian cells, it is likely that the impact on bacterial cells is dose specific. 
Low levels are present within bacteria as an energy source, yet higher levels can 
lead to bacterial cell death [55].

 Gasotransmitter Dose

An important consideration for the effect of gasotransmitters on mammalian cells is 
the effective vs. toxic dose because they exhibit bimodal effects in these cells. Doses 
can periodically be found in the literature, although many of these doses are from 
in vitro tests without a biomaterial and those from in vivo measurements do not con-
sider the biodistribution into the appropriate tissue. However, these offer a starting 
point to design gasotransmitter delivery systems from a biomaterial carrier. The impor-
tance of specific doses on positive vs. negative effects for mammalian cells is reviewed 
in detail for CO elsewhere [34]. Dose has also been shown to have an impact with NO 
delivery [2]. Bone-specific effects include osteoblast proliferation at low levels and 
bone resorption at high levels. Elevated levels of NO have also been implicated in cell 
fusion of pre-osteoclasts that may help to explain the increase in bone resorption rates 
[56]. Most of the NO delivery strategies involve NO donor molecules to provide more 
controlled release since free NO has a short half-life of less than 1 s in the presence of 
oxygen and hemoglobin [2]. Most NO donors (e.g., diazeniumdiolates and 
S-nitrosothiols) release over time when in contact with biological fluids. The half-life 
for breakdown of the molecule and release of NO is an important consideration for NO 
donor molecule design. A study by Mancini et al. showed in vitro that NO released 
from an NO donor (i.e., sodium nitroprusside or SNP) led to osteoblast proliferation at 
the NO donor concentration of 10 μM, but 50 μM and higher induced osteoblast apop-
tosis [57]. In addition to dose, this study also suggested that the rate of NO release is 
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important. NO release from the slower releasing NO donor N-diazeniumdiolate 
(DETA) did not reduce osteoblast proliferation after 3 days until a concentration of 
100 μM. As a further complication, studies have indicated that the growth phase of the 
cell can impact the NO at the same dose. For example, osteoclast activity was shown 
to not be affected at the proliferation phase of culture (1–3 days), but it was impacted 
at later times that corresponded to their differentiation (4–6 days) [2, 58]. H2S is also 
typically delivered from donor molecules and like other gasotransmitters exhibits a 
biphasic dose effect [59]. For example, growth of cancer cells with the H2S donor 
sodium hydrosulfide (NaHS) was observed at 10–50 μM, but proliferation was inhib-
ited at a dose of 1000 μM in cancerous cells [60]. This result was observed in vitro. 
Overall, these examples indicate the importance of understanding the rate of release 
and duration since it can have a major impact on the response of mammalian cells. The 
balance between the effect of a particular dose on mammalian vs. bacterial cells is also 
important and can be used as a measure of selectivity for particular types of 
gasotransmitters.

 Gasotransmitter Selectivity

Data regarding the selectivity of a gasotransmitter in its ability to kill bacteria but 
not mammalian cells is an important parameter to consider when choosing a par-
ticular gasotransmitter for an antibiotic purpose. However, this data is even harder 
to find because there are few studies that do a detailed comparison of the impacts on 
both prokaryotic and eukaryotic cells. This direct comparison is especially impor-
tant because of the complexity of the dose and its impact on cells (e.g., release rate 
and duration) as well as complications in interpreting the results when different 
reaction products from gasotransmitter donor molecules are also present. For exam-
ple, the antibacterial impact varies for different CO donors, independent of the 
amount of CO that could be released [37].

A study by Nobre et al. provided a rare detailed analysis of this selectivity using 
CO delivered from CO-releasing molecules (CORMs) [35]. There are different 
CORMs, some of which are more or less toxic to bacterial cells by themselves with-
out CO release, that were tested in this study at the same CORM doses. The different 
CORMs gave different levels of bactericidal properties for E. coli, and similar trends 
were observed for ROS generation within mammalian cells. This shows that certain 
CORMs in particular can be toxic to both bacterial and mammalian cells. However, 
they also showed that CORM levels that were toxic to bacteria were generally not 
toxic to a variety of mammalian cells (e.g., macrophages, kidney epithelial cells, and 
a liver cell line). In particular, CORM compounds with minimum inhibitory concen-
trations of 350–650 μM and minimum bactericidal concentrations of 500–750 μM 
were tested with mammalian cells at doses from 50 to 500 μM. They found that for 
most CORMs, there was negligible toxicity to kidney epithelial cells. They also 
found that some cell types were more sensitive. For example, certain CORMs did 
cause a significant reduction in macrophage viability by 250 μM, but others contin-
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ued to exhibit close to 100% viability even at 500 μM. The authors mention that the 
ability of the CORM to enter the cell instead of releasing into the media is necessary 
for bactericidal activity. One of the challenges with interpreting these results is that 
certain CORM molecules have different levels of toxicity, which makes it hard to 
differentiate between the CO and the byproducts that often contain heavy metals. 
Overall, CORMs were less toxic to mammalian than bacterial cells, but there was 
variability with different types of CORMs that were used. CORMs that had very 
good bactericidal properties but limited impact on most mammalian cells at the 
same concentration were found.

A similar comparison has been performed for gaseous NO delivered as part of a 
custom incubator, and its transfer to cell culture media was characterized by the 
concentration of stable NO products (NO2

−) [40]. In this study, lower bacterial cell 
numbers were observed with higher NO doses as expected. P. aeruginosa started to 
exhibit decreased numbers by 40 parts per million (ppm), and S. aureus started to 
exhibit decreased numbers by 80 ppm. By 160 ppm, more than 84% cell death was 
observed for different types of bacterial cells. However, NO did not exhibit any 
toxicity for human dermal fibroblasts up to 200 ppm, and it was at 400 ppm that 
toxicity was observed (i.e., less than 80% viability relative to the control). This 
provided a well-controlled experiment to demonstrate that NO can provide selective 
in vitro toxicity for bacterial and not mammalian cells when no nitric oxide donor 
molecules are present. Interestingly, it also showed that NO gas uptake depended on 
the type of aqueous media, with cell culture media formulations leading to ~2–4 
times higher NO uptake than a saline solution. This demonstrates complexity in 
controlling the dose available to the cells, even in this well-controlled system. For 
the 200 ppm NO gas that was not toxic for the human dermal fibroblasts, the con-
centration of nitrate/nitrite in the media rose to 4 mM concentrations.

The dose and selectivity of NO that leads to cell toxicity is even more complicated 
when traditional NO donors or nanoparticles are introduced. These donors are easier 
to include within a therapeutic approach and will typically be necessary for tissue 
engineering applications. For example, a 50 μM dose of the NO donor DETA has 
been shown to lead to osteoblast apoptosis [57]. However, a separate study has shown 
for several NO donors that cytotoxic effects were not observed in fibroblasts and 
keratinocytes until greater than 250 μM and 500 μM, respectively [61]. This could be 
due to a combination of different types of cells, different NO donors, and other dif-
ferences in the experiments that were performed and requires further investigation. It 
also appears that, like CO-releasing molecules, the NO donors are more toxic than 
the pure gasotransmitter itself. This is suggested by the comparison with the toxic 
concentrations observed in the separate study with gaseous NO. Further, this may 
have an impact on the selective toxicity for bacterial vs. mammalian cells at the same 
dose. A study by Shim et al. directly compared the antibacterial activity of several 
NO-releasing compounds against periodontal bacteria and their cytotoxicity for 
mammalian cells [41]. The minimum bactericidal concentration was observed at 
1–25 mM for a variety of NO donors (e.g., DETA-NO) for P. gingivalis and A. israelii 
(Fig. 1). The NO donors were also provided to human gingival fibroblasts (HGF-1) 
at the minimum bactericidal concentration level found for each NO donor (Fig. 2). 
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However, this led to reductions in cell viability ranging from 44 to 70% for the 
HGF-1 cells. This is a potential concern, and it stresses that further study is needed 
to develop NO delivery systems that make sure that the selectivity toxicity for bacte-
ria seen with NO gas is not lost if it were to be delivered in the body.

There is less literature available on the selective toxicity of H2S to bacterial 
compared to mammalian cells. It has been reported that low doses of the H2S donor 
sodium hydrosulfide (NaHS) (10–100  μM) promoted hepatocellular carcinoma 
cell proliferation, but higher doses ≥400 μM promoted apoptosis of the same cell 
population [43]. This demonstrated that there are different toxic doses for different 
types of mammalian cells, but these studies did not directly compare with the 
bactericidal properties. In a separate study, antibacterial effects of the same H2S 
donor (i.e., NaHS) on E. coli cells have been reported starting at 0.250 mM, with 
the minimum bactericidal  concentration at 2.5 mM [44]. This dose raises concerns 

Fig. 1 An example comparison between toxicity of different gasotransmitters to bacterial cells. 
(A–F) Bactericidal efficacy of NO-releasing compounds. (Reprinted from an open access article 
from, PLoS One, Shim JS et al., 2018, copyright 2018, Creative Common Attribution License)
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about the selectivity of H2S for killing bacteria vs. mammalian cells, at least for 
these particular species. The fact that E. coli have been shown to use H2S to protect 
against oxidative stress may play a role in what appears to be resistance of this cell 
type to the antibacterial effects. However, more research is needed with different 
types of pathogenic bacterial cells and side-by-side comparisons with mammalian 
cells to determine the effects. This is especially true for H2S, but it is also needed 
for other gasotransmitters.

 Gasotransmitter Inclusion into Scaffolds

When gasotransmitters have been delivered in  vivo, they most often have been 
delivered systemically. The main example has been using inhaled gasotransmitters 
for treating pulmonary fibrosis, which has progressed to clinical trials and clinical 
use [62]. In addition, gasotransmitter molecules have been injected clinically (e.g., 
sodium nitroprusside) and in animal models [63]. However, systemic delivery for 
regenerative medicine or tissue engineering would result in low levels reaching the 
tissue of interest due to limitations with each specific gasotransmitter. For NO, this 
includes its high reactivity, and for CO, this includes its propensity to bind to hemo-
globin. Thus, incorporating these strategies within a scaffold is advantageous.

The most research for incorporating a gasotransmitter within a scaffold has been 
performed for NO. Much of this research has involved vascular applications, includ-
ing modifying traditional ePTFE grafts [64] and incorporating as part of a drug- 
eluting stent [65]. However, NO-containing scaffolds have also been used to target 
a variety of types of tissues. For skin applications, gaseous NO delivery has been 

Fig. 2 The different response observed for gasotransmitter impact on mammalian cells. Cytotoxic 
effects of NO-releasing compounds on HGF-1 cells. Cell viability in each group was calculated by 
comparing the viability with that of an untreated control (100%). Asterisks indicate significant 
differences (P < 0.05) between groups. (Reprinted from an open access article from, PLoS One, 
Shim JS et al., 2018, copyright 2018, Creative Common Attribution License)
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included as part of a patch to provide antibacterial properties [66]. Separate studies 
used electrospun NO-loaded materials that provided controlled release of NO over 
the course of 14 days as a wound dressing [67], with the focus more on promoting 
wound healing than on the antibacterial properties. With both vascular and skin 
pathologies (e.g., diabetic ulcers), underexpression of NO is a concern, and one pos-
sible reason why studies have shown promise for NO delivery to be used to treat 
these conditions [68]. NO has also been incorporated within a scaffold for bone 
tissue engineering, as described in the section “Gasotransmitters for Bone 
Applications” [3]. For these studies, NO donors have been incorporated within scaf-
folds and as coating with a range of chemistries, including poly(ε-caprolactone)/
keratin mats and an injectable nitric oxide releasing poly(ethylene) glycol-fibrin 
adhesive [69, 70]. These scaffolds provide local delivery of the encapsulated NO 
donors, and they also typically modify the NO release rate.

There are fewer studies that have incorporated H2S within scaffolds, and many of 
these are more broadly targeted instead of for a particular tissue type. For example, 
Feng et  al. developed an electrospun microfiber containing an H2S donor, 
N-(benzoylthio)benzamide (NSHD1), that releases hydrogen sulfide in the presence 
of biological thiols [71]. This study illustrates the important impact that including a 
gasotransmitter donor within a scaffold can have on the release. The fibers slowed 
the rate of H2S release 10–20 times compared to free NSHD1 within a phosphate- 
buffered saline solution, and H2S released from the fibers was able to reduce cell 
damage from hydrogen peroxide added to the system. A recent study has also inves-
tigated the incorporation of another H2S donor, GYY4137, within a silk fibroin 
salt-leached scaffold that would provide local delivery. This study was specifically 
targeted for engineering bone tissue [72]. The scaffold took ~30 min to fully hydrate, 
and a burst release of H2S occurred over 90 min before the release started to plateau. 
However, for this scaffold/gasotransmitter donor system, the rate of release com-
pared to free donor not contained within a scaffold was not investigated. Since this 
same H2S donor was reported elsewhere to provide a more controlled, extended 
release out to more than 1 day when it was not included within a scaffold [73], it is 
not clear what role incorporating the H2S donor within the scaffold had on con-
trolled release in this study.

There are also limited studies that have incorporated carbon monoxide-releasing 
molecules within a scaffold, and to our knowledge, none have been used for bone tissue 
engineering applications. It has, however, been used for both antibacterial properties 
and vascular tissue engineering. Bohlender et al. incorporated a photoactivatable man-
ganese-based CORM with a high CO yield within a poly(l-lactide-co- d/l-lactide) 
scaffold, with a stated goal to provide antibacterial properties that would be tested in 
future studies [74]. With the high amount of CO released from these scaffolds, there 
was some toxicity observed for 3T3 mouse fibroblast cells. One of the goals of incor-
porating the CORM within the scaffold was to contain the potentially toxic metal 
byproducts within the fibers, although the study was not designed with necessary con-
trols to test this effect. Another study by Michael et al. incorporated a different photo 
CORM within an electrospun PCL scaffold for a different reason [75]. This organic 
CORM had demonstrated low toxicity to mammalian cells, but the reaction and CO 
release would not occur in the presence of water, so it needed to be contained within a 
scaffold (Fig. 3). Further comparison between the impact of CORMs contained within 
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scaffolds and free CORMs within a solution that are able to be endocytosed within cells 
is needed to determine their antibacterial impacts vs. their effects on healthy cells. For 
all types of gasotransmitters, the scaffold- gasotransmitter donor needs to be carefully 
investigated to determine how they impact the gasotransmitter dose, release rate, and 
the corresponding impact on the cells.

 Gasotransmitters for Bone Applications

For bone applications, most of the studies have focused on elucidating the impor-
tant role of cell-produced NO in bone healing. As mentioned earlier, inducible 
NOS (iNOS) leads to much higher levels of NO during inflammation, and properly 
controlled inflammatory processes involving NO are necessary for bone healing. 
For example, the delivery of a drug to induce cells to synthesize iNOS in rat models 
with a femoral fracture was shown to result in 46% higher maximum strength for 

Fig. 3 An example of a gasotransmitter donor incorporated within a scaffold. SEM images of 
electrospun scaffolds produced from (A) pure PCL and (B) PCL/CORM solutions. The solution 
concentrations were 16% and 19%, respectively. Confocal images of PCL/CORM scaffolds taken 
with a DAPI filter (C) before and (D) after activation are also shown. (Reprinted with permission 
and license from IOP Publishing, Biomedical Materials, Michael et al., 2016, copyright 2016 IOP 
Publishing Ltd)
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the remodeled bone compared to conditions without the drug [76]. It has also been 
shown that induction of iNOS by lipopolysaccharide (LPS) resulted in MMP-1 
induction in vitro [77], which is necessary for bone remodeling and osteointegra-
tion, but can be a concern if it is not balanced with the corresponding deposition of 
new bone tissue. They also tested a rat model of dental pulp infection that linked 
iNOS upregulation to pathological bone resorption through the use of an iNOS 
inhibitor. Separately, nitric oxide has been shown to promote osteoclast cell fusion, 
which could also help to explain bone resorption in this diseased model [56]. 
Overall, these results for cell-produced NO indicate several challenges with under-
standing the impact of different NO levels in native bone tissue due to its biphasic 
effects (e.g., with healthy vs. diseased animal models). Similar potential for bone 
healing has been found for endogenous hydrogen sulfide. One study found that 
endogenous H2S increased nuclear RUNX2 accumulation, likely contributing to 
osteogenesis. Further, overexpression of H2S in the tissue promoted bone healing 
in a bone—fracture rat model [78]. These studies make it clear that gasotransmit-
ters have an important role in native bone healing and suggest that adding supple-
mental doses may also be beneficial.

Studies have also investigated the impact of supplemental doses of gasotrans-
mitters from donor molecules on bone cells. Osteoblasts, for instance, have been 
shown to increase the expression of the bone-specific marker osteocalcin in 
response to NO donors at the right doses, but these donors surprisingly also 
appeared to decrease the alkaline phosphatase activity [79]. This is explained in the 
article as due to a pathway not related to NO signaling. NO has also been shown to 
promote the differentiation of stem cells to osteoblasts. For example, rat dental 
pulp stem cells exposed to an NO donor increased the expression of RUNX2 and 
alkaline phosphatase as well as deposited higher levels of mineral deposits [80]. At 
the right doses, NO donors have been shown to also reduce osteoclast formation 
[81]. As mentioned previously, the dose is very important as negative responses 
will be observed if the dose of NO or other gasotransmitters is too high. Appropriate 
doses of hydrogen sulfide have also been shown to provide beneficial properties for 
bone cells. This includes protecting osteoblasts against damage from oxidative 
stress [82]. Further, a hydrogen sulfide donor was shown to lead to bone marrow 
cells differentiate in culture to form colonies of alkaline phosphate-positive cells 
that also exhibited increased mRNA expression of osteogenic genes (e.g., RUNX2, 
osterix, and osteocalcin) [83]. The impact of exogenous CO on cells for bone tissue 
engineering is less clear.

There have been few studies that have developed constructs for bone tissue engi-
neering that included gasotransmitter delivery. There is one study that assessed H2S 
delivery for engineering bone [72]. Their system included the H2S donor within a 
silk fibroin scaffold with a well-characterized release profile (Fig. 4). In this study, 

Fig. 4 (continued) γSF_1%, containing 1% of GYY4137; γSF_5%, containing 5% of GYY4137; 
γSF_10%, containing 10% of GYY4137) (Reprinted with permission from Raggio, Rosasilvia, 
et al. “Silk fibroin porous scaffolds loaded with a slow-releasing hydrogen sulfide agent (GYY4137) 
for applications of tissue engineering.” ACS Biomaterials Science & Engineering 4.8 (2018): 
2956–2966. Copyright 2018 American Chemical Society Publications, ACS Biomaterials Science 
and Engineering)
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Fig. 4 Bone tissue engineering application for the gasotransmitter H2S. (A) FESEM images of the 
internal porous structure of dry γ-irradiated SF scaffolds: (i) γSF, untreated scaffold; (ii) γSF_1%, 
scaffold containing 1% GYY4137; (iii) γSF_5%, scaffold containing 5% GYY4137; (iv) γSF_10%, 
scaffold containing 10% GYY4137; scale bar 200 μm. (B) Release of H2S monitored by H2S- 
selective microelectrode for SF scaffolds incubated in PBS pH 7.4 with l-cysteine 4 mM, at room 
temperature (mean with SEM, n = 4); error bars are not visible when lying within dimensions of 
symbols. Cytotoxicity of the different groups of scaffolds (γSF_DMSO, treated with DMSO; 
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cell culture was performed with NIH/3T3 fibroblasts and human MSCs, and no 
toxicity was observed when the H2S donor was loaded from 1 to 10% w/w within 
the scaffold. However, the analysis was limited to cytotoxicity testing, and markers 
of the osteoblast phenotype were not tested. In addition, this study did not determine 
if the released H2S could provide antibacterial properties at the doses tested. It is 
difficult to correlate the doses provided within this scaffold systems to free H2S 
donor tested in other studies, so the osteogenic properties of these systems need to 
be carefully investigated.

A study by Pant et al. performed an analysis of both the mammalian and bacterial 
cell response to their 3D scaffold containing the NO donor, S-nitroso-N-acetyl-
penicillamine (SNAP) [3]. In this molecule, penicillamine is a metabolite of penicil-
lin but does not have any antibacterial properties itself. This NO donor was added to 
a mixture of nano-hydroxyapatite, starch, and either alginate or chitosan, and this 
mixture was processed with freeze-drying to produce a porous cross-linked scaf-
fold. The NO donor was added at 10% w/w to the nanoparticles, and this resulted in 
a burst release of the NO for 30 min and then a slower release after that. A 99% 
reduction in S. aureus and P. aeruginosa was observed with the NO donor compared 
to controls without it, demonstrating bactericidal properties. Negligible toxicity was 
observed for NIH-3T3 fibroblasts, but the cytotoxicity tests were performed from 
conditioned media instead of cells cultured within the same scaffold. Overall, the 
studies using gasotransmitter donors for bone tissue engineering are currently lim-
ited and in the early stages.

 Gasotransmitters for Tissue Vascularization

Another important challenge for bone tissue engineering is the formation of micro-
vasculature to allow for enough oxygen and nutrient diffusion for the generation of 
viable thick bone grafts [84]. While current studies do not explicitly investigate 
gasotransmitters for promoting angiogenesis in bone grafts, the literature suggests 
that they can be beneficial. Gasotransmitters are known to control vascular tone, 
and they have also been shown to be involved in the formation of microvasculature 
in native tissue. CO, NO, and H2S are known to be needed for endothelial cell pro-
liferation and capillary function [85, 86]. The role of NO on angiogenic sprout 
formation is less clear. It has recently been shown that NO is involved in microves-
sel sprouting, with ~35% more NO in the tip cells that initiate the sprout [87]. 
However, an inhibition of NO in tumor tissue led to improved angiogenesis, with 
longer vessels forming along with the formation of sprouts [88]. Further, dose-
specific effects have been observed with the delivery of an H2S donor, with no 
pro-angiogenic effect observed at a high dose [89]. This is consistent with the 
bimodal effects observed for other cells and physiological processes, such as 
inflammation. Inflammation is necessary for bone healing. For example, it was 
shown in a Ccr2 −/− mouse model of decreased macrophage recruitment that dis-
ruption of Ccr2 signaling impaired vascularization, decreased formation of callus, 
and delayed maturation of cartilage and bone remodeling up to 21 days after injury 
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[90, 91]. However, levels and duration of inflammation that are too high can have 
the opposite effect and can interfere with bone healing and regeneration [8]. Thus, 
the dose-specific effects of gasotransmitters on inflammation likely correlate with 
their ability to promote angiogenesis. With appropriate doses, gasotransmitters can 
likely aid tissue vascularization and other aspects of remodeling for bone grafts.

 Conclusions and Future Challenges

Gasotransmitters represent a promising approach to provide both antibacterial 
properties and remodeling for engineering of bone as well as other types of tissues. 
Decades of research illustrate that gasotransmitters play a key role in physiological 
function of biological systems, and there have been promising studies demonstrat-
ing the antibacterial effects of NO as well as other gasotransmitters. There have 
also been promising studies demonstrating the ability of these gasotransmitters to 
promote tissue remodeling and integration. However, few studies have directly 
compared the doses of specific gasotransmitter delivery strategies needed to achieve 
both of these results within that same tissue engineered graft. Previous studies sug-
gest that there are differences in selectivity in killing bacterial cells while avoiding 
mammalian cell toxicity between the different gasotransmitters (i.e., NO, H2S, and 
CO) that should be considered. These studies also suggest that other variables, such 
as the type of gasotransmitter donor molecule and if it is included within a scaffold, 
can have a major impact on the results that are obtained. Further studies with direct 
comparisons between parameters of interest are needed to reliably and consistently 
provide gasotransmitter strategies for tissue engineering of bone or other tissue 
types. This direct comparison is particularly important because of the challenges 
with controlling and predicting the dose of these gaseous molecules available to 
cells and the variability that will be found between studies. For bone tissue engi-
neering in particular, there is evidence from native tissue that gasotransmitters play 
an important role in tissue maintenance and healing, but these studies have been 
limited. Further, most of the works that consider both bacterial and mammalian cell 
responses have been either basic cell culture or regenerative medicine studies with-
out a scaffold component. One potential challenge with getting many of these strat-
egies to the clinic is that beneficial effects seen in vitro may not be seen when they 
are tested in the more complex environment found in animal models.

In addition to the need to perform further research into the selectivity of different 
gasotransmitter doses, there are other areas that will likely be important to move this 
field forward. This includes developing new systems to provide long-term con-
trolled release that is not possible with most current delivery strategies. Controlled 
release is critical because these gaseous molecules quickly leave the system or, in 
the case of NO and H2S, react quickly. In addition, a way to translate findings for 
appropriate doses from in vitro cell culture to inside the body is needed to develop 
safe and effective delivery systems. This is one area where computational modeling 
will be very useful. With further research, gasotransmitter delivery systems offer a 
promising approach for engineering bone and other tissues.
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activities and potential applications of CNTs and CNT-based materials as antimicro-
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 Introduction

Nanomaterials are defined as materials with at least one dimension in the size range 
of approximately 1–100 nm. In 1991, carbon nanotubes (CNTs) were reported by 
Sumio Iijima, whose work has stimulated an intense research interest in the area of 
nanomaterials [1]. Since then, CNTs have been found to exhibit not only high spe-
cific surface areas but also unique chemical, physical, and electronic properties, 
which make them potentially useful in many applications in the fields of energy, 
environment, electronics, and medicine, to name a few.

CNTs are structurally described as cylindrical nanostructures rolled with sheets 
of six-membered carbon atom rings (i.e., graphene). CNTs with a single cylinder of 
only one layer are known as single-walled CNTs (SWCNTs), and those with two or 
more layers are referred to as multi-walled CNTs (MWCNTs). In the biomaterial 
and biomedical fields, CNTs have been extensively studied as biomaterials for the 
diagnosis of diseases (e.g., in vivo imaging) and as platforms for disease treatment 
by immobilizing therapeutic agents (e.g., anticancer drugs and antimicrobial 
agents). One of the potential benefits of using CNTs is to make treatment and imag-
ing more accurate, more feasible, and less invasive to living organisms compared to 
the use of conventional materials. Another benefit of CNT-based biomaterials is the 
ease of modifying the surfaces of CNTs with a broad scope of molecules due to the 
high reactivities of CNT surfaces [2–4].

With the rapid development of new implants and biomedical devices, developing 
antimicrobial surfaces on various implants and biomedical devices has attracted 
significant research interest. Antimicrobial surfaces could be designed to kill or at 
least inhibit the growth of microbial species (e.g., bacteria). Studies using CNTs 
have indicated that CNTs have antimicrobial properties; these properties may 
depend on their physicochemical properties. The antimicrobial properties can be 
tuned by their size, oxidation level, surface functionalization, and electronic struc-
tures [5, 6]. Besides CNTs, there are other types of nanomaterials that have also 
shown antimicrobial properties. These nanomaterials may include graphene, fuller-
ene, dendrimer, nanocomposite, and metallic nanoparticles (e.g., nanogold, nanosil-
ver, zinc oxide). The antimicrobial activities and potential adverse effects of these 
nanomaterials are listed and compared in Table 1. One can see that various nanoma-
terials have presented antimicrobial properties against a variety of pathogens includ-
ing bacteria and fungi (Table 1). However, clinical applications of such nanomaterials 
are still very limited, and nanomaterials including CNTs have not yet been used 
clinically as broadly as was hoped (despite the dramatically increasing amount of 
research into biomaterial applications worldwide). Their limited success is likely 
due to the potential safety concerns of nanomaterials. The impacts of nanomaterials 
on human health and the environment should always be considered; however, these 
impacts have not been thoroughly studied [32–35]. Better understanding of the 
characteristics of nanomaterials, from their basic physicochemical properties to 
their therapeutic effectiveness within biological systems, is much needed. In this 
mini review, we mainly focus on CNTs, which are one of the most widely studied 
and applied nanomaterials. We not only emphasize the antimicrobial properties and 
toxicity of SWCNTs and MWCNTs but also discuss their antimicrobial mechanisms.
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Table 1 Major nanomaterials as antimicrobial biomaterials

Nanomate-rial Scheme Antimicrobial property Toxicity References

SWCNT Presented antimicrobial 
activities against S. aureus, 
E. coli, Candida tropicalis, 
K. pneumoniae, and Salmonella 
species

Longer SWCNTs 
caused more 
inflammation, 
epithelioid 
granulomas, fibrosis 
in lungs, pulmonary 
blockage, and 
asphyxiation

[7–10]

MWCNT Showed antimicrobial activities 
against E. coli, S. aureus, and 
B. subtilis, etc. However, 
MWCNTs presented fewer 
antimicrobial properties 
compared to SWCNTs

Thinner and shorter 
MWCNTs induced 
relatively higher 
toxicity

[11, 12]

Fullerene Presented spectrum and 
light-activated antimicrobial 
properties against Gram- positive 
(e.g., S. aureus) and Gram-
negative (e.g., E. coli) bacteria 
and fungi (e.g., C. albicans)

Fullerenes were 
toxic to human 
dermal fibroblasts, 
lung epithelial 
cells, and 
astrocytes

[13–16]

Graphene Presented antimicrobial properties 
against both Gram-positive (e.g., 
S. aureus) and Gram-negative 
(e.g., E. coli) bacteria

May elicit toxic 
effects both in vitro 
and in vivo toward 
human cells

[17, 18]

Dendrimer Phloroglucinol succinic acid 
dendrimers showed high 
antimicrobial properties against 
Gram-positive bacteria, and 
dendrimers like SB056 scaffold 
presented high antimicrobial 
activities against Gram-negative 
bacteria

Generated 
neuroinflammatory 
reactions and 
induced both 
cytotoxicity and 
utophagic flux in 
glioma cell lines

[19–21]

Nanocomposite Nanocomposites like CNT/Ag 
presented antimicrobial 
activities against S. aureus, 
K. pneumoniae, P. aeruginosa, 
A. baumannii, and P. mirabilis

CNT/Ag 
nanocomposite 
caused damage in 
plasma membranes 
and mitochondria

[22, 23]

Metal 
nanoparticle

Ag, Cu, ZnO, Fe2O3, and TiO2 
presented antimicrobial 
properties. For instance, Ag 
nanoparticles had strong 
antimicrobial properties against 
E. coli, S. aureus, E. faecalis, 
T. parceramosum, A. fumigatus, 
F. oxysporum, C. albicans, 
T. mentagrophytes, and P. variotii

Metallic 
nanoparticles like 
Ag, Cu, etc. 
presented relatively 
high toxicity 
toward human cells

[24–31]

A. baumannii, Acinetobacter baumannii; A. fumigatus, Aspergillus fumigatus; B. subtilis, 
Bacillus subtilis; C. albicans, Candida albicans; E. coli, Escherichia coli; E. faecalis, 
Enterococcus faecalis; F. oxysporum, Fusarium oxysporum; K. Pneumoniae, Klebsiella pneu-
moniae; P. aeruginosa, Pseudomonas aeruginosa; P. mirabilis, Proteus mirabilis; S. aureus, 
Staphylococcus aureus; T. mentagrophytes, Trichophyton mentagrophytes; T. parceramosum, 
Trichoderma parceramosum; P. variotii, Paecilomyces variotii
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 Brief History of Antimicrobial Studies of CNTs

CNTs have been studied in many fields of science and technology since the first 
report of the helical microtubules of graphitic carbon in 1991 by Sumio Iijima [1]. 
As to their antimicrobial properties, one of the first studies came from Kang et al. of 
Yale University, who demonstrated that SWCNTs in aqueous solution had strong 
antimicrobial activities against E. coli [36]. The antimicrobial mechanism of CNTs 
was then examined in subsequent studies in 2008 [5], where they showed that E. coli 
underwent severe membrane damage from contact with SWCNTs and subsequently 
lost their viability. They believed that oxidative stress was one of the direct causes 
of the membrane damage observed, and the physical interaction of SWCNTs with 
the bacterial cells was believed to play a major role in antimicrobial mechanisms. 
The size of CNTs was a vital factor affecting their antimicrobial properties. They 
also found that SWCNTs had stronger antimicrobial properties against E. coli com-
pared to MWCNTs [5].

Taking advantage of the ease in surface modification of CNTs, researchers have 
further produced various CNT-based antimicrobial nanomaterials. Researchers have 
explored the antimicrobial activities of surface functionalized MWCNTs and 
SWCNTs against various pathogens including Gram-positive and Gram-negative 
bacteria. For instance, CNT-based nanocomposites with metal and metal oxides 
have been developed, including CNT/Ag, CNT/TiO2, CNT/SiO2, CNT/Cu, CNT/
ZnO, and CNT/SnO2 nanocomposites; some have shown significant antimicrobial 
activities [37–41]. As an example, CNT/Ag nanocomposites have shown excellent 
antimicrobial properties against S. aureus and E. coli [39]. Overall, the studies of 
CNTs as an antimicrobial biomaterial have attracted increased attention; some 
examples are listed in Table 2.

 Antimicrobial Properties of SWCNTs

SWCNTs were shown to present strong antimicrobial activities first by Kang et al. 
in 2007 [36]. In their study, the interaction of SWCNTs with E. coli K12 in an iso-
tonic aqueous solution was examined, and it was found that the antimicrobial activi-
ties of SWCNTs were dependent on their interaction time with bacteria. After 
incubating for 30, 60, and 120 min, the percentage of bacterial cell viability loss on 
SWCNTs were 73.1 ± 5.4%, 79.9 ± 9.8%, and 87.6 ± 4.7%, respectively. It was also 
found that direct contact between E. coli and SWCNTs was necessary for the inac-
tivation of E. coli. Significantly, morphological changes were observed in SWCNT 
treated bacteria; E. coli incubated with SWCNTs lost cellular integrity while the 
controls maintained their outer membrane structure (Fig. 1).

Yang et al. investigated the effect of the length of SWCNTs on their antimicro-
bial activities [10]. Three different lengths of SWCNTs (<1 μm, 1–5 μm, and ~5 μm) 
were tested against S. typhimurium. They found that longer SWCNTs presented 
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Table 2 Examples of antimicrobial studies of CNTs

Year CNT type Bacteria studied Key finding References

2007 SWCNTs E. coli Highly purified SWCNTs exhibit strong 
antimicrobial activity against E. coli

[36]

2008 SWCNTs 
and 
MWCNTs

E. coli Diameter of CNTs is a key factor of 
antimicrobial properties, cell membrane 
damage by direct contact is a main 
antimicrobial mechanism, and 
SWCNTs are much more toxic to 
bacteria than MWCNTs

[5]

2010 MWCNTs S. aureus, S. pyogenes, 
E. coli, 
S. typhimurium

CNT/Ag nanocomposites present 
significant antimicrobial properties

[37]

2010 SWCNTs S. typhimurium At the same weight concentration, 
longer CNTs presented higher 
antimicrobial properties

[10]

2013 MWCNTs L. acidophilus, 
B. adolescentis, 
E. coli, E. faecalis, 
S. aureus

CNTs have shown broad-spectrum 
antibacterial activities to human gut 
bacteria

[42]

2014 SWCNTs S. aureus, E. coli, 
C. tropicalis

CNT/chitosan composite hydrogel 
exhibited increasing antimicrobial 
activities with increasing CNT 
concentration

[7]

2014 MWCNTs P. aeruginosa, 
S. typhimurium, 
K. pneumonia, E. coli, 
S. pneumonia, 
B. subtilis, B. cereus, 
S. aureus

Functionalization of CNT surfaces 
changes the antimicrobial properties

[43]

2015 MWCNTs K. pneumonia, E. coli CNTs increased the antimicrobial 
activities of gelatin

[8]

2016 MWCNTs S. aureus, E. coli CNT/Ag composites presented excellent 
antibacterial activity, cell compatibility, 
and long-term stability

[39]

2016 MWCNTs E. coli, S. aureus With the addition of unsaturated 
phospholipids, MWCNTs may present 
antibacterial effects comparable to 
SWCNTs

[44]

2018 MWCNTs E. coli Conjugation of MWCNTs led to 
efficient photodynamic inactivation in 
E. coli

[45]

2019 MWCNTs S. aureus, S. mutans, 
C. albicans

Significant anti-adhesive effects against 
oral microbial species without 
cytotoxicity to oral keratinocytes were 
observed for the 1% CNT group 
compared to the PMMA control group

[46]

B. adolescentis, Bifidobacterium adolescentis; B. cereus, Bacillus cereus; C. tropicalis, Candida 
tropicalis; L. acidophilus, Lactobacillus acidophilus; PMMA poly(methyl methacrylate); S. 
mutans, Streptococcus mutans; S. pneumonia, Streptococcus pneumonia; S. pyogenes, 
Streptococcus pyogenes; S. typhimurium, Salmonella enterica serovar typhimurium
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Fig. 1 Scanning electron 
microscopy (SEM) images 
of E. coli. (a) Cells 
incubated without 
SWCNTs for 60 min. Cells 
were filtered and observed 
via SEM on the filter. (b) 
Cells incubated with 
SWCNTs for 60 min. 
(Reprinted with permission 
from [36]. Copyright 
(2007) American Chemical 
Society)

stronger antimicrobial activities compared to shorter SWCNTs at the same weight 
concentration, and longer SWCNTs tended to aggregate more with bacteria while 
shorter SWCNTs aggregated less with bacterial cells (Fig. 2). Furthermore, com-
pared to shorter SWCNTs, the antimicrobial activities of longer SWCNTs were 
more concentration- and treatment time-dependent [10].

Dong et al. also assessed the antimicrobial activities of SWCNTs and found that 
SWCNTs exhibited increasing antimicrobial activities against both Salmonella 
enteric (S. enteric) and E. coli with increasing SWCNT concentration. Overall, 
SWCNTs showed poor antimicrobial activities against S. enteric [47].

More recently, much attention has been paid to CNT derivatives and how to 
increase the antimicrobial activities of SWCNTs. Venkatesan et  al. prepared 
chitosan- conjugated CNT hydrogels which showed strong antimicrobial activities 
against S. aureus and Candida tropicalis [7]. Chaudhari et al. found that pegylated 
Ag/SWCNT nanocomposites had good antimicrobial activities against Salmonella 
species based on findings from their growth curve assay and minimum inhibitory 
concentration (MIC) studies. These nanocomposites inhibited S. typhimurium at 
62.5 μg/mL and were non-toxic to human cells [9]. In their further studies, Chaudhari 
et al. reported a novel method for covalently functionalizing SWCNT/Ag with an 
antimicrobial peptide (i.e., TP359—a lipidated cationic oligopeptide of myristoyl- 

P. Wang et al.



213

KKALKd amide). The new conjugate exhibited additive antimicrobial activities not 
only against two Gram-positive bacteria (i.e., S. aureus and S. pyogenes) but also 
against two Gram-negative bacteria (i.e., S. typhimurium and E. coli) [48]. Their 
data showed that the MIC of the new conjugate was lowered to 7.8–3.9 μg/mL with 
an IC50 of ~4–5 μg/mL from an MIC of 62.6 μg/mL and an IC50 of ~31–35 μg/mL 
for SWCNT/Ag. The new conjugate also showed reduced cellular toxicity toward 
murine macrophages and lung carcinoma cells [48].

Overall, SWCNTs and their composites have presented strong antimicrobial prop-
erties; those antimicrobial properties may vary with diameter, interaction time, etc.

 Antimicrobial Properties of MWCNTs

MWCNTs have also been demonstrated to have antimicrobial properties. Surface 
functionalization has been widely utilized to improve their antimicrobial properties. 
For instance, Lohan et  al. reported that nonionic surfactants like polysorbates 
(Tween 20, Tween 40, and Tween 80) could enhance the solubility of MWCNTs, 

Fig. 2 Representative images of Salmonella cells in deionized water suspension (A) without 
SWCNTs, and the aggregates formed by cells and SWCNTs of different lengths (B) <1 μm, (C) 
1–5 μm, and (D) ∼5 μm. Cells were stained with green fluorescence. Black spots in the aggregates 
(indicated by arrows in B and C) were clusters of SWCNTs. (Reprinted with permission from [10]. 
Copyright (2010) American Chemical Society)
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and MWCNTs presented comparable antimicrobial efficacy as SWCNTs against 
E. coli and S. aureus upon the addition of unsaturated phospholipids [44]. Booshehri 
et al. synthesized a hollow fiber membrane by depositing Ag nanoparticle- conjugated 
MWCNTs on the external surfaces, and the resultant nanocomposite membranes 
exhibited significantly improved antimicrobial and antifouling properties [49]. In 
another study, MWCNT surfaces were functionalized with mono-, di-, and trietha-
nolamine (MEA, DEA, and TEA) using a microwave method [43]. The antimicro-
bial performance of pristine and functionalized MWCNTs were tested with multiple 
bacterial species including four Gram-negative bacteria (P. aeruginosa, 
S. typhimurium, K. pneumonia, and E. coli) as well as four Gram-positive bacteria 
(Streptococcus pneumonia, B. subtilis, Bacillus cereus, and S. aureus). The data 
based on MIC and radial diffusion studies demonstrated that the type of functional 
group had a direct influences on their antimicrobial properties. The antimicrobial 
results were: MWCNT-TEA  >  MWCNT-DEA  >  MWCNT-MEA  >  pristine 
MWCNT. It was evident that the functional groups played a key role in antimicro-
bial activities of MWCNTs [43].

It was also shown that the length of MWCNTs may be important for their anti-
microbial properties. The antimicrobial activities of MWCNTs were tested against 
L. acidophilus, B. adolescentis, E. coli, E. faecalis, and S. aureus in the human 
digestive system, and it was found that the shorter MWCNTs (s-MWCNTs) and 
hydroxyl modified MWCNTs (s-MWCNT-OH) were more toxic toward bacteria 
compared to the longer MWCNTs (l-MWCNTs) and s-MWCNT-COOH [42].

Spizzirria et  al. also synthesized bioconjugates using gelatin, MWCNTs, and 
fluoroquinolones and demonstrated that the hybrid nanomaterials had greatly 
enhanced antimicrobial activities against K. pneumoniae and E. coli [8].

Therefore, it seems that both SWCNTs and MWCNTs have antimicrobial prop-
erties; the thin and rigid SWCNTs may have higher antimicrobial effectiveness 
compared to MWCNTs, probably due to their ability to better pierce the wall/mem-
brane of spherical bacteria. However, MWCNTs may offer better biocompatibility 
and lower toxicity by functionalization or chemical modification [50, 51].

 Toxicity of SWCNTs and MWCNTs Against Eukaryotic Cells

CNTs have emerged as one of the most widely used nanomaterials for biomedical 
applications, such as bioimaging and drug delivery carriers. The safety and biocom-
patibility of CNT products are therefore essential for their biomedical applications. 
In general, the physical interaction of CNTs with cells could cause membrane dam-
age and cell death. Significant cytotoxicity of SWCNTs was observed in macro-
phages after 6  h of in  vitro exposure, and SWCNTs significantly reduced the 
phagocytosis of macrophages at a dose as low as 0.38 μg/cm2. Among the three 
types of carbon materials tested, the cytotoxicity followed a sequence order on a 
mass basis: SWCNT > MWCNT > fullerene (C60) [52]. In vitro studies have also 
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shown that CNTs appeared to present much less cytotoxicity toward eukaryotic 
cells (e.g., human epithelial cells, T-cells) compared to prokaryotic cells [53, 54]. 
The in vivo toxicity studies of CNTs, currently mainly focused on skin-contacted, 
oral, and inhalational exposures, which are the likely routes for the exposure of 
CNTs to human beings, have shown that exposures to CNTs may lead to toxicity. 
Some studies suggested that the toxicity observed was probably attributed to the 
residual metals (from the synthesis process) on CNTs, which might result in ele-
vated oxidative stress, thereby causing inflammation and toxicity, since there was 
no obvious increase of dermal cell number and skin thickening in mice treated with 
highly pure and clean CNTs [55, 56]. It was suggested that purification might be a 
good way to reduce the potential toxicity of CNTs.

 Antimicrobial Mechanisms of CNTs

The antimicrobial effect of nanomaterials has been widely studied, and some mech-
anisms of the observed antimicrobial activities have been reported [57]. However, 
accurate antimicrobial mechanisms behind each nanomaterial are still not well- 
understood [58]. The antimicrobial mechanisms of CNTs are found to be associated 
with the physicochemical and structural characteristics (diameter, surface func-
tional group, length, residual catalyst contamination, electronic structure, and elec-
tronic transfer) of CNTs and the shape of the bacteria. The diameter of CNTs is 
found to be a vital factor governing their antimicrobial capacities, and small- 
diameter SWCNTs (length ranging at 1–3 μm) displayed the strongest bacterial 
cytotoxicity compared to other CNTs with similar length. The antimicrobial mecha-
nism is diameter-dependent piercing that leads to lysis of the cell wall and mem-
brane. The length of the CNTs is another critical factor contributing to the 
antimicrobial activities of CNTs. In general, shorter CNTs were found to be more 
toxic to bacteria than longer CNTs, while long CNTs (>50 μm) may wrap around 
the surface of bacteria, thereby increasing contact area with the bacterial wall and 
promoting osmotic lysis of bacteria and cause lysis of the cell wall and membrane 
[42]. The antimicrobial activities of CNTs are therefore mainly associated with 
diameter-dependent piercing and length-dependent wrapping on the lysis of micro-
bial membranes and subsequent release of intracellular components (e.g., DNA and 
RNA) and loss of bacterial membrane potential. Moreover, the high specific surface 
and chemical groups on the surfaces of CNTs may facilitate chemical and physical 
interactions, such as hydrogen-binding or electrostatic absorption, with the micro-
bial membranes, disintegrate the microbial membranes, and eventually result in cell 
death. In addition, the shape of the bacteria may contribute to the antimicrobial 
activities of CNTs; CNTs were found to have less antimicrobial activities against 
rod-like bacteria as opposed to spherical ones [42].

The antimicrobial mechanisms of CNTs were summarized in three main phases, 
since it was demonstrated that the number of damaged bacteria and the extent of 
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damage to the bacteria depend on the electronic properties of CNTs (Fig. 3) [6]. 
The first phase includes physical contact and interaction between CNTs and bacte-
ria. The second phase is the bacterial membrane perturbation due to the physical 
contact and interaction. The third phase is electronic structure-dependent bacterial 
oxidation. The direct cell contact with CNTs may cause cell membrane damage and 
subsequent cell inactivation and death [6].

Fig. 3 Representative SEM images of E. coli deposited on SWCNT filters. E. coli was deposited on 
the SWCNT filter, incubated for 45 min in isotonic saline, and fixed with glutaraldehyde and osmium 
tetroxide prior to SEM imaging: (A, D) <5% metallic, (B, E) 30% metallic, and (C, F) >95% metal-
lic. Note the differences in cell membrane hydration, structure, and roughness between the three 
samples. (Reprinted with permission from [6]. Copyright (2010) American Chemical Society)
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 Perspectives and Summary

Comparing CNTs with conventional antibiotics The mechanism of many con-
ventional antibiotics, such as ofloxacin and ceftazidime, acts on specific targets 
within the microbes, for instance, causing the breakage of double-stranded DNA or 
disturbance of protein synthesis and blockage of cell division [59]. As a result, the 
morphology of the bacteria may be preserved, and consequently, the bacteria may 
develop resistance. Compared to these conventional antibiotics, the antimicrobial 
activities of CNTs are mainly mediated by their direct interactions and perturbation 
of cell walls and membranes; such physical damage to the cell walls and mem-
branes may be less likely to induce the development of microbial resistance. As 
antibiotic resistance continues to spread worldwide [60], antimicrobial materials 
like CNTs may find unique applications as coatings or components of devices to 
reduce implant-associated infections.

Applying CNTs in bone tissue regeneration CNTs have not only been shown to 
have antimicrobial properties, they may also promote osteogenesis. CNTs were 
found to promote bone tissue formation in vivo [61] and suppress the differentiation 
of osteoclasts as well as expression of the transcription factor nuclear factor-kappa 
B (NFκB) in osteoclasts [29]. CNTs also served as seed materials for the crystalliza-
tion of hydroxyapatite, the major component of bone, and CNTs could attract Ca 
ions and activate osteoblasts. Composites like CNT/polylactic acid could promote 
osteoblast proliferation, and CNT/polycarbonate urethane and CNT/poly lactic-co- 
glycolic acid enhanced the adhesion of osteoblasts [62–65]. Therefore, CNTs could 
promote osteogenesis and thereby the process of bone tissue regeneration. 
Considering both the antimicrobial and osteogenic properties, CNTs and CNT- 
based composites may become innovative materials to reduce two of the major 
complications (i.e., delayed bone healing and infection) associated with major inju-
ries like trauma which involves implantation and potential contamination. In addi-
tion, composites of CNT/polyethylene, CNT/polyether ether ketone (PEEK), and 
CNT/ceramic may be developed as artificial joints. For instance, MWCNT- 
conjugated ultra-high-molecular-weight polyethylene (UHMWPE) is suitable as a 
sliding material for artificial joints with high wear resistance and low breakability. 
Combining CNTs with ceramics may increase fracture toughness and can transform 
ceramics into ideal, wear-free, and antifracture sliding parts for artificial joints.

Impacting human health and the environment Like most nanomaterials, CNTs 
are considered to have potential mobility and therefore may impact in and across air, 
water, soil, and biota. Once CNTs are released into the environment, they may 
induce unforeseen environmental impacts not only to human beings but also to eco-
systems. For instance, SWCNTs were detected in fecal material collected from the 
digestive tract of fathead minnows, and clumps of SWCNTs were found on the gills 
[66]. MWCNTs were found to cause immune responses and presented reproductive 
toxicity [67]. CNTs may stay in the digestive tract of bottom consumers in the 
ecological pyramid, and could move up through the food chain as these bottom 
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consumers (e.g., worms) are further consumed by benthivores [68, 69]. As for plants 
or plant cells, CNTs were found to inhibit the root elongation in tomatoes and to 
enhance root elongation of onions and cucumbers, and upon functionalization, 
CNTs inhibited root elongation in lettuce while the root growth of cabbages and 
carrots were not affected by CNTs (either functionalized or nonfunctionalized). 
Exposing tomato seeds to CNTs increased the germination percentage and enhanced 
the growth of seedlings; it was hypothesized that CNTs penetrated the seed coat and 
enhanced the amount of water uptake of seeds during the germination period. Due 
to the complexity of ecosystems, the microenvironments that CNTs are released 
into likely are more complicated than most lab experimental settings. The tempera-
ture, pH, and interactions with natural substances will likely change the surface 
chemistry. Therefore, the original surface chemistry of CNTs before entering eco-
systems may not be important. In addition, it is important to standardize the proto-
cols for analyzing the potential impacts of CNTs in ecosystems.

In summary, CNTs have displayed antimicrobial properties, which are associ-
ated with the physicochemical and structural characteristics of CNTs and the shape 
of the microbes. Their antimicrobial properties are mainly through diameter depen-
dent piercing and length dependent wrapping that leads to lysis of the cell wall and 
membrane, and may be less likely to induce microbial resistance. Meanwhile, great 
effort and progress have been made to examine the in vitro and in vivo toxicity of 
CNTs. However, due to the complexity of ecosystems and expanding applications 
of nanomaterials, more should be done to investigate and understand the toxicologi-
cal and environmental effects of direct and indirect exposures and uses of CNTs. 
Standardized experimental protocols and techniques are much needed to determine 
the impacts of CNTs (may be applied to other nanomaterials as well) on individual 
cells, organs, entire organisms, and ecosystems.

Acknowledgments This work is supported by the Office of the Assistant Secretary of Defense for 
Health Affairs, through the Peer Reviewed Medical Research Program, Discovery Awards under 
Award Nos. W81XWH1710603 and W81XWH1810203. We also acknowledge the financial sup-
port from WVU PSCoR and WVCTSI. Opinions, interpretations, conclusions, and recommenda-
tions are those of the authors and are not necessarily endorsed by the funding agencies. We thank 
Suzanne Danley for proofreading.

References

 1. Iijima S (1991) Helical microtubules of graphitic carbon. Nature 354(6348):56–58
 2. Rodriguez-Fernandez L, Valiente R, Gonzalez J, Villegas JC, Fanarraga ML (2012) Multiwalled 

carbon nanotubes display microtubule biomimetic properties in vivo, enhancing microtubule 
assembly and stabilization. ACS Nano 6(8):6614–6625

 3. Lacerda L, Bianco A, Prato M, Kostarelos K (2006) Carbon nanotubes as nanomedicines: from 
toxicology to pharmacology. Adv Drug Deliv Rev 58(14):1460–1470

 4. Pagona G, Tagmatarchis N (2006) Carbon nanotubes: materials for medicinal chemistry and 
biotechnological applications. Curr Med Chem 13(15):1789–1798

 5. Kang S, Herzberg M, Rodrigues DF, Elimelech M (2008) Antibacterial effects of carbon nano-
tubes: size does matter! Langmuir 24(13):6409–6413

P. Wang et al.



219

 6. Vecitis CD, Zodrow KR, Kang S, Elimelech M (2010) Electronic-structure-dependent bacte-
rial cytotoxicity of single-walled carbon nanotubes. ACS Nano 4(9):5471–5479

 7. Venkatesan J, Jayakumar R, Mohandas A, Bhatnagar I, Kim SK (2014) Antimicrobial activity 
of chitosan-carbon nanotube hydrogels. Materials (Basel) 7(5):3946–3955

 8. Spizzirri UG, Hampel S, Cirillo G, Mauro MV, Vittorio O, Cavalcanti P, Giraldi C, Curcio M, 
Picci N, Iemma F (2015) Functional gelatin-carbon nanotubes nanohybrids with enhanced 
antibacterial activity. Int J Polym Mater Polym Biomater 64(9):439–447

 9. Chaudhari AA, Jasper SL, Dosunmu E, Miller ME, Arnold RD, Singh SR, Pillai S (2015) 
Novel pegylated silver coated carbon nanotubes kill Salmonella but they are non-toxic to 
eukaryotic cells. J Nanobiotechnology 13:23

 10. Yang C, Mamouni J, Tang Y, Yang L (2010) Antimicrobial activity of single-walled carbon 
nanotubes: length effect. Langmuir 26(20):16013–16019

 11. Azizian J, Hekmati M, Dadras OG (2014) Functionalization of carboxylated multiwall nano-
tubes with dapsone derivatives and study of their antibacterial activities against E. coli and S. 
aureus. Orient J Chem 30(2):667–673

 12. Shahriary L, Nair R, Sabharwal S, Athawale AA (2015) One-step synthesis of Ag–reduced 
graphene oxide–multiwalled carbon nanotubes for enhanced antibacterial activities. New 
J Chem 39(6):4583–4590

 13. Yang X, Ebrahimi A, Li J, Cui Q (2014) Fullerene-biomolecule conjugates and their biomed-
icinal applications. Int J Nanomedicine 9:77–92

 14. Mizuno K, Zhiyentayev T, Huang L, Khalil S, Nasim F, Tegos GP, Gali H, Jahnke A, Wharton 
T, Hamblin MR (2011) Antimicrobial photodynamic therapy with functionalized fullerenes: 
quantitative structure-activity relationships. J Nanomed Nanotechnol 2(2):1–9

 15. Mizuno T, Masuda Y, Irie K (2015) The Saccharomyces cerevisiae AMPK, Snf1, negatively 
regulates the Hog1 MAPK pathway in ER stress response. PLoS Genet 11(9):e1005491

 16. Tegos GP, Demidova TN, Arcila-Lopez D, Lee H, Wharton T, Gali H, Hamblin MR (2005) 
Cationic fullerenes are effective and selective antimicrobial photosensitizers. Chem Biol 
12(10):1127–1135

 17. Maleki Dizaj S, Mennati A, Jafari S, Khezri K, Adibkia K (2015) Antimicrobial activity of 
carbon-based nanoparticles. Adv Pharm Bull 5(1):19–23

 18. Guo X, Mei N (2014) Assessment of the toxic potential of graphene family nanomaterials. 
J Food Drug Anal 22(1):105–115

 19. Scorciapino MA, Pirri G, Vargiu AV, Ruggerone P, Giuliani A, Casu M, Buerck J, Wadhwani 
P, Ulrich AS, Rinaldi AC (2012) A novel dendrimeric peptide with antimicrobial properties: 
structure-function analysis of SB056. Biophys J 102(5):1039–1048

 20. Bertero A, Boni A, Gemmi M, Gagliardi M, Bifone A, Bardi G (2014) Surface functionalisa-
tion regulates polyamidoamine dendrimer toxicity on blood–brain barrier cells and the modu-
lation of key inflammatory receptors on microglia. Nanotoxicology 8(2):158–168

 21. Kumar MS, Karthikeyan S, Ramprasad C, Aruna PR, Mathivanan N, Velmurugan D, Ganesan 
S (2015) Investigation of phloroglucinol succinic acid dendrimer as antimicrobial agent 
against Staphylococcus Aureus, Escherichia Coli and Candida Albicans. Nano Biomed Eng 
7(2):62–74

 22. Yun H, Kim JD, Choi HC, Lee CW (2013) Antibacterial activity of CNT-Ag and GO-Ag 
nanocomposites against gram-negative and gram-positive bacteria. Bull Korean Chem Soc 
34(11):3261–3264

 23. Shankar S, Teng X, Rhim JW (2014) Properties and characterization of agar/CuNP bionano-
composite films prepared with different copper salts and reducing agents. Carbohydr Polym 
114:484–492

 24. Rai M, Yadav A, Gade A (2009) Silver nanoparticles as a new generation of antimicrobials. 
Biotechnol Adv 27(1):76–83

 25. Chatterjee AK, Chakraborty R, Basu T (2014) Mechanism of antibacterial activity of copper 
nanoparticles. Nanotechnology 25(13):135101

 26. Besinis A, De Peralta T, Handy RD (2014) The antibacterial effects of silver, titanium diox-
ide and silica dioxide nanoparticles compared to the dental disinfectant chlorhexidine on 
Streptococcus mutans using a suite of bioassays. Nanotoxicology 8(1):1–16

Carbon Nanotubes: Their Antimicrobial Properties and Applications in Bone Tissue…



220

 27. Azam A, Ahmed AS, Oves M, Khan MS, Habib SS, Memic A (2012) Antimicrobial activity 
of metal oxide nanoparticles against gram-positive and gram-negative bacteria: a comparative 
study. Int J Nanomedicine 7:6003–6009

 28. Sui M, Zhang L, Sheng L, Huang S, She L (2013) Synthesis of ZnO coated multi-walled car-
bon nanotubes and their antibacterial activities. Sci Total Environ 452-453:148–154

 29. Tran N, Mir A, Mallik D, Sinha A, Nayar S, Webster TJ (2010) Bactericidal effect of iron oxide 
nanoparticles on Staphylococcus aureus. Int J Nanomedicine 5:277–283

 30. Brunet L, Lyon DY, Hotze EM, Alvarez PJ, Wiesner MR (2009) Comparative photoactivity 
and antibacterial properties of C60 fullerenes and titanium dioxide nanoparticles. Environ Sci 
Technol 43(12):4355–4360

 31. Maness PC, Smolinski S, Blake DM, Huang Z, Wolfrum EJ, Jacoby WA (1999) Bactericidal 
activity of photocatalytic TiO(2) reaction: toward an understanding of its killing mechanism. 
Appl Environ Microbiol 65(9):4094–4098

 32. Soto K, Garza KM, Murr LE (2007) Cytotoxic effects of aggregated nanomaterials. Acta 
Biomater 3(3):351–358

 33. Wick P, Manser P, Limbach LK, Dettlaff-Weglikowska U, Krumeich F, Roth S, Stark WJ, 
Bruinink A (2007) The degree and kind of agglomeration affect carbon nanotube cytotoxicity. 
Toxicol Lett 168(2):121–131

 34. Fraczek A, Menaszek E, Paluszkiewicz C, Blazewicz M (2008) Comparative in vivo biocom-
patibility study of single- and multi-wall carbon nanotubes. Acta Biomater 4(6):1593–1602

 35. Jain KK (2012) Advances in use of functionalized carbon nanotubes for drug design and 
discovery. Expert Opin Drug Discov 7(11):1029–1037

 36. Kang S, Pinault M, Pfefferle LD, Elimelech M (2007) Single-walled carbon nanotubes exhibit 
strong antimicrobial activity. Langmuir 23(17):8670–8673

 37. Rangari VK, Mohammad GM, Jeelani S, Hundley A, Vig K, Singh SR, Pillai S (2010) 
Synthesis of Ag/CNT hybrid nanoparticles and fabrication of their nylon-6 polymer nanocom-
posite fibers for antimicrobial applications. Nanotechnology 21(9):095102

 38. Afzal MA, Kalmodia S, Kesarwani P, Basu B, Balani K (2013) Bactericidal effect of silver- 
reinforced carbon nanotube and hydroxyapatite composites. J Biomater Appl 27(8):967–978

 39. Nie C, Cheng C, Ma L, Deng J, Zhao C (2016) Mussel-inspired antibacterial and biocompat-
ible silver-carbon nanotube composites: green and universal nanointerfacial functionalization. 
Langmuir 32(23):5955–5965

 40. Sivaraj D, Vijayalakshmi K (2017) Preferential killing of bacterial cells by hybrid carbon 
nanotube-MnO2 nanocomposite synthesized by novel microwave assisted processing. Mater 
Sci Eng C Mater Biol Appl 81:469–477

 41. Pandiyan R, Mahalingam S, Ahn YH (2019) Antibacterial and photocatalytic activity of hydro-
thermally synthesized SnO2 doped GO and CNT under visible light irradiation. J Photochem 
Photobiol B 191:18–25

 42. Chen H, Wang B, Gao D, Guan M, Zheng L, Ouyang H, Chai Z, Zhao Y, Feng W (2013) 
Broad-spectrum antibacterial activity of carbon nanotubes to human gut bacteria. Small 
9(16):2735–2746

 43. Zardini HZ, Davarpanah M, Shanbedi M, Amiri A, Maghrebi M, Ebrahimi L (2014) 
Microbial toxicity of ethanolamines—multiwalled carbon nanotubes. J Biomed Mater Res A 
102(6):1774–1781

 44. Lohan S, Raza K, Singla S, Chhibber S, Wadhwa S, Katare OP, Kumar P, Singh B (2016) 
Studies on enhancement of anti-microbial activity of pristine MWCNTs against pathogens. 
AAPS PharmSciTech 17(5):1042–1048

 45. Vt A, Paramanantham P, Sb SL, Sharan A, Alsaedi MH, Dawoud TMS, Asad S, Busi S (2018) 
Antimicrobial photodynamic activity of rose Bengal conjugated multi walled carbon nano-
tubes against planktonic cells and biofilm of Escherichia coli. Photodiagn Photodyn Ther 
24:300–310

 46. Kim KI, Kim DA, Patel KD, Shin US, Kim HW, Lee JH, Lee HH (2019) Carbon nanotube 
incorporation in PMMA to prevent microbial adhesion. Sci Rep 9(1):4921

 47. Dong L, Henderson A, Field C (2012) Antimicrobial activity of single-walled carbon nano-
tubes suspended in different surfactants. J Nanotechnology 2012:7

P. Wang et al.



221

 48. Chaudhari AA, Ashmore D, Nath SD, Kate K, Dennis V, Singh SR, Owen DR, Palazzo C, 
Arnold RD, Miller ME, Pillai SR (2016) A novel covalent approach to bio-conjugate silver 
coated single walled carbon nanotubes with antimicrobial peptide. J  Nanobiotechnology 
14(1):58

 49. Booshehri AY, Wang R, Xu R (2013) The effect of re-generable silver nanoparticles/multi- 
walled carbon nanotubes coating on the antibacterial performance of hollow fiber membrane. 
Chem Eng J 230:251–259

 50. Zardini HZ, Amiri A, Shanbedi M, Maghrebi M, Baniadam M (2012) Enhanced antibacterial 
activity of amino acids-functionalized multi walled carbon nanotubes by a simple method. 
Colloids Surf B Biointerfaces 92:196–202

 51. Qi XB, Gunawan P, Xu R, Chang MW (2012) Cefalexin-immobilized multi-walled car-
bon nanotubes show strong antimicrobial and anti-adhesion properties. Chem Eng Sci 
84:552–556

 52. Jia G, Wang H, Yan L, Wang X, Pei R, Yan T, Zhao Y, Guo X (2005) Cytotoxicity of carbon 
nanomaterials: single-wall nanotube, multi-wall nanotube, and fullerene. Environ Sci Technol 
39(5):1378–1383

 53. Alpatova AL, Shan W, Babica P, Upham BL, Rogensues AR, Masten SJ, Drown E, Mohanty 
AK, Alocilja EC, Tarabara VV (2010) Single-walled carbon nanotubes dispersed in aqueous 
media via non-covalent functionalization: effect of dispersant on the stability, cytotoxicity, and 
epigenetic toxicity of nanotube suspensions. Water Res 44(2):505–520

 54. Fadel TR, Steenblock ER, Stern E, Li N, Wang X, Haller GL, Pfefferle LD, Fahmy TM (2008) 
Enhanced cellular activation with single walled carbon nanotube bundles presenting antibody 
stimuli. Nano Lett 8(7):2070–2076

 55. Koyama S, Kim YA, Hayashi T, Takeuchi K, Fujii C, Kuroiwa N, Koyama H, Tsukahara T, 
Endo M (2009) In vivo immunological toxicity in mice of carbon nanotubes with impurities. 
Carbon 47(5):1365–1372

 56. Murray AR, Kisin E, Leonard SS, Young SH, Kommineni C, Kagan VE, Castranova V, 
Shvedova AA (2009) Oxidative stress and inflammatory response in dermal toxicity of single- 
walled carbon nanotubes. Toxicology 257(3):161–171

 57. Baranwal A, Srivastava A, Kumar P, Bajpai VK, Maurya PK, Chandra P (2018) Prospects of 
nanostructure materials and their composites as antimicrobial agents. Front Microbiol 9:422

 58. Beyth N, Houri-Haddad Y, Domb A, Khan W, Hazan R (2015) Alternative antimicrobial 
approach: nano-antimicrobial materials. Evid Based Complement Alternat Med 2015:246012

 59. Nederberg F, Zhang Y, Tan JP, Xu K, Wang H, Yang C, Gao S, Guo XD, Fukushima K, Li L, 
Hedrick JL, Yang YY (2011) Biodegradable nanostructures with selective lysis of microbial 
membranes. Nat Chem 3(5):409–414

 60. Li B, Webster TJ (2018) Bacteria antibiotic resistance: new challenges and opportunities for 
implant-associated orthopedic infections. J Orthop Res 36(1):22–32

 61. Saito N, Usui Y, Aoki K, Narita N, Shimizu M, Ogiwara N, Nakamura K, Ishigaki N, Kato H, 
Taruta S, Endo M (2008) Carbon nanotubes for biomaterials in contact with bone. Curr Med 
Chem 15(5):523–527

 62. Supronowicz PR, Ajayan PM, Ullmann KR, Arulanandam BP, Metzger DW, Bizios R (2002) 
Novel current-conducting composite substrates for exposing osteoblasts to alternating current 
stimulation. J Biomed Mater Res 59(3):499–506

 63. Bajaj P, Khang D, Webster TJ (2006) Control of spatial cell attachment on carbon nanofiber 
patterns on polycarbonate urethane. Int J Nanomedicine 1(3):361–365

 64. Shi X, Hudson JL, Spicer PP, Tour JM, Krishnamoorti R, Mikos AG (2006) Injectable nano-
composites of single-walled carbon nanotubes and biodegradable polymers for bone tissue 
engineering. Biomacromolecules 7(7):2237–2242

 65. Lin C, Wang Y, Lai Y, Yang W, Jiao F, Zhang H, Ye S, Zhang Q (2011) Incorporation of car-
boxylation multiwalled carbon nanotubes into biodegradable poly(lactic-co-glycolic acid) for 
bone tissue engineering. Colloids Surf B Biointerfaces 83(2):367–375

 66. Helland A, Wick P, Koehler A, Schmid K, Som C (2007) Reviewing the environmen-
tal and human health knowledge base of carbon nanotubes. Environ Health Perspect 
115(8):1125–1131

Carbon Nanotubes: Their Antimicrobial Properties and Applications in Bone Tissue…



222

 67. Cheng J, Chan CM, Veca LM, Poon WL, Chan PK, Qu L, Sun YP, Cheng SH (2009) Acute and 
long-term effects after single loading of functionalized multi-walled carbon nanotubes into 
zebrafish (Danio rerio). Toxicol Appl Pharmacol 235(2):216–225

 68. Roberts AP, Mount AS, Seda B, Souther J, Qiao R, Lin S, Ke PC, Rao AM, Klaine SJ (2007) 
In vivo biomodification of lipid-coated carbon nanotubes by Daphnia magna. Environ Sci 
Technol 41(8):3025–3029

 69. Ghafari P, St-Denis CH, Power ME, Jin X, Tsou V, Mandal HS, Bols NC, Tang XS (2008) 
Impact of carbon nanotubes on the ingestion and digestion of bacteria by ciliated protozoa. 
Nat Nanotechnol 3(6):347–351

P. Wang et al.



Part II
Interface Tissue Engineering and 
Advanced Material for Scaffolds



225© Springer Nature Switzerland AG 2020
B. Li et al. (eds.), Racing for the Surface, 
https://doi.org/10.1007/978-3-030-34471-9_10

Fracture Healing and Progress Towards 
Successful Repair

William A. Lackington and Keith Thompson

Abstract Despite the intrinsic healing capacity of bone and advancements in 
orthopedic technologies, well-established interventions, including autologous bone 
grafting, have had a relatively limited impact on easing the burden of a proportion 
of the 5–20% of long bone fracture patients who suffer from delayed healing or 
nonunion. In this chapter, we describe how the biology of bone development and 
bone homeostasis are recapitulated in bone healing, and how immunological and 
mechanical factors regulate healing. We present the current barriers faced clinically, 
outlining some of the main risk factors associated with the development of delayed 
healing and nonunion, with a focus on bone infection, and how it hijacks the bone 
healing process, ultimately leading to bone destruction. We conclude by depicting 
the outlook on fracture healing, outlining the progress to-date and the biggest chal-
lenges we face, while highlighting how our increasing understanding of the immu-
nomodulation of bone healing can potentially be harnessed to develop innovative 
strategies for patient benefit.

Keywords Fracture healing · Mechanical factor · Immunological factor · Delayed 
healing · Nonunion · Risk factor

 Introduction

Bone is a dynamic and highly vascularized tissue, which has the rare capacity to heal 
without the formation of a fibrotic scar [1]. Advancements in orthopedic technolo-
gies and methods of fracture fixation have led to high standards in the treatment and 
care of patients with fractures [2]. However, despite its intrinsic healing capacity and 
modern orthopedic fixation methods, a proportion of fractures exhibit delayed 
healing or result in nonunion. In the case of large bone defects, interventions such as 
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bone grafting are used to replace damaged and lost bone tissue, which remains the 
second most transplanted tissue after blood [2] with over 2.5 million bone grafting 
procedures taking place worldwide annually [3]. Complications including disturbed 
vascularization, soft-tissue damage, lack of adequate mechanical stability, and bac-
terial infections have all been identified as likely causative factors for impaired heal-
ing, although their specific contributions remain to be adequately addressed, while 
the observed rates of delayed healing or nonunion (10–20% of all cases) highlight 
that it remains a major clinical problem [4, 5]. Autologous bone grafting remains the 
clinical gold standard for the treatment of complex long bone defects despite the 
known constraints of donor site morbidity, limited tissue availability, and a reduction 
in the regenerative capacity of donor tissue with increasing donor age [3, 6–8]. 
Grafting alternatives have emerged in the form of tissue-engineered osteoinductive 
and osteoconductive biomaterials, paving the way for combinatorial treatment strat-
egies that utilize modern methods of fracture fixation together with biomaterials to 
support bone healing. Furthermore, the crosstalk between immune cells and the 
biology of bone healing is now better understood than ever before [9]. Combining 
these developments may enable innovative solutions in the form of “immuno-
informed” tissue-engineered biomaterials and fracture fixation technologies, which 
might elicit favorable immune responses upon implantation and thereby comple-
ment the intrinsic healing capacity of bone. In this chapter, we review our under-
standing of the process of fracture healing with a focus on the role of immunology, 
outlining our progress towards overcoming the barriers towards successful repair, 
which are currently faced clinically.

 Origin of Bone

The processes of embryonic bone development and bone homeostasis in the adult 
are recapitulated, at least in part, in the process of bone healing after fracture. The 
intrinsic healing capacity of bone has evolved in parallel with the functionality of 
bone tissue [10]. Bone mechanically supports soft tissue, is a lever for the action of 
muscles, protects the central nervous system from trauma, regulates calcium levels 
in extracellular fluid, and houses and supports hematopoiesis [11]. Bone begins to 
form during the sixth to seventh week of embryonic development via two osteo-
genic pathways, namely intramembranous ossification, which gives rise to the flat 
bones of the cranial vault, including the cranial suture lines, some facial bones, and 
parts of the clavicle and mandible, and endochondral ossification, which gives rise 
to long bones and bones at the base of the skull [12, 13].

During early limb development, endochondral ossification (Fig. 1) is initiated at 
the limb bud with the condensation of mesenchymal stromal cells (MSCs) express-
ing collagen type II [14], which forms an anlage for individual bones in the endo-
chondral skeleton [15]. MSCs undergo chondrogenic differentiation into chondrocytes 
while the mesenchyme located on the periphery forms the perichondrium [16]. 
Chondrocytes in the center of the cartilaginous template undergo hypertrophy and 
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begin to produce collagen type X, while cells in the periphery undergo direct osteo-
blastic differentiation to form an encircling bone collar [17, 18]. Hypertrophic cells 
then initiate bone synthesis by mineralizing the transient cartilaginous template, and 
the hypertrophic zone is invaded by blood vessels and an influx of cells, forming the 
primary ossification center [19]. The mineralized cartilage template is remodeled by 
osteoclasts, while osteoprogenitors differentiate into osteoblasts and lay down the 
osteoid of new bone. The developing epiphyses are then invaded by blood vessels, 
forming a secondary ossification center, while the periphery maintains a stable 
cartilage phenotype, resulting in hyaline articular cartilage surfaces seen within 
joints. The growth plate persists between primary and secondary ossification cen-
ters, propagating longitudinally to allow long bone growth before ossifying in 
early adulthood [12, 20].

Intramembranous ossification (Fig. 2) involves cells originating from the neural 
crest [21], which begins with the condensation of MSCs to form an ossification cen-
ter, where they undergo direct osteoblastic differentiation [21]. These cells produce 
and secrete osteoid, which subsequently becomes calcified. Some osteoblasts become 
entrapped in this calcified matrix to become osteocytes. Bony spicules radiate out 
from the primary ossification center, while the entire region becomes surrounded by 
a compact layer of MSCs to form the periosteum. Cells on the inner surface of the 
periosteum also undergo osteoblastic differentiation and repeat the process, so that 
many layers of bone are formed. While fracture healing predominantly recapitulates 
endochondral ossification, intramembranous ossification also occurs subperiosteally, 
in both distal and proximal ends of the fracture to generate a hard callus from the 
periphery of the fracture towards the center of the fracture gap [1, 22]. The bridging 

Fig. 1 Endochondral ossification (e.g., developing long bone). Schematic illustrating the phases 
of endochondral ossification, beginning with the condensation of MSCs and their chondrogenic 
differentiation to form an early cartilage template and perichondrium. Cells on the periphery 
undergo direct osteoblastic differentiation to form the perichondrium, while cells in the center 
proliferate rapidly and undergo hypertrophy, initiating mineralization of the cartilaginous matrix, 
which is then invaded by blood vessels, forming the primary ossification center (POC). The epiph-
yses are then invaded by blood vessels, forming a secondary ossification center (SOC), while the 
periphery maintains a stable cartilage phenotype, resulting in the formation of hyaline cartilage
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of this periosteal hard callus, which is a product of both  endochondral and intramem-
branous ossification, ultimately provides fractures with a rigid structure to allow 
weight bearing—and is as such a hallmark of healing [23].

After fracture, long bones primarily heal following the route of endochondral 
ossification [1], which has led to an increase in the development of strategies 
aimed at recapitulating endochondral ossification in the field of tissue engineering 
using, for example, engineered cartilage as a template to promote bone formation 
[12, 24, 25].

 Bone Healing: An Interplay Between Immunological 
and Mechanical Factors

Bone healing also recapitulates the process of bone remodeling. Remodeling is the 
process responsible for maintaining the general health and mechanical properties of 
bone tissue throughout the lifetime of an adult. Old or damaged bone is removed by 
bone resorbing osteoclasts while new bone matrix is produced by osteoblasts, allow-
ing bone to withstand dynamic stress while repairing developing fatigue fractures 
[26]. In the healthy skeleton, a homeostatic balance between bone resorption and 
formation exists to maintain the function of bone throughout the lifetime of adults 
[11]. Homeostasis in bone remodeling is maintained by both immunological and 
mechanical factors.

Macrophages, an integral part of the innate immune system, have been shown to 
be a key facilitator of maintaining homeostasis in bone remodeling [27], not only by 
serving as the precursor to osteoclasts but also by coordinating osteoclast– osteoblast 

Fig. 2 Intramembranous ossification (e.g., developing calvaria). Schematic illustrating the phases 
of intramembranous ossification, which begins with the condensation of MSCs and the formation 
of ossification centers, where osteoblasts become entrapped in newly formed calcified matrix and 
become osteocytes. Subsequently, blood vessel invasion promotes surrounding osteoid to become 
calcified and the formation of trabeculae, while compact layers of MSCs on the surface of spongy 
bone become the periosteum, which in turn facilitates the formation of compact bone superficial to 
trabeculae
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coupling and by serving as a cellular canopy over bone remodeling sites [28, 29]. 
Key signaling molecules responsible for mediating osteoclast–osteoblast coupling 
include the receptor activator of nuclear factor κB (RANK), RANK ligand 
(RANKL), and osteoprotegerin (OPG), which collectively form what is referred to 
as the RANK/RANKL/OPG axis [30]. Osteoblasts produce the transmembrane pro-
tein RANKL, which is responsible for inducing fusion of osteoclast progenitors into 
mature osteoclasts via binding to its receptor RANK on the surface of osteoclast 
progenitors [30]. OPG is a soluble decoy receptor, secreted by osteoblasts, respon-
sible for maintaining a balance between bone resorption and formation. Adaptive 
immune cells, including B and T lymphocytes, can both positively and negatively 
influence bone homeostasis. For instance, T helper 17 (Th17) cells indirectly stimu-
late bone resorption through the production of interleukin 17 (IL-17), which stimu-
lates RANKL expression on osteoblasts and stromal cells, and the synthesis of 
matrix-degrading enzymes [31]. Conversely, T helper 1 (Th1) and 2 (Th2) subsets 
of T lymphocytes have the capacity to inhibit osteoclastogenesis through their 
secretion of interferon gamma (IFN-γ) and interleukin 4 (IL-4), respectively [32]. 
Similarly, B lymphocytes can regulate bone homeostasis by producing OPG [30]. 
Taken together, it is clear that bone homeostasis is dependent on a complex inter-
play of factors produced by immune cells, which may, in part, be responsible for the 
increased risk of patients with chronic immune disorders, such as type 1 diabetes, to 
develop delayed healing and nonunion after fracture [33].

Mechanical factors are also important influencers of bone remodeling: for 
example, increased loading increases bone formation and decreases resorption, 
decreased loading decreases formation and increases resorption, while absolute 
immobilization stimulates resorption and halts formation [34]. The importance of 
mechanical regulation of bone remodeling is highlighted by Wolff’s law, which 
states that the structure of bone will adapt to its mechanical usage [35] and can be 
aptly demonstrated in astronauts who lose bone mass after spending time in weight-
less environments due to reduced loading [36] and in tennis players who gain bone 
mass in their playing arm due to increased loading compared to their non-playing 
arm [37]. Given the importance of such immunological and mechanical factors in 
bone homeostasis, it is perhaps not surprising that these factors also play important 
roles during fracture healing. There are two main types of bone healing, namely 
primary and secondary fracture healing, which are dependent on the distance 
between the fractured bone ends, in addition to the mechanical stabilization of the 
fracture environment [38].

 Primary Fracture Healing

Primary fracture healing, which seldom occurs, is characterized by minimal fracture 
gap and inter-fragmentary movement and can ensue either via contact healing or 
gap healing. Contact healing resembles bone remodeling, whereby macrophages 
play a key role in establishing osteoclast–osteoblast coupling to allow for resorption 
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and subsequent ossification. In this process, osteoclasts generate longitudinal cavi-
ties perpendicular to the long axis, which are later filled by osteoblasts, resulting in 
bone formation in the correct axial direction [39]. However, contact healing typi-
cally occurs only if the displacement between bone ends is less than 0.01 mm and 
the interfragmentary strain is less than 2% [1, 40]. Gap healing takes place when 
similar inter-fragmentary stabilization is achieved; however, the fracture gap is 
larger than in contact healing, but typically less than 1 mm [1]. In this process, the 
gap is first filled with an intermediate of lamellar bone oriented perpendicular to the 
long axis, which is later remodeled by a process resembling contact healing [41].

 Secondary Fracture Healing

Secondary fracture healing, which is more clinically relevant and applicable to large 
defects, follows well-defined, histologically and mechanically distinct phases, 
namely hematoma formation associated with an initial proinflammatory phase, fol-
lowed by the formation of granulation tissue, callus formation and remodeling, 
which ultimately results in bone formation via endochondral and intramembranous 
ossification [40, 42, 43] (Fig. 3). It has been suggested that the goal of secondary 

Fig. 3 Immunomodulation of fracture healing. Schematic illustrating the transient phases of frac-
ture healing, which are progressively transformed from a proinflammatory hematoma to remod-
eled bone via a fibrocartilaginous intermediate, in part recapitulating both endochondral and 
intramembranous ossification. Temporal immunomodulation facilitates the smooth transition 
between phases of the healing cascade, orchestrating the influx of key cell types highlighted here 
with the relative expression pattern of some proinflammatory cytokines (TNFα, IL-1 and IL-6). 
Duality in cytokine functionality is also depicted with TNFα and IL-1, which are proinflammatory 
mediators initially, but later promote bone remodeling in the latter phase of bone healing. 
Remodeling can take significantly longer than shown here, particularly with larger injuries [44, 45]
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fracture healing is to replace soft transient templates of bone tissue with more stable 
and rigid structures that allow weight bearing [41, 42].

The disruption of bone vasculature after fracture leads to the formation of a 
hematoma between bone fragments through activation of a plasma coagulation cas-
cade and exposure of platelets to the extravascular environment, marking the begin-
ning of a transient proinflammatory phase [40]. Rising importance has been given 
to the inflammatory phase of fracture healing as we shed more light on how the 
hematoma serves as the site where inflammatory cells can dock and control the 
expression of a temporally regulated cytokine pattern, which directs cell recruit-
ment for subsequent stages of bone healing. As such, removal of the hematoma 
from fractures dramatically impacts on fracture healing, resulting in delayed heal-
ing. For example, in an ovine open tibial fracture model where the hematoma is 
removed in the first week post-injury, the quality of bone formation formed after 
2 weeks is significantly reduced in comparison to undisturbed controls [46].

The fibrin-rich hematoma formed after fracture serves as the first transient matrix 
and docking site for the influx of inflammatory cells, mesenchymal cells, and endo-
thelial cells which are attracted by resident macrophages, platelet-derived factors, 
complement fragments, and danger signals released from necrotic cells [26]. Among 
the inflammatory cells are neutrophils, which are the first responders to the fracture 
site [47]. While the complete role of neutrophils in bone healing has not been fully 
elucidated, it has been shown that neutrophils are responsible for recruiting a sec-
ond wave of inflammatory cells, namely macrophages and T lymphocytes, through 
the secretion of proinflammatory and chemotactic mediators including IL-6 and 
monocyte chemoattractant protein-1 (MCP-1) [48]. Taken together, this group of 
inflammatory cells are responsible for initiating the subsequent stages in bone heal-
ing through the temporal regulation of cytokine patterns, which in many cases have 
bimodal functionality [49]. For example, TNFα (tumor necrosis factor α) is a potent 
proinflammatory cytokine, which is first produced by recruited inflammatory cells 
and resident macrophages. TNFα is now well regarded as a primary mediator of the 
proinflammatory phase within the hematoma, with its concentration peaking shortly 
after fracture (1–3  days) to promote MSC infiltration and proliferation [45, 50]. 
However, thereafter the concentration of TNFα drops for subsequent stages in bone 
healing until the remodeling phase where the level of TNFα is elevated again to 
facilitate osteoclast differentiation [45]. Consequently, cases where TNFα expres-
sion patterns are disturbed, particularly in the inflammatory phase, are those which 
are typically associated with delayed bone healing or nonunion [51]. Duality in 
cytokine functionality is not just specific to TNFα, for instance interleukin-1β 
(IL-1β) has a very similar bimodal expression pattern to TNFα [52]. Other examples 
of cytokine duality include IL-17, which is produced by Th17 cells and has both 
catabolic effects, by enhancing osteoclast-mediated bone resorption, and anabolic 
effects, by enhancing osteoblast-mediated bone formation [53]. While the initial pro-
inflammatory fracture hematoma is critical for establishing the correct cytokine pat-
tern to facilitate subsequent phases of bone healing, the effective “switching off” of 
the proinflammatory phase via anti-inflammatory mediators, such as IL-1 receptor 
antagonist (IL-1Ra) and IL-10, appears to be equally important to facilitate  healing. 
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When the acute inflammation is cleared, a transient granulation tissue (7–14 days 
post-fracture) develops, whereby cells within the fracture hematoma gradually 
change the extracellular matrix into a proteoglycan and collagen-rich intermediate, 
while capillaries grow into the fracture site from endosteal circulation [54]. 
Facilitating angiogenesis is crucial during the formation of granulation tissue and 
later phases of bone healing. For instance, rats with femoral fractures treated with 
angiogenesis inhibitors fail to develop granulation tissue and exhibit minimal bone 
formation compared to control animals, which follow the typical healing process 
[55]. During the granulation tissue phase, recruited MSCs and fibroblasts are 
actively proliferating to prepare for the subsequent stages of healing where they will 
need to differentiate.

Soft callus formation is marked by chondrogenic differentiation of MSCs at the 
fracture site (2–3 weeks post-fracture). Chondrogenic differentiation is promoted by 
a combination of mechanical signals derived from micromotion provided by relative 
stability fixation techniques [56], the hypoxic microenvironment due to disrupted 
vasculature [57, 58], and macrophage-derived signals. Chondrogenic differentiation 
is induced and maintained by the coordinated expression of growth factors including 
transforming growth factor-β2 and -β3 (TGF-β2 and -β3), platelet-derived growth 
factor (PDGF), fibroblast growth factor-1 (FGF-1), and insulin-like growth factor 
(IGF) [57, 58]. Chondrocytes form a cartilaginous matrix rich in collagen type II and 
collagen type X, which serves as a scaffold for endochondral bone formation. As the 
soft callus develops with the help of fibroblasts to help pull the wound together and 
give it structure, intramembranous bone formation begins to take place in  local 
areas that have improved blood supply, namely subperiosteally where periosteal 
stem cells differentiate directly into osteoblasts and form woven bone in both the 
distal and proximal ends of the fracture while advancing towards the fracture gap 
[22, 53]. The advancing bone front ultimately surrounds the external surface of the 
cartilaginous matrix, providing some degree of mechanical stability to the soft callus 
[59]. Initially, the soft callus matrix remains largely avascular to promote enough 
cartilaginous template for endochondral ossification [60]; however, as healing pro-
ceeds, the callus is invaded by endothelial cells, which promote vascularization into 
the fracture site [61]. Vascularization, stimulated by pro- angiogenic factors includ-
ing vascular endothelial growth factor (VEGF), bone morphogenic proteins (BMPs), 
FGF-1, and TGF-β [62], promotes hypertrophy and the mineralization of the carti-
laginous matrix, marking the end of the soft callus phase and beginning of the hard 
callus phase [63].

Hard callus formation recapitulates the events that occur in the secondary ossifi-
cation center during long bone development whereby chondrocytes undergo hyper-
trophy and begin to calcify the cartilaginous matrix [64]. Concomitant with 
revascularization of the fracture site, osteoprogenitor cells, stimulated by osteogenic 
factors including BMPs secreted by MSCs [65], differentiate into osteoblasts, which 
facilitate the transition of the cartilaginous scaffold into a transient woven bone 
matrix. The exact source of osteoprogenitor cells remains ambiguous. Periosteal 
stem cells have recently been identified as the cell niche responsible for mediating 
intramembranous ossification subperiosteally [53], while bone marrow MSCs have 
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been known to contribute only to a limited amount of direct osteoblastic differentia-
tion [66]. The hypothesis that osteoprogenitors originate from multiple sources 
including vasculature and surrounding local tissue stem cell niches [67, 68] is sup-
ported since a hard callus can also form, albeit to a limited extent, in the absence of 
MSCs and periosteum. The recent discovery of the periosteal stem cell [53] sug-
gests that bone contains multiple resident stem cell niches, each with individual 
specialized functions.

In the final phase of bone healing, the irregular woven bone in the hard callus is 
remodeled into cortical and trabecular bone in a process that can take several months 
or even years to complete. Osteoclasts adhere to mineralized surfaces and, using a 
combination of proteinases and acid, are capable of degrading organic components 
such as collagen and demineralizing the matrix [69]. Bone resorption creates pits 
known as Howship’s lacunae, which can be identified histologically, where osteo-
blasts, guided by macrophages, are able to deposit new bone [63]. Together with the 
aforementioned production of RANKL [70, 71], osteoblasts may also regulate 
osteoclast function via the production of macrophage colony-stimulating factor 
(M-CSF), which stimulates the differentiation of hematopoietic stem cells into 
osteoclast precursors [72]. Ultimately, remodeling can restore the original structure 
and function of the bone, completing the process of fracture healing.

 Current Barriers to Successful Bone Healing

Given the multifactorial pathophysiology of fractures, a multitude of risk factors 
make it more likely that delayed healing and nonunions might develop. The United 
States Food and Drug Administration (FDA) defines a nonunion as a fracture that 
has not healed within 9 months of injury and shows poor progression of healing 
radiographically between months 6 and 9 [73]. However, the variable pathophysiol-
ogy of fractures has also made it difficult to select the criteria that define a nonunion 
clinically, with citations ranging between 2 and 12  months [74]. Risk factors, 
including patient-related, fracture-related, and trauma-related, pose barriers to suc-
cessful bone healing, which need to be overcome using innovative therapies that 
complement the intrinsic healing capacity of bone.

 Patient-Related Risk Factors

Three of the most prevalent patient-related risk factors for impaired bone healing 
are diabetes mellitus, nonsteroidal anti-inflammatory drugs (NSAIDs), and smok-
ing. Other patient-related risk factors including vitamin D deficiency [75], thyroid 
imbalance [76], hyperparathyroidism [77], and increasing age [78] are not covered 
in this review.
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Diabetes mellitus was classically thought as a metabolic disease with high blood 
glucose levels [79], resulting from deficits in insulin production (type 1) caused by 
the autoimmune-mediated destruction of insulin-producing β-cells in the pancreas 
[80] or by a resistance to insulin (type 2) [81]. More recently, however, type 1 dia-
betes is increasingly being considered as an inflammatory disease characterized by 
dysregulated inflammation [82]. During type 1 diabetes, proinflammatory cytokines 
including IL-1β, IL-6, IL-18, and TNFα are significantly upregulated [83], and this 
inflammatory state appears resilient towards attempts to downregulate this inflam-
mation once it has been induced [84]. Therefore, it is perhaps no surprise that the 
bone healing process, which is heavily influenced by proinflammatory mediators, is 
perturbed in patients with diabetes. Specifically, enhanced inflammation, and the 
inability to successfully resolve it due to diabetes, increases osteoclastogenesis dur-
ing fracture healing, significantly increasing the likelihood of nonunion or delayed 
healing [84, 85].

NSAIDs, which inhibit the enzymes cyclo-oxygenase 1 and 2 (COX)-1/2 to 
varying extents depending on their chemical structure, are widely used drugs typi-
cally used to treat pain after surgery, including after fracture repair. However, usage 
of NSAIDs, including readily available drugs such as ibuprofen and aspirin, has 
been shown to be associated with an increased likelihood of developing fracture 
healing complications [86]. Prostaglandin E2 (PGE-2) is the most abundant prosta-
glandin in bone and plays a role via binding to its receptor, E prostanoid receptor 2 
(EP2R), in the stimulation of bone formation, and in bone resorption via binding to 
EP4R [87]. NSAIDs can also lead to PGE-2 inhibition [88], impairing endochon-
dral ossification, specifically limiting hypertrophy and bone deposition in both 
in vitro and ex vivo models [89]. However, the current clinical evidence is not suf-
ficient to warrant discontinuation of all NSAIDs in all contexts of bone fracture and 
rehabilitation protocols but will certainly benefit from a greater number of random-
ized trials. For example, the association between nonunion after long bone fracture 
and duration of NSAID usage was recently assessed in several studies, but only one 
of these used a randomized controlled trial design [90–92]. Having used NSAIDs 
for 90  days postoperatively, the findings from the clinical studies suggest that 
NSAIDs have a detrimental effect on fracture healing. While the effects of NSAIDs 
are beneficial for pain management, it seems that their detrimental effect on fracture 
healing might be dependent on their relative use [86, 93]. Thus, further prospective 
randomized studies are required to fully elucidate the effects of short-term and long- 
term NSAID use, as well as cumulative doses, on fracture healing, and perhaps to 
find a balance between benefitting from the pain management aspect of NSAIDs 
without significantly impairing fracture healing.

A further important patient-related risk factor is smoking status. A recent meta- 
analysis, which sampled 40 studies incorporating over 8000 adults identified that 
smokers take 27.7 days longer (14.2–21.3) for union to occur after fracture and that 
smokers have greater than double (1.9–2.6) the risk of developing nonunion compared 
to non-smokers [94]. Nicotine and carbon monoxide are two constituents that particu-
larly affect fracture healing. Nicotine decreases blood flow to the extremities due to 
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increased peripheral vasoconstriction [95], reduces microvascular perfusion [96], 
and increases blood viscosity and fibrinogen levels, which in turn increases the 
potential risk of microvascular clotting [97]. Additionally, nicotine directly damages 
osteoblasts and macrophages [98]. Carbon monoxide, with its 200-fold greater affin-
ity for hemoglobin binding than oxygen, greatly reduces oxygen tension in tissues 
[99], exacerbating the nicotine-induced inhibitory effects on perfusion. Taken 
together, it is perhaps no surprise why smoking is such a significant risk factor for 
bone-healing complications. To minimize this risk, smoking cessation periopera-
tively is highly recommended [100]. The data here is categorically undebatable, with 
bone healing rates increasing in patients who give up smoking, particularly those 
who give up smoking for longer than 6  months postoperatively [101]. However, 
while these benefits are dependent on the length of smoking cessation, they also 
likely depend on lifetime smoking duration of the patient.

 Fracture-Related Risk Factors

Fracture-related factors are dependent on the characteristics of the injury, including 
the location of the fracture, the extent of bone loss, the pattern of bone injury, and 
the condition of the soft tissue envelope surrounding the fracture. Several anatomi-
cal positions have been reported to have increased risk of nonunion. For example, 
comminution and poor interfragmentary cortical apposition in clavicle fractures 
have been associated with increased risk of nonunion [102]. Some locations within 
a single bone might also have a higher risk of nonunion. The poor blood supply 
associated with the distal tibia, the metadiaphyseal region of the fifth metatarsal, the 
tarsal navicular body and the scaphoid waist put these regions at higher risk of non-
union compared to other parts within the same bone [103–105]. Even though the 
exact quantity of bone loss required to develop nonunion has not been defined, the 
concept of a critical sized defect is often used, and thus, the extent of bone loss is 
also a significant risk factor for the development of nonunion. While these risk fac-
tors for the development of nonunion are inherently inevitable, there are other 
fracture- related risk factors that arise from fracture management and can thus be 
addressed.

The risk of nonunion might also be elevated through inadequate fracture man-
agement despite the high standards set by modern fracture stabilization tech-
niques. When fixation strategies are used, excessive stripping of the periosteum 
might compromise native periosteal stem cell niches and dampen the fracture-
healing capacity. Fractures that are not stabilized appropriately might also develop 
atrophic or hypertrophic nonunion. Inappropriately rigid stabilization with insuf-
ficient interfragmentary movement might inhibit bone growth leading to atrophic 
nonunion, while too much micromotion and interfragmentary strain can lead to 
large amounts of connective tissue being formed, resulting in a hypertrophic non-
union [106].
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 Trauma-Related Risk Factors

Concomitant with the severity of the fracture is the extent of the trauma-induced 
damage to the surrounding soft tissue. Maintaining the health of the surrounding 
tissue envelope aims to preserve the blood supply for fracture healing while exten-
sive damage might limit revascularization during the bone healing process. Another 
trauma-related risk factor for nonunion is infection, presenting one of the biggest 
clinical challenges of the twenty-first century modern trauma medicine.

Osteomyelitis is an infectious disease that triggers inflammation, caused primar-
ily by Staphylococcus aureus and Staphylococcus epidermidis, which often leads to 
bone destruction and bone loss [107, 108]. Infection is predominantly caused via 
open fractures, where there is a breach of the skin during the injury itself, permitting 
microorganisms to enter the wound and to colonize the bone tissue. A much reduced, 
although not insignificant, risk of infection occurs during surgical procedures them-
selves, for example, with prosthetic joint replacements or implantation of fracture 
fixation devices, where the surface of implants themselves are at potential risk of 
bacterial colonization.

In the general population, the incidence of bone infection after fracture can vary 
between 1.8 and 27% depending on the fracture type (closed vs. open) and location; 
however, with lower extremity open fractures, e.g., the tibia, demonstrating the 
highest incidence and being most affected [109–111]. Osteomyelitis also has an 
incidence rate of up to 2.4% in total hip arthroplasties and up to 3% for total knee 
arthroplasties [112–114]. In subpopulations with predispositions to infection, 
including patients with underlying disease such as diabetes or peripheral vascular 
disease, the incidence of osteomyelitis can be significantly greater [115]. The source 
of infection can be either contiguous, where osteomyelitis originates from trauma, 
direct inoculation during surgery, and surrounding infectious tissues, or hematoge-
nous, where osteomyelitis arises from existing infection in another part of the body 
and is facilitated access to the fracture site via the circulating blood. In adults, 80% 
of osteomyelitis cases are contiguous, while in children the source is predominantly 
hematogenous [116, 117].

The pathogenesis of osteomyelitis follows targeting of bone healing processes 
and is mediated, in part, by microbial surface components recognizing adhesive 
matrix molecules (MSCRAMMs) and, in part, by the toxins they produce. Infection 
begins with colonization, the attachment of Staphylococcus to the surface bone or 
the surface of implants, once coated with host plasma proteins. This ‘race for the 
surface’ is mediated by the presence of MSCRAMMs, such as protein A (SpA) or 
fibronectin and collagen binding protein (FnBP A/B) which interact with bone cells, 
the extracellular matrix (ECM) and plasma proteins. Attachment of staphylococci to 
the surface of bone or implant facilitates biofilm formation, which are colonies of 
microorganisms enveloped in ECM that allow the infection to persist during treat-
ment [118]. MSCRAMMs may also be secreted; for example, SpA can bind directly 
to osteoblasts, mediate cell death, and inhibit bone formation [119–121]. FnBPs can 
mediate internalization via the osteoblast integrin receptor α5β1 (the fibronectin 
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receptor) [122, 123], which can lead to apoptosis of the cell via binding to TNF- 
related apoptosis-inducing ligand (TRAIL), and activation of IL-6, IL-12, and CSF, 
which further exacerbate bone loss by enhancing inflammation (or impairing heal-
ing) [124, 125]. Staphylococcus can also persist intracellularly to evade the immune 
system [126] and even reside internally within hematopoietic cells, hijacking osteo-
clastogenesis to further the effects of bone resorption [127, 128]. During osteomy-
elitis, many toxins are also produced which negatively impact the bone healing 
process. For instance, S. aureus produces toxic shock syndrome toxin 1 (TSST-1), 
coagulase, Panton-Valentine leucocidin (PVL), hemolysins (Hla), and phenol- 
soluble modulins (PSMs) [129]. Through an unknown mechanism, TSST-1 medi-
ates immune evasion and is also a mediator of osteoclast activation while not being 
directly cytotoxic towards them, resulting in increased bone resorption [130]. Hla, 
which lyses red blood cells, typically serves as an antigen for the innate immune 
system to detect; however, in osteomyelitis it is downregulated, contributing to the 
quiescence of bone infection, allowing the infection to evade the immune system 
[127]. The production of coagulase, which converts fibrinogen to fibrin, provides 
S. aureus with a physical shield against the innate immune system [131]. In mouse 
models, PVL has been shown to be responsible for the spreading of osteomyelitis 
[132], while PSMs contribute to the severity of infection. Taken together, these 
mechanisms allow Staphylococcus-induced osteomyelitis to prolong infection and 
evade the immune system while the natural processes of bone healing are hijacked, 
leading to bone destruction and bone loss.

 Conclusion

Bone attempts to self-heal in response to injury by recapitulating the biology of 
bone development and bone homeostasis. Specifically, an acute proinflammatory 
hematoma is established for the docking of immunomodulatory cells, which set up 
highly regulated transient cytokine patterns to facilitate the transformation of the 
fracture hematoma to remodeled bone via a fibrocartilaginous intermediate. Despite 
its intrinsic healing capacity and modern orthopedic fixation methods to provide 
mechanical stability, large bone defects do not always heal successfully, which 
might result in delayed healing and nonunion. Barriers to successful healing, which 
arise from patient-, fracture-, and trauma-related risk factors, can be minimized to 
increase the likelihood of healing. However, bone infection is still a major clinical 
burden, exasperating patients with fractures due to its capacity to hijack and impact 
the bone healing process, and an alarming clinical concern due to the emerging 
prevalence of antibiotic resistance. Concomitant with our increasing understanding 
of the immunomodulation of bone healing, the development of novel biomaterials 
to serve in place of bone autografts may also permit the local delivery of immuno-
modulators and/or antibiotics, thus paving the way for innovative therapeutic strate-
gies aimed at restoring a pro-healing environment in patient populations at increased 
risk of healing complications.
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Abstract Animal bone defect model is the most important and widely used in vivo 
model for  the study of osteoinductive biomaterials and bone tissue engineering. 
There are many different types of bone defect models at various anatomical sites, 
including skull and long bones, and using different animals, including mice, rats, 
rabbits, dogs, swine, and even nonhuman primates. Proper selection of animal 
model for a specific biomaterial or bone tissue engineering study is critical to obtain 
reasonable and reliable results. In this chapter, calvarial, weight-bearing long bone 
segmental defect models, metaphyseal defect models, and vertebral defect models 
are reviewed referring to several selection criteria of bone defect models. Several 
issues regarding model selection are discussed, including the characteristics of the 
model, the material being tested, and the experimental purpose. Considering the 
inconsistency between the current models and the real clinical conditions, we pro-
pose a suggestion for the future development of animal models for bone tissue 
engineering and osteoinductive biomaterial research. 
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 Introduction

Bone fracture is a common injury. Severe bone fractures are usually comminuted, 
which may cause bone defects. Nonunion would occur if the size of bone defect is 
beyond the self-healing ability of bone, which will cause serious pain and medical 
burden to patients. Furthermore, the repair of bone defects is difficult in clinical 
treatment due to limited autogenous bone supply.

The development of osteoinductive biomaterials and bone tissue engineering 
technology brings hope to the treatment of bone defects caused by fracture. For 
bone defects caused by tumors and osteomyelitis, biomaterials with only osteoin-
ductive capability have limited treatment potential. Thus, this chapter focusses on 
defects caused by fracture. After development of bioactive bone substitutes, includ-
ing osteoinductive biomaterials and bone tissue engineering products, evaluation of 
whether the materials meet the requirements of clinical treatment is necessary. 
Considering the complexity of the human body, results from in vitro tests cannot 
properly reflect  the performance of biomaterials in vivo. Animal experiments are 
therefore  essential for biomaterial evaluations  by simulating the clinical human 
application.

However, the establishment of a universal animal model applicable to all studies 
for bone tissue engineering and osteoinductive biomaterial is impossible. A wide 
variety of bone defect models has been created  for testing various materials. The 
repair of bone defect is affected by many factors, such as stability of the fractured 
ends of bone, blood supply, infection, and treatment methods, all of which affect the 
evaluation results of biomaterials. An incorrect selection of model or failure of detail 
control may seriously affect the results and even mislead the researchers. Therefore, 
proper animal models should simulate the real conditions of fracture and bone defect 
well and should be repeatable and standardized to obtain reliable results.

Here, we review the current bone defect models for the researches of osteoinduc-
tive biomaterials and bone tissue engineering and provide prospects for the develop-
ment of defect models, which may serve as a reference for relevant researchers. This 
review includes three parts. The characteristics and analyses of the each bone 
defect  model are introduced in the first part. The model selection criteria  are 
described and suggested in the second part. Finally, the need for improvement and 
development of new bone defect models are proposed in the third part.

 Animal Bone Defect Models 

An ideal animal bone defect model used in osteoinductive biomaterials and bone 
tissue engineering research needs to meet the following criteria.

Clinical similarity: The animal model should have a similar in vivo environment 
simulating a specific human disease. For the bone fracture defect model, it should 
simulate bone defect of human when fracture occurs. Meanwhile, the animal model 
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should be consistent with the disease severity. In terms of bone defect models, the 
size of bone defects should exceed the self-repair ability of the body where non-
union occurs without immediate treatment. The smallest size causing nonunion is 
defined as the critical size defect (CSD) [1]. The CSD values vary with animal 
model and animal age, weight, defect location, and other pathological factors [2].

Repeatability: Standardized processes and operational methods should be used 
to produce animal bone defect model, which allows the model to be repeated under 
the same conditions, rendering the results from the bone defect model reliable and 
comparable.

There are many types of bone defect models used in the researches of osteoin-
ductive biomaterials and bone tissue engineering. Based on the defect location, the 
bone defect models can be divided into calvarial bone defect model, long bone 
segmental defect model, metaphyseal defect model, vertebral body defect model, 
and long bone multiple defect model, etc. Moreover, each model can be created in 
different animal species. Within so many kinds of defect model, selecting a suitable 
model for research is a problem every researcher encounters. Before making 
choices, an in-depth understanding of these models is necessary.

 Calvarial Bone Defect Models 

Calvarial bone defects are usually created at the center of parietal bone by using a 
trephine with a specific diameter after cutting the skin and subcutaneous tissue [7]. 
This model is easy to create and the procedure  is standardized to reach a  high 
repeatability.

 CSD in Calvarial Bone Defect Models 

The CSD of a mouse skull is 4 mm in diameter for round defects [8]. In addition, 
bilateral skull defects with 3.5 mm in diameter [7] can be established in one mouse 
to obtain more reliable results. Table 1 summarizes CSD values for a number of dif-
ferent models.

Calvarial bone defect models are usually created in rats. However, the CSD of 
cranial bone defects is reported to be approximately 4–8 mm [3, 9–13] (Fig. 1a). 
Scholars initially recognized that the CSD was 8 mm in diameter [9], which is gen-
erally chosen in the level of the dura and sigmoid sinus [9]. However, these large- 
size cranial defects may damage the sagittal sinus, resulting in increasing the 
probability of bleeding. Therefore, scholars studied small-size skull defects. Sakata 
et al. created a 7-mm diameter cranial defect [13]. At 14 days post grafting, no calci-
fied tissue was visible in the defect, and more calcification was seen after 35 days, 
but this did not fill the calvarial defects [13]. Subsequently, experiments of rat skull 
defects with diameters of 6, 5, and even 4 mm were reported [12–14]. These small- 
size bone defect models could make bilateral defects so that it might be used to 
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compare different materials in one single animal, thus improving the reliability of 
the experiment. The most widely used model is the 5-mm defect model, which is 
considered to be CSD with bilateral [15, 16] or single defect [3, 11, 17]. With regard 
to the skull defect with 4-mm diameter, Glowacki et al. [12] found no obvious signs 
of bone healing even after 6  months of observation. It should be noted that the 
observation time period for the determination of CSD in the rat skull should be 
>8 weeks because skull repair is active within the first 4 weeks and essentially stops 
at the eighth week [15].

For the rabbit calvarial defect model, the CSD is generally considered as a 
full- thickness defect with a diameter of 15 mm [4] (Fig. 1b). Bilateral bone defects 
with smaller size were also established on rabbit skull. Lin et al. drilled an 8 mm- 

Fig. 1 Calvarial bone defect models: (a) a rat calvarial CSD of 5 mm in diameter [3]; (b) the 
composite hydroxyapatite/cell sheet transplanted into the calvarial defect of rabbit (15  mm in 
diameter) [4]; (c) four 8 mm-diameter defects were drilled into the rabbit calvarial bone with a 
trephine [5]; (d) canine calvarial defect model: (I) bilateral full-thickness bone defects with a size 
of 20 mm × 20 mm were created; (II) the experimental side (left) was repaired with a cell-coral 
construct and the control side (right) was filled with a coral alone; (III) coronal CT scan image of 
the same animal was taken immediately after surgery [6]
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diameter bilateral full-thickness defect, which was used to compare the repair of 
bone defect with autologous mesenchymal stem cells (MSCs) [18]. Liu et  al. 
created four 8 mm- diameter defects in the calvarium of rabbits using a trephine 
attached to a low-speed hand-piece [5] (Fig.  1c). Furthermore, Tovar et  al.  also 
drilled two bilateral 8.0 mm- diameter defects without dural injury in the proximal 
to the coronal suture of the parietal bone [19]. In this way, a variety of bone substi-
tutes have be evaluated by the rabbit calvarial defect model (Table 1).

The CSD in canine skull defect model is usually 20 mm in diameter [20]. With 
regard to large animal models, making bilateral skull defects is convenient. Sato 
et al. manufactured bilateral 14-mm trephine defects in dog skull to evaluate the 
performance of β-sheep bone morphogenetic protein (β-BMP) and a carrier consist-
ing of matrix y-carboxyglutamic acid rich protein [21]. Cui et al. created bilateral 
full-thickness bone defects with a size of 20  ×  20  mm at the parietal bone [6] 
(Fig. 1d). In addition, a large skull defect area, measuring 35 × 35 mm, was also 
created in another study [22].

 Comments on the Models 

Some studies performed periosteal removal in the operative region [12, 23], which 
might have caused the failure of the skull repair. For example, the stripping of perios-
teum could even lead to the failure of 2-mm diameter defect healing in rats [24, 25]. 
Thus, the periosteal layer should be sutured to avoid the obstruction of blood supply 
when creating animal skull defects.

The operation procedure of the calvarial defect model seems simple, but many 
things needs special attention to create a successful, repeatable model. The skull is 
located under the skin; thus, direct skull exposure without intraoperative bleeding is 
simple. However, prevention of secondary damage is difficult. The surgeon should be 
careful not to damage the dura mater and the surrounding vessels intraoperatively, or 
it would cause uncontrollable bleeding. Also, the sagittal sinus may be injured during 
when creating large-size defects, resulting in obstruction of blood supply. In addi-
tion, bone marrow progenitor cells exist in the connective tissue near the sagittal 
suture, which might be involved in bone remodeling after injury. These factors may 
critically impact the repair of bone defects.

 Segmental Defect Models of Weight-Bearing Long Bone 

Weight-bearing bones refer to the bones that bear the main weight of the body in 
the extremities. The femur and tibia are the most common weight-bearing bones 
in animal models. The femur size is large, which is convenient for the establish-
ment of bone defect model. And the infection resisting ability of femur model is 
believed to be strong. However, much muscle tissue around the femur can com-
plicate bone exposure during operation. Because part of tibia is directly under 
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the skin, tibial exposure is relatively simple, but infection is easy to occur. The 
selection of model should be based on the purpose of the study and the degree of 
familiarity of the anatomy.

 Fixation Used in the Segmental Defect Model

After the long bone segmental defect forms, the body weight would cause the move-
ment and displacement of the broken ends of the bone, which could affect bone 
healing and test results. Therefore, internal or external fixation  must be used  to 
ensure the stability of defect site.

Rats are often used to create the segmental defect models of weight-bearing long 
bone. It is however challenging to perform surgery on the slender bones. Kirschner 
wire is often used for fixing the tibia [30] and femur [31] of rats. However, Kirschner 
wire in bone marrow cavity occupies much space, causing inconvenience for 
implanting testing materials. In addition, Kirschner wire has no anti-rotation ability 
and disturbs the blood supply of defect ends. These shortcomings limit the applica-
tion of Kirschner wire in the small animal model. Besides the Kirschner wire, exter-
nal fixator can be used to secure the femoral defect [32, 33], which reveals good 
anti-rotation ability and preserves the blood supply of defect ends as well as ade-
quate space for implantation. Moreover, the external fixator usually allows animals 
move freely without the joint being fixed. In recent years, plate fixation [26] (Fig. 2a) 
and a four-hole high-density polyethylene with stainless-steel screws [34] have been 
developed for rat femur models. Also, small steel plates and screws have been 
used to immobilize the femur [35] and tibia [27] (Fig. 2b) of rabbits (Table 2).

With regard to large animals, the weight of the goat and sheep is closer to that of 
the human body and the size of the bone is also similar to that of the human bones. 
So more fixation options are available for these animal models.  The standard 
dynamic compression plate (DCP, ten-hole) [36, 37], external fixator [29, 38] 
(Fig. 2d), screws [28] (Fig. 2c), and internal fixation rods [39, 40] can be used as 
fixation devices for tibial defects. For femoral defects, internal fixation rods or inter-
locking nails can be used as fixation devices [39].

 CSD in the Segmental Defect Models of Weight-Bearing Long Bone 

The CSD of long bone is considered as 1.5–2.5 times the circumference of the 
diaphysis, or >1/10 of the length [1]. Different animals and bones have differ-
ent CSDs.

The CSD of the tibia and femur in the rat model are 4 mm [30] and 5 mm [31–
34], respectively. For the rabbit model, the CSD of the tibial defect model is deter-
mined as 5 mm [27]. However, there are different opinions on the femoral CSD in 
rabbit models. Fialkov et al. confirmed 12 mm as CSD for femoral diaphyseal defect 
model [41], but Fan [42] and Duan et al. [35] used a 15-mm defect as CSD.
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With regard to large animals, goats and sheep have relatively large limbs that 
are convenience for modeling surgery using internal fixators. Both the femur and 
tibia of goat may be used in bone defect models. The segmental defects in the femur 
is located in the middle of the shaft, and the length of the osteotomy defect could 
reach up to 25 mm [39]. The sizes of the tibial defect in goats are reported to be dif-
ferent (e.g., 26 mm [38] and 40 mm [28]). For sheep models, the tibia is the most 
widely used bone and the lengths of defect is either 3.0 cm [36, 37] or 3.5 cm [43], 
or even 5 cm [40].

Fig. 2 Weight-bearing long bone segmental defect models with fixations: (a) Photo and radio-
graphs of rat femoral defects  with fixation (I) prior to implantation, (II) immediately post- 
implantation, (III) treated with HA/TCP loaded human MSCs at 12 weeks post-implantation, and 
(IV) treated with HA/TCP alone at 12 weeks post-implantation [26]. (b) A 5-mm bone defect was 
created in the middle of rabbit tibia and stabilized with a plate and screws. The defect was implanted 
with a complex of β-TCP granules and collagen, either with 200 mg of FGF-2 (I) or without FGF-2 
(II). For control group, the bone defect was left empty (III) [27]. (c) The 40 mm defect of goat 
shank with fixation before (I) and after implantation of biomaterial (II) [28]. (d) Goat tibia defects 
model with external fixation. (I) A periosteal segmental defect of 26 mm length was created at the 
right tibia; (II) the defect was filled with BMSCs/β-TCP construct; (III) radiographs of goat tibial 
defects taken at different time points post-operation [29]
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 Comments on the Models 

Segmental defect models of long bone model requires osteotomy to make bone 
defects and needs to fix the defect ends with fixator, which makes this type of model 
complicated. However, in real clinical practice, fractures and bone defects usually 
occur on the weight-bearing bones of the extremities and internal and external fix-
ators are frequently  used in treatment. Thus, the segmental defect models are 
close to clinical scenarios. Besides, if the design purpose of a novel bone substitute 
material is to repair a long bone defect of the limbs, the segmental defect model of 
weight-bearing bone is more suitable. In addition, real  bone fractures  are often 
accompanied by peripheral soft tissue injury and inadequate blood supply. The mid-
dle and lower segments of the tibia are in contact with subcutaneous tissue without 
muscle in between, rendering the tibia defect model similar to the clinical factures.

 Segmental Defect Models of Non-weight Bearing Long Bone 

The non-weight-bearing bones include ulnar, radius, and the fibula. When these 
bones are truncated, the stability of the broken ends may not be destroyed and the 
defect ends usually need no fixation, which obviously simplifies the preparation pro-
cess of the model. To prevent the displacement of the testing material, cerclage 
wires can be used to prevent dislocation during modeling [46, 47, 49].

  CSD in Segmental Defect Models of Non-weight Bearing Long Bone 

For mice, the shaft of the radius is most commonly used and the lengths of defects 
are usually 1.5 and 2.5 mm [50, 51].

For rats, 5-mm osteotomy is usually created on the bilateral radial shaft [45, 52] 
(Fig. 3a). Although the segmental fibular defect model has two different defect sizes 
(2 mm and 4 mm) [53], 4 mm is generally considered to be the CSD for fibula 
[1, 54]. The segmental fibular defect model can also be performed in bilateral fibu-
lar bone [54] which can reduce the required number of animals. Besides, two differ-
ent materials can be compared on one individual rat, which could reduce the 
experimental error and make the results more consistent.

 In rabbit model radius is the most commonly used bone to generate a CSD. It is 
generally believed that the CSD value in long bone should be at least two times the 
diameter of the diaphysis [46, 47, 49] (Fig. 3b, c). The radius diameter of adult New 
Zealand white rabbit is approximately 5–6  mm. Therefore, some scholars have 
determined 10 mm-defect as the CSD [16, 55–58], although 15 mm-defect has also 
been used [59, 60]. Moreover, the osteotomy site of the defect is suggested to be 
selected at 2.5 cm above the radio-carpal joint. Besides the radius, the rabbit ulnar 
shaft can also be used. Two sizes, 15  mm [61] and 20  mm [62], are commonly 
adopted as the CSD values of the ulnar. Only a few scholars adopted  nonstandardized 
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ulnar stem defects. For example, evaluate recombinant human bone morphogenetic 
protein-2 in promoting bone healing, Bouxsein et al. built a blade-width (0.5–1 mm) 
defect in the ulna [63].

Ulna defects are often made in dog models. The ulna is exposed through cranio-
lateral approach [64], and the osteotomy site is located at the proximal 4 cm of the 
ulnar styloid process [65]. The length of the osteotomy has various sizes in litera-
ture: 20 mm [65], 22.5 mm [64], and 25 mm [48, 66, 67] (Fig. 3d). The radius of the 
dog can also be used to build segmental bone defects with a size of 10 mm [68].

 Comments on the Models 

Compared with the weight-bearing long bone defect models, the non-weight 
bearing long bone segmental defect models are relatively simple to create. However, 
the forearm defect model cannot avoid the interactions between radius and ulna, and 

Fig. 3 Non-weight-bearing long bone segmental defect models: (a) Postoperative radiographs of chi-
tosan (CS)-gelatin (Gel) scaffolds in rat radial bone defect (5 mm) at 2, 5, and 8 weeks [45]. (b) Radius 
of rabbit exposed by dissection of surrounding muscles and an osteoperiosteal segmental defect was 
created on the middle portion of each radius at least twice that of the diameter of the diaphysis [46]. 
(c) (I) Xenogenic growth plate grafting in radius defect of rabbit; (II–III) Radiographs of forelimb on 
14th day post opertation (II-autograft, III-growth plate xenograft) [47]. (d) Radiographs of the postop-
erative changes in canine segmental ulnar defects filled with BMP and cells [48]
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the pathological and biomechanical changes in one could be compensated by 
another. Other shortcomings of these models include the great variations in the bone 
diameter and resultant sizes of defects created (Table 3).

 Metaphyseal Defect Model

When preparing a metaphyseal defect model, a small drill is used to make a lateral 
cylindrical defect which is vertical to the axis of the femoral shaft [71–74], and 
then the bone substitute materials with proper diameters  are implanted into the 
cylindrical defect.

Femur or tibia is commonly selected for this model due to their large sizes and 
good accessibility to their condyles. The metaphyseal bone is located subcutane-
ously and usually no extra fixation is needed after defect creation, which makes the 
model relatively simple to create with a high success rate [75].

 CSD in Metaphyseal Defect Models 

In mice metaphyseal defect model, defects with 1 mm in diameter were usually cre-
ated at the proximal tibia [76] and distal femur [77, 78]. However, these small 
defects are difficult to evaluate bone substitutes. These defects are mainly used to 
test drug or investigate the mechanism of fracture healing.

For rats, bone defects with 3.5 mm in diameter at the proximal tibial diaphysis 
are often used for evaluating biomaterials [79]. Bone defects with different sizes, 
5 mm in diameter and 5 mm in depth [80], 6 mm in diameter and 10 mm in depth 
[69, 73] (Fig. 4a), and 6.1 mm in diameter [70] (Fig. 4b) were fabricated on the 
metaphysis of rabbit femur. The size of defect in canine femoral condyles could 
reach 20 mm in depth and 8 mm in diameter [81] or 20 mm in depth and 10 mm in 
diameter [82].

 Comment on the Models 

The metaphyseal defect model only simulates a bone defect environment, not a long 
bone fracture or defect in clinical scenarios. Only a few categories of materials are 
suitable for evaluating by this type of models, including bone filler or substitutes for 
localized bone defects, granular or colloidal materials without structural support 
capabilities, and bone cement, etc. Besides simple modeling without the  requirement 
for fixation, another advantage of the condyle defect model is that it can avoid the 
displacement of testing material (Table 4).
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 Vertebral Body Defect Models 

In some studies, the injectable biomaterials were evaluated on long bone defect 
models [79]. However, the different parts of the bone have varied mechanical envi-
ronment, which may lead to varied material degradation behavior and bone tissue 
response in vivo [83, 84]. To simulate the actual environment, materials specifically 
for vertebral repair or augmentation are strongly recommended to be evaluated 
by vertebral defect models (refer to [85] for illustrative images).

Fig. 4 Metaphyseal defect models: (a) Rabbit femoral condyle bone defects surgical procedure; 
(I) CSD (6 mm in diameter and 10 mm in length) was transversally created in the femoral condyles 
of rabbits; (II) the defect was filled with nHA/CS composite scaffolds [69]. (b) Micro-CT sagittal 
images of the rabbits’ distal femurs from a top view of the CO3Ap blocks (I–IV) and HAp blocks 
(V–VII) immediately after implantation (day 0) (I, V) and at 4 (II, VI), 12 (III, VII), and 24 (IV, 
VII) weeks after implantation in rabbits’ distal femurs [70]

Q. Lu et al.
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 Small Animal Vertebral Body Defect Models 

In small animals, rats are often used to fabricate vertebral body defect models. The 
CSD of rat vertebra was explored by Liang et al. [85]. Two different sizes of defect, 
2 mm × 3 mm × 1.5 mm and 2 mm × 3 mm × 3 mm, were made in anterior part of 
L4, L5, and L6 vertebra, and the former bone defect was found to be the 
CSD. Besides, the bone defect model can also be constructed in the caudal vertebra 
of rats. For example, a cylindrical defect (1.8 mm in diameter and 2 mm in depth) 
in the center of the third caudal vertebra was created through a left posterolateral 
approach [86]. The advantages of caudal vertebra model include simple anatomy 
approach and free of the risk to important organs and vessels. Meanwhile, there is 
even simpler method of modeling, such as PMMA directly injected into the L1–L6 
vertebral body of New Zealand rabbits [87]. However, the clinical significance of 
such modeling methods for biomaterial evalution is questionable.

 Large Animal Vertebral Body Defect Models 

Sheep vertebral body defect model is most frequently used. The similarity of body 
weight and bone size of sheep to those of humans allows testing biomaterials designed 
for clinical study. The L2-L5 vertebrae are usually used to create the model. Usually, a 
cylindrical hole with a certain diameter and depth is drilled in the center of vertebral 
body to simulate the space created by  balloon in kyphoplasty (KP) and then the 
defect is filled with injectable biomaterials. The diameters of the hole include 4 mm 
[88], 6 mm [88, 89], 8 mm [90, 91], and 10 mm [92], while the depths of the hole are 
9 mm [88], 10 mm [89], 15 mm [90–92], and even 20 mm [93].

In addition to these common cylindrical defects, the rectangular defect with 
8 mm high, 10 mm deep, and 20 mm long, was used to test injectable calcium 
phosphate cement [94]. Verron et  al. [94] built an  osteoporosis vertebral bone 
defect model, which was in line with the fact that most of the patients receiving 
the treatment of bone filling material suffer from osteoporosis. However, the 
establishment of this osteoporotic model needs a long modeling time (4–6 months) 
and high costs.

Canines are less used in vertebral defect model than sheep. In the modeling 
process, the lateral side of the lumbar spine is shown through the dorsal to the 
transverse process. The central vertebral defect with the size of 
18 mm × 5 mm × 22 mm was produced, and the researcher injected the biomaterial 
into the defect for testing [95].

The bone defect in swine vertebral body can be created by percutaneous punc-
ture under fluoroscopic guidance [96]. The lumbar vertebrae of mini-swine were also 
used for preparing  defect model (15  mm in depth and 4  mm in diameter) [97]. 
Compared with other species, swine models  are noisier and more aggressive, 
and their daily management is more difficult [98] (Table 5).

Animal Models for Bone Tissue Engineering and Osteoinductive Biomaterial Research
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 Other Bone Defect Models 

 Femoral Wedge Bone Defect Model

Volker et al. produced femoral wedge bone defect model in rat to resemble clini-
cally relevant situations of osteoporotic bone [100]. In Volker’s research, a 5-mm 
wedge-shaped osteotomy as critical size defect was conducted at the distal metaph-
yseal area of rat femur and fixed using a T-shaped plate.

 Multiple-Defect Model in Canine Femur and Tibia 

Bone defects could be established at various sites on canine bones. The middle sec-
tion of the femur can produce two bone defects with 4-mm in diameter for testing 
biomaterials [101]. The canine femoral multiple defect  (CFMD) is in the lateral 
cortex of the upper segment of the femur. During modeling, a specific device is 
fixed to the lateral cortex of the proximal femur by two screws: one upper and one 
lower. The four consecutive fabricated bone defects are cylindrical with 10  mm 
in diameter and 15 mm in length [102–104]. In addition, each bone defect is at least 
1.5 cm [102] or 1.2 cm [105] apart from the normal bone and bone marrow. This 
model is suitable for evaluating different materials in the same animal at the same 
time. Thus, accurate data comparison could be reached, and the number of animals 
could also be reduced. It is also an effective comparison tool for the evalution of cell 
delivery [103] and growth factor delivery [102, 105].

The canine tibia could also be used to prepare  tibil a multiple-defect model 
(CTMD) [106]. In a previous study, the tibia was exposed via a medial approach, 
and then an electrical motor was used to create consecutive cylindrical bone defects 
with 4 mm in diameter, where different materials could be implanted at the same 
time [106].

 Nonunion Models

The short stumpy limbs of swine might restrict the creation of standard CSD mod-
els. Thus, some special models, such as nonunion model, have emerged. Schubert 
et al. [107] created a critical bone defect with a size 1.5 times that of the diameter of 
the femoral shaft in miniature swine (aged not older than 6 months and weighing 
≤50 kg) and used two 4.5-mm locking compression plates for stabilization. Canines 
can also be used to produce nonunion model. Saifzadeh et al. produced a 2-mm 
transverse defect in the right medial radial diaphysis [108], where the defect ends 
were not fixed to create a nonunion model for testing autogenous greater omentum 
(Table 6).

Q. Lu et al.
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 Selection of Bone Defect Model

A suitable bone defect model for biomaterials and tissue engineering study is criti-
cal. The selection of bone defect model involves the considerations of characteris-
tics of animal models, research purposes, and biological characteristics and design 
specifications of bone substitute materials.

 Age and Sex of Animal

The bone repair ability is very high in young animals. For rats, the speed of bone 
repair in immature bones was more than that of the mature ones [109, 110]. For 
example, the healing time of femoral fractures is only 4 weeks for 6-week-old rats, 
whereas the healing time is 26 weeks for 52 week-old rats [111]. The similar results 
have been found in rabbit models [112], which might be related to the varied secre-
tion of bone morphogenetic protein (BMP) [113]. The ability of fast bone repair 
could affect the test results of bone substitute material. Therefore, adult rats were 
usually selected in the establishment of bone defect models [1, 109, 114, 115]. 
Similarly,  rabbit bone growth stops within 19–32 weeks [116] and therefore 6–9 
month-old male rabbits are usually selected for study [72, 73].

Estrogen cycle also has a significant effect on bone repair and turnover. In ovari-
ectomized rats, particularly in elderly rats, the delayed union of the femoral frac-
tures and reduction of bone mineral density (BMD) would occur [117]. Therefore, 
the ovariectomized rats were often used to establish osteoporotic fracture models. 
Studies on non-osteoporotic bones should select male animals to avoid this interfer-
ence. But it is worthy mentioning that male animals usually have a strong sense of 
territory and the use of individual cages may be required to prevent fights, injuries, 
or even deaths among male animals. Thus, the age and sex of the animal should be 
well controlled for study and reported in details.

 Comparison between Different Animal Species

In bone tissue engineering and osteoinductive biomaterial researches, the ani-
mal species used for model is also critical for reliable and consistent results. The 
animals of each species have their own unique skeletal characteristics including 
bone morphology, bone microstructure, bone turnover, and bone remodeling. The 
ideal animal for bone defect model should have bone characteristics highly similar 
to that of human, in order to guarantee that the results of animal experiments could 
be safely extrapolated to humans. However, the availability, costs, and ethical con-
sideration will also be involved in the selection of animal species. A general sum-
mary of various commonly used species is provided below.
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 Rodents

There is a great discrepancy between the bone microstructures of rodents and 
human. Different from the osteon structure in adult humans, the long bone cortex of 
rats consisted mainly of primary and cancellous bone, which lacks a Haversian 
canal system [118].

Intramembrane and endochondral ossifications are two typical bone formation 
mechanisms during fracture healing [119]. In the fracture healing of rodents, endo-
chondral ossification is more predominant although both kinds of fracture healing 
mechanisms are present [120, 121]. The bone healing capability of rodents is 
greater than that of human [1]. Unlike human bone that ceases to grow after sexual 
maturity, the bones of the sexually mature rodent would continue to grow 
for extended time [122].

Mice are inexpensive and widely available, easy to manage, and have pure strain 
and strong infection-resistance. The mouse genome is also thoroughly researched, 
and it means that bone substitute material can be studied at the molecular level. 
When the inbred line mice are used in the model, the differences between individu-
als are small, which makes the results more reliable. Furthermore, nude mice are 
well-developed animal model that has no immunological rejection for bone tissue 
engineering substitutes that incorporated with  human cells. However, the mouse 
skeleton is too small to establish a large defect model. Moreover, for some bone 
implants, shrinking to the appropriate size of the defect to evaluated the clinical 
outcome is difficult [123]. In addition, compared with mouse model, the rat model 
has better practical value in biomechanical tests.

 Rabbit

Both the macro- and microstructure of rabbit’s bones are distinctly different from 
those of human [124]. Unlike the mature human bones with secondary hierarchi-
cal structure, rabbit skeletal bone has a primary vascular longitudinal tissue struc-
ture. It forms a vascular access to the Haversian canal that is wrapped around the 
medullary cavity and distributed on the periosteal surface [125]. The bones between 
these lamellar structures are composed of dense Haversian bone [125]. However, 
the bone structure of rabbit is still more representative for human than that of 
mouse [126].

Compared with primates and rodents, rabbits have faster bone remodeling, par-
ticularly in Haversian remodeling of cortical bones [127–129]. Thus, it is not 
advised  to extrapolate from the rabbit’s findings to possible human clinical 
responses [130].

Rabbits are easy to manage, and the cost is less than larger animals. Compared 
with rodents, the biggest advantage of rabbit is the large size of bones that benefits 
for bone defect creation. Also, the ear margin vein of rabbit is convenient for obtain-
ing blood samples, which is beneficial for blood analysis.
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 Canine

Canine bone components are highly similar to those of humans, including hydroxy-
proline, extractable proteins, IGF-1 content [131], as well as water fraction, organic 
fraction, volatile inorganic fraction, and ash fraction [132]. Microscopically, canine 
bone has secondary osteonal structures, known as plexiform bone or laminar bone 
in the adjacent endosteum and periosteum [124]. The plexiform bone is found in the 
rapid growth of children, or in rapidly growing large animals [133]. Therefore, 
canine bone is considered as one of the best representatives of human bone structure 
[131]. Thus, dogs are suitable for animal models in biomaterials research and bone 
tissue engineering. However, canine bone defect models have not been widely used 
due to the high costs and difficult breeding as well as ethical limitations in some 
countries. 

When using canine as animal model, it should be noted that bone remodeling 
process of dogs is quite different from that in humans. The mean bone turnover rate 
of young adult female beagles is much higher than that of humans [134, 135], which 
could partially explain the high fusion rates in canine lumbar fusion models and the 
low nonunion rates [98]. The rate of bone remodeling in different bones varies sig-
nificantly for dogs. Considering adult male beagles, the bone turnover rate is close to 
200% and 12% annually in the lumbar vertebra and talus, respectively. Although, the 
mean total turnover of trabecular bone is approximately 100% annually [134].

 Goat and Sheep

Sheep and goats have the similar weight as humans, and their limbs can provide suf-
ficient testing space for clinically sized implants [128, 136, 137]. The structure of 
sheep bone is remarkably different from that of human histologically. Compared 
with human bone that mainly consists of secondary bone structure [138], the sheep 
bone has mostly primary bone structure where osteons is <100 μm in diameter and 
contains at least two central blood vessels. Bone structure changes in sheep are 
related to age. Before the age of 3–4 years, the sheep’s plexiform bone structure 
consists of a combination of woven and lamellar bone with sandwiched vascular 
plexuses [128]. When the sheep is 7–9  years old, Haversian remodeling occurs 
[128] and becomes more common as age increases [139]. Furthermore, the location 
of bone remodeling seemed to vary with bone types and the earliest indications of 
remodeling include the distal femur, radial shaft, and humerus [128]. Similar to 
sheep, the Haversian systems of goats are unevenly distributed in the whole skele-
ton, which mainly located in skull and the medial part of tibial shaft [140]. After 
comparing sheep with menopausal women in terms of bone mass, bone volume, and 
mineral deposition rate, Turner et al. concluded that old sheep were suitable as mod-
els for osteoporosis in the elderly [141].

Although the microscopic structure of sheep bone is different from humans, many 
studies have confirmed that bone turnover and remodeling activities in the sheep 
model are similar to those of humans [142], which makes the sheep as a valuable 
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model animal for testing bone substitutes [136, 143]. Although the amount of bone 
ingrowth in sheep was greater than that in humans, Willie et al. found that sheep and 
humans had similar patterns in terms of bone ingrowth into porous implants [144]. 
Lamerigts et al. found similar sequences of events occurring in humans and goats for 
bone grafts [145]. Furthermore, Dai et al. found that the bone healing capacity and 
the blood supply of goat tibia were both similar to those of humans [38].

There  are some differences between goats and sheep, including microscopic 
structure, bone metabolism, and remodeling. However, these two models were very 
similar in general. Therefore, choosing goats or sheep as animal models depends on 
availability and other personal preferences.

 Swine

Compared with sheep model, swine model are closer to humans in bone morphol-
ogy, bone metabolism, bone healing, and remodeling [98, 146, 147]. The cross- 
sectional diameter and area of femur are very similar to those of human [148]. In 
mature bone, the swine have well-developed Haversian systems [149] and a layered 
bone structure similar to human [150]. Furthermore, its bone density and bone min-
eral content are almost equal to those of human bones [131], although the trabecular 
meshwork of swine is denser than that of humans [151]. The bone growth rate in 
swine is 1.2–1.5 mm daily, which is comparable to that of human beings (1.0–1.5 mm 
daily). The processes of bone remodeling in swine, including trabecular and intra-
cortical basic multicellular remodeling units (BMU) based remodeling, are all simi-
lar to those in humans [150, 151]. Moreover, mineralization rate of cortical bone 
was the same as that in humans [152]. Thus, swines are considered suitable models 
for bone-related studies [147].

Nevertheless, pigs weighing over 150 kg are considered not suitable to produce 
animal models for biomaterials and bone tissue engineering study. Even for minia-
ture swine, the daily management is difficult, particularly because they are noisy 
and aggressive. Thus, in many cases sheep and dogs are preferred over swine as 
large animal models [128, 153].

Small animals, such as mice, rat, and rabbits account for >70% [154, 155] of all 
the animal models. In general, the advantages of small animals include good afford-
ability, convenient management, and small individual difference. However, some 
problems exist when using small animal model to test the potential clinical  products. 
Considering cell-seeded scaffolds for example, the viability and osteogenic poten-
tial of cells in small scaffolds are easy to maintain to repair bone defects in small 
animals but it becomes difficult in large scaffolds used for large bone defect repair. 
Besides, small animals have strong bone healing ability and weak immune response, 
which is different from the actual bone repair of the human body.

For large animal models, such as sheep, dogs, and swine, its large bones 
would allow the evaluation of implants with the size  close to those used in 
humans. Moreover, compared with small animals, large animal bones have 
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higher similarity to human bones. Although with many advantages, large animal 
models were not usually used due to the difficulties of accommodation, manage-
ment, availability, and ethics. 

 Research Related Criteria

For experiments that are expected to get results in a short time, the small animal 
model (rodents and rabbits) is recommended due to their fast bone healing process. 
When long-term observation is required, large animal models are recommended, 
since  the bone structure, bone repair mechanism, and immune response in large 
animals are closer to those in human body.

The study purpose of osteoinductive biomaterials and bone tissue engineering is 
also an important factor when choosing the model. If the experiment was to test the 
osteoinductive capability of the materials, skull defect models or long bone metaph-
yseal defect model could be used to simplify the experimental procedure.

However, more complicated models are needed for studies with specific research 
goals. For example, long bone segmental defect model should be utilized to test the 
substitute materials designed to repair long bone defects, in which fixation devices 
would be utilized to fix the ends of defects to simulate clinical practice. When bone 
substitute materials are used as bone cement for vertebroplasty (VP) and kypho-
plasty (KP) surgery, the vertebral defect models are recommended.

The characteristics of materials also affect the selection of models. If the bone 
substitute materials were colloidal, shapeless granule, or powder, the long bone 
metaphyseal defect model or the multiple defect model might be a better choice, 
since it can avoid the dislocation and loss of biomaterials or scaffolds.

For materials containing human tissue cells, nude rodent model may be suitable 
models to prevent the immune system from interfering with cells. Nude rodent mod-
els are capable of ignoring the source of cells and the reaction between scaffold and 
the host; hence, it could be used to study the efficacy of engineered tissue prod-
ucts directly [156]. However, because nude rodents are immune-deficient animals 
and cannot reflect the normal immune functions, the data obtained from nude rodent 
models may need to be further confirmed by other animal models.

 Bone Defect Models Simulating Clinical Scenarios

 Actual Situation of Bone Defect in Clinical Settings

It should be recognized that most fractures were simple two-part fractures or minor 
comminuted fractures without bone defects. Bone defect is usually caused by com-
minuted broken ends of the fracture. In fact, serious violent injuries not only cause 
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fracture end comminution, but also force the fractured fragment to move, rendering 
it impossible to maintain the position of the broken ends. 

When the bone defect exceeds the self-repairing ability, nonunion would occur 
without external intervention therapy. However, the bone defect size is not the only 
factor that affects bone healing. The real bone defect is accompanied by severe dam-
age of blood supply at the broken ends of the fracture, which would seriously hamper 
the fracture healing. Therefore, the occurrence of bone defect and fracture healing are 
not simple processes in clinical practice. Unfortunately, most of the current bone 
defect models did not well imitate the actual state of clinical bone defects.

 Fracture Model and Nonunion Model

There are two models that simulate the actual state of a bone fracture:  closed frac-
ture model and nonunion model. The closed fracture model is the most widely used 
animal model for the study of fracture healing, which is caused by exerting strength 
damage without incision to completely simulate the clinical practice. To make con-
sistent fracture models, Jackson made fracture of rat femur on a force-controllable 
blunt guillotine device after inserting intramedullary needle into marrow cavity 
[157]. Bonnarens and Einhorn [158] improved the device to make the whole model-
ing tool portable and easy to operate. Thus, the tools and concepts of closed fracture 
model making have been adopted by many scholars. Marturano et al. [159] made 
further improvements to the fracture device, making it suitable for preparing models 
on the femur of mice. The tibia of mouse may also be used to make a fracture model 
using similar methods [160–163]. Compared with femur, the location of tibia has 
less muscle attachment. However, the tibia is not an ideal model for fracture-related 
research due to the curved long axis, complicating the biomechanical test and the 
insufficient soft tissue around the bone [164, 165]. Furthermore, the fibula is acci-
dentally fractured at a rate up to 30% during the modeling process, which can change 
the healing rate of the tibia [166].

For creating nonunion model, closed [167–169] or open [170] fractures are cre-
ated first. Subsequently, the 2-mm periosteum of the two fracture ends are cauter-
ized and corroded, which destroy the blood supply at the fracture ends, resulting in 
atrophic nonunion [167–170]. These nonunion models are obviously different from 
the nonunion caused by severe trauma in clinical practice, which causes not only the 
crushing of fracture ends, but also large segmental bone defects, and destroys the 
blood supply around the broken ends.

 Fracture-Bone Defect Models 

Closed fracture models can simulate the fractures seen in clinical practice. However, 
the closed fracture models are suitable for fracture healing research without space 
for implanting biomaterial or bone tissue engineering scaffolds. More importantly, 
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these fracture models can self-heal without external intervention. Although current 
nonunion models cannot self-heal, they are not consistent with the clinical practice. 
Fracture defect models mimicking the clinical scenarios are still lacking.

For producing fracture-defect model, fracture is first produced. Blunt guillotine 
and three-point bending are classic methods of creating fractures, and the tools are 
simple and easy to operate. However, unlike aforementioned fracture models that 
have transverse fracture, fracture-defect models aim to create comminuted fracture. 
After creating the fracture, open operation can be used to expose the fracture ends 
and remove the broken pieces of bone to create a bone defect. The incision at the 
broken ends can be regarded as an open fracture, which is consistent with the open 
fractures in severe traumatic injury. Fracture-defect model can use tibia to prepare. 
This is because tibia has  less muscle encircling, convenient positioning and 
is directly located in the subcutaneous tissue, which makes the removal of broken 
bones much easier. In clinical practice, the open comminuted fracture also occurs 
mostly in the tibia.

 Challenges and Future Prospects

There is no standard answer for how much bone should be removed to reach the 
state of nonunion. In bone defect model, there is a concept of CSD and CSD values 
have been established in many animal models. While in fracture defect models, the 
factors affecting bone healing include not only the size of the defect, but also the 
degree of soft tissue injury at the fracture ends. Unfortunately, quantification of soft 
tissue damage in the process of modeling is difficult.

The present fracture creation tools are designed for small animal models. 
When produce similar models in large animals, redesign and development of new 
tools becomes necessary. However, it is not known whether the previous classical 
weight fall and the three-point bending principle are applicable to or effective on 
large animal models. In addition, small animals, such as mice and rats, used for frac-
ture model have less  individual difference  and high repeatability. When fracture 
defect model is made using large animals, the individual difference between ani-
mals enlarges and the repeatability of the model decreases. 

 Summary 

Compared with other animals, canine and swine are closer to humans in bone mor-
phology, bone metabolism, fracture healing, and remodeling. However, the rat model 
is the most widely used bone defect model in the study of biomaterials and bone 
tissue engineering. It can be seen that in the actual selection of animal models, the 
factors that need to be considered are multifaceted. In the selection of animal species, 
researchers  should consider the ultimate purpose of the biomaterial  evalution, 
the material characteristics, their own facility capacity, costs and other resources. 
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In addition, it should be recognized that there is a significant difference between the 
animal bone defect models and clinical. In the future, the development of fracture 
defect models that are close to clinical reality may be come possible, making the 
evaluation  results more reliable for the studies of  biomaterials and bone tissue 
engineering.
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Biofabrication in Tissue Engineering

Guangyu Bao

Abstract Biofabrication has been extensively explored in tissue engineering over the 
past two decades. It uses bioactive materials and live cells as the building blocks to 
create spatially defined geometries. The goal of biofabrication is to create engineered 
tissue constructs to replace damaged or diseased human tissues with full functionality. 
The advantage is that it can rapidly fabricate tissue constructs to meet customized 
needs. The biomaterials used for biofabrication are called bioinks and usually comprise 
hydrogel precursor solutions or biocompatible thermal plastics. In this review, we 
review the commonly used biofabrication methods and critical aspects for creating 
scaffolds for tissue regeneration. We discuss the criteria for developing and selecting 
suitable biomaterials as the bioinks. Commonly used biomaterials and their applica-
tions are summarized to present the versatility of biofabrication. We also aim to high-
light the challenges of this technology and initiate new ideas and opportunities in the 
future developments in the bioprinting approach and bioinks. The refinement in fabri-
cation techniques, exploration in biology, and development in new bioinks are essential 
elements toward the advancement of biofabrication.

Keywords Biofabrication · 3D printing · Extrusion bioprinting · Tissue engineering 
Bone engineering · Bioinks · Printability · Vascularization · Natural polymers 
Synthetic polymers · Tunable mechanical properties

 Introduction

Strategies for engineering scaffolds combining bioactive materials, cells, and 
growth factors have been extensively explored to restore damaged tissues and 
organs [1]. Traditionally, the tissue engineering (TE) ingredients are molded to 
form to a simple construct prior to implantation, or directly transferred to the host 
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sites through injection [2]. These strategies allow the delivery of cells or drugs in 
promoting tissue regeneration while providing temporal physical support. However, 
the poor spatial control over the distribution of cells, pores, and biological and 
 mechanical cues limits their ability in the creation of customized regenerative ther-
apeutics and full-scale organs.

Biofabrication, also known as additive manufacturing, has drawn great attention 
over the past two decades in the field of TE [3–5]. Since the concept of 3D printing 
was introduced in 1986, this method has expanded printable materials from resins 
to solvent-free, aqueous, and cell-laden biological materials [6]. It has also been 
applied to areas including but not limited to TE [7], biomedical devices [8], drug 
delivery [9], and disease modeling [10].

In a typical process of biofabrication, biological materials are precisely posi-
tioned on a substrate in a layer-by-layer fashion. The precise spatial control allows 
for the creation of complex geometries and opens the arena for fabricating engi-
neered tissues at a large scale [11]. The controlled deposition of multiple cell types 
may also facilitate the implants to regain their original biological functions [12]. 
The fast prototyping ability further enables the personalized tissue design. Although 
biofabrication shows promising results in TE, it is still at its infancy. Its ability is 
mainly constrained by feature size, resolution, biological and mechanical properties 
of biomaterials, and mild fabrication conditions.

In this review, methods for the biofabrication of tissue constructs are firstly intro-
duced. Next, the criteria for selecting or developing biomaterials are discussed. 
Then, properties of commonly used biofabrication materials are described along 
with their applications. Possible solutions for overcoming the existing challenges 
and future perspectives are discussed to conclude this review.

 Biofabrication Strategies

Precise deposition and patterning of biological materials for TE are generally real-
ized through inkjet [13], laser-assisted [14] and extrusion-based bioprinting [15], or 
melt electrowriting (MEW) [16]. Schematics and examples of different biofabrica-
tion techniques are shown in Fig. 1. Selection of the biofabrication strategies should 
be based on the biological materials properties, required feature size, fabrication 
resolution, and whether live cells are involved during the fabrication process.

 Inkjet Bioprinting

An inkjet printer is the most affordable type of printer for biological material pat-
terning. It can be easily modified from commercially available 2D ink-based print-
ers at a low cost [3]. During the printing process, the inkjet bioprinter can be driven 
by either thermal or acoustic forces to eject droplets of biomaterials, such as hydrogels 
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or a cell-laden medium [13]. For a thermal inkjet bioprinter, a microheater vaporizes 
the bioink and expels a small volume of bioink drop from the print head. The local-
ized heat and pressure may damage cell viability, though cases with high viability 
and normal post-printing function of mammalian cells have been reported [19]. To 
avoid the potential damages to cell viability, piezoelectric crystals or an ultrasound 
field has been employed to replace the microheater. The mechanism is to create an 
acoustic wave at defined frequencies and break the bioink into droplets. Droplet size 
and ejection rate can be precisely controlled. The inkjet bioprinter offers position 
controls in the x, y, and z axes. The control in the z-direction is usually enabled by 
an electrical elevator stage.

One of the advantages of inkjet bioprinting is that it can create feature sizes on 
the order of several micrometers [20]. The fine feature size allows precise patterning 
of biological materials for biological research with high throughput. It can also print 
bioinks with low viscosity on the order of 10 mPa s [21]. Another advantage is that 
the high resolution provides the possibility to create gradients by spatially varying 
the amount of materials, cells, and growth factors [13]. However, the low print vol-
ume impedes the fabrication of 3D constructs with clinically relevant sizes and is 
the main drawback of this technique. Bioinks containing high cell density also tend 
to clog the printer head [6]. In general, inkjet bioprinting is more suitable to provide 
a simple and accessible patterning approach for biological studies than to create 
complex 3D scaffolds for TE.

 Laser-assisted Bioprinting

In a process of printing using laser-assisted technology, a laser pulse focuses on 
an energy absorbing layer, with a donor-slide (bioink layer) adjacent underneath. 
A local evaporation from the energy absorbing layer transfers the high gas pressure 

Fig. 1 Schematics and photos of constructs fabricated by (a) inkjet bioprinting, (b) laser-assisted 
bioprinting, (c) extrusion bioprinting, and (d) melt electrowriting (MEW). Images reproduced with 
permissions [3, 13, 16–18]
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to the bioink reservoir and propels a bioink droplet to a collector [14]. Similar to 
inkjet bioprinting, laser-assisted bioprinter provides position controls in x, y, and z 
axes with high printing resolution [18]. The nozzle-free printing process preserves 
high cell viability without affecting cellular functions.

Laser-assisted bioprinting can print bioinks with higher cell density and broader 
viscosity range (1–300 mPa s) in contrast to those from inkjet bioprinting [22]. 
Due to the nozzle-free characteristics, laser-assisted bioprinting is not affected by 
clogging issues. However, the high cost of the laser system prevents its acceptabil-
ity in practice. The relatively low printing volume also restricts its application in 
building large scaffolds. In addition, laser-assisted bioprinting requires bioinks to 
have rapid gelation kinetics to obtain high shape fidelity, which limits the printable 
biomaterials.

 Extrusion Bioprinting

Extrusion bioprinting, as the most commonly used biofabrication technology, offers 
a versatile printability for a wide range of materials and applications. During a typi-
cal extrusion bioprinting process, bioinks are extruded from a cartridge through a 
print nozzle and dispensed on a substrate. Cells can be encapsulated inside the bio-
inks before fabrication or seeded post-print [23–25]. The bioinks are deposited 
layer-by-layer with precise spatial control. The extrusion can be driven by pneu-
matic pressure or a piston/screw. For a pneumatic controlled extrusion bioprinter, 
the pressure applied on bioinks can be accurately controlled. This is particularly 
important for extruding bioinks containing live cells because cells are susceptive to 
both normal and shear stresses, which  are related to the exerted pressure [6]. A 
mechanically driven extrusion bioprinter can precisely control the volumes of 
extruded bioinks by controlling the feeding rates of the piston or screw. It is com-
monly used to print highly viscous thermal plastics or control the printing volume 
of certain expensive biological reagents. A typical extrusion bioprinter provides a 
spatial control over all the three axes, with some robotic arm-based bioprinters 
offering six-axis control [26].

One of the advantages of the extrusion bioprinting is the wide range of printable 
biomaterials. Unlike the two bioprinting technologies discussed above, extrusion 
bioprinting can print materials with viscosity varying from 1 to greater than 
107 mPa s, which spans the range of existing biomaterials [27–29]. In general, a 
bioink should have sufficient yield stress and viscosity to withstand its gravity and 
to maintain the shape fidelity [30]. Bioinks with high yield stress and viscosity can 
be extruded directly on a substrate; for materials with low yield stress and viscos-
ity, several techniques have been explored to address this problem. For instance, 
low viscous bioinks can be extruded inside a supportive reservoir made of a 
Bingham fluid matrix [27]. A Bingham fluid matrix exhibits yield strength at a low 
shear rate and behaves like a fluid when the shear rate exceeds its critical value. 
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It can lock the extruded bioinks in place while self-healing after the retraction of a 
print needle [17]. This method is known as embedded bioprinting which enables 
the freeform modeling of complex biological and silicon structures. The low vis-
cous bioink structures are crosslinked after printing. Another strategy to print low 
viscous materials is the implementation of in situ crosslinking during printing [28]. 
For UV-crosslinkable materials, a UV curing device can be mounted pointing to 
the print head. The extruded materials are gradually crosslinked while passing 
through the print needle. For crosslinker-required low viscous material extrusion, 
duo- extrusion, coaxial, and microfluidic extrusion techniques have been demon-
strated to be effective [31]. Other advantages such as high printing volume also 
show the potential of extrusion bioprinting in fabricating scaffolds with organ-
level sizes [32].

The main restriction on extrusion printing is that it has a relatively large limit for 
feature size. The feature size for extrusion bioprinting is determined by the applied 
pressure, print nozzle size, writing speed, distance between the printing nozzle and 
substrate, and the properties of the bioinks themselves [33–36]. Because most bio-
inks are composed of hydrogels and biological materials, it is difficult to analyti-
cally predict the feature size of the printed filament due to the instability and 
variations of hydrogels. Furthermore, although the majority of a bioink composition 
is water, the bioink is viscoelastic and slightly compressible due to the exitance of 
polymers. When the bioink is extruded through a nozzle, shear, extension, and com-
pression forces are exerted on the bioink flow. Die-swelling effects exist at the outlet 
of the print nozzle, which renders a larger filament size than the analytical solution 
derived from the incompressibility assumption [37]. Therefore, further analytical 
and numerical modeling is required to refine the printability of extrusion 
bioprinting.

 Melt Electrowriting (MEW)

MEW is an additive manufacturing method derived from electrospinning. During 
the MEW process, the polymer solution is charged with a typical voltage of 5–20 kV 
[38]. The electrified molten jet then deposits the polymer fibers with great consis-
tency and minimal variation. MEW can fabricate feature sizes varying from 25 nm 
to 45 μm [39].

Traditionally, MEW is considered a non-biofabrication process given the high 
voltage and harsh organic solvent environment. However, combined with soft hydro-
gels after fabrication, the MEW-reinforced structures have achieved remarkable 
mechanical properties for bone and cartilage tissue engineering [16]. The soft hydro-
gel laden provides a suitable environment for cellular ingrowth while the MEW 
fibers provide a strong support against mechanical loadings. MEW has also been 
shown to improve the toughness of scaffolds [40] (Table 1).

Biofabrication in Tissue Engineering



294

 Criteria for Biomaterial Design and Selection

Constructs produced from biofabrication are used as implant scaffolds or for other 
biomedical applications purposes. Therefore, the bioink materials should not only 
be printable and biocompatible, but also have the appropriate biological and 
mechanical properties to match those of real tissues [42]. Because scaffold materi-
als ideally are expected to be replaced by the newly generated extracellular matrix 
overtime, the degradation ratio of the materials should be comparable to the tissue 
regeneration time [43]. In addition, the degradation byproducts should also be non- 
cytotoxic [44]. The criteria for the design and selection of suitable biomaterials for 
biofabrication are discussed below.

 Biocompatibility

Biofabrication often utilizes cell-laden bioinks as the building blocks. Therefore, 
the conditions for cell encapsulation are critical for supporting good cell viability. 
The factors determining the biocompatibility depend on the cytotoxicity, pH, osmo-
sis, temperature, and the viscosity of the bioinks [6, 45]. For a nontoxic bioink, 
a physiological pH and osmosis condition are optimal for cell encapsulation. 
Cells have been demonstrated to withstand a low temperature encapsulation as low 
as 4 °C for 20 min [46]. The bioink viscosity affects the shear stress during cell 
encapsulation [47]. The high viscosity induces high shear stress during cell encap-
sulation. High shear stress could lead to damage to the cell membrane and affect 
both the viability and functionality during further culture.

Furthermore, the bioinks should actively support cellular functions post-print [48]. 
Most bioinks need to be crosslinked during or after fabrication. Thus, it is also neces-
sary to evaluate the toxicity of different crosslinkers or crosslinking methods [49]. 
The main mechanisms for crosslinking bioinks include covalent, ionic, physical, 
and thermal crosslinking [6]. Covalent crosslinkers lead to the formation of a strong, 
stable, and irreversible hydrogel network and help maintain the post-print fidelity. 
However, they are usually composed of toxic chemicals or UV light  exposure and 

Table 1 Comparison of commonly used biofabrication types

Inkjet Laser Extrusion MEW Refs.

Resolution 50–75 μm 35–72 μm 5–103 μm 10−2 to 45 μm [3, 39, 41]
Fabrication 
speed

− − + + [6]

Bioink 
viscosity

100–101 mPa s 100–102 mPa s 100–107 mPa s 102–103 mPa s [21, 22, 28]

Gelation 
speed

Fast Fast Broad Broad [3, 6]

Cell density <106 cells/mL 108 cells/mL 108 cells/mL N/A [3, 14, 18, 
19]
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introduce cytotoxicity at high doses [47]. Ionic crosslinking is one of the most popular 
crosslinking mechanisms used in biofabrication [49]. The electrostatic interactions 
form reversible bridging between opposite charged particles and polymeric chains. 
Ionic crosslinkers generally do not introduce cytotoxicity if biocompatible cations or 
anions are chosen. Physical and thermal crosslinking are also biocompatible. 
Nevertheless, physical crosslinks are weak against mechanical stimulations [50]. 
Some popular thermal sensitive polymers, such as poly(N- isopropylacryl amide) 
(PNIPAm), are not biodegradable [51]. Recent efforts such as using the Michael addi-
tion reaction, click chemistry, or enzymatic reactions [52–54] have been used to obtain 
high biocompatibility as well as achieving appropriate material properties.

 Material Properties

Material properties can be divided into two aspects: biological and mechanical 
properties. In terms of biological properties, the material should provide cell adhe-
sion, migration, and proliferation functions [55]. It has been established that the 
material’s biological features affect the motility, orientation, proliferation, and cyto-
skeletal assembly of cells [3, 55, 56]. The fabricated 3D scaffolds should provide a 
biomimetic environment to support cell growth and tissue function.

In terms of mechanical properties of the bioinks, they are usually evaluated by 
their elastic  and viscoelastic  properties. Ultimately, the crosslinked constructs 
should have similar mechanical properties to match the targeted host tissue [48]. 
The mechanical properties of scaffolds have been found to contribute to cell fate 
[56]. For instance, human mesenchymal stem cells (hMSC) can be guided to dif-
ferentiate into osteogenic or adipogenic cells by changing the stiffness of the extra-
cellular matrix (ECM) when biological and chemical conditions are maintained 
[57]. The viscoelasticity of the fabricated matrix also plays an important role in 
facilitating cell growth, spreading, and differentiation. Cells tend to proliferate and 
spread quicker when the stress relaxation time of the matrix decreases [58]. The 
stress relaxation time as a viscoelastic property can be tuned by varying polymer 
molecular weight, or modifying crosslinking sites [59]; however, these treatments 
require complicated chemical modifications. Iterative trial-and-error is needed to 
achieve the desired properties. Fibrillar polymer reinforced interpenetrating net-
works can also be employed, but they are usually costly and may suffer from batch- 
to- batch variance [60]. A simple and robust approach for the tuning of the relaxation 
time without altering the matrix stiffness is to be discovered.

 Structural Properties

Human tissues are generally highly porous to facilitate cell growth, nutrient/oxygen 
diffusion, waste removal, and to functionalize [42]. The pore sizes of scaffolds 
should resemble these hierarchical porous architectures. Additionally, it has been 

Biofabrication in Tissue Engineering



296

shown that tissue regeneration is highly dependent on pore structures of the 
implanted scaffolds. For example, pore sizes of 5–15 μm have been found desirable 
for fibroblast ingrowth, ~20 μm for hepatocyte ingrowth, 45–150 μm for liver tissue 
regeneration, 20–120  μm for effective wound healing, 100–300  μm for bladder 
smooth muscle cell ingrowth, and >90 μm for vascularization [61, 62]. However, the 
intrinsic pore sizes for most hydrogel networks are smaller than 100 nm. Such pore 
sizes are 100–10,000 fold less than the desirable sizes, which limits the ability of 
scaffolds to recruit native cells. Neither does it allow for the migration of loaded 
cells to remodel the matrix [63]. Conventional fabrication techniques, such as salt 
leaching, gas forming, phase separation, electrospinning, and freeze-drying have 
been explored to fabricate porous 3D constructs [42]. However, most of those tech-
niques are not biocompatible. A recent effort has created micropores by printing a 
water-in-water emulsion bioink initiated with phase separation [64]. The emulsion 
printing method successfully introduced micropores while maintaining high cell 
viability. Yet, the separated polymers tended to fuse with their own phases and 
showed no emulsion after a certain time, with a limited printing window of around 
30 min. Fabrication of pores on the order of 10 μm is the main challenge due to the 
restriction of printable feature size.

 Degradation

Most biofabricated scaffolds are used as a temporal support for damaged tissue. 
Therefore, they are expected to degrade in a time matching the tissue regeneration 
speed. A degradation time from weeks to months are needed depending on the target 
host tissue [43]. The degradation is also a part of biocompatibility evaluation. The 
degraded byproducts should be nontoxic and rapidly metabolized from the human 
body without resulting in an immune response [49].

For a polymer network, degradation can happen at the polymeric backbone, side 
chains, crosslinks, or the combination of them [65]. Unlike biocompatibility which 
is an intrinsic property, the rate of degradation can be well engineered or chemi-
cally tuned [66]. For instance, partial oxidation and varying molecular weight dis-
tribution have been used to provide or accelerate the degradation speed for polymers 
with no/low degradability in vivo, such as alginate and chitosan [67, 68]. In addi-
tion, degradation can also be controlled with external stimuli, such as photo, ther-
mal, magnetic, electrical, and mechanical triggers [66, 69]. The design of these 
triggering mechanisms allows simple control for applications with on-demand 
degradation requirement, for example, the delivery of drugs at pre-determined time 
points [70]. In principle, the degradation rate of polymer should match the ECM 
proteins production speed of the embedded and recruited cells without impeding 
the cells’ ingrowth.
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 Printability

Most biofabrication techniques require the bioinks to pass through print nozzles 
with small inner diameters to create features at the microscopic level. The polymer 
chains inside a bioink form weak physical crosslinks [6]. When the bioink is subject 
to extrusion, the fragile network is not broken when the shear force is low and starts 
to flow when the shear exceeds a critical point. This critical value is called yield 
stress. The network reforms after the extrusion and the printed structure can retain 
its structure again. Yield stress is the most important factor in determining the print-
ability of bioinks [10]. In general, the yield stress of a bioink should be high enough 
to maintain the shape of designed geometries but not exceeding the tolerance of 
cells if cells are encapsulated. Shear thinning behavior also facilitates the extrusion 
process. However, thixotropy behavior should be evaluated at the same time because 
certain bioinks do not or slowly resume their original yield stress when shear is 
removed [71]. Due to the viscoelastic behavior of bioinks, a die-swelling ratio 
greater than unity should also be taken into consideration during the prediction of 
feature size [37]. During a printing process, the distance and writing speed deter-
mine how the extruded material is deposited on a substrate. Situations of bioink fila-
ment can be accumulated, coiled, die-swelled, equi-dimensional, stretched, or 
discontinuous.

Embedded bioprinting methods have been developed for the extrusion of low 
viscous and low/no yield bioinks which cannot be collected directly on a substrate 
[27, 72]. For embedded bioprinting, the bioinks are extruded inside a supportive 
reservoir made of a Bingham fluid matrix. In the embedded printing cases—Oldroyd 
number, the ratio of the material yield stress to the viscous stresses in a flow, is the 
key factor to reduce the yield dimensions around the print nozzle [73]. The nozzle 
diameter and printing speed also contribute to the printing fidelity.

 Commonly Used Biofabrication Materials

Materials currently used in the field of TE are mainly derived from natural polymers 
and synthetic materials. Naturally derived polymers, such as alginate, gelatin, gela-
tin methacryloyl (GelMA), hyaluronic acid (HA), chitosan, collagen, fibrin, and 
decellularized ECM, are the main players in the biofabrication field. The benefit of 
using natural polymers is that they are generally biocompatible, biodegradable, and 
support bioactivity. Synthetic polymers such as polyethylene glycol (PEG) and 
Pluronic are also popular due to their programmable mechanical properties,  gelation 
kinetics, and biodegradation rate. However, most synthetic polymers do not offer 
cell-binding peptides and release toxic monomers during degradation. The details of 
several commonly used biofabrication materials are discussed below.
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 Naturally Derived Biomaterials

The most commonly used natural biomaterial for biofabrication is alginate [74, 75]. 
It has been widely used in biofabrication due to its biocompatibility, rapid gelation 
speed, abundance in nature, and tunable mechanical properties. Alginate is a linear 
block copolymer of d-mannuronic acid (M) and l-guluronic acid (G) residues. The 
negatively charged G block of alginate can be crosslinked by cations [1]. Calcium 
(Ca2+) such as calcium chloride or calcium sulfate is commonly used as the ionic 
crosslinker due to its biocompatibility consideration. Alginate can be crosslinked by 
immersing the printed construct inside a crosslinker bath, or by coextruding with 
the crosslinker medium and then be crosslinked either through mixing or diffusion. 
Alginate has been demonstrated to stably fabricate feature sizes of as low as 75 μm 
[76]. Besides its excellent printability, its mechanical properties can also be easily 
tuned to a desirable target value [77]. Stiffness of alginate hydrogels can be tailored 
by varying polymer concentrations, crosslinking density, and molecular weight. 
Stress relaxation can be reduced by decreasing crosslinking density and the molecu-
lar weight of polymers. Although alginate does not have cell adhesion, Arg-Gly-Asp 
(RGD) peptides can be coupled to alginate chains to provide binding sites [58]. 
One drawback of alginate is that it cannot be degraded by the human body. 
Strategies such as partial oxidation have been applied to control the degradability 
of alginate [78].

Gelatin is also commonly used in biofabrication. Gelatin, as a fibrous protein, is 
derived from denatured collagen. It offers great biocompatibility and is nonimmu-
nogenic [49]. Gelatin solution is solid-like at room temperature and becomes liquid 
at physiological temperature. The paste-like status between phase changing enables 
gelatin with an excellent printability and a generous printing time window [10]. 
However, physically crosslinked gelatin is not stable in vivo. Thus, it is generally 
used as a template blending material to improve biomaterials with poor printability 
[79–81]. For example, gelatin has been mixed with alginate and chitosan to improve 
the printability of bioinks. Methacrylate functionalized gelatin (GelMA) allows the 
free radical reaction to form a stable covalently crosslinked network [25]. The bio-
active peptides promote cell adhesion and proliferation. GelMA has been demon-
strated to support long-term cell culture for over 45 days [82].

Hyaluronic acid (HA) is high molecular weight glycosaminoglycan with repeat-
ing disaccharide units composed of (b-1,4)-linked d-glucuronic acid and (b-1,3)-
linked N-acetyl-d-glucosamine [1]. It is presented in almost all connective tissues. 
Chondrocytes embedded inside HA bioinks have been shown to have high viability 
[83]. However, the poor mechanical properties and rapid degradation rate impede 
the use of unmodified HA in biofabrication [49]. To improve its stability in vivo, 
similar to gelatin, methacrylate can be conjugated to HA to improve both the 
mechanical properties and in vivo stability [28].

Chitosan is derived from the deacetylation of chitin and has been demonstrated 
to have excellent biodegradability and antibacterial and antifungal properties 
[84, 85]. It has been widely applied in various TE applications, such as cartilage 
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tissue engineering and wound healing [86]. One advantage of chitosan is that it can 
be covalently,  ionically, or physically crosslinked based on its application [50]. 
Chitosan has also been found to have thermal gelation behavior at 37 °C and thus is 
commonly employed as an injectable material [45, 87]. Another advantage is that 
the primary amine groups in chitosan chains provide strong mucosal adhesion 
through covalent binding with carboxylic acid groups on tissue surfaces, in contrast 
to most other natural polymers [88, 89]. However, chitosan is rarely used alone as a 
bioink due to its poor solubility in neutral pH solutions and slow gelation kinetics 
[90]. Researchers often blend chitosan with gelatin or agarose to improve its print-
ability [80, 91].

Collagen, as the most abundant protein in a human body, has also been explored 
in the biofabrication field. Collagen can be physically crosslinked by raising both 
the pH and the temperature to physiological conditions [91, 92]. The crosslink 
mechanism is reversible. Collagen is often used as a cheap RGD source to supply 
other biomaterials which do not have cell adhesion. Extruding neutralized collagen 
at room temperature can result in the clogging of print nozzle. Furthermore, its low 
yield stress can hardly support its own weight. To address these problems, collagen 
is usually printed at 4°C using embedded bioprinting methods [27, 93]. The fabri-
cated collagen scaffold has been shown to provide great support for high cell den-
sity extrusion (107 cells/mL). A collagen type-IV and laminin-rich Matrigel 
provides an irreversible thermal gelation network for 3D fabrication [94]. It has 
been demonstrated to support high viability for human epithelial cells and bone 
marrow stromal cells.

In general, most natural biomaterials lack a biomimetic environment for embed-
ded cells to function. The lack of cell-specific ECM and network pores on the order 
of 10 μm limit cell spreading and migration and mass exchange. Therefore, most 
hydrogels do not support a high cell seeding density due to the unsuitable environ-
ment and competition in nutrition, which prevents cell–cell interactions and tissue- 
like functionalization. Bioinks derived from decellularized extracellular matrix 
(dECM) have been used as a strategy to target the cell-specific issue. Cartilage, 
heart, and adipose tissues have been demonstrated to provide crucial cues for cell 
engraftment, survival, and long-term function [95].

 Synthetic Biomaterials

Poly(ethylene glycol) (PEG), as a synthetic polyether compound, has been widely 
used in biofabrication [96]. The PEG-based hydrogels are biocompatible, with 
highly controllable mechanical properties, gelation speed, and biodegradation rate. 
For instance, one of the PEG derivatives poly(ethylene glycol) diacrylate (PEGDA) 
undergoes chain-growth polymerization for gelation in the presence of light [28]. It 
can be crosslinked before, during, or after fabrication. PEG polymers with two reac-
tive groups have also been used as first-stage crosslinkers to improve the printability 
of low viscous bioinks for multi-stage crosslinking systems [24].
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Pluronic is a tri-block copolymer of poly(ethylene glycol)-block, poly(propylene 
glycol)-block, and poly(ethylene glycol) (PEO-PPO-PEO) sequences [49]. This 
temperature sensitive polymer is liquid at low temperature and solid at room tem-
perature. This behavior is caused by the intermolecular interaction of PPO blocks, 
which leads to micelle formation when the temperature is above the critical micelle 
temperature. The sol-gel transition point depends on the concentration and molec-
ular weight of the polymer. Due to its phase changing behavior and high yield 
stress at the solid state, Pluronic has been extensively used as sacrificial materials to 
form vasculatures or supportive layers for large and complex scaffold fabrication 
[46, 82, 97].

Some other popular polyesters such as poly(glycolic acid) (PGA) [98], poly(lactic 
acid) (PLA) [99], poly(ε-caprolactone) (PCL) [16], and poly(lactide-co-plycolide) 
(PLGA) [100] have also been used to fabricate scaffolds for bone, cartilage, muscle, 
marrow, tendon, and connective tissues. Due to their high mechanical strength and 
stiffness, they can withstand stresses in the host tissue environment and are generally 
used as the supporting structures for soft tissues or load bearing tissues. The excellent 
printability enables high-resolution biofabrication to create feature sizes in the 
macroscopic and microscopic regime. The hierarchical porous structures promote 
cellular ingrowth and vascularization [12] (Table 2).

 Future Perspectives

Although biofabrication technologies have shown promising results for TE and bio-
medical applications, their development has been restricted by their feature size, 
building volume and speed, lack of vascularization, and limited selectable biomate-
rials. Their main challenges and future perspectives are discussed below to conclude 
this chapter.

 Multi-scale Biofabrication

Currently, the dimensions of biofabricated scaffolds are mainly on the order of 
102–104 μm. The scaffolds typically contain less than three different materials and 
lack tissue-like heterogeneity [100]. It is caused by the restrictions on current bio-
fabrication technology and the printing costs. For instance, high printing speed 
yields high shear generated during extrusion, which leads to low viability for the 
encapsulated cells. The printed strands may also lose fidelity and fail to form the 
desirable morphology. Furthermore, biofabrication happens at ambient conditions. 
It may take hours to build a scaffold at the centimeter scale while the printed cells 
are exposed in an unfavorable environment. Besides the long fabrication time, the 
high expenses for bioprinters equipped with multiple bioink dispensers also affect 
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the fabrication of complex scaffolds. In addition, print nozzles tend to get clogged 
while waiting for multi-material switching.

One approach to enabling large-scale biofabrication is to use fabricated scaffold 
modules and assemble them to form large tissues [3]. The scaffold modules can be 
fabricated in a manageable scale to ensure cell viability and functionality. A similar 
concept is currently used by scaffold-free TE, which is to employ the autonomous 
self-assembly of cellular spheroids that undergo fusion and cellular organization to 
mimic developing tissues [134]. This strategy requires an in-depth knowledge in 
manipulating the embryonic mechanism. An alternative approach is in situ bioprint-
ing. Cells delivered using this method are directly deposited on the damaged tissue 
sites, where suitable humidity, temperature, and nutrition are supplied [49]. Another 
approach is to employ a multi-material coextrusion system to create a heteroge-
neous scaffold with spatially defined material gradients [31]. The preliminary work 
on developing such a system shows the fast fabrication ability with coextrusion of 
up to seven different bioinks as shown in Fig. 2a [32]. This strategy has been dem-
onstrated to create constructs with gradients on cells and materials. Other approaches 
such as creating perfusion channels during scaffolds design have also shown 

Fig. 2 Recent advances toward the fabrication of large-scale scaffolds. (a) Rapid and continuous 
extrusion of multiple bioinks. (b) Fabrication of an ear construct with mechanical strength similar 
to human ears. (c) Image showing biofabricated vasculature inside a hydrogel scaffold with 1 cm 
in thickness. Images reproduced with permissions [12, 32, 82]

Biofabrication in Tissue Engineering



304

promising result in large-scale scaffold fabrication. For instance, new cartilaginous 
matrix was generated inside fabricated ear construct to provide tissue-like resilience 
against mechanical deformation as demonstrated in Fig. 2b [12]. Those strategies 
may satisfy the requirements to fabricate scaffolds with clinically relevant sizes.

 Vascularization

Creating a functional vasculature is the fundamental challenge that prevents the 
fabrication of organ-sized scaffolds. Cells need vessels and capillaries to deliver 
oxygen and nutrition and to remove waste [42]. Strategies of printing hollow fea-
tures have been used to create engineered vasculatures. Currently, the engineered 
vasculature has been demonstrated to support scaffolds with up to 1 cm thickness 
[82]. The vasculature was created by flushing away sacrificial Pluronic F127 chan-
nels and seeding human umbilical vein endothelial cells (HUVECs) after scaffold 
fabrication. To date, no successful attempt has been reported to use engineered 
vasculature to support scaffolds thicker than 1 cm, as shown in Fig. 2c. This is due 
to the higher intraluminal pressure needed to drive cell culture medium to perfuse 
through the more complicated vascular structures in thicker scaffolds, which may 
burst the engineered blood vessels or damage the notorious shear-sensitive endo-
thelial cells. A potential solution to combine the artificial and organic-grown ves-
sels may solve the problem. Recent advances including coculturing of HUVECs 
and fibroblasts have created functional multi-scale vascular channels with perfused 
open lumens [135, 136]. Such strategies could be used to improve cell viability 
inside biofabricated thick scaffolds before we have a deeper knowledge of growing 
organic vascularity.

 Biomaterial Development

A variety of biomaterials have been developed and investigated using different bio-
fabrication techniques. However, the characterization usually only focuses on their 
printability, mechanical stiffness, and cytotoxicity. To ensure the in vivo stability 
and functionality of the biofabricated scaffolds, the physical properties, interactions 
with human body, and stability under loading should also be characterized [137].

In terms of physical properties, the implanted scaffolds should not only resem-
ble the morphology of the native tissues or organs, but also have a similar pore size 
and porosity [42]. The pore size should also be customizable to fulfill the need for 
different cell types [61, 62]. Recent advances have been employing sacrificial 
 surfactant particles or water-in-water emulsion bioinks to create porous scaffolds, 
but they are unable to generate pore gradients [64]. In addition, high porosity may 
impede the structural integrity of the scaffolds. Therefore, it is important to decouple 
the structural and material properties of bioink systems.
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Interactions between the biofabricated scaffolds and human body are important 
to translate the biofabrication technologies to clinical use. The scaffolds should 
have a minimal immune response, which is a critical part in the evaluation of the 
biocompatibility of biomaterials [138]. Studies have shown that factors such as the 
size, surface roughness, sharpness, and shape contribute to immunoreactions in vivo 
even if the composition of the biomaterial is the same [139–141]. Also, biomaterials 
should actively recruit native cells to help remodel the implant matrix and deliver 
drugs and growth factors to promote tissue regeneration in a controllable manner. 
For instance, bone morphogenic proteins (BMPs) can promote osteoinduction in 
bone TE. However, a delay in BMP-2 administration from a biofabricated HA scaf-
fold failed to enhance osteoinduction due to soft tissue formation [142]. It is neces-
sary to regulate the body-scaffold interactions in both spatial and temporal 
dimensions.

Another challenge for the biofabricated scaffolds is that most hydrogels are 
 neither tough nor anti-fatigue enough under a dynamic mechanical environment. 
According to the Lake-Thomas theory, the intrinsic fracture energy of a polymer 
network is determined by the number of chains across a unit crosslinked area 
[143]. Human tissues, such as cartilage, have a fracture energy on the order of 
1000  J/m2 [144]. In contrast, the intrinsic fracture energy of most hydrogels is 
~10 J/m2, which is much lower than the required toughness to function. A potential 
solution is to use bioinks that form a double-network (DN) after fabrication [145, 
146]. A DN hydrogel consists of a densely crosslinked dissipative network to dis-
sipate cracking energy and a loosely crosslinked elastic network to retain the origi-
nal configurations after loading. The additions of polyacrylamide (PAAm) and 
PEGDA have been shown to significantly increase the fracture energy of alginate 
and chitosan hydrogels [147]. Besides toughness, the scaffolds should also be 
fatigue-resistant if the implant position is under cyclic loading. To design anti-
fatigue hydrogels, the use of reversible chemical crosslinking mechanisms is nec-
essary [148]. Commonly used reversible bonds include dynamic covalent bonds, 
ionic bonds, hydrogen bonds, hydrophobic interactions, dipole–dipole interac-
tions, and host–guest interactions. Those bonds can reform after breaking upon 
resting, elevated temperature, pH change, presence of enzyme, or exposing under 
light. Developing materials to form a DN network with fatigue-resistant bonds and 
rapid crosslinking time will greatly facilitate the translation of biofabricated 
scaffolds to clinical use.

Toward the fabrication of functional large-scale tissue, biofabrication needs to 
address increasingly difficult challenges, including improving biofabrication reso-
lution, advancing fundamental biology, and developing tunable, tough, anti-fatigue, 
and tissue-specific biomaterials. Collaboration in multidisciplinary work is encour-
aged to overcome the existing challenges and to bring personalized regenerative 
therapeutics into practice.
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Additive Manufacturing of Bioscaffolds 
for Bone Regeneration
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Abstract As technology and computer applications reach new strides every day, 
the biomedical field is benefiting from this advancement and that includes the pro-
duction of bioscaffolds for tissue engineering and bone regeneration. Even though 
the body is capable of healing minor injuries, some injuries might prove too chal-
lenging for the body to repair and that is where additive manufacturing (AM) comes 
in. This chapter discusses the primary materials as well as the major and mainstream 
methods used in AM of bioscaffolds for bone regeneration. In addition, new 
advancements in Computer-Aided Design (CAD) and three-Dimensional (3D) 
designs in AM are addressed. The benefits and drawbacks of different methods used 
in AM for bone scaffolds and their suitability for human trials and further applica-
tions on patients are also discussed.

Keywords Bioscaffold · Tissue engineering · Bone regeneration · Additive 
manufacturing · Bone graft

 Introduction

According to the AAOS (American Academy of Orthopedic Surgeons), there are 
over six million fractures every year in America alone, and the cost associated with 
these injuries is approaching billions of dollars every year [1]. Throughout history, 
bone regeneration methods have been in development, but the standard for the past 
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few decades have been allograft or autograft bone transplants. However, the  inherent 
limitations of this approach, such as availability, morbidity, and secondary surger-
ies—in the case of autografts—and disease transmission and immunological reac-
tions—in the case of allografts—drove the biomedical and additive manufacturing 
industry to come together and come up with better approaches [2]. The fruits of this 
collaboration resulted in the emergence of engineered bone tissues made from bone 
cells and biocompatible materials [3]. These biomaterials are called bone bioscaf-
folds, and they are becoming the new standard replacing allografts and autografts. 
The field of bone regeneration using bioscaffolds is expanding, and many innova-
tions are emerging to enhance the process of bone regeneration, inflicting as little 
pain as possible and reduced cost for patients’ benefit. This desire also resulted in 
the innovation of biodegradable materials that degrade inside the body after serving 
their function, reducing the number of operations a patient will have to endure and, 
of course, reduce the cost related with multiple operations [4, 5]. Due to the fact 
foreign materials will be inserted inside the body, inherently, a lot of research will 
have to be conducted to investigate the response of the immune system and the tox-
icity of these materials.

 Bone Structure and Properties

Bones form the skeletal system that in turn protects and supports many organs of 
the human body. Bones are also tasked with producing red and white blood cells, 
store minerals, and provide the structural support that enables us to walk, run, and 
carry items by supporting the entire musculoskeletal system [6]. Human bone is a 
dense, hard, connective tissue that consists of organic and inorganic components of 
about 10–20% content of water, 60–70% bone mineral, and the rest is contributed 
to collagen fibers. Additionally, bone consists of trace amounts of proteins and 
inorganic salts [6].

The bone structure is optimized to be as strong as possible and as lightweight as 
possible, relatively speaking. The center of the bone consists of bone marrow and is 
surrounded by two types of bone, the spongy bone, known as trabecular bone, and 
the compact bone, also known as cortical bone (Fig. 1a) [6]. The ratio of cortical 
tissue to trabecular tissue in one bone depends mainly on the function that bone 
serves. The cortical bone mainly consists of osteons that form cylindrical like shapes 
and contribute to the bone’s resistance of bending [7]. Within the osteons, a network 
of osteocytes is found which are crucial to maintaining the structural integrity of the 
bone, as we will see in a later section in this chapter. The blood vessels in the corti-
cal bone that facilitates exchanges between the osteocytes and the blood can be 
found in the center of the osteons, along with the nerves that run through the bone 
[8]. These vessels and nerves are found within a structure called haversian canals. 
The main function of trabecular bone is to resist compression where the osteocytes 
play an important role in sensing increased strain on the bone [9].
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 Bone Modeling and Remodeling

Contrary to what one might assume about bone, it is actually undergoing constant 
change in structure and goes through many growth cycles throughout a person’s life 
(Fig. 1b) [10]. For example, a typical human is born with 270 bones but some of 
these bones are repurposed, merge with others, and the number of the bones actually 
decreases in a healthy human to 206. Another example is when a healthy human 
goes through loss of bone density that begins at early adulthood that would be 
noticeable in old age [11].

Osteoclasts, large multinucleate bone cells, are mainly responsible for control-
ling the density of bone by resorbing bones and are important for bone remodeling 
(Fig.  1c) [12]. Another type of cell that is important for bone remodeling is the 
osteoblasts which creates new bone in response to the osteoclasts activity [13].

Fig. 1 (A) A human bone model showing cortical, hard bone, and trabecular, spongy bone; (B) A 
simplified illustration of the natural modeling and remodeling process of human bone and (C) the 
cellular mechanism underlying the phases of bone remodeling. (Permission obtained from © 2011 
Stępien E.  Published in [62] under CC BY-NC-SA 3.0 license. Available from: https://doi.
org/10.5772/18940 and © 2018 Rosy S., Paulus R. Published in [63] under CC BY 3.0 license. 
Available from: https://doi.org/10.5772/intechopen.82452)
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Osteoclasts are anchored to the bone surface creating a microenvironment 
between the osteoclast and the bone that allows the osteoclast to perform its func-
tion at a molecular level. That microenvironment is called the sealing zone [14]. The 
way osteoclasts resorb and remodel bone is by creating an acidic environment in the 
sealing zone that dissolves the bone mineral content followed by the releasing 
enzymes that remove the collagen bone matrix. After osteoclasts have completed 
the breaking and resorption of a region in the bone, osteoblasts move in to perform 
the second major phase of remodeling. Osteoblasts start by depositing osteoid, an 
organic unmineralized material mainly made of collagen, which in turn will create 
a scaffold that promotes crystallization of phosphate and calcium. Some of these 
osteoblasts turn into osteocytes by merging with the scaffolds and the rest will 
become bone lining cells. That process is called bone remodeling. Alternatively, 
when the breaking down of bone and the building of bone by osteoblasts happen 
separately, the process is known as bone modeling. When osteoblasts build more 
bone mass without prior resorption of bone from osteoclasts, the result is an increase 
in bone mass and is important for maintaining bone strength and growth [15] 
(Fig. 1).

 Additive Manufacturing (AM) in Bone Regeneration

Additive manufacturing (AM) is the process of which three-dimensional (3D) 
objects are made by adding a layer of material on top of another layer. The types of 
materials could be polymer-based, metal-based, ceramic-based, or composites, 
basically, any material that can be layered and hold its form with a certain level of 
detail [16]. AM has come a long way since its inception decades ago in the late 
1980s with the emergence of stereolithography (STL) at 3D systems where they 
were able to successfully solidify a layer of liquid polymer using ultraviolet (UV) 
light, resulting in the production of the first commercially available AM machine, 
the SLA-1 [17].

The development of computer aided design (CAD) is probably one of the major 
contributors to the advancements of AM, its complexity, and its availability [18]. 
Today, many methods can be used in AM that are used as rapid prototyping or end- 
product manufacturing, namely, STL, selective laser sintering (SLS), directed 
energy deposition (DED), 3D modeling, and fused deposit modeling (FDM), and 
other commercial methods.

In a nutshell, the process of creating an object using AM starts with a CAD file 
that gets converted to STL file format. The STL then gets sliced according to manu-
facturing specifications and converted to G-code which holds instructions for mak-
ing the part such as path to follow, speed, etc. The slices are then deposited using the 
AM machine, and usually this process is followed by a post processing procedure to 
clean up the model or to rid of support structures. An illustration of AM process is 
shown in Fig. 2.
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Although bone is characterized with self-healing properties through the remodel-
ing process as discussed earlier, this process won’t be sufficient to repair major 
defects in the bone and heal it completely, which would prompt external interven-
tion. Generally, this intervention has been done using autografts (when one part of 
the patient is used to heal another part in the same patient) or allograft (when one 
part from a deceased donor is used to heal a living patient) [19]. The use of either of 
these methods can open the door for infection and allografts may compromise the 
immune system of the receiving patient. Moreover, the difficulty in finding a suit-
able donor makes either of them an inferior choice compared to bioscaffolds pro-
duced by means of AM, especially when factoring in the level of detail that can be 
achieved using AM to create custom bioscaffolds individualized for each patient. 
Therefore, due to the inherent limitations and risks associated with autografts and 
allografts, attention has been redirected toward AM to create the necessary bioscaf-
folds in bone tissue engineering to promote bone remodeling and regeneration and 
help it gain or promote its function, especially for large bone defects [20].

Bioscaffolds are 3D biocompatible and bioresorbable models or structures that 
are used to promote bone regeneration by mimicking the mechanical and extracel-
lular matrix (ECM) of the natural bone. These scaffolds provide a structural tem-
plate for bone cell attachment [21]. Manufactured scaffolds must contain pores with 
diameters exceeding 300 μm with interconnected channels to promote the exchange 
of nutrients and cell attachment to the scaffold [22]. Scaffolds must also have some 

Fig. 2 An illustration of AM process from CAD file to the end-product 3D part. (a) Intended part 
to produce, (b) generation of the CAD file, and (c) the 3D-printed part which must get post- 
processed. (Reproduced from [64] https://pubs.acs.org/doi/10.1021/acs.chemrev.7b00074 with 
permission from ACS)
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degree of controllable degradation and resorption rates that could be harnessed to 
mimic real bone during the healing period. Scaffold’s performance in bone regen-
eration will be dependent on its chemical composition, porous properties, mechani-
cal properties, and osseointegration [21].

Bone modeling and regeneration using AM was not harnessed during the infancy 
of AM because it was difficult to create models with similar properties to those 
found in ECM. Recent years have witnessed a never before seen level of detail in 
manipulation and manufacturing of 3D bioscaffolds that helped pave the way to 
create bioscaffolds with a level of porosity and internal structure that can be adjusted 
on-demand [23]. Figure 3 highlights potential applications in AM and submicron 
scale that can be achieved using 2 photon polymerization (2PP), a subcategory of 
vat polymerization (discussed below).

Fig. 3 Illustrations of dimensional resolution and applications of AM. (A) Real-world replicas 
[65, 66] and (B) microneedles [67] created by 2 photon polymerization (2PP), a high-resolution 
technique of SLA; (C) SLS-fabricated neurosurgical brain guide [68]. (Reproduced from [64] 
https://pubs.acs.org/doi/10.1021/acs.chemrev.7b00074 with permission from ACS)
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 Materials

Broad categorization of AM materials falls into any of these categories: metals, poly-
mers, ceramics, and composites. Most are familiar with implant made of bio- ceramics 
and metals and their composite/alloys, such as those made for skull implant and hip 
joint replacements. Each type of material will have its own set of properties and 
characteristics with advantages and disadvantages that make it suitable for one type 
of application but not necessarily for others. Next, let’s take a look at some of the 
popular materials used in creating bioscaffolds for bone regeneration.

 Bio-ceramics

Bio-ceramics comes in many shapes and forms; they can be made very dense or 
very porous, in powder form, or could be even used to coat another type of material. 
Bio-ceramics range in biocompatibility from being inert or bioinert, to fully degrad-
able, biodegradable, or bioactive in a biological environment [24]. Generally, a 
material qualifies as ceramic when it consists of metal-oxides, carbides, and nitrides 
and their combinations such as aluminum oxide and titanium oxide. Furthermore, 
they could be made with a combination of calcium phosphates, alumina, zirconia, 
carbon, and other types of materials [25].

One of the many characteristics to look for in a bioscaffold is the porosity. As 
bone comes with a range of porosity from micron and reaching several hundreds of 
microns [26], a bioscaffold would need to accommodate this property. We will next 
look into some of the bio-ceramics and how they would fulfill this need and other 
properties that should be found in the bioscaffold.

 Calcium Phosphate

The abundant existence of calcium phosphate in bone and teeth has driven research-
ers to take a deep look into calcium phosphate as this material is inert, biocompati-
ble, and somewhat degradable [27]. Furthermore, calcium phosphate was found to 
be osteoconductive, meaning it provides a template for new bone tissue formation 
and promotes osteoblast adhesion and propagation [28]. To create calcium phos-
phate bioscaffold, researchers had to go into the nanoscale to mineralize a scaffold 
using oxides, phosphates, and calcium and silicon combined with carbonates [29].

Ceramics are more brittle than desired so normally they are combined with poly-
mers to achieve less brittleness. Hydroxyapatite and biphasic calcium phosphate are 
examples of popular types of bio-ceramics able to support bone in-growth and inte-
gration in bone tissue [25]. Calcium phosphate presents a major clinical advantage 
due to its osteoconductivity, and this characteristic was employed in conjunction with 
calcium aluminate to create a filler material for the bone that would promote new bone 
tissue growth, similar to real bone and cell proliferation and adhesion [30].
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 Bioglasses

Bioglass is a glass but it contains certain materials that include SiO2, CaO, Na2O, 
and P2O5. There is less silica in bioglass compared to regular glass found in every-
day commercial merchandise. Bioglass contains a higher molar ratio of calcium to 
phosphorous, 5:1, and can promote apatite crystals, characterizing bioglass with 
good osteoconductivity and bioactivity. It is a good solution for biodegradable bone 
scaffolds and applications of tissue engineering. Bioglass can be mixed with vary-
ing amounts of elements such as strontium, zinc, or copper, which would promote 
the formation of healthy bone tissue [31]. Figure 4 shows several mesoporous bio-
active glass (MBG) scaffolds of varying pore size and morphology created by 
extrusion- based 3D printing.

Bioglass® is a company that makes bioglass scaffolds and it highlights the bioac-
tive behavior and advantages of using bioglass scaffolds. Their bioglass was proven 
to bind bone tissue by a function of formatted hydrocarbonate apatite (HCA) on the 
outer layer of the bioglass surface. Hydrocarbonate apatite is very similar to 
hydroxyapatite bone material as it promotes interaction with the damaged bone col-
lagen fibrils. This results in enhanced proliferation of matrix mineralization of bone 

Fig. 4 3D printing of mesoporous bioactive glasses (MBG) [69, 70]. (a) Different MBG structures 
produced via extrusion-based 3D printing; (b–g) depicts changes in pore sizes (624–1307 μm) and 
pore morphology; (h) SEM of pore wall taken from (h); (i) TEM image of pore wall. (Reproduced 
with permission from [70])
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ECM. It is worth noting that bioglass contains an elevated level of negative-surface 
charge density by silanols.

The degradability of bioglass will leave residual glass particles in living tissue, 
and the degradation of the bioglass as a whole would take up to 12 months or maybe 
longer. This degradation will result in the release of glass particles varying in size 
from below 300 μm, which will be taken care of by the osteoclasts, while particles 
above 300 μm may stay in the body for longer periods [32].

Because the bioglass surface is dense with a negative charge, it is a good factor 
to promote adsorption of serum proteins, making calcium phosphate-bioglass 
 composite an excellent bio-ceramic scaffold material [33]. The main disadvantages 
of bioglass are its slow rate of degradation, difficulty creating models with specific 
shape and detail, and it causes increased concentrations of calcium ions and sodium 
ions in the scaffold site, which can be cytotoxic to cells as they must maintain ion 
concentrations within a given range.

 Metals

 Traditional Metals

The strong mechanical strength and toughness against fractures makes metal a good 
choice in dental and orthopedic bone healing applications. The most common met-
als are stainless steel (SS), cobalt-chromium (Co-Cr), and titanium (Ti) alloys. 
While these are not biodegradable, a brief discussion is warranted as they are the 
clinical benchmarks. A major disadvantage with using these materials is the release 
of metal ions which can accumulate in biological tissues, triggering an immune 
response and long-term chronic inflammation [34]. Additionally, due to the elastic 
moduli, these materials do not make good candidates for bone growth alone. With 
that said, advantages of using metal alloys are their ability to be used as a substitute 
for bone due to its porous structure, mechanical properties, biocompatibility, and 
shape memory effect, in the case of shape memory alloys [35]. Figure 5 shows a few 
examples of metal-based scaffolds fabricated by AM and their applications.

New advancements in AM have allowed researchers to adjust the level of poros-
ity in metals such as Ti and NiTi alloys that could stimulate cell proliferation and 
attachment. Ti and TiO2 scaffolds placed in rabbits showed good osteoconductivity 
and osseointegration [35]. W4-Mg and Fe-Mn alloys have also been in use in recent 
years to make metallic scaffolds.

 Biodegradable Metals

Biodegradable metals would provide excellent support to the bone during the healing 
period and then degrade and disappear after the healing is completed [36]. 
Biodegradable metal scaffolds have significantly higher stiffness than polymer- based 
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scaffolds and are more suitable for situations where load-bearing is expected in the 
area around the injury [35]. Of course, a certain level of possible risk comes with 
deploying a biodegradable metal in vivo, so the metals or metal alloy to be used must 
not induce an adverse immune response, osteolysis, or inflammation. The biodegrad-
ability period is an important parameter to consider here. Magnesium biodegrades at 
a high rate in a chloride-rich biological environment, and the risk from the large 

Fig. 5 Images of AM-produced bone scaffolds. (A) Ti6Al4V of varying inner and outer density 
femoral scaffolds produced via electron beam melting (EBM) [71]; (B) Implanted acetabular cage 
for a severe bone defect from a prototype [72]; (C) Proximal tibia prosthesis implanted after tumor 
resection [73]. (Reproduced from © 2018 Chaohua G. et al. Adapted from [74], originally pub-
lished under CC BY 3.0 license)
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amounts of hydrogen gas due to fast corrosion may take it out of the candidacy. 
Another option is iron-based biodegradable scaffolds [37], but the extremely slow 
degradation rate makes it unsuitable for this task. One way to slow down or speed up 
the degradation and manipulate the mechanical properties is to create alloys [35].

Magnesium alloys were developed to create degradable, biocompatible, and 
open-pore metal scaffolds that were found to promote bone formation [38]. Porous 
scaffolds of magnesium alloy made using AM were found to promote bone remod-
eling and regeneration without adverse effects in animal models. However, porous 
alloys of magnesium created more surface area and degraded at an accelerated pace. 
However, experiments using Mg-4 wt.% Y showed a slower degradation due to the 
presence of the element yttrium and is also biocompatible [39].

 Polymers

Polymers, especially biodegradable polymers, are also widely used in bone and 
dental fixation and tissue engineering. Biodegradable polymer scaffolds should be 
biocompatible in a bio-environment to avoid triggering an immune response or 
cause any type of biological damage to the patient. Unlike permanent implants, 
biodegradable bioscaffolds eliminate the undesirable effects of conventional 
implants. Using biodegradable materials means less trauma a patient must endure, 
and less cost that is usually related to multiple surgeries [40].

Some of the biodegradable synthetic polymers that are most promising and used 
widely in biomedical research and applications are polyolefins, polyurethanes, 
polysiloxanes, and polyesters. Polyglycolic acid-polylactic acid (PGA-PLA) is a 
polyester that has seen increased attention in research for its good biocompatibility 
and properties to promote bone tissue regeneration [40, 41]. Another polyester with 
focused studies recently is polyorthoester as it is seen as a forerunner for its capa-
bilities in promoting bone regeneration [40, 42]. Polycarbonate is also the focus of 
research as it demonstrated bone-like, load-bearing mechanical properties and 
excellent osteoconductive abilities when conjugated with an ethylester pendant 
group [43].

 Composites

Using composites creates a level of diversity that cannot be found in one type of 
material in terms of mechanical strength characteristics, biological reactivity, bioac-
tivity, and degradability. An example of a composite is Cerosium® which is very 
strong and almost similar to bone in strength, has the same modulus of elasticity as 
bone, and is made of a composite of alumina, calcium carbonate, silica, and magne-
sium carbonate. This composite comes with pores ranging in size 18 to 25 p [38]. 
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Generally, composites come in combinations of polymer/metals, ceramics/polymer, 
and metals/ceramic. Calcium phosphate/polyester is an example of ceramic/polymer 
that has been extensively researched in recent years, showing a successful desired 
osteogenic differentiation and cell prefoliation [38].

Polymer/metals composites contain a metallic substance with a polymer coating 
and have an advantage over other types of composites because the metal part pro-
vides structural stability and load-bearing properties better than that found in ceram-
ics and polymers. The polymer coating of the composite establishes a better medium 
for attachment with the surrounding organic material, creating a surface that allows 
for better protein adsorption and overall a better result for cell proliferation. Several 
examples of this include polymer coatings on titanium substrates [44–46]. 
Researchers noticed better cell proliferation and cell adhesion of osteoblasts and 
human mesenchymal stem cells (hMSCs) when using grafted titanium/polymer 
composites as compared to unmodified titanium.

Ceramic/metal composites are also a viable choice when mechanical properties 
and bioactivity are the main concern. A coating of β-TCP around magnesium 
showed good bioactivity and cell adhesion [47, 48]. Mechanical properties of this 
composite showed different results across different porosity settings [47, 49].

 Fabrication Methods in Additive Manufacturing

Methods that preceded AM in creating scaffolds lacked consistency and repeatabil-
ity which reduced their reliability. Today, AM comes with its wide range of methods 
to produce objects with desired mechanical properties to serve a multitude of func-
tions. AM starts with a computer aided design (CAD) file which contains the infor-
mation necessary to create a 3D model using vector information. Then, this CAD 
file is converted to an STL file which is regarded as the standard for most AM 
machines. Minor manipulations might be necessary at this time such as scaling, 
rotating, and aligning to the virtual platform. The model will be converted from one 
3D model to multiple slices of cross-sectional 2D images. Machine preparation is 
necessary at this point to ensure no pausing during the fabrication process. At this 
time, prototyping is initiated and after it is done some post-processing is most likely 
necessary before the object is ready to be used in applications [50]. Next, we will 
discuss a few mainstreamed commercial methods to create scaffolds using AM, and 
the basic structure of different AM machinery is shown in Fig. 6.

 Stereolithography (SLA)

This is arguably the first AM method that was introduced in the 1980s in which 
radiation from an ultraviolet (UV) light is used to solidify a radiation-sensitive, 
liquid risen photopolymer to create a 3D model that rests on a platform. After the 
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UV light solidifies one layer representing a cross-section of the final object, the 
platform is lowered, and a new layer of resin is applied on top of the model which 
will be cured with the UV light once again until the model is complete. The model 
could make use out of supporting structures to minimize the risk of falling to one 
side during the building process and keep its structural integrity. Figure 6a shows 
the basic parts of an SLA machine [51].

Aqueous poly(ethylene glycol) (PEG) hydrogel solution is one example of a 
photopolymer, or biopolymer, used in SLA that is capable of preventing dermal 
fibroblast cells, which are embedded in the hydrogel solution, from getting damaged 
during the SLA process [52]. This makes it possible to generate 3D models with 
biological characteristics embedded within them, which is a huge leap in the AM 
bio-advancements. Although most research is directed toward biopolymers to create 
these 3D biostructures, some researches head toward finding suitable bio- ceramics 
for this purpose.

The advantages of using SLA include high accuracy prototypes and easy post- 
processing that starts with the relatively easy task of removing the unused liquid 
photopolymer around the built object. Some disadvantages include the limited variety 
of material choices to fabricate with and high material cost [40].

Fig. 6 Depiction of several AM processes. (A) An illustration of the basic premise of an SLA 
machine; (B) 3D ink-jet printing; AM can be either thermal-based (nozzle 1 in picture) or piezoelectric- 
based (nozzle 2 in figure); (C) Schematic showing the principle of SLS; (D) Premise of FDM high-
lighting the extrusion of polymer. (Permission granted from © 2015 Patrick R., et al. Published in 
[75] under CC BY 4.0 license. Available from: https://doi.org/10.3390/ijms19113308)
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 Selective Laser Sintering (SLS) and Selective Laser Melting 
(SLM)

This is a process that takes advantage of the powder bed fusion (PBF) principle in 
which a laser is directed using a galvanometer to plot a path on a polymer bed that 
contains powdered polymer. The laser solidifies any particles that cross the laser path 
creating one layer by binding heated powder particles with neighboring particles [53]. 
In SLS, powder does not melt but fuses as a result of solid-state sintering. In SLM, 
powder is fully melted to generate fusion. The lifting mechanism on which the solidi-
fied powder rests on will be lowered one layer-width, and a roller pan will sweep the 
top of the platform with a new layer of particles covering the previously build layer. 
The laser is directed again on the path that corresponds with the current cross-section 
of the object. These steps are repeated until all cross- sections of the model are built. 
The powder that did not get solidified will surround the built object and act as support, 
removing the need to model supporting structures and thus reducing post-processing 
time. Although, metal-based models might need structural support since the heavy 
weight will surpass the abilities of the powder to hold it without tipping on one side 
[54]. Figure 6c shows a simplified representation of an SLS machine.

Some biocompatible and biodegradable polymer-based bioscaffolds manufac-
tured using SLS include polycaprolactone (PCL), polylactide (PLA), and poly-l 
lactide (PLLA). For example, hydroxyapatite (HA)/PLAA composites were used to 
build bone scaffolds. The PLAA in this composite served as a binder because of its 
low melting temperature and fast degradation time. Results have shown that HA/
PLAA composites resulted in somewhat similar bending strength and modulus of 
cancellous bone [55].

In one study [56], researchers used SLS to fabricate polycaprolactone (PCL) 
scaffolds, a bioresorbable polymer, used in healing of bone as well as cartilage. The 
created scaffolds showed good mechanical properties as analyzed by computational 
finite element analysis (FEA). They are similar to that of trabecular bone found in 
humans with yield strengths ranging within 2.0–3.2 MPa and compressive moduli 
ranging from 52––67 MPa, giving these scaffolds good load-bearing mechanical 
properties. To test the scaffolds–cell interaction, the scaffolds were implanted 
subcutaneously and exhibited enhanced tissue growth was observed in vivo [56].

In another example, researchers used SLS to create scaffolds using calcium 
phosphates/poly(hydroxybutyrate-co-hydroxyvalerate) composites and carbonated 
hydroxyapatite/poly(l-lactic acid) composites to provide structural and functional 
support for bone healing [57]. SLS enabled the researchers to control the porosity, 
numbers of pores, and the structural connectivity of the composites to fit its intended 
application. Cultured SaOS-2 osteoblast-like cells showed normal reactions, mor-
phology, and high viability during the biological evaluation of the scaffolds in vitro 
after 3- and 7-days culture. Alkaline phosphatase activity and cell proliferation in 
these composites are attributed to the calcium phosphate which served as an osteo-
conductive agent [57].
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The advantages of using SLS include a variety of material choices, excellent 
mechanical properties, decent accuracy, and low-cost polymers. Disadvantages 
include thermal degradation during building, high porosity, trapped powder, and 
high-cost machinery. Additionally, SLS has a rough surface finish compared to 
SLA [54].

 3D Printing

This process makes use of ink-jet which places a binder material on a powder bed 
and creates a cross section of the final object by gluing particles together. Binder 
deposition happens by having the ink-jet head moving across the x-y plane and 
applying binder by dropping it where needed to create adhesion. After one layer is 
created, the platform is lowered, and a new layer of powder is applied and so on. 
Advantages of using 3D printing over other types include lower cost, fast process, 
multi-print heads, and a variety of material choices since, theoretically, any material 
that could be powdered is an acceptable candidate for 3D printing. Disadvantages 
include trapped powder and lower resolutions, and binding might not be sufficient 
to solidify the object [54]. Figure  6b shows a simplified representation of a 3D 
printer ink-jet machine.

In a study [22], researchers used rapid prototyping or 3D printing more specifi-
cally to create hydroxyapatite (HA) ceramic scaffolds for bone tissue engineering. 
3D printed scaffolds were then tested for their biocompatibility using MC3T3-E1 
cells within static and dynamic environments in vitro. The reason behind choosing 
HA was due to its chemical and relative structural similarity to the inorganic portion 
of real bone tissue. Researchers aimed to optimize the cell adhesion process and 
interaction with the organic environment by maximizing the surface area of the 
scaffolds. Results were very promising as the cell proliferation was very high within 
the HA granules [22].

Another study [58] focused on optimizing the binder to maximize biocompatibil-
ity and osteoconductivity with adequate mechanical properties using 3D printing of 
composites of calcium phosphate and collagen scaffolds for bone regeneration. To 
achieve maximum cytocompatibility and mechanical strength, the researchers 
incorporated an 8.75 wt.% phosphoric acid-based binder solution to improve print-
ing, as well as polysorbate 80, a nonionic surfactant. Collagen 1–2 wt.% was also 
used to achieve better cell viability, flexural strength, and better formulation results. 
Although viscosity and surface tension could be problematic in the process of 3D 
printing, this effect was reduced through physiologic heat treatments and polysor-
bate 80. These scaffolds were tested using mice as a receiving host with 2 mm mid- 
femoral osteotomy defects, and the results showed osteoconductive behavior from 
the scaffold with a noticeable degradation of the scaffold as bone growth 
increased [58].
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 Fused Deposition Modeling (FDM)

This process uses a printing head which contains a melting chamber. A constant 
stream of polymer filament is liquefied due to heat transfer, and it is pushed out of a 
chamber by applying positive pressure. The extruded material will be applied on the 
build plate according to a set path to create the desired cross-section of the final 
object. Once the path for one layer is completed, the platform lowers a cross-section 
width and the process repeats. It is important to maintain constant temperature and 
filament feed as any interruption or changes in temperature will affect the amount of 
material extruded at one time, creating non-leveled layers. Complex geometries 
including highly detailed scaffolds can be obtained using this method combined 
with other deposition methods [59]. Figure 6d shows a simplified representation of 
an FDM machine.

This method is capable of creating honeycomb-like scaffolds with connected 
internal channels and networks and at the same time reserving the ability to enable 
the researchers to control the porosity of the scaffold and its channel size. In one 
study [59], researchers created a bioresorbable polymer poly(e-caprolactone) (PCL) 
filament made of aligned microfilaments. These filaments were used to make porous 
scaffolds for tissue engineering purposes. Using FDM, researchers were able to cre-
ate pore sizes of 160–700 μm within the channels of the scaffold with 47–77% 
porosity. The scaffolds were comparable to porous metals in terms of stress-strain 
mechanical characteristics as stiffness ranged from 4 to 77 MPa [59]. Another study 
was conducted [60] to investigate the mechanical properties and cell cultural 
response of polycaprolactone scaffolds designed and fabricated via FDM.  They 
used a honeycomb-like scaffold as well and showed better mechanical properties 
and improved biocompatibility with human fibroblasts [60].

A previous study [61] focused on the development of controlled porosity of 
polymer- ceramic composite scaffolds via FDM. The polymer/ceramic composite 
was produced using polypropylene (PP) polymer and tricalcium phosphate (TCP). 
Mechanical and structural properties of the scaffold were comparable to a dog bone 
tissue for reference. Average pore size of the scaffold was 160 μm with varying 
vol.% porosities (36%, 48%, and 52%). The best performing scaffolds in terms of 
compressive strength achieved 12.7 MPa with 36 vol.% porosity. In vitro testing 
showed outstanding human osteoblast cell (HOB) growth during the first 14 days 
and no toxic effects were observed during testing [61].

Advantages of using FDM include reduced waste material, no trapped material, 
and lower cost. Disadvantages include possible thermal degradation during build-
ing, and low resolution when not used in conjunction with other processes [54].

 Conclusion and Prospective

The level of detail possible when using novel AM techniques is allowing research-
ers to mimic actual bone tissue never seen before. These techniques are in rapid 
development as the level of complexity that could be achieved is increasing expo-
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nentially, making it possible to create custom scaffolds at will with a great level of 
flexibility in terms of size, porosity, stress-strain, interconnectivity of scaffolds’ 
internal channels, chemical composition, and more. These methods go beyond what 
was capable with autografting and allografting and inherently come free of their 
limitations.

With the rapid development of these methods and thorough scientific investiga-
tions, the way is being paved to go beyond in vitro and in vivo experiments with the 
goal of clinical implementation, supplying patients with implants specific to their 
body and functional requirements which will revolutionize the field of biomaterials 
in healthcare.
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 Introduction and Principles of Anti-biofouling 
and Antimicrobial Biomaterials

 Biofilm Formation and Associated Infections

In recent decades, biomaterials have been increasingly used in tissue engineering 
and many medical devices, involving wound dressings, orthopedic implants, vas-
cular prostheses, urinary catheters, etc. Bacterial adhesion and biofilm formation 
on biomaterial surfaces have been considered as one of the major challenges that 
can lead to serious consequences, such as implant infections, the failure of medical 
devices, and associated health risks. Even under sterile surgical conditions, bacte-
rial contamination of the implantation sites cannot be prevented. Hospitalized sub-
jects are also at a high risk of acquiring device-related bacterial infections in some 
cases up to ~60% [1]. For example, bacteria attached on the urinary catheter can 
form a biofilm within 24 h [2]. The infection risk in patients with urinary catheter 
is ~50% after 10 days, and the subsequent treatment and replacement can cause 
considerable morbidity.

Biofilm formation by microorganisms is a complex and dynamic process, often 
involving more than one microbial species. The initial attachment of bacteria is revers-
ible until the bacteria secrete adhesive proteins, extracellular polymeric substances 
(EPS), and then irreversibly bind to the material surface. The following step is bacte-
rial colonization and proliferation inside the extracellular matrix. Communication 
occurs via quorum sensing among same [3, 4] or different bacterial species [5, 6] 
within the biofilm, which enables co-colonization within the same extracellular 
matrix. After rapid proliferation of bacteria, the biofilm grows to be mature and even-
tually the extracellular matrix ruptures, leading to the dispersal of planktonic bacteria 
and possible spread of the infection. Biofilm is an effective strategy to render bacteria 
highly tolerant to environmental stresses as well as strongly resistant to antibiotics [1]. 
Previous reports showed that an antibiotic dose up to 1000-fold higher is required to 
kill bacteria inside the biofilm [7]. Therefore, developing biomaterials with anti-
biofouling and/or antimicrobial properties is in urgent demand as alternatives to 
antibiotics to fight against infections associated with medical devices.

A variety of biomaterials with or without intrinsic antimicrobial activity have been 
developed to combat bacterial biofilm and associated infections. They can be divided 
into either anti-biofouling or antimicrobial materials, the first one is able to prevent 
protein adhesion and bacterial attachment, while the other one can kill microorganisms 
by the biomaterial itself (e.g., a polymer) or by adding antimicrobial agents.

 Anti-biofouling Biomaterials

Anti-biofouling biomaterials are designed to prevent the adhesion of microorgan-
isms, proteins, and other biomolecules by minimizing interaction forces between 
the material surfaces and biological environments. Most anti-biofouling materials 
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fall into three types: (1) PEG-based materials, (2) hydrophilic zwitterionic materi-
als, or (3) superhydrophobic low surface energy materials.

 PEG-Based Biomaterials

PEG is one of the frequently used polymers to endow biomaterial surfaces with pro-
tein-resisting properties owing to both the hydration effect and steric hindrance [8]. 
Considering that indirect bacterial attachment on surfaces can occur as a result of 
protein adsorption, a biomaterial that is able to repel protein adsorption can poten-
tially also resist the contamination of bacteria [9]. Since PEG has been widely used 
against protein adhesion to substrates, many studies have focused on designing mate-
rials with PEG to resist bacterial adhesion [10–14]. The polymer chain can be 
hydrated with water molecules via hydrogen bonds, and the water layer acts as a 
barrier to impede the attachment of biomolecules and bacteria [1].

Park and coworkers [10] reported the preparation of PEG-based polyurethane 
substrates with terminal hydroxyl, amino, and sulfonate groups. E. coli and S. epi-
dermidis were used to test the adhesion of bacteria in tryptic soy broth and human 
plasma-containing media. Results showed that the bacterial attachment was affected 
by both the PEG molecular weight and media. PEG of higher molecular weight 
showed better bacterial-resistant ability compared with the lower molecular weight 
equivalents.

Norde et al. [15] studied the influence of PEG brush length on the adhesion of 
different bacteria and yeasts. Two types of bacteria (S. epidermidis and P. aerugi-
nosa) and two types of yeasts (C. tropicalis and C. albicans) were used in the tests. 
It was found that longer PEG brushes resulted in stronger resistance to bacteria and 
yeasts. In addition, more hydrophobic microorganisms (P. aeruginosa and C. tropi-
calis) were more prone to adhere onto the surface than the more hydrophilic ones 
(S. epidermidis and C. albicans), indicating that hydrophobic force was more favor-
able for the adhesion of microorganisms.

It is believed that the benefit of longer polymer chains is related to more efficient 
coverage of the material surface. Via self-assembled monolayers (SAMs), short 
PEG chains also showed anti-biofouling abilities. Prime et al. designed SAMs pre-
senting oligo (ethylene glycol) groups to disturb bacterial attachment [16]. Cooper 
and coworkers researched SAMs with various terminal groups including -CH3, 
-OH, -COOH, and -(OCH2CH2)3-OH. It was found that -(OCH2CH2)3-OH SAMs 
displayed the lowest adhesion while -CH3 surface have the highest fouling [17].

While PEG has often been termed the “gold standard” of the anti-biofouling 
field, it suffers several nonnegligible weaknesses in biomedical applications. It is 
prone to undergo oxidative damage and thus unstable in long-term applications. In 
addition, though PEG is generally considered as a biologically inert material with 
no immunogenicity or antigenicity, it has actually been demonstrated to provoke 
immune reaction in some conditions [18]. For example, PEG antibodies have been 
found in animal studies after immunization with PEG-modified proteins and 
nanoparticles, leading to the loss of therapeutic efficacy and related adverse effects 
[19–23].

Anti-biofouling and Antimicrobial Biomaterials for Tissue Engineering



336

 Poly Zwitterionic-Based Biomaterials

Recently, zwitterionic polymers have been emerging as promising alternatives to 
PEG, which are electrically neutral with balanced positive and negative charges in 
one moiety. The charged pairs result in a stronger hydration via ionic effects than 
that of PEG formed by hydrogen bonds, which in turn can enhance the anti- 
biofouling ability of zwitterionic biomaterials [24].

Cheng et al. developed poly(sulfobetaine) (pSB) and poly(oligo ethylene glycol) 
(pOEG)-grafted glass surfaces via atom transfer radical polymerization (ATRP) and 
tested the adhesion of both S. epidermidis (Gram-positive) and P. aeruginosa 
(Gram-negative) strains. It was found that PSB-grafted surfaces showed reduced 
adhesion by 92% and 96% than bare glass in a short term (3 h). And PSB-grafted 
surface was more effective in resisting long-term bacterial adhesion and biofilm 
formation, while SAMs surface failed to achieve a significant effect (Fig. 1). This 
result was probably owing to the higher surface densities of polymer brushes grafted 
via ATRP compared with SAM method [25].

Cheng et al. also systematically studied the zwitterionic poly(carboxybetaine) 
(pCB) grafted from glass surfaces for their resistance to biofilm formation. Results 
showed that pCB coatings reduced long-term biofilm formation of P. aeruginosa up 
to 240 h by 95% at 25 °C while the unmodified glass was completely covered by 
bacterial biofilm. At the optimal growth temperature of 37 °C, the glass surface was 
completely covered in 15  h, while pCB-modified surface could inhibit 93% of 
P. aeruginosa accumulation for 64 h [26].

In addition to surface-modified materials, several hydrogels designed with zwit-
terionic polymers have attracted increasing attentions [27, 28]. For example, in 2013, 

Fig. 1 (a) Fluorescence microscopy graphs of S. epidermidis attachment on various surfaces at 
48 h. (b) Fluorescence microscopy graphs of P. aeruginosa attachment on various surfaces at 24 h. 
(Images reprinted with permission of Cheng et al. (2007). Copyright 2007 Elsevier Ltd. [25])
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Zhang et al. developed a zwitterionic PCB hydrogel that could efficiently prevent 
foreign body capsule formation for 3 months and promote angiogenesis in the sur-
rounding tissue when implanted subcutaneously in a mouse model. In the foreign 
body reaction, nonspecific protein adsorption is thought to be the first step to trigger 
the formation of a dense collagen layer. The collagen layer will isolate the implants 
from surrounding tissues, impeding mass transport and electrical communication 
between implants and the physiological environment [29]. The mechanism of pCB 
hydrogels is possibly due to the fact that the macrophage cells in anti- biofouling 
samples tend to differentiate to the pro-healing state.

Huang and coworkers synthesized zwitterionic pSB nanocomposite hydrogels as 
chronic wound dressings [30]. The prepared hydrogels displayed evident resistance to 
adsorption of bovine serum albumin (BSA), bacteria of Gram-positive S. epidermidis, 
and Gram-negative P. aeruginosa (Fig. 2). Zhang et al. proved that zwitterionic pCB 
hydrogel with high water content and excellent anti-biofouling properties could pro-
mote skin wound healing in a mouse model in comparison with pHEMA hydrogel and 

Fig. 2 (a) Bacterial fouling tests on pSBAA/0, pSBAA/15, pHEMA, and TCPS. P. aeruginosa 
and S. epidermidis were used in the tests and imaged using phase-contrast microscope. pSBAA/0 
is hydrogels without adding any nanoclay and pSBAA/15 is hydrogels with 15% nanoclay. (b) The 
quantitative results for bacterial adsorption on all hydrogels. (Images reprinted with permission of 
Huang et al. (2016). Copyright 2016 The Royal Society of Chemistry [30])
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the commercial product Duoderm [31]. A wound dressing is expected to be anti-bio-
fouling also because traditional dressings can typically damage newly generated tis-
sues upon removal and provide an opportunity for microorganism colonization.

Zwitterionic polymers have also successfully imparted anti-biofouling properties 
to various nanoparticles, such as gold nanoparticles [32–34], magnetic iron nanopar-
ticles [35, 36], quantum dots [37, 38], and silica nanoparticles [39]. Jia covered silica 
nanoparticles with functional zwitterionic pCB layer via ATRP method and tested the 
stability of particles in protein-containing solutions. Results showed that the pCB 
layer is effective in protecting nanoparticles from nonspecific protein fouling [39].

 Antimicrobial Biomaterials

In the past decade, the number of FDA-approved antimicrobial biomaterials has 
been continuously increasing, indicating the demand for alternatives to traditional 
antibiotics which often undergo drug resistance and difficulty to penetrate the 
 biofilm [1]. Antimicrobial materials are designed to kill bacteria and prevent biofilm 
formation, while anti-biofouling materials are passive and vulnerable to microor-
ganism invasion once their barriers are damaged. The antimicrobial biomaterials 
can be divided into those where the matrices integrated with antimicrobial agents 
that are released, or those where the materials themselves are active ingredients.

 Releasing-Based Antimicrobial Biomaterials

An effective approach for imparting biomaterials with antimicrobial activity is to 
combine them with different releasing biocides/antibacterial agents, such as antibiot-
ics, silver, quaternary ammonium compounds (QACs), and nitric oxide. These agents 
can be integrated with the biomaterials by suitable approaches, including physical 
adsorption, conjugation, or complexation.

 Biomaterials Loaded with Antibiotics

The indwelling medical devices, for example, orthopedic implants and catheters, 
can be coated with an antibiotic-releasing layer to combat device-related infections. 
The greatest benefit by direct loading of antibiotics is that high systemic doses can 
be effectively avoided, preventing over-dosing problem and potential toxic side 
effects to other tissues in the body [40].

Antibiotics including vancomycin, cefamandole, gentamicin, cephalothin, car-
benicillin, and amoxicillin have been widely used in controlled releasing devices 
[41]. Antibiotic-containing polymethyl methacrylate (PMMA) beads, which are 
fabricated by mixing the desired antibiotics with PMMA and forming into beads, 
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have been clinically used as a kind of bone cement for about 30 years [42]. The 
primary advantage of PMMA beads is the clinical familiarity as well as the efficacy 
to eliminate acute infections in bone. However, since PMMA is non-biodegradable 
and hydrophobic, the incorporated antibiotics could not be totally released from the 
beads, thereby leading to a loss of 25–50% [40]. In addition, the non-biodegradable 
PMMA beads need to be removed by a second surgery if the antibiotic release has 
finished. Considering these issues, biodegradable materials have been developed as 
possible alternatives to bone cements, with the increasing popularity of cement-less 
prostheses in hip arthroplasty [43].

The use of antibiotic-containing biodegradable materials has the benefit of slow 
release of the antibiotic to the material–tissue interface, with the release of antibi-
otic following the kinetics of material degradation. For instance, poly(lactic acid) 
(PLA) and poly(lactic-co-glycolic acid) (PLGA) are effective biodegradable implant 
coatings that have been used to locally deliver antibiotics. Different from PMMA, 
these polymers can be used in several different forms, such as coatings, electrospun 
fibers, and microspheres [44]. Muller et al. combined fusidic acid and rifampicin on 
PLA to kill S. aureus both in vitro and in a rabbit infection model [45].

Clinical implant materials should be customizable to allow local antibiotic deliv-
ery to specific infection sites avoiding damaging bone cells. David et al. analyzed 
the inhibitory impact of PLA implants coated with single or double antibiotics (gen-
tamicin, ciprofloxacin, colistin, daptomycin, or cefoxitin) on bacteria isolated from 
osteomyelitis. Results showed that all antibiotics, no matter alone or in combina-
tion, had a burst release and a dose-dependent antibacterial activity [46].

Recently, mesoporous materials such as hydroxyapatite (HA) has been loaded 
with different antibiotics (tobramycin, vancomycin, cephalothin, carbenicillin, and 
amoxicillin sodium salts). These antibiotic-containing HA materials have also been 
applied as practical methods for the decontamination of dental implants. All these 
studies have demonstrated that antibiotic-containing HA materials could fight 
against bacterial adhesion and impede biofilm formation as well as maintain a con-
tinuous agent release ability.

 Biomaterials Loaded with Silver Nanoparticles (NPs)

Silver-loaded biomaterials have been used in medical implants due to the released 
silver ions being broad-spectrum against both Gram-positive and Gram-negative 
bacteria. Although the mechanism of their antimicrobial action is not yet completely 
understood, it is generally inferred that released silver ions are the primary molecu-
lar toxicant [47]. Silver ions released from silver-loaded materials destruct the bac-
terial membrane and damage the function of the enzymes and/or DNA of bacteria 
[48, 49]. Silver ions can react with the negatively charged groups in the cellular 
proteins and DNA, such as the carboxyl, phosphate, thiol, and amino groups [50]. It 
can also inactivate enzymes of the tricarboxylic acid (TCA) cycle, generating harm-
ful hydroxyl radical. The needed concentration of silver for a required antibacterial 
effect ranges from 10 nM to 10 μM [51].
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Silver NPs are facile to be incorporated into various materials for further applica-
tions, such as hydrogels, nanofibers, and films. Hydrogels formed by synthetic poly-
mers such as poly(N-vinyl pyrrolidone) (PVP), poly(vinyl alcohol) (PVA), 
poly(acrylamide-co-acrylic acid), and natural polymers such as gelatin, chitosan, 
and alginate have been prepared to encapsulate silver NPs. Thomas and coworkers 
developed a technique called the breathing-in/breathing-out (BI-BO) method to 
load silver NPs. By exposing to solutions of different concentrations, hydrogels 
could sequentially swell and shrink, thus encapsulating silver NPs from the solution 
into the network. The antibacterial activity of hydrogel materials was influenced by 
the cycle numbers, and it was reported to be optimal after three cycles to kill 
E. coli [52].

Silver NP-loaded hydrogels can also be prepared by the formation of hydrogel 
and the encapsulation of NPs simultaneously [53]. Gonzalez et al. [54] prepared in 
situ silver NP-embedded matrix using AgNO3 as the silver source and hydrogel poly-
mer as the container and stabilizer. Hydroxyl ethyl methacrylate monomer (HEMA), 
cross-linking agents, and photoinitiator were added into the hydrogel synthesis sys-
tem, while UV irradiation was used to reduce the silver ions and also form the HEMA 
hydrogel. Via the in situ synthesis and encapsulation methods, the aggregation and 
precipitation issues of silver NPs can be reduced. Zhang et al. reported a one-step in 
situ photo-polymerization reaction to simultaneously formed silver NPs and the PCB 
hydrogel. Results showed that silver NPs could be homo-dispersed in the hydrogel 
matrix without precipitation. In vitro tests proved that the resulting matrix could 
effectively kill both Gram-positive (S. aureus) and Gram-negative bacteria (E. coli) 
while resisting their adhesion [31].

Besides the antibacterial effects and material fabrication approach, silver- 
associated cytotoxicity must be considered. Eukaryotic cells have been shown to 
withstand 10 ppm exposure of silver [49]. High-level exposure of silver NPs could 
lead to nonnegligible toxicity to a variety of organs such as lung and liver.

 Biomaterials Loaded with Quaternary Ammonium Compounds (QACs)

Unlike the release-based antibacterial silver ions, QAC-containing materials possess 
a long-term antibacterial mechanism [55]. Materials containing QAC have been 
proven to damage both Gram-positive and Gram-negative bacteria by disrupting the 
cellular membranes [56]. The positively charged ammonium groups interact with the 
negatively charged acidic phospholipid groups of the bacterial cellular membrane, 
disturbing the stability and integrity of the lipid bilayers. Further, the potassium ions 
release from the inner cytoplasm which in turn damage the original osmoregulation 
and other physiological functions of bacteria [57]. It was found that the antibacterial 
activity of QACs was relevant to the alkyl chain length. QACs possessing an alkyl 
chain of 12–14 carbons achieved an optimal activity against Gram- positive bacteria 
and yeast, whereas alkyl chain length of 14–16 carbons effectively resisted Gram-
negative bacteria. QACs with alkyl chain lengths less than four or more than 18 were 
found to be virtually ineffective.
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 Biomaterials Loaded with Nitric Oxide (NO)

NO is a well-known factor to inhibit the platelet activation and adhesion. It has been 
used in many polymer-based materials, for example, silicone rubber, PVC, PVP, 
and PU, for medical applications in various blood-contacting devices to prevent 
thrombosis [58]. In recent years, NO has been found to resist biofilm formation, 
thus NO-loaded biomaterials have attracted increasing attentions to develop dual- 
functional (antithrombotic and antibacterial) biomaterials.

In 2005, an NO-stored sol-gel derived film was developed to coat silicone elas-
tomer and subcutaneously implanted in a rat model to evaluate the anti-infection 
effect. After treated with NO-releasing coatings, the S. aureus-infected wounds 
showed an 82% reduction, indicating a promising application of NO-releasing bio-
materials to treat S. aureus infections [59].

Anton et  al. assessed possible benefits of a low-concentration NO-releasing 
carbon- based coating on monofilament polypropylene meshes in vitro and in vivo. 
NO-releasing coatings showed significant bactericidal effect on biofilms of 
S. aureus, E. coli, and P. aeruginosa in  vitro. However, no obvious beneficial 
effects of this NO-releasing coating on subcutaneously in vivo implanted surgical 
meshes could be found [60].

Danie reported the synthesis of NO-modified xerogels using tertiary thiol- 
bearing silane to trigger the release of NO by photoactivation at physiological tem-
perature. After exposing the NO-modified xerogels to visible irradiation, the 
bacterial adhesion (P. aeruginosa) was significantly reduced by 88% compared to 
TEOS xerogel controls [61].

 Contact-Active Antibacterial Biomaterials

Another approach for the fabrication of antibacterial biomaterials is based on the 
non-releasing mechanism, where the polymers themselves are intrinsically antimi-
crobial and thus kill the bacteria in contact with the material surface. The polymers 
are often cationic and able to capture negatively charged bacterial cell envelop, 
interacting and further damaging the cell membrane to eventually kill the bacteria. 
Figure 3 showed the main classes of cationic natural and synthetic polymers pos-
sessing positive charge in the backbone or in the side chain [1].

Chitosan is an extensively studied, natural-derived cationic polymer, which is the 
N-deacetylated derivative of chitin. Chitosan-based materials, such as coatings and 
films, have been applied as wound dressings and scaffolds in tissue engineering 
[62]. Previous studies have demonstrated the ability of chitosan to inhibit the growth 
of a wide variety of bacteria, including E. coli, P. fluorescens, S. aureus, and K. pneu-
moniae [63]. It is reported to completely inactivate E. coli after a 2-day incubation 
with concentrations of 0.5–1% at pH 5.5. Meanwhile, only 0.1% concentration of 
chitosan was required to inhibit E. coli growth. Due to the different acetylation 
degree of chitosan, the antibacterial effect varied and displayed a higher sterilizing 
efficiency with 7.5% acetylation when compared with that of 15%.
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Chitosan has also been modified with other molecules or groups such as quater-
nary ammonium to augment its antimicrobial ability. The antibacterial activity of 
diethylaminoethyl chitosan and triethylaminoethyl chitin was evaluated against a 
number of bacterial species in  vitro. The triethylaminoethyl chitin had a greater 
activity against S. aureus than against E. coli. And 500 ppm of triethylaminoethyl 
chitin was needed to completely eliminate S. aureus within 2 h.

Anton et al. immobilized chitosan via poly-acrylic acid (PAA) brushes and then 
grafted them on a polyethylene surface. E. coli and S. aureus were both used to test the 
samples by inhibition zone methods. After the treatment of chitosan, the polyethylene 
displayed clear inhibition zones of 35 mm2 for E. coli and 275 mm2 for S. aureus [64]. 
Chitosan and its derivatives have also been incorporated with other anionic polymers, 
including hyaluronic acid, alginate, carrageenan, heparin, and pectin.

Polyethyleneimine (PEI), a kind of synthetic hyperbranched polymer, is posi-
tively charged to serve as an antimicrobial agent against bacteria and fungi [65]. 
Compared with the unmodified PEI, low molecular weight counterparts with acid- 
labile imine linkers [66], disulfide bonds [67], or folate-PEG were designed with the 
aim to enhance biodegradability and biocompatibility.

Glass and metal surface have been coated with hydrophobic N,N-dodecyl methyl- 
PEI. The E. coli and S. aureus strains were 100% removed from the glass or polyeth-
ylene surface owing to the disruption of cell membrane and the leakage of cellular 
proteins [68, 69]. N,N-dodecyl methyl-PEI has also been used for the coating of 
orthopedic fracture-fixation hardware, which was made of titanium (Ti) and stainless 
steel. The treated surface was revealed to effectively prevent the biofilm formation of 
S. aureus both in vitro and in vivo [70].

Milovic used N-hexyl, methyl-PEI to covalently coat onto an amino-glass slide 
to combat E. coli and S. aureus, revealing a 109-fold reduction of live bacteria in the 

Fig. 3 The main classes of cationic natural and synthetic polymers. (Images reprinted with 
permission of Francolini et al. (2017). Copyright 2017 John Wiley & Sons Ltd. [1])
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surface-exposed solutions and a 100% elimination of the surface-attached bacteria. 
In addition, the immobilized N-hexyl, methyl-PEI was proven to be harmless to 
monkey kidney cells while lethal to bacterial cells [71].

In 2015, Merve et al. coated brush-like polyethyleneimine (PEI) on polyurethane 
(PU) ureteral stents with the aim to develop permanent antibacterial surface since 
the biofilm formation on stents severely limited their long-term usage. PEI chains 
with different molecular weights (Mn: 1800 or 60,000 Da) were alkylated with bro-
mohexane to break the bacterial membranes with increasing polycationic character. 
Both kinds of PEI brushes exhibited antibacterial activity by reducing the adhesion 
of K. pneumonia, E. coli, and P. mirabilis species to 102-fold, while no cytotoxicity 
was observed on L929 cells [72].

Besides PEI, cationic PU-based materials were also developed for contact- killing 
materials. Antibacterial QA compound-containing PU was coated to aluminum and 
PVC substrates, showing excellent biocompatibility and bacterial growth reduction 
to 83–100% against both E. coli and S. aureus. PU catheters were coated by a mul-
tistep process involving a vapor phase plasma-induced polymerization with acrylic 
acid and dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride. The 
coating was stable in aqueous media and uniformly dispersed on PU catheters, as 
well as displaying antimicrobial activity against E. coli strains in vitro [73].

 Applications in Tissue Engineering

 Wound Dressings

An ideal wound dressing is expected to provide a moist environment, protect the 
wound from microorganism invasion and infections, remove wound exudate, as 
well as promote wound healing. Materials such as hydrogel and hydrocolloid are 
suitable for the fabrication of wound dressings due to their hydrophilic properties. 
However, the moist environments are also prone to breed microbial infections, 
which will delay the wound healing process and induce other infection-associated 
complications. Therefore, wound dressings with antibacterial activity is of great 
necessity in clinical applications.

Fan designed a series of acrylic acid and N,N-methylene bisacrylamide hydro-
gels loaded with Ag/graphene composites of different mass ratios. The hydrogel 
with the optimal Ag to graphene mass ratio of 5:1 (Ag5G1) exhibited strong anti- 
infection abilities and excellent wound-healing performance (98% wound closure) 
within 2 weeks. The effect can be attributed to the antibacterial performance of Ag 
nanoparticles and the porous structure of graphene [74].

Chitosan itself has antibacterial properties owing to the cationic amino groups, 
thus chitosan-based wound dressings for anti-infection treatment have been developed 
recently. Nimal et al. prepared an injectable hydrogel composed of chitosan and tige-
cycline. Tigecycline can be released in a sustained manner to significantly inhibit 
bacterial growth, as well as to prevent skin infections [75]. Tetracycline hydrochloride 
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was also incorporated into chitosan-PEG-PVP hydrogel as an antiseptic and scar 
preventive dressing. The prepared wound dressing promoted healing process with min-
imum scar formation and protected the open wound from bacterial invasions [76].

Zhao et  al. developed a series of injectable conductive self-healed hydrogels 
based on quaternized chitosan-g-polyaniline (QCSP) and benzaldehyde group func-
tionalized poly(ethylene glycol)-co-poly(glycerol sebacate) (PEGS-FA) as antibac-
terial and antioxidant wound dressing for cutaneous wound healing (Fig. 4). The 
antibacterial injectable hydrogel dressing prolonged the lifespan of dressing upon 
self-healing ability and promoted the in vivo wound healing process attributed to its 
multifunctional properties [77].

Nano metals such as silver, ZnO, and TiO2 NPs have advantages of combating 
drug-resistant bacteria in infected wounds. A number of silver-containing wound 
dressings have been developed and approved by the FDA, including Tegaderm™, 
Duoderm®, Acticoat™, Fucidin®, 3M™, SilvaSorb®, PolyMem® Silver, etc. [78]. 
Moustafa et al. proposed an approach for the use of chitosan silver-based dressing 
for the control of diabetic foot infection with multidrug-resistant bacteria. 

Fig. 4 (a) Photographs of PEGS-FA solution, QCSP solution, and hydrogel QCSP3/PEGS-FA1.5. 
(b) Photographs of wounds at 0th, 5th, 10th, and 15th day and granulation tissue at 15th day for 
commercial film dressing (Tegaderm™), hydrogel QCS3/PEGS-FA1.5, and hydrogel QCSP3/
PEGS-FA1.5. (Images reprinted with permission of Zhao et al. (2017). Copyright 2017 Elsevier 
Ltd. [77])
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Chitosan hydrogel dressing loaded with the silver NPs showed promising antibac-
terial activities, as well as responsive healing properties for the wounds in both 
normal and diabetic rats [79].

In 2017, zwitterionic polycarboxybetaine (PCB) hydrogel and silver nanoparti-
cles (AgNPs) were developed via a one-step method for the efficient treatment of 
infected wounds [31]. The PCB-AgNP hydrogel exhibited effective antibacterial 
ability against both Gram-positive bacteria (S. aureus) and Gram-negative bacteria 
(E. coli) in vitro and was able to efficiently treat S. aureus infections and accelerated 
cutaneous wound healing (Fig.  5a). Zwitterionic poly(sulfobetaine acrylamide) 
(pSBAA)-based hydrogel has also been impregnated with AgNPs and implemented 
to treat infected chronic wounds [30]. The AgNPs were grown within hydrogel net-
works by in situ free radical reduction and exhibited germicidal properties against 
Gram-positive S. epidermidis and Gram-negative P. aeruginosa. Results showed 
that pSBAA/Ag hydrogel was non-sticky to the new tissue and could accelerate the 
epithelialization in the infected diabetic wounds (Fig. 5b).

Fig. 5 (a) A schematic of the one-step synthetic route of the zwitterionic PCB-AgNP hydrogel. 
(Images reprinted with permission of Zhu et  al. (2017). Copyright 2017 The Royal Society of 
Chemistry [31].) (b) Schematic illustration for structure of antimicrobial zwitterionic pSBAA/Ag 
composite hydrogel. (Images reprinted with permission of Huang et al. (2017). Copyright 2017 
The Royal Society of Chemistry [30])
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 Orthopedic Implants

Orthopedic implant-related infection constitutes a major concern associated with 
high morbidity and health costs. There are a lot of new strategies to develop alterna-
tive antibacterial biomaterials to conventional antibiotics, such as zwitterionic mod-
ification, providing nanostructure-coated metal implants.

Recently, a surface-initiated atom transfer radical polymerization (SI-ATRP) 
strategy has been reported for surface zwitterionization of metal implants, such as 
commercial pure Ti (Fig. 6) [80] and biomedical grade 316L-type stainless steel 
(SUS 316L) [81]. Chang et  al. presented a Ti surface with biocompatibility and 
antifouling properties grafting zwitterionic polySBMA using different anchoring 
agents of dopamine and silane. The resulting titanium surfaces grafted from dopa-
mine- and silane-anchored polySBMA exhibited superlow fouling ability against 
the adhesion of proteins, human fibroblast cells (HT1080), E. coli, and S. epidermi-
dis. Bacterial adhesion tests indicated that pristine metal surface was fully covered 
by E. coli and S. epidermidis after 24 h, whereas the SIATRP-treated Ti surfaces 
reduced 95% of bacterial adhesion relative to uncoated surfaces [80].

Bioceramics are excellent candidates to manufacture bone-like scaffolds which 
can load biologically active molecules to maintain, repair, or improve bone func-
tions. Zwitterionization of bioceramics enables them to inhibit bacterial adhesion 
and prevent bone implant infections. SBA-15-type mesoporous material grafting 
zwitterionic -NH3+/-COO− has been synthesized by the co-condensation of 

Fig. 6 Schematic illustration of the preparation process of zwitterionic pSBMA-grafted titanium 
disks via ATRP method with both (a) dopamine and (b) silane as respective anchoring agents. 
(Images reprinted with permission of Yu et al. (2014). Copyright 2014 American Chemical Society 
[80])
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3- aminopropyltriethoxysilane (APTES) and carboxyethyl silanetriol sodium salt 
(CES). The water molecules above the zwitterionic surface would create a strong 
repulsive force to repel proteins from the surface, rendering the SBA-15 ultralow- 
fouling materials [82]. Furthermore, the ability of this material to inhibit bacterial 
adhesion was evaluated by simulating severe infection conditions. The in  vitro 
adhesion assays showed that E. coli adhesion to zwitterionic SBA-15 was reduced 
by ~93% compared with the unmodified materials. After co-culturing with human 
Saos-2 osteoblasts to evaluate the biocompatibility at the physiological pH of 7.4, 
all materials exhibited good biocompatibility, with Saos-2 osteoblasts adhering, 
proliferating, and maintaining their initial morphology and function [83, 84].

Liu et al. reported that grafting pSBMA onto titanium alloy or dental implants led 
to promoted mineralization of the implant surface and increased  osteointegration 
[85]. Ti6Al4V substrates were grafted with zwitterionic pSBMA brushes via SI-ATRP 
method, generating a stable super-hydrophilic and low-fouling surface without com-
promising mechanic property of the Ti6Al4V. The prepared surface was capable of 
attracting both cationic and anionic precursor ions during calcium phosphate apatite 
mineralization. The surface mineral coverage was enhanced from 32 to 71%, which 
significantly increased the attachment of the apatite crystals on the material surface.

 Catheters

Catheters often need to be replaced at frequent intervals to prevent potential infec-
tions; however, this practice imposes considerable costs to the healthcare system. 
Imparting catheters with improved antibacterial ability can significantly reduce the 
frequency of implant-related infections [86]. An Ag alloy-coated latex-hydrogel 
catheter plus (Inc: Murray Hill, New Jersey, USA) was compared in vitro with a 
nitrofurazone-coated silicone catheter (Rochester Medical Group). Bacterial cells 
were detached from catheters by sonication and counted, and results showed that 
nitrofurazone-coated catheters performed better than Ag alloy-coated catheters 
[87]. Three kinds of catheters involving nitrofurazone-impregnated, Ag alloy- 
coated, and the standard polytetrafluoroethylene (PTFE) catheters were also com-
pared within 6 weeks, the rate of symptomatic UTIs was 10.6% (n = 2153), 12.5% 
(n = 2097) and 12.6% (n = 2144), respectively [88].

In 2011, antibacterial coatings on catheters were obtained by an innovative and 
patented silver deposition technique based on the photo-reduction of the silver solu-
tion to form antibacterial silver NPs on the surface of the catheter (Fig.  7). The 
distribution, the size of clusters on the catheters surface, and the antibacterial capa-
bility of the devices against bacterial proliferation were evaluated. Inhibition zone 
tests performed against E. coli revealed a strong antibacterial activity of silver- 
treated catheters, as well as the main of antibacterial activity after soaking in high 
water flow for 30 days [89].

A strategy by combining the antibacterial effects of norfloxacin and silver NPs was 
used to resist bacterial adhesion and encrustation. The polymer films loaded with two 
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antibacterial agents were applied on polyurethane (PUR) and silicon sheets and com-
pared with commercially pure PUR and silicon. The coatings could resist the encrusta-
tion for at least 2 weeks in an in vitro encrustation model using artificial urine [90].

 Conclusion

We have summarized the main approaches for designing biomaterials against bacte-
rial infections, with special emphasis on advances developed in the past decades. 
Based on the different modes of action over bacteria, these biomaterials can be clas-
sified as anti-biofouling and antimicrobial to suit specific demands.

Anti-biofouling materials are expected to prevent the formation of biofilm on the 
surface by resisting bacterial attachment or adhesion. These materials usually 
impede bacteria/coating surface interactions by either exclusion steric repulsion, 
electrostatic repulsion or low surface energy. Major advances in recent years have 

Fig. 7 (a) Visual comparison of untreated catheter and silver-treated catheter. (b) Test of E. coli 
growth on untreated samples (left) and silver-treated samples (right). (Images reprinted with per-
mission of Pollini et al. (2011). Copyright 2011 Springer Science + Business Media, LLC [89])
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been summarized in this chapter, including the functionalization of biomaterials 
with PEG, the development of alternatives to PEG such as zwitterionic polymers.

Antimicrobial materials exhibit a bactericidal activity that can kill bacteria by 
releasing antimicrobial agents or by contact-active mechanisms. Releasing-based 
agents including antibiotics, silver, quaternary ammonium salts, and nitric oxide 
have been widely explored to eliminate microbial contaminations. The widespread 
use of common antimicrobial agents, however, has accelerated the emergence of 
antibiotic resistance and raised concerns regarding potential toxicity of high-dose 
silver-containing compounds. Some new approaches involving the development of 
antimicrobial coatings based on AMPs, enzymes, and switchable cationic polymers 
have gained great promise recently.

Most of the biomaterials mentioned above have been tried in medical appli-
cations, such as wound dressings, orthopedic implants, vascular prostheses and 
urinary catheters. However, standardized methods to better support translation 
to the clinical level are still desirable. Meanwhile, the development of control-
lable antimicrobial biomaterials with actively responsible, switchable, or multi-
functional properties is of great demand, to combat bacterial infections in tissue 
engineering.
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Abstract With combinatorial approaches getting stronger to design materials with 
better functionalities and compatibility for restoring bone tissue, it is becoming 
important to understand the progress and evolution of existing and newly designed 
materials. For being clinically usable, they should have features that address the 
biomechanical, biochemical, and medical requirements.

Their various characteristics determine the cascade of events that take place at 
the site of bone healing. They should be selected based on the specific purpose with 
maximum benefit to the patient in long run. The current efforts in this domain are to 
render the orthopedic procedures minimally invasive and maximally effective.

This chapter encompasses the journey of classes of biomaterials used for their 
osteoinductive and osteoconductive properties and discusses the challenges for 
bringing them closer to fulfil the requisites.

Keywords Bone · Osteoblasts · Osteogenesis · Composites · Stem cells · Apatite 
Biomimicry · Implant · Bioactivity · Scaffold

 Introduction

With an increased pace of life and increasing life expectancy, every year the number 
of bone graft procedures are increasing [1]. For bone repair, substitution, and aug-
mentation, autografts have continued to be the gold standard till date, followed by 
allografts. Both of these grafts, in spite of having osteogenicity or osteoinductivity, 
have many shortcomings. Autografts incur high costs, are limited in their availabil-
ity and cause additional trauma to the patient due to donor site morbidity. Allografts 
pose issues of potential viral transmission and immunogenicity apart from their 
limited supply and high cost. Their high cost and limited availability necessitate 
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innovation in artificial novel biomaterials for bone substitution, repair, and 
augmentation.

To overcome this challenge of substituting bone tissue, researchers must have 
insight to reproduce the highly hierarchical composite microstructure of bone, 
which has not been possible yet. Any type of bone tissue engineering biomaterial 
should be mechanically and biologically compatible, osteoconductive, osteoinduc-
tive and allow integration with physicochemical characteristics irrespective of its 
source of origin [2]. With evolving technology in recent times, bone regenerative 
engineering is gradually becoming the solution for the new age with a bottom-up 
approach that incorporates stem cells, biomaterials, and growth factors as required, 
to regenerate bone tissue as compared to the conventional top-down approach com-
monly known as bone tissue engineering [3]. The three most commonly used terms 
pertaining to biologically relevant properties of biomaterials which are sometimes 
interchangeably used in regenerative medicine are as follows.

Osteoinduction is the regular phenomenon which induces osteogenesis during 
the bone healing process. The immature and pluripotent stem cells are stimulated to 
become preosteoblastic cells. Urist identified osteoinduction as the “the mechanism 
of cellular differentiation towards bone tissue due to the physicochemical effect or 
contact with another tissue” [4]. Osteoinduction is the major driving force in any 
bone healing situation as depicted in Fig. 1.

Osteoconduction is that attribute of a material that permits new bone to grow on 
the surface. So, any surface that allows bone growth either above it or inside it is an 
osteoconductive surface. In 1987, Wilson-Hench suggested that the process where 
the bone is aligned with a material’s surface or contour is regarded as osteoconduc-
tion [5]. This property is indispensable for the success of bone implants. Few metals 
such as Ag, Cu as well as bone cement show little or negligible osteoconduction due 
to their poor biocompatibility [6].

Osseointegration can be realized as the apposition or interface of connecting 
bone and the implant. It is explained as “the direct attachment of an implant by the 
formation of bony tissue around the implant” (Dorland’s illustrated medical diction-
ary). It can be realized as the “direct functional and structural bridge between an 
implant and bone” as bone deposition increases temporally.

 Mechanism of Osteoinduction by Biomaterials

The real modus operandi of osteoinduction by biomaterials is still under explora-
tion. The real question is whether there are any similarities between the mechanisms 
of osteoinduction by bone morphogenetic proteins (BMPs) and biomaterials. One 
of the possibilities is that after implantation, endogenous BMPs accumulate on the 
biomaterial surface and consequently induce bone formation [7–9] but there is no 
conclusive evidence for this hypothesis. Yuan and co-workers, suggested the role of 
BMPs in biomaterial-led-osteoinduction but their presence was not indispensable. 
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A statistically lower number of animals under this pilot study makes this conclu-
sions unreliable [7, 10]. There are some key contrasts in the osteoinduction mecha-
nism by BMPs and biomaterials, such as: (a) BMPs generally induce bone through 
the endochondral pathway [11] while biomaterial-induced bone is always intra-
membranous [12, 13] ; (b) in smaller organisms like rats, bone is formed with much 
ease as in the case of BMPs as compared to biomaterials [14–19]; and (c) with 
biomaterials, bone formation happens inside the pores of biomaterials and not on 
the edge, while bone formation via BMPs happens on the external surface of the 
carrier, including the soft tissues that are located away from the implant surface 
[10, 20].

Although major aspects of the osteoinduction process by biomaterials are 
still unclear and under exploration, many studies in this field have proved its struc-

Fig. 1 Principles of 
osteoinductive materials. 
Principle 1: Osteoinductive 
materials recruit MSCs to 
bone graft surfaces by 
growth factor release. 
Principle 2: The material 
promotes MSC 
differentiation into 
osteoblasts. Principle 3: 
Osteoblasts forms ectopic 
bone in vivo [6]
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ture (at the macro, micro, and nano-levels) along with its chemical components play 
the most crucial role in rendering a material osteoinductive. The physicochemical 
and structural characteristics of osteoinductive biomaterials determine the course 
and output of bone formation both directly and indirectly (Fig. 2). As their inherent 
mechanical properties vary a lot, it is quite complicated to fit it with human body 
requirements (Table 1). Properties like ultrastructure and surface topography can 
modulate the dynamics of interactions with BMPs, growth factors, and other endog-
enous proteins which initiate bone formation or result in implant failure if events 
like stress shielding or infection takes place [21].

Fig. 2 Schematic summarizing hypothesized mechanisms of osteoinduction, bone formation, and 
implant failure. (Figure adapted and redrawn from Barradas et al. [21])

Table 1 Mechanical properties of bone and biomaterials [23, 24]

Material
Density  
(g/cm3)

Elastic modulus 
(GPa)

Compressive strength 
(MPa)

Tensile strength 
(MPa)

Cortical bone ~2 17–24 130–180 50–151
Cancellous bone ~1 0.1–45 4–12 10–20
Hydroxyapatite 
(HA)

3.1 73–117 600 0.7

Magnesium 1.74–2.0 41–45 65–100 15–40
Stainless steel 8.1–8.9 185–205 170–310 50–200
Titanium alloy 4.4–4.5 110–117 758–1117 55–115
PCL 1.145 0.21–0.34 6.6–10.6 20.7–34.5
PLLA 1.210–1.430 2.4–4.2 18–93 55.2–82.7
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 Identification of Osteoinductive Materials [6]

To identify and select suitable osteoinductive biomaterials out of a plethora of mate-
rials, there is a specific sequence of biological activity characteristics which is as 
follows:

• Recruitment of mesenchymal-type osteoprogenitor cells;
• Transformation of mesenchymal stem cells (MSCs) into a mature, bone-forming 

lineage; and
• Induction of new bone formation when implanted intramuscularly.

 Classes of Orthopedic Biomaterials

There are various classes of biomaterials that have been employed as osteoinductive 
and osteoconductive materials as listed in Table 2 [22].

 Metals

Metals are the very first category of materials to be used as implants in ancient times 
as per reports from Egyptian era. Aluminum, lead, gold, and silver were among the 
first metals to be used while titanium and its alloys are the most widely used metal-
lic biomaterials in modern times. Owing to their good biocompatibility, strength, 
non-toxicity, and corrosion resistance, metal alloys are used for replacing joints and 
fixing fractures but many times, due to their non-biodegradability, these implants 
need removal. Metallic biomaterials are not bioactive per se. They are generally 
applied in load-bearing implants which require high strength, sufficient biocompat-
ibility, and low in vivo corrosion rates. Metallic implants also tend to loosen due to 
stress shielding-led-bone resorption, weak interfacial bonding with bone, and 
absence of a supporting structure for new tissue.

In recent times, there have been efforts to design and develop metal implants that 
can mimic the traits and microstructure of the trabecular bone for expanding the 
scope of the use of metals. Hence, these special materials are termed as open-cell 
porous metals, metallic scaffolds, metallic foams, or cellular metals with three 
dimensionally (3D) interconnected pores. The total porosity is 50–75% with pore 
sizes in the range 200–500 μm [23]. Another method to make multipurpose and 
bioactive metals consist of: (1) applying a surface coating over the implant with 
bioactive ceramics or (2) chemically modifying the surface of the metal to bring 
about the in vivo build-up of a bioactive ceramic, or (3) to trigger the adhesion of 
proteins and cells toward tissue–material interactions [24]. The major metals used 
as orthopedic biomaterials are discussed below.
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 Magnesium (Mg)

The physical characteristics of magnesium are attractive, like high strength-to-mass 
ratios and an elasticity coefficient that matches with natural bone more as compared 
to other conventional metals. Apart from resemblance to human bone, they also 
have functional roles as natural ion content in human physiology and their biodeg-
radation dynamics once inside the body [23]. Though they have been used for mak-

Table 2 Classes of biomaterials used for orthopedic applications [22]

Type of material Advantages Disadvantages

Metals Biocompatibility, non-toxicity and 
corrosion resistance

Not biodegradable

Bioceramics

Bioactive glasses Improve differentiation and osteogenesis Low strength and brittleness
Hydroxyapatite Bioactivity, biocompatibility, 

osteoconductivity, non-toxicity, and 
non-inflammatory

Brittle, very slow degradation

Tricalcium 
phosphate

Supports in vivo osteogenic 
differentiation

Slow degradation, incompressible 
nature

Natural polymers

Collagen Enzymatic biodegradability Complexity of structure
Gelatin Biocompatible, biodegradable Poor mechanical properties
Chitosan Support cell attachment, differentiation 

and migration, non-toxicity, non- 
allergenicity, mucoadhesivity, 
biocompatibility, biodegradability, and 
osteoconductivity

Poor mechanical strength

Hyaluronic acid Biocompatibility, biodegradability, 
viscoelasticity, enzymatic 
biodegradability

Very rapid degradation and water 
solubility

Alginate Biocompatibility, easy gelling, easy 
chemical modification

Nondegradable in mammals, 
sterilization causes degradation

Agarose Wide range of gelling and melting 
temperatures, no need of cross-linking 
agents, little inflammatory response 
in vivo

Poor cell attachment

Synthetic polymers

Poly (α-hydroxy 
acids)

Degradation products can be excluded 
from the body

Degradation by bulk erosion, 
relatively poor mechanical 
properties, hydrophobicity of 
polymer surface, acidic 
degradation byproducts

Poly 
(ε-caprolactone)

Biodegradable, non-toxic, a low 
processing temperature

Hydrophobicity, slow degradation

Polyurethanes Excellent mechanical properties, good 
biocompatibility

Toxicity of degradation products 
(from aromatic diisocyanate 
component)
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ing short-term biodegradable implants with load-bearing purposes, their high 
corrosion rates and low bioactivity are some major challenging problems, which 
need to be resolved before tapping into their full potential in clinical applications. 
Various reports suggest the need to develop Mg alloys with modifiable in  vivo 
decomposition rates and mechanical attributes similar to those of bone [25].

Endeavors to limit the corrosion dynamics of Mg have involved many approaches 
such as purification, alloying, and surface modification. Pure Mg also shows signifi-
cantly reduced corrosion rates but owing to its low yield strength, it does not find 
widespread usage in orthopedics and other load-bearing applications. Surface modi-
fication is one of the very important strategies that reduces and controls the degrada-
tion behavior along with improving its surface biocompatibility. As compared to 
adjusting its bulk structure and composition, tuning the surface properties is a much 
simpler approach to adjust surface corrosion resistance. This helps in preserving 
favorable bulk attributes and is easily implemented on Mg alloys [25].

In one of the landmark studies with Mg alloys, Lee et al. systematically investi-
gated the bone induction mechanism by using a Mg-5wt%Ca-1wt%Zn screw in an 
extensive clinical  investigation. They employed this biodegradable implant and 
observed changes in elemental composition and crystallinity at the material inter-
face. Controlled degradation of this alloy was followed by the growth of a biologi-
cally similar calcification matrix at the degrading surface which aids in initiating 
bone generation. This phenomenon facilitated faster healing with entirely replaced 
new bone at the place of the biodegradable implant within 1 year of implantation, as 
shown in an elaborated clinical study [26].

Despite alloying which is one of the major approaches for metals to tune their 
properties, its larger electronegative potential (−2.4 V) makes it harder to lower the 
degradation rate, only with the approach of alloying. Rather, the addition of a 
ceramic phase has proven to be a successful solution for optimizing Mg’s attributes, 
such as mechanical properties and corrosion resistance. Witte et al. carried out some 
initial studies with Mg/hydroxyapatite (HA) composites. They reinforced 20% HA 
particles to Mg alloy AZ91D matrix and developed a metal matrix composite 
(MMC). The mechanical, corrosive, and compatibility properties of the composite 
were studied in  vitro. It was revealed that adding HA particles lowered the pH, 
enhanced the resistance for corrosion in various fluids, and enhanced the cell viabil-
ity for a variety of cell lines when compared with the AZ91D matrix [27].

It’s important to be cautious while designing and fabricating such composites as 
these steps may have several hazards involved. One of the possible reactions is that 
of Mg with calcium phosphate which forms Mg phosphide that forms phosphine (a 
toxic gas) upon reaction with water. The possibility of this reaction increases with 
molten Mg and for amalgamations of HA due to hydroxyl groups in HA [28].

There are many commercially available Mg implants available today with vari-
ous brand names. Cortical bone screws and pins from MAGNEZIX® are shown in 
Fig. 3. Various forms of Mg such as porous, fine grained, composite, and glassy 
structures, have been employed for implant fabrication purposes.
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 Steel

The first line of effective substitutive joint prosthesis came very late in the 1950s 
and it was a cemented prosthesis with a stainless steel stem developed by Charnley 
[29]. Stainless steel materials show resistance to a variety of harsh chemical agents 
due to their high chromium content (~12%). They also induce the synthesis of a firm 
coating of Cr2O3 which has self-HA healing and corrosion resistance properties. 
Austenitic stainless steel is the preferred form of steel among the available versions 
for implant manufacturing. To behave austenitically at ambient temperature, stain-
less steel requires austenite stabilizers like Ni or Mn. AISI 316L grade of stainless 
steel is generally employed for clinical applications and it consists of 17–20 wt% Cr, 
12–14 wt% Ni, 0.03 wt% C, and 2–3 wt% Mo as well as traces of N, Mn, P, Si, 
and S [24].

One of the major problems found with medical-grade steel alloys is the release 
of nickel ions which pose negative effects for various organs [30]. Nickel is expen-
sive as well as causes serious allergies to the human skin. These issues have com-
pelled advances in creating better nickel-free stainless steels. Nitrogen has been 
found as one of the great substitutes for nickel for austenite stabilizing and strength-
ening. Also, there have been developments in bio-composites, such as those made 
up of nickel-free stainless steels and HA [31–33].

As per ASTM standards, two of such nitrogen-containing medical-grade stain-
less steels have been listed without the presence of nickel: ASTM ID: F2229 and 
ASTM ID: F2581. A number of research studies have been conducted on these 
alloys in the recent years, and showed better biocompatibility, osteointegration, and 
corrosion behavior compared to traditional steel compositions [30, 34–37].

Popkov et al. studied the impact of nanostructured calcium-phosphate coatings 
on steel and Ti. They implanted these in the tibial bone marrow of dogs. Stainless 
steel and Ti wires were administered for the first and second group, and stainless 

Fig. 3 Commercially 
available MAGNEZIX® 
cortical screw (CS), 
cortical bone screw (CBS), 
and pin (Image courtesy 
www.magnezix.de)

S. Agrawal and R. Srivastava 

http://www.magnezix.de


363

steel and Ti wires of the same diameter coated with HA were implanted for the third 
and fourth groups. It was found that the HA coated wire implants provided better 
bioactivity and osteointegration and the nanostructure of HA played a major role in 
bone formation. These wires may find applications in various orthopedic conditions 
like fractures, osteogenesis imperfecta, and rectification of bone deformities [38].

Various modifications and coatings over existing steel have been yielding great 
results. UNS S31254 grade steel is one such version with a higher nitrogen content 
and lower cost (close to Ti) and has been further improved by HA coating using 
pulsed laser deposition (PLD). In one of such research studies with this technology, 
HA columns were successfully coated on a UNS S31254 substrate. Surface rough-
ness of the coating is a desirable property for increased cell growth and proliferation 
and was found to be increased by atomic force microscopy (AFM) and scanning 
electron microscopy (SEM). This material had superior antibacterial properties and 
bioactivity as well as better adhesive strength as compared to the standard. This 
research paves the way to an alternate route of improving the physiological behavior 
of conventional metals. The favorable outcomes of this study emphasize the obvious 
requirements for an improved orthopedic implant material [39].

 Titanium

Pure Ti shows relatively poor strength despite having excellent biocompatibility. 
When it is alloyed, the strength quotient goes up, but the toxicity level also goes up. 
The superior compatibility of Ti implants is accredited to its surface events (Fig. 4) 
and the stable 3–10 nm layer of oxide that is spontaneously formed on its exposure 
to oxygen [40, 41]. This layer creates direct contact with bone while blocking the 
development of a fibrous capsule outside the implant. At the beginning of Ti(O2) 

Fig. 4 Schematic representation of events consecutively taking place at the titanium surface after 
implantation into living bone tissue. Water binds to the surface, followed by the incorporation of 
hydrated ions, adsorption and desorption of proteins, eventually leading to cell attachment. After 
differentiation, mature osteoblasts produce the extracellular matrix (ECM) [42]
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implantation, its non-physiological surface gets exposure of the physiological 
 conditions and it becomes important to create a biomimicking coating onto the Ti 
surface. This helps in a gradual transformation between the Ti surface and the 
adjoining bone tissue and results in better bone cell adhesion, growth, and differen-
tiation [42].

Apart from the above-mentioned surface changes, immobilization of proteins, 
enzymes, peptides, and other biological molecules on implants have been the latest 
interest in this domain [43–46]. As compared to the conventional method of inor-
ganic calcium phosphate coatings, the newer approach for surface modification 
employs purely organic components of bone. The organic and natural mimicking 
coatings include: (1) extracellular matrix (ECM) proteins or peptide sequences from 
laminin, fibronectin, or heparin binding domain [47, 48]; (2) cell signalling agents 
(TGF, BMPs, FGF, IGF, PDGF, etc.) to trigger new bone formation [20, 49, 50], (3) 
DNA [46, 51, 52] , and (4) enzymes [53].

There have been studies on both organic and inorganic phases over the implant. 
Xia et al. applied HA and collagen (which constitute the bone) over implant sur-
faces to enrich the biological reactions at the tissue and implant interface. They 
successfully prepared a homogenous collagen/apatite coating using a biomimetic 
technique. These composite layers showed a homogeneous porous structure with 
fibrous collagen and crystalline apatite. The in vitro studies showed better osteo-
blast proliferation over a composite coating with higher collagen content than with 
the pure apatite coating. This kind of organic/inorganic bone mimicking molecular 
cocktail has a wide scope to be applied on implant surfaces and improve the osteo-
integration between the implant and adjacent bone [54].

There are certain other surface modification routes as well to simply deposit pure 
and firm HA over Ti alloy surfaces not including the mediation of organic mole-
cules. The zwitterionic polymer-modified surfaces are nonreactive to biological 
moieties viz. proteins/cells and have the potential to induce mineralized cluster 
growth. In one such experiment by Nishida et al., a monolayer of poly(ethylene 
glycol) methacrylate phosphate (Phosmer PE) was self-assembled on a Ti alloy sur-
face [55] with a zwitterionic monomer (carboxymethyl betaine, CMB). This 
poly(CMB) -modified Ti alloy plate suppressed the adsorption of proteins and 
attachment of cells, and triggered deposition of around two times calcium (Ca2+) as 
compared to the unaltered Ti alloy plate. In another experiment, the enzyme alkaline 
phosphatase (ALP), which plays the most crucial role in bone and cartilage miner-
alization process, was utilized to coat the Ti surface. It is believed to raise the con-
centration levels of inorganic phosphate as well as to lower the levels of extracellular 
pyrophosphate which impedes the process of mineralization. These coatings has-
tened mineralization over the Ti implant surface [53].

In one of the experiments to study surface topography effects, Yu et al. created 
two periodic microscale functionalized zones on Ti (MZT), i.e., nanoneedle zones 
and plain (buffer) zones. It was designed to relay spatially controlled topographical 
signals for better bone regeneration. The alternating buffer zones with no nanonee-
dle arrays were intercalated as the tips of the nanoneedles were too sharp to act as a 
contact area for the cells to effectively proliferate. In this way, the MZT displayed 
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zone-wise apatite deposition and protein adsorption in N-zone and cell  differentiation, 
mechanotransduction, and proliferation in the B and B-N zones. Enhanced osteo-
blast differentiation and nodule deposition was also observed with MZT. The con-
stitution of the bone nodules on untreated Ti and MZT were also found to be 
different and the process of bone formation was enhanced by the MZT implant [56].

 Tantalum

Ta is a transition metal and has recently emerged as a useful biomaterial for ortho-
pedic applications due to its mechanical properties. This material has caught special 
attention due to properties such as greater volumetric porosity, friction coefficient, 
and modulus of elasticity that matches with natural compact and spongy bone. It has 
been successful in several orthopedic applications owing to its exceptional biocom-
patibility and favorable characteristics. It also possesses similarity with cancellous 
bone and is safe for in vivo use as verified by its clinical use in orthopedic sur-
gery [57].

Despite its biocompatibility, inertness, and resistance to corrosion, the use of 
solid Ta in orthopedic implant devices has been restricted due difficulty in its 
manipulation. This issue led to the advent of designing porous Ta implants. As the 
technology of making implants with interconnected porosity has been here for a 
while, porous Ta trabecular metal (PTTM) also entered in the orthopedic domain in 
early 1990s [58]. “PTTM is commercially available as Trabecular Metal Material 
(Zimmer, Trabecular Metal Technology, Inc., Parsippany, NJ, USA) with an open- 
cell porous structure having 3D dodecahedron repeats similar to trabecular bone 
and the striking similarity can be seen” (Fig. 5). An initial foam-like vitreous carbon 
general scaffold is fabricated for these open-cell dodecahedron repeats and in due 
course it becomes the inner framework of the PTTM implant [59].

The pore dimension of PTTM is in the range of 300–600 μm with a porosity of 
75–85%. For materials used in dental applications, like Ti and Ti alloys (with an 
elastic modulus of 106–115 GPa), PTTM is much more suitable due to its relevant 
properties. Porous Ta is also resistant to corrosion and is biocompatible. It can 

Fig. 5 Scanning electron micrograph of human trabecular bone (a), porous tantalum fabricated by 
the CVD/CVI (b) or PM (c) method [60]
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extensively augment the proliferation and differentiation of primary osteoblasts 
extracted from aged patients than those on traditional solid Ti [60].

In one of the studies on novel porous Ta implant by Lu et al., its osteocompatibil-
ity and efficacy to achieve lumbar interbody fusion (LIF) was evaluated in a rabbit 
anterior lumbar fusion model. The fusion was accomplished 12 months postopera-
tively as confirmed both radiographically and histologically in the porous Ta group 
similar to autologous bone implanted at intervertebral spaces. Implant degradation, 
wear debris, and osteolysis were found to be nil and no significant local inflamma-
tion response was found inside or outside the implant. Even the composites and 
degradation products of the Ta implant were non-toxic and biocompatible [61].

In an attempt to compare orthopedic implant grade porous Ta (i.e., trabecular 
metal), the responses of human osteoblast cultures from two groups of females were 
examined (less than 45 years and more than 60 years) on a titanium fiber mesh 
(TFM) and tissue culture plastic. In relationship to the cells from older patients, the 
cell attachment, growth, and mineralization were better in cells derived from the 
patients of lower age as expected. Among all the three substrates, cell adhesion was 
not much different on porous Ta than TFM or tissue culture plastic but cell prolifera-
tion on porous Ta was found to be highly stimulated. The findings from this study 
substantiated that porous Ta can find many more clinical applications in degenera-
tive skeletal conditions than titanium [62].

Another study by Lee et  al., compared Trabecular Metal™ Dental Implants 
(TM) and Tapered Screw-Vent® Dental Implants (TSV) for the potential of neo- 
osteogenesis and trabecular bone microarchitecture in fresh canine extraction sock-
ets. It was revealed that there was more new bone in the TM implant than in the TSV 
at various healing time points. Histologically, trabecular metal implants exhibit 
higher amounts of bone with newly woven bone earlier than in the TSV implants [63].

NiTi Alloy: Apart from many of these traditionally used metals, a special alloy 
with a shape memory effect was identified by Buehler and Wang in 1967 [64] made 
up of Ni and Ti called as a NiTi alloy. The shape memory effect is a property that 
brings a material back to the old shape on rising its ambient temperature after it gets 
“plastically” deformed. Due to their elastic modulus and elastic recoverable strain, 
their use in load-bearing applications have been found to be more adequate than other 
metals. They exert compressive stress after the material has recovered from the pre-
strain of heating and this makes them suitable as spinal correctors, staples for oste-
otomies, internal fixators for long bone shafts, fracture repair, vertebral spacers and 
anchoring of prostheses, etc. [65, 66]. Despite these advantages, NiTi alloys show 
problems of allergy and toxicity due to Ni ion release. The toxicity of Ni and its pos-
sible carcinogenicity constraints the use of NiTi alloys in many parts of the world [24].

 Ceramics

Ceramics have a very old history of usage as biomaterials and they have evolved 
many generations from first, second, third to modern generation bioactive ceramics 
(Fig. 6). They possess high hardness, high melting temperatures, low conduction of 
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electricity and heat along with biocompatibility, resistance to compression and cor-
rosion. Their surface properties are also favorable such as high wetting degrees and 
surface tensions that facilitate the adhesion of proteins, cells, and other biological 
moieties. As biomaterials, they are suitable specially for the generation of hard tis-
sue engineering, owing to their chemical and physical properties. However, these 
biomaterials have some disadvantages, such as brittleness and low strength [67, 68].

From bio-inert ceramics such as alumina, zirconia to bioactive bioglasses, meso-
porous silica and organic-inorganic composites, bioceramics have come a long way. 
The major categories of ceramics utilized for bone tissue engineering are as follows.

 Hydroxyapatite

Hydroxyapatite (HA) is a natural kind of calcium phosphate and is the largest depot 
of inorganic constituent of human bones. This is the reason why it is most widely 
used in bone regeneration [69]. The word apatite stems from the Greek word 

Fig. 6 Historical evolution of ceramics from routine objects to bioceramics. (a) Changing forms 
and factors of ceramics and (b) timeline of bioceramics [186]
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`απαταω’ (“to deceive”), as it was not easy to be distinguished from other naturally 
occurring compounds such as aquamarine, amethyst, etc. The general formula for 
apatite is Ca5(PO4)X, where X can be any mono- and/or divalent anion such as fluo-
ride, hydroxide, or carbonate. They are noticeably similar to the mineral phase of 
human bones and denture and thus are the molecules of choice for bone tissue engi-
neering [70]. HA is very stable calcium phosphate and doesn’t easily dissolve under 
in vivo conditions specified by temperature, pH, body fluids, etc. [71, 72] The HA 
surface acts as a site for nucleation of bone minerals [73, 74] and one of its best 
features is that it doesn’t induce inflammatory reactions when used in clinical appli-
cations. Among apatites, carbonate apatite is the most abundant bioceramic phase of 
the human system. They can also be modified easily by ionic substitutions such as 
Ca2+ions with Ba2+, Sr2+or Pb2+, etc. [42]. Although HA has a natural occurrence and 
can be procured, due to its non-uniform and sometimes defective structures, HA for 
clinical applications and research needs to be synthesized in aqueous solution sys-
tems. HA possesses osteoconductive properties but not osteoinductive properties 
and the ionic substitution sometimes helps to overcome this drawback. The exam-
ples include fluoride ions for anionic substitution and Mg as cationic substitution 
which resulted in increased stability and favorable biological effects, respectively 
[74, 75].

Research has shown the potential and biocompatibility of HA with in vivo bone 
regeneration studies. This material enhances the differentiation and proliferation of 
MSCs by improving the attachment of osteoblasts [76, 77]. As it is quite brittle and 
hard, it is not usable for load bearing. It has been used for biomaterial surface coat-
ings and as graft materials and also for bone regenerative applications in many 
forms, such as granules, cements, and pastes [78–80]. They have shown to improve 
many relevant aspects, such as osteoblast activity, implant contact area, and cellular 
responses of bone implants. Indirectly, they improve all the aspects of biomaterial 
performance [81, 82]. The HA coating methods can vary from spraying, sputtering, 
pulsed laser deposition or sol-gel techniques, etc. Their tunability and spectrum of 
usage can be further enhanced by combination with other flexible biomaterials like 
gels. Controlling their pore size and distribution, mechanical properties, biological 
activity, and user-friendliness can render them much more useful for bone regenera-
tive applications [83–86].

 Tricalcium Phosphate

Tricalcium phosphate (TCP; Ca3(PO4)2) is among the most widely used calcium 
phosphates. It has two phases (viz. α and β). α-TCP has monoclinic crystal strucures 
while β-TCP displays rhombohedron structures [87, 88]. β-TCP displays more sta-
bility as it takes more time than α-TCP to degrade. All of these reasons make β-TCP 
more applicable for bone regeneration. Its resorption rate is better and thus is more 
widely employed to enhance the biocompatibility of other materials [89, 90]. β-TCP 
also helps the proliferation of osteoblasts and bone marrow stromal cells [91, 92]. 
The excellent biomineralization and cell adhesion activities are attributed to its 
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nanoporous structure. Due to such favorable properties, β-TCP has actively been 
examined and used for bone regeneration purposes, such as in bone cements and for 
bone replacement [93, 94].

For blending the best properties of TCP and HA in one place, special materials 
have come into existence which are termed as biphasic materials and were first for-
mulated in 1986. These are made in such a manner that their constituents do not 
become separated owing to homogeneous and intimate submicron level mixing. 
These biphasic ceramic blends exist as a mixture of HA (with more stability) and 
β-TCP (with more solubility) [95]. Their bioactivity, bioresorbability, and osteoin-
ductivity have been under evaluation for use in orthopedics and dentistry [96–98]. 
Such biphasic mixtures have shown promising results for the osteogenic differentia-
tion of MSCs, increased cell adhesion, and enhanced mechanical properties [99, 
100]. A biodegradable blend of β-TCP matrix and HA nanofibers was designed by 
Ramay et al. They constructed these microporous nanocomposite scaffolds using 
gel-polymer methods. Apart from cues to enhance cell growth and neovasculariza-
tion, they also possessed enhanced mechanical properties which made them apt for 
use in load-bearing applications for bone tissue engineering [101].

 Whitlockite

Whitlockite (WH) is a CaP containing ceramic with Mg content and is represented 
as Ca9Mg(HPO4) (PO4)6. After HA, it is the second highest concentration of mineral 
in the human skeleton, with a Ca/P ratio of 1.43 and crystal structure with a rhom-
bohedral space group [102, 103]. It has a negatively charged surface and shows 
good stability at low pH [104, 105]. It has higher solubility under physiological 
conditions which leads to the continuous release of ions. As compared to HA, it has 
a higher compressive strength but because of its difficult synthesis, its research and 
development has not progressed well [106, 107].

WH is formed in the presence of Mg ions and calcium phosphate under acidic 
solutions even at low temperatures. The same phenomenon happens in vivo when 
old bone is resorbed by osteoclasts under acidic conditions [108–110]. Jang et al. 
designed an easy process for the formation of a stable, high-purity WH without 
toxic by-products. WH has shown to induce elevated expression levels of osteo-
genic genes than other ceramics [105, 107]. WH with a composite hydrogel pro-
moted better growth and osteogenic activity than HA as shown in a bone regeneration 
study in rat calvaria [106]. The property of WH to continuously release Mg and 
PO4

-3 seems to be the causal mechanism for osteogenic differentiation and bone 
growth as the Mg ions also decrease osteoclast activity [111].

Another form of calcium phosphate (viz. octacalcium phosphate (OCP)) that has 
a natural presence in human teeth is also considered important during the early 
phases of bone mineralization [112–115]. It has a very high biocompatibility and 
has been widely researched for bone implantation and coatings [116–120]. Even the 
amorphous form of calcium phosphate (ACP) transiently releases calcium and 
phosphate ions locally and has been utilized in several clinical applications 
[121–123].
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The utilization of WH and HAP at a bone-like ratio (1:3) has recently been 
shown to exhibit remarkable osteogenic activity [124]. Such findings pave a hopeful 
way that understanding the generation and function of WH within local bone can 
guide in designing better calcium phosphate based materials. Because of certain 
mechanical disadvantages in clinical applications, research is being focused on 
employing calcium phosphate in combination with other materials [125].

In one comparative study with commercially available biomaterials, Ishikawa 
et al. studied three artificial bone substitutes with different ceramic constitutions 
viz. HA (Neobone®), carbonate apatite (CO3Ap; Cytrans®), and β-tricalcium 
 phosphate (β-TCP; Cerasorb®) [126]. The difference in their ultrastructure can be 
seen in Fig. 7. Their physicochemical responses along with their tissue responses to 

Fig. 7 Typical scanning electron microscopy images of Neobone® (HAp) (a–c), Cytrans® (CO3Ap) 
(d–f), and Cerasorb® (β-TCP) (g–i). Both Neobone® and Cerasorb® displayed a porous structure, 
where Cerasorb® had much smaller pores compared to Neobone®. By contrast, Cytrans® was 
dense, and had no pores in the granules. Higher magnification showed that both Neobone® and 
Cerasorb® had smooth surfaces typical for sintering [126]
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bone were studied in hybrid dogs. As per SEM investigations, Neobone® and 
Cerasorb® were found to be porous, whereas Cytrans® was relatively much dense. 
As the fabrication of Cytrans® bone substitutes was done through a dissolution–pre-
cipitation method, it had a greater specific surface area with smaller crystals when 
compared to the other two which were fabricated by sintering. After 12 weeks of 
implantation, CO3Ap (Cytrans®) stimulated a higher new bone volume than HA and 
β-TCP.  A bone-like composition and a higher specific surface area of CO3Ap 
(Cytrans®) may have caused a better osteogenesis response.

 Bioactive Glasses

Bioactive glasses (BGs) are surface active glass ceramics. “Bioactive” refers to “a 
material that elicits a specific biological response at the material surface which 
results in the formation of a bond between the tissues and the materials” [127]. They 
are one of the most favorable bioactive scaffold materials for bone regeneration. 
They have a specific advantage in bone tissue engineering applications due to their 
capacity to form HA, along with their established osteoconductivity and their strong 
bonding ability with bone and soft tissues [128]. Since its invention as silicate glass 
(45S5) by Hench et al. in 1971, it has been a favorite material for exploration in 
clinical applications. 45S5 Bioglass® has a specific composition of 45% silica 
(SiO2), 24.5% calcium oxide (CaO), 24.5% sodium oxide (Na2O), and 6% phospho-
rous pentoxide (P2O5). The University of Florida has the intellectual property rights 
of this name viz. Bioglass® and it denotes the original 45S5 composition. All the 
other glasses are termed as bioactive glasses [129]. There are many methods for 
fabricating BG scaffolds (Fig. 8) and the method directly influences their structural 
aspects such as porosity and thus functionalities [130]. BGs can be either silicate-, 
borate-, or phosphate-based systems but silicate-based systems have been most 
studied and also successfully translated to many commercially available products.

In a study by Bi et al., the influence of the microstructure of BGs on bone regen-
eration capacity was examined. Three variants of microstructures of borate bioac-
tive glass (1393B3) scaffolds (trabecular, fibrous, and oriented) were fabricated. 
They were then tested for their bone regeneration potential in a calvarial defect 
model of rats. The extent of formed and mineralized new bone and angiogenesis 
was assessed 12  weeks post-implantation by histomorphometry and SEM.  HA 
formed at the site of scaffold at the end of study period had a ratio of Ca to P that 
matched with that of bone. Out of the three variants, the trabecular microstructure 
seemed to be the most promising as it showed better neo-osteogenesis, higher osteo-
inductive ability, and greater blood vessel infiltration than the other two microstruc-
tures. Thus, out of the three variants, trabecular microstructure may have the highest 
potential for bone regeneration using synthetic implants [128].

BGs can also be used to functionalize other scaffolds and improve their physico-
chemical and osteoinductive properties. Moses et  al., investigated copper doped 
BGs for functionalizing two silk scaffolds (Bombyx mori and Antheraea assama). 
The sol-gel coating of BG efficiently functionalized silk microfibers. An even, 
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 non- crystalline and nanoparticulate coating was formed over the silk microfibers. 
These functionalized silk microfibers had better physical characteristics like wetta-
bility, bulk density, stiffness, etc. These reinforced composite matrices were also 
better in the terms of their surface area along with open pores and a biomimetic 
microenvironment that allowed for cellular infiltration. The composite matrices got 
integrated and fully resorbed with new bone formation in rabbit femur defects. Such 
a kind of composite matrix opens interesting futuristic avenues to heal complex 

Fig. 8 Microstructures of bioactive glass scaffolds fabricated by different methods: (a) sol-gel; 
(b) thermal bonding (sintering) of particles (microspheres); (c) polymer foam replication tech-
nique to create “trabecular” scaffold; (d) grid-like microstructure prepared by robocasting; (e) 
oriented microstructure prepared by unidirectional freezing of suspensions (plane perpendicular to 
the orientation direction); and (f) micro-computed tomography image of the oriented scaffolds in 
(e) [130]
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bone defects [131]. The market of bioactive glasses is constantly emerging and 
some of the commercially available products are presented in Table 3 [132].

Studies show that the regeneration by BG scaffolds is dependent on many aspects 
such as its constitution, method of fabrication, ultrastructure, and pore characteris-
tics. Even other factors like pretreatment of the scaffold and the presence of growth 
factors play a major role. Lastly, the animal model used for the experiment, size of 
the defect, and implantation time may alter the scaffold behavior and results [129, 
133–135].

 Natural Ceramic (Nacre)

Over the past two decades, there have been major efforts to design bone substitutes, 
which can be employed for easy and efficient clinical practice. Along with the quest 
for synthetic materials, the aspect of biomimicking and generating bone-like com-

Table 3 Commercial products made of bioactive glasses [132]

Glass name Commercial products and notes Manufacturer

45S5 NovaBone Putty and NovaBone Dental 
Putty: Moldable glass-based paste injectable 
into the bone/dental defect site by a syringe

NovaBone (USA); o-Sci Corp. 
(USA); Biomet 3i (USA); 
BioMin Technologies (UK)

NovaBone particulate (90-710 μ) for 
orthopedics
NovaBone Morsels (porous granulate)
PerioGlas particulate (90-710 μ) for repairing 
jaw bone defects
NovaBone porous blocks
Biogran particulate (300-360 μ)
NovaMin particulate and BioMin for tooth 
enamel remineralization and dentinal 
hypersensitivity prevention

45S5+ 
polyethylene

Porous composite orbital implant 
(Medpor-Plus)

Porex Surgical Inc (USA)

S53P4 Particulate and custom-made monolithic 
plates (repair of orbital floor fractures) 
(BoneAlive)

Abmin Technologies Ltd/
Vivoxid (Finland); Mo-Sci 
Corp. (USA)

13-93 Cast monolithic implants, quenched frit, 
rods, fibers, disks, granules and micro-sized 
powders for bone repair

Mo-Sci Corp. (USA)

S55F5 Cast monolithic implants, quenched frit, 
rods, fibers, disks, and micro-sized powders

Mo-Sci Corp. (USA)

13-93B3 Cotton-candy fibrous scaffolds (DermalFuse/ 
Mirragen) for wound healing

Mo-Sci Corp. (USA), Avalon 
Medical (USA)

70S30C Sol-Gel powders for bone repair MedCell (UK)
Y O-Al O - 
SiO glass

20- or 30 μ microspheres (TheraSphere) for 
the treatment of liver cancer by embolization 
combined with local radiotherapy

BTG International Ltd (USA)
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posites, and natural materials are also under constant exploration. Nacre is also 
called the mother‐of‐pearl and is one such material that has osteoinductive, osteo-
conductive, biocompatible, and biodegradable properties. Its usage in the human 
race as a medical entity dates back to historic times. Nacre is a composite material 
composed of an organic matrix and calcium carbonate produced by molluscs as the 
shell. In vivo and in vitro studies confirm its outstanding properties as a potential 
multipurpose biomaterial as a bone graft substitute [136].

Akilal et al. experimented on Cowrie's shell derived powder (CSDP) and Nacre 
derived powder (NDP) for bone regeneration (Fig. 9). Structural and physicochemi-
cal investigation of CSDP revealed its brick and mortar ultrastructure composed of 
aragonite crystals. Upon soaking at 37 °C in simulated body fluid (SBF) for a week, 
these crystals transformed to poorly crystalline B-type carbonate apatite, reflecting 
bioactive features. Upon culturing stem cells on both substrates, it was found that 
CSDP supported cell proliferation more than nacre derived powder (NDP) over the 
study time period.

The morphology of stem cells also seemed flattened over CSDP, indicating supe-
rior biocompatibility. The cytoskeletal labeling showed well elongation of fibers on 
CSDP and relatively flattened cells over NDP after 7 days (Fig. 10). After 21 days, 

Fig. 9 Scheme of the experiment with cowrie shell derived powder [137]

Fig. 10 Fluorescent microscopy views of human umbilical cord derived stem cells-cytoskeleton 
labeled cells after 7 days in presence of (a) CSDP and (b) NDP, respectively [137]
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the cells were confluent with highly elongated actin fibers. The study suggests that 
these naturally derived materials offer an economic and novel hope for bone regen-
erative medicine [137].

 Polymers

As compared to metals and ceramics, polymers offer more flexibility, resilience, 
low cost, low conductivity, high durability, and moldability. Like all the biomaterial 
classes, polymers have also evolved in their subsequent generations. The first gen-
eration of polymer biomaterials included silicone rubber, polyethylene (PE), acrylic 
resins, polyurethanes, polypropylene (PP), and polymethylmethacrylate (PMMA). 
The major issue with first-generation biomaterials was the adsorption of various 
unspecific proteins on their surface post-implantation. The protein alignment in 
various conformations led to unspecific signaling pathways in the cellular microen-
vironment which further resulted in fibrous tissue growth which encapsulated the 
entire implant [138–140].

The second generation of polymer biomaterials was marked by the evolution of 
resorbable biomaterials that allowed for more control over their chemical break-
down and resorption. Biodegradable polymers of synthetic and natural origin such 
as polyglycolide (PGA), polylactide (PLA), poly(ϵ-caprolactone) (PCL), polydiox-
anone (PDS), polyhydroxybutyrate (PHB), chitosan (CS), polyorthoester, poly(2- 
hydroxyethyl- methacrylate) (PHEMA), polyethylene glycol (PEG), hyaluronic 
acid and other hydrogels have been researched and developed over this period. The 
hydrogel structure and 3D network help to hold large volumes of water and play 
multiple roles when used as an orthopedic biomaterial. Hydrogel polymers have 
shown potential for the repair of various tissues of the musculoskeletal system [141].

The most important properties for third generation biomaterials are bioactivity 
and biodegradability. The surfaces of these materials are also bioactivated with spe-
cific molecules to allow cell guidance and elicit particular responses. This class of 
biomaterials aim to closely match the ECM milieu and function by integrating spe-
cific cues. In short, they are able to modulate the important phases of cell behavior 
(viz. cell adhesion, migration, proliferation, and guided differentiation to the desired 
lineage) [24, 142, 143].

To develop new 3D scaffolds, natural as well as synthetic polymers have been 
employed for musculoskeletal regenerative medicine. Natural polymers have their 
own advantages but synthetic biodegradable polymers have drawn special interest 
because their physicochemical properties can be controlled in a better manner as 
demonstrated by their successful use in various medical purposes. Polymers that 
have been studied the most for bone tissue engineering include PLA, PGA, PCL, 
and PHB. Natural polymers like collagen and silk have been explored for applica-
tions in ligament tissue engineering [144, 145]. Composites of PCL and hyaluronic 
acid have yielded promising results and potential for meniscus tissue engineering 
[146]. “For applications such as cartilage and intervertebral disc tissue engineering, 
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hyaluronic acid, polyglactin collagen, fibrin, alginates, chondroitin sulphate photo- 
crosslinked hydrogels and glycosaminoglycans have also been explored.” [147–149].

A polymeric membrane of gelatin-CS with inclusions of HA and titania 
nanoparticles was fabricated with UV radiation as a safe cross-linking agent. It 
resulted in a homogeneous material with well-distributed nanoparticles. UV cross-
linking yielded better biological and mechanical properties of the composite mem-
brane. The osteogenic potential of the gelatin-based material was established by 
ALP assay with mouse embryonic fibroblasts (MEF) in vitro. This composite is a 
good substitute to the existing guided bone regeneration membranes [150]. Babitha 
et al. designed gelatin composites with natural polymer viz. zein but because of its 
poor osteoinductivity for human periodontal ligament stem cells (hPDLSCs), they 
added a ceramic phase to it. This resulted in the fabrication of novel zein/gelatin/
nanoHA (zein/gelatin/nHAp) nanofibrous membranes. These nanofiber mem-
branes showed better surface wettability and induced better cell proliferation and 
differentiation of hPDLSCs to osteogenic lineage. It was demonstrated that these 
composite membranes possess superior biocompatibility and osteoinductive abil-
ity for hPDLSCs [151].

The behavior of bone mesenchymal stromal cells (BMSCs) was examined on 
electrospun CaCl2 treated poly(l-lactide) (PLLA) and gelatin composite fibers (PG- 
Ca). Mineralization ability for both fibers was also assessed in α minimum essential 
medium (αMEM) and it was found that the PG-Ca fibers strongly induced HA for-
mation as compared to PG fibers. Apatite depositions were found after culturing 
BMSCs on both kinds of fibrous mats. Osteogenic differentiation of the proliferat-
ing BMSCs was also enhanced despite the absence of extra osteoinductive factors 
due to the continuous consumption of ions. PG-Ca fibrous mats showed better 
results than the control group. In essence, it was inferred that designing scaffolds 
which can infuse bone supportive ions such as Ca+2 and PO4

-3 around cells can be a 
great approach to facilitate bone formation [152].

In an attempt to mimic bone in 3D, Anada et al. used a two-step digital light 
processing technique and fabricated a spheroid structure with octacalcium phos-
phate (OCP), spheroids of human umbilical vein endothelial cells (HUVEC), and a 
gelatin methacrylate (GelMA) hydrogel. The whole construct was designed to 
mimic the inner architecture of bone wherein the peripheral hydrogel with OCP 
mimicked the cortical shell and the inner bone marrow-like space was created using 
HUVEC spheroids embedded in GelMA (Fig. 11). The results showed that evenly 
embedded OCP stimulated the osteoblastic differentiation of MSCs. The capillary- 
like structure formation from the spheroids was regulated by the concentration of 
GelMA. This biomimetic construct with a cell-loaded hydrogel base and dual ring 
structure seems to be an encouraging model for bone tissue engineering pur-
poses [153].

Ingavle et al. studied the bone healing capacity of two natural polymer, i.e., algi-
nate and hyaluronate, based biomineralized microspheres with entrapped MSCs. 
The polymers were altered with the adhesive tripeptide arginine-glycine-aspartic 
acid (RGD). Both the in vitro and in vivo studies (in Swiss alpine sheep) showed 
great results in terms of osteogenesis. When assessed against the untreated/acellular 
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gels, the modified polymers had a substantial positive effect on parameters like 
blood vessel density and bone formation. These results indicated that hydrogels 
with stem cells can prove useful for bone regeneration in large animal bone 
defects [154].

Murahashi et  al. loaded multi-layered PLLA nanosheets with recombinant 
human fibroblast growth factor-2 (rhFGF-2) for bone regeneration. They examined 
its effect in critical-sized mouse femoral defects and it was found that these 
nanosheets acted as a modified sustained-release carrier and efficiently induced 
bone regeneration. The nanosheets also induced FGFR1 gene activation and subse-
quent osteoblast differentiation [155].

Hydrogels are one of the very important classes of polymers that have immense 
potential as a biomaterial. Their optimization and design strategies must ensure fea-
tures such as: (1) Non-immunogenicity and non-cytotoxicity, (2) osteoinductivity, 
osteoconductivity, osteogenicity, as well as osteocompatibility, (3) mimicry of the 
natural ECM to the extent possible, (4) degradability by endogenous enzymes or 
hydrolysis to synchronize with neo-osteogenesis, (5) mechanical and structural 
strength for treating load-bearing defects, (6) correct pore dimensions with inter-
connected porosity, and (7) injectability for patient compliance to enhance adminis-
tration ease [156].

Due to their weaker mechanical properties, they are better suited for non-load- 
bearing applications. Various physical and chemical methods for attaching specific 
functional groups, hydrogen bonding, electrostatic interaction of the natural materi-
als and inclusion of other phases, etc. are used to strengthen their mechanical traits 
and improve their bioactivity in order to augment their clinical value [144]. A recent 
development in the field of hydrogels is called nanogels which is a class of materials 
with spherical nanoparticles formed by cross-linking 3D polymer networks. They 
tend to expand in fluids by physical or chemical means. They show a range of 
hydrogel features like a great biocompatibility and tunable mechanical properties 
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Fig. 11 (a) Diagrammatic representation of fabrication process for 3D hydrogel constructs. (b) A 
photograph of 3D hydrogel constructs for vascular and bone formation. Bar = 5 mm [153]
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along with desirable dimensions of nanoparticles. Nanogels have great scope in the 
bone regeneration domain [157]. One more system of polymer hydrogels that can 
be used for bone regeneration includes microbeads. Microbeads represent an ideal 
system for entrapping live stem cells and therapeutic molecules with their cross- 
linking mechanisms. Still more studies are underway to develop perfectly biocom-
patible, osteoconductive, osteoinductive, and osteogenic microbead models [158].

Along with nanogel and microbead forms, a recent form of hydrogels that can be 
utilized are hydrogel fibers which may be responsive owing to their greater surface- 
volume ratio and immobilization capacity. They are made up of fibrous structures 
with a diameter of a few nanometers to many microns. The advantage of hydrogel 
fibers over microbeads is that the hydrogel fibers can be arranged axially in the 
syringe for better administration to the defect site. They can also be expected to stay 
at the implant site for an extended time as compared to the rounded structures of the 
microbeads [159].

Onat et al. reported the osteoinductivity of a polymer in their latest research. 
Most of the time, biodegradable polymers have been largely employed for complex-
ing with and delivering osteoinductive moieties, but not by themselves as osteoin-
ductive agents. This work reported the osteoinductive ability of 
poly(4-hydroxy-l-proline ester) (PHPE), which is a biodegradable cationic polymer 
with a specific property for cell penetration. The specific reactions cause PHPE to 
degrade in vivo and convert to trans 4-hydroxy-l-proline (trans-Hyp), a non-coded 
amino acid that plays crucial role in the formation and stability of collagen fibrils 
[160]. It was derived from this study that this polymer is nontoxic for the cells; cell 
exposure to PHPE induces higher COL1A1 expression leading to more synthesis of 
collagen, thus secretion in osteoblast-like cells. It also induces ECM mineralization 
in primary osteoblasts which further promotes ECM mineralization and bone tissue 
regeneration.

The effect of polymer molecular weight was demonstrated in one study by 
Davide et  al. In bone tissue regeneration, polymers have mostly been used as 
various composites such as calcium-phosphate-based composites. They utilize 
the best features of both material classes and help to facilitate osteoinduction. 
This study examined the potential effects of the polymer phase as its molecular 
weight regulates fluid uptake, degradation dynamics, and the onset of surface 
reactions. They developed composites by the extrusion of two different molecu-
lar weight L/D, l-lactide copolymers with calcium phosphate apatite, namely 
M38 and M60. The M38 copolymer permitted higher fluid uptake leading to a 
better adsorptive ability for proteins in vitro. Figure 12 shows a higher amount of 
bone generated in the composite formed with lower molecular weight. The 
underlying reason may be its faster degradation and thus exposure of a rougher 
surface to trigger stem cells to differentiate osteogenically and cause bone for-
mation [161].
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 Composites

Significant efforts have been made to develop favorable bone replacement biomate-
rials for repairing larger bone defects. Still, the success in achieving perfect bone 
biomaterials with ideal physicochemical and osteoinductive properties seems far 
and that is where the role of composites comes in which can blend the best proper-
ties for various classes of materials. As the bone is also an organic–inorganic com-
posite, this methodology can prove to be the best road to closely simulate bone. 
Some of the composite-based commercially available graft materials are listed in 
Table 4 [162].

Alidadi et al. evaluated the efficacy of xenogeneic demineralized bone matrix 
(DBM), with two polymers viz. CS, and PMMA for repairing critical-sized radial 
bone defects in rats. As compared to DBM, CS and PMMA were found to be slowly 
degrading, non-compatible polymers with slow biodegradation rates that impeded 
bone regeneration, though CS is not osteoconductive or osteoinductive alone [163].

Lai et al. fabricated a novel porous composite with a powdered form of Mg, poly 
(lactide-co-glycolide) (PLGA), and β-tricalcium phosphate (β-TCP). This PLGA/
TCP/Mg (PTM) scaffold was evaluated against a PLGA/TCP composite (PT) for its 
osteogenic and angiogenic properties. New vessels and new bone formation were 
seen in the PTM group and the results were better than the PT group. These findings 
divulged the osteogenic and angiogenic abilities of the PTM scaffold due to the 
presence of three chief orthopedic biomaterials and their concerted synergy which 

Fig. 12 Low magnification scans of composite explants. (a) Heterotopic bone formed in all 5 
implants with M38. Bone is indicated by the dark pink areas among the M38 granules. (b) None 
of the M60 composites induced bone formation as no dark areas can be observed [161]
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is capable of clinical translation [164]. An experiment to compare the biological 
qualities and bone regenerative capacity of an uncoated porous PCL scaffold with 
MgCO3-doped HA particles (PCL_MgCHA) and the same scaffold biomimetically 
coated with apatite-like crystals (PCL_MgCHAB) was carried out [165]. Both the 
scaffolds were found to be non-cytotoxic. PCL_MgCHAB displayed higher levels 
of ALP expression and collagen production. New bone trabeculae growth in PCL_
MgCHAB was significantly higher as compared to PCL_MgCHA at the 4th and 
12th weeks after implantation.

Table 4 Some commercially available bone graft materials [162]

Class
Commercial 
product Composition

Claimed mechanism 
of action Formulations

Allograft 
based

DBX® 
(Synthes)

DBM with sodium 
hyaluronate 
carrier

Osteoinduction, 
osteoconduction

Putty, paste, mix, 
injectable, strips

Grafton® 
(Medtronic)

DBM fibers w/ 
w/o cancellous 
chips

Osteoinduction, 
osteoconduction, 
osteogenesis

Putty, strips, crunch gel, 
paste

Orthoblast® 
(Citagenix)

DBM and 
cancellous chips 
in reverse phase 
medium

Osteoinduction, 
osteoconduction

Putty, paste, injectable 
paste

Ceramic 
based

Norian SRS® 
(Synthes)

Calcium 
phosphate

Osteoinduction, 
bioresorbable 

Vitoss® 
(Stryker)

Beta-tricalcium 
phosphate and 
bioactive glass

Osteoinduction with 
bone marrow 
aspirate, 
bioresorbable

Putty, strips, injectables, 
morsels, shapes

ProOsteon® 
(Biomet)

Corraline 
hydroxyapatite 
and calcium 
carbonate

Osteoconduction, 
bioresorbable

Injectable granules or 
block

BonePlast® 
(Biomet)

Calcium sulfate Osteoconduction, 
bioresorbable

Paste

Osteoset® 
(Wright)

Calcium sulfate Osteoconduction, 
bioresorbable

Pellets

Factor 
based

Infuse® 
(Medtronic)

rhBMP-2 on 
bovine collagen 
carrier

Osteoinduction Bovine collagen carrier

OP-1® 
(Stryker)

rhBMP-7 with 
type I collagen 
carrier

Osteoinduction Putty (with 
carboxymethylcellulose 
addition), Paste

Polymer 
based

Healos® 
(Depuy)

Crosslinked 
collagen and HA

Osteoconduction, 
osteogenic with bone 
marrow

Strips

Cortoss® 
(Stryker)

Non-resorbable 
polymer resin 
with ceramic 
particles

Osteoconduction Injectable paste
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In a study, the osteogenicity and antimicrobial activity of HA and silver, respec-
tively, were examined in a composite blend of HA/Ag. As the elevated concentra-
tions of silver are known to trigger cytotoxicity, this study aimed to use silver 
nanoparticles so that even lower concentrations of silver can exhibit improved anti-
microbial and anti-inflammatory effects. These particulate HA/Ag nanocomposites 
showed apatite formation in SBF and parameters like cell viability were found to be 
unaltered. This HA/Ag nanocomposite expressed bioactivity, and higher antimicro-
bial activity against Escherichia coli, Staphylococcus aureus, and Candida albicans 
even at lower concentrations of silver [166].

In one of the latest developments, a novel composite was designed with unique 
combinatorial chemistry. Strontium, which is known for bone strength enhance-
ment and graphene which is known for its massive surface area, great specific 
conductance, high tensile modulus, and simple functional groups were amalgam-
ated with the competence of nanotechnology. Chen et al. developed these innova-
tive strontium- graphene oxide (Sr-GO) nanocomposites to release Sr ions in a 
sustained manner and were used as a reinforcement in collagen scaffolds. The 
Sr-GO-Col scaffold demonstrated better physicochemical and mechanical proper-
ties than the unmodified Col scaffolds. They also facilitated cell adhesion and 
osteogenic differentiation due to the MAPK signalling pathway stimulation. These 
Sr-GO-Col composites showed excellent bone regeneration, defect repairing, and 
angiogenesis results at 12 weeks in a critical-size calvarial bone defects in rats. 
The residual Sr-GO nanoparticles were found to be phagocytosed and 
degraded [167].

Apart from the above-mentioned materials, there have been many new explora-
tions, such as with graphene for bone regenerative medicine per se with stem cells 
and with other molecules like PCL, alginate, gelatin, fibroin, etc. to produce com-
posites and 3D scaffolds [168–171]. In one of the studies to combine the best of 
synthetic and naturally derived materials, a porous composite was prepared by 
PLA and DBM. This was implanted in a rabbit radius segmental bone defect to 
examine repair. The composite was compared with only PLA and only a bone 
autograft. The results from X-ray and histology confirmed that the effect of com-
posite materials on bone repair was substantially higher than any of them acting 
alone [172].

A 3D scaffold with the combination of synthetic polymers and nanoceramics 
was explored for bone tissue engineering by Carrow et al. using additive manufac-
turing (AM). They reported the synthesis of a bioactive 3D scaffold nanocomposite 
from a poly(ethylene oxide terephthalate) (PEOT)/poly(butylene terephthalate) 
(PBT) (PEOT/PBT) copolymer and 2D nanosilicates. This particular combination 
was chosen with PEOT/PBT as they boost calcification and increase bone bonding 
ability, while 2D nanosilicates are known to lead hMSCS to an osteogenic lineage 
even without relying on osteoinductive agents. The stability and the bioactive prop-
erties of the composites were found to be increased. The osteo-related proteins 
were significantly upregulated along with the production of a mineralized 
matrix [173].
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 Role of Topography in Orthopedic Biomaterials

 Bone as a Nanocomposite

The unique properties of natural bone are not derived just from its chemistry but 
also from its microarchitecture that span from nanoscale to macroscopic dimen-
sions, with precise and meticulously engineered interfaces. The nanostructural com-
position of HA nanocrystals and collagen fibrils is what makes bone exceptional, a 
feature that could not be precisely reproduced artificially till date. In the stem cell 
microenvironment also, communications with ECM components exert indirect 
mechanical forces which influence stem cell behavior. The ECM has a unique com-
position with various types of polymers with different hierarchical dimensions such 
as collagen strands at the nanometer level to the micron range [174]. These sympho-
nized spatiotemporal communications between the cells and their surroundings 
maintain and control their behaviors in the long term.

Cells keep receiving mechanotransducive cues in their natural microenviron-
ment due to nanotopographical structures within the ECM around them. These 
cues influence their local migration, cell polarization, and other functions. This is 
the underlying reason how the nanoscale and microscale topographical features of 
a biomaterial can act as signalling modalities and can control cellular functions 
[175, 176].

 Nanomaterials for Bone Regeneration and Repair

Nanomaterials and nanocomposites have been emerging as potential models for 
recreating the structure and function of bone and ECM. They serve as a structural 
framework for cells along with the regulation of key cell phases viz. growth, prolif-
eration, differentiation, and migration that result in organized tissues. There can be 
various kinds of nanotopographical features on the biomaterial surface that influ-
ence cellular processes, some of which are represented in Fig. 13. They possess 
biomimicking and suitable traits such as high roughness and surface area that leads 
to higher protein adsorption than traditional biomaterials. Interactions at the inter-
face of cells and a biomaterial are supposed to be moderated by integrin-led path-
ways that affect cell behavior [177].

Many research groups have been constantly striving to recreate the bone’s 
mechanical properties (stiffness, strength, and toughness) as tissue engineered con-
structs through the inclusion of nanostructures in the base matrices to mimic bone’s 
natural composition [178, 179].

A precise microscale shape pattern has been shown to better regulate the osteo-
genesis process and nodule deposition as it directly influences cellular differentia-
tion. The periodicity and dimensions of nanotopographical features have been 
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shown to affect cellular differentiation process in many studies [176, 180, 181]. The 
topographical cues also affect events like protein adsorption and apatite deposition, 
which subsequently influence bone-mineral deposition [182, 183].

The introduction of advanced small-scale technologies has facilitated the design 
and development of methods that allows us to closely fathom stem cell behavior and 
biomechanics. Even the spatial arrangement of nanosized features play a crucial 
role in determining cell behavior and differentiation. Irregularly placed nanopits 
were found to be more effective in eliciting hMSC differentiation as demonstrated 
by higher osteopontin expression (Fig. 14) [184]. Moreover, biologically inspired 
substrates with a tuned ultrastructure are evolving for better understanding and con-
trol of stem cell behavior [185]. In the advent of the third generation of biomaterials, 
the magnitude of importance of their physical properties has taken central stage 
along with their chemical composition.

Fig. 13 Schematic depictions of representative nanotopography geometries. Three basic nanoto-
pography geometries include nanogrooves (a), nanopost array (b), and nanopit array (c). The 
speculative pathways (d) for cell-shape-directed osteogenic and adipogenic differentiations of 
MSCs were examined in growth medium. RhoA Ras homolog gene family member A, ROCK Rho- 
associated protein kinase [185]
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 Conclusion

Apart from natural grafts, metals, ceramics, and polymers are the major classes 
which have been under investigation as budding candidates for orthopedic regenera-
tive medicine. Each of them has advocated for their unique characteristics but the 
far superior and unique traits of bone necessitate better combinatorial chemistry 
from the various material genres. It’s equally important that the material design 
schemes pay a high level of attention to minimize risks such as those caused by their 
degradation products to avoid various unforeseen hazards. As the in vitro results 
show inconsistency when tested in vivo, it’s crucial to understand the host responses 
after implantation (Table 5).

The natural composition and strength of bone is so unique that despite innumer-
able scientific attempts, identical ultrastructure and mechanical properties could not 
be achieved for their replacement and repair. Moreover, bone is constantly remod-
elled by daily loaded actions, both in static and dynamic conditions and this makes 
it even more challenging to engineer bone-tissue similes.

The third and upcoming generation of bone replacement materials includes not 
only biocompatibility, safety, and inertness, but also the capacity to induce or stimu-
late healing. The ongoing research is incorporating an understanding of the molecu-
lar level mechanisms and adding further functionalities and activation strategies to 
enhance the active participation of biomaterials in osteogenesis and new bone for-

Fig. 14 Exploring the effect of spatially different nanotopographies on cell differentiation. (a, b) 
nanotopographies fabricated by electron beam lithography (EBL). The pits (120  nm diameter, 
100 nm depth) (a) in a square arrangement and (b) with increasing disorder (displaced square 
±50 nm from true center). The nanoscale disorder stimulates human mesenchymal stem cells to 
increase the expression of the bone-specific ECM protein osteopontin (d, arrow) as compared to 
the ordered structure (c) [184]
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mation. These include major considerations for macro, micro, and nanoscale 
 architectures and geometries, surface topography, biomimicking coatings, composi-
tions, microenvironment tailoring, hierarchically organized structures, enzyme or 
growth factor release patterns, etc. such that they can directly regulate cellular 
responses toward favorable outcomes.

The futuristic ideal and smart material for bone regenerative applications will not 
only need to be osteoinductive and osteoconductive but also “osteo-sensitive” to 
adapt as per the changing mechanical and biophysical needs. Along with the quest 
to invent new materials and relevant compounds, parallel learning from nature and 
integrating both of these approaches seems like the most plausible way to come up 
with closest possible bone composites and fast translation to the clinics.

References

 1. Laurencin CT, Khan Y, Kofron M et  al (2006) THE ABJS NICOLAS ANDRY AWARD: 
tissue engineering of bone and ligament. Clin Orthop Relat Res. 447:221–236. https://doi.
org/10.1097/01.blo.0000194677.02506.45

 2. El-Ghannam A (2005) Bone reconstruction: from bioceramics to tissue engineering. Expert 
Rev Med Devices. 2(1):87–101. https://doi.org/10.1586/17434440.2.1.87

 3. Ozdemir T, Higgins AM, Brown JL (2013) Osteoinductive biomaterial geometries for bone 
regenerative engineering. Curr Pharm Des 19(19):3446–3455. http://www.ncbi.nlm.nih.gov/
pubmed/23432675. Accessed 11 Apr 2019

 4. Urist MR (1965) Bone: formation by autoinduction. Science (80- ) 150(3698):893 
LP–893899. http://science.sciencemag.org/content/150/3698/893.abstract

Table 5 Summary of various orthopedic biomaterials and their modification strategies

Base material Modifying material Key findings References

Magnesium Ca and Zn Calcification matrix formation and 
complete bone healing

[26]

Magnesium HA Enhanced cell viability [27]
Steel HA Superior antibacterial properties, 

bioactivity and adhesive strength
[39]

Titanium HA and collagen Higher osteoblast proliferation [54]
Titanium Alkaline phosphatase Faster mineralization [53]
BetaTCP HA fibers Enhanced cell growth, better 

mechanical properties
[101]

Bioglass Silk microfibers Aided in new bone formation [131]
Gelatin Zein and HA Better proliferation of stem cells [150]

Alginate- 
hyaluronate

Tripeptide RGD Enhanced angiogenesis and 
osteogenesis

[153]

PLLA Recombinant human 
fibroblast growth factor

Osteoinduction and osteoblast 
differentiation

[154]

HA Silver Better bioactivity and antimicrobial 
potential

[164]

Graphene oxide Strontium Bone regeneration, angiogenesis [165]

Osteoinductive and Osteoconductive Biomaterials

https://doi.org/10.1097/01.blo.0000194677.02506.45
https://doi.org/10.1097/01.blo.0000194677.02506.45
https://doi.org/10.1586/17434440.2.1.87
http://www.ncbi.nlm.nih.gov/pubmed/23432675
http://www.ncbi.nlm.nih.gov/pubmed/23432675
http://science.sciencemag.org/content/150/3698/893.abstract


386

 5. Wilson-Hench J (1987) Osteoinduction. Prog Biomed Eng 4:29
 6. Miron RJ, Zhang YF (2012) Osteoinduction: a review of old concepts with new standrads. J 

Dent Res. 91(8):736–744. https://doi.org/10.1177/0022034511435260
 7. Habibovic P, de Groot K (2007) Osteoinductive biomaterials—properties and relevance in 

bone repair. J Tissue Eng Regen Med. 1(1):25–32. https://doi.org/10.1002/term.5
 8. Ripamonti U. The morphogenesis of bone in replicas of porous hydroxyapatite obtained from 

conversion of calcium carbonate exoskeletons of coral. 1991. http://wiredspace.wits.ac.za/
handle/10539/19185. Accessed 27 Feb 2019.

 9. Ripamonti U (1996) Osteoinduction in porous hydroxyapatite implanted in het-
erotopic sites of different animal models. Biomaterials. 17(1):31–35. https://doi.
org/10.1016/0142-9612(96)80752-6

 10. Yuan H, de Bruijn JD, Zhang X, van Blitterswijk CA, de Groot K (2001) Use of an osteo-
inductive biomaterial as a bone morphogenetic protein carrier. J Mater Sci Mater Med. 
12(9):761–766. https://doi.org/10.1023/A:1013957431372

 11. Reddi AH (1981) Cell biology and biochemistry of endochondral bone development. Coll 
Relat Res. 1(2):209–226. https://doi.org/10.1016/S0174-173X(81)80021-0

 12. Yuan H, van den Doel M, Li S, van Blitterswijk CA, de Groot K, de Bruijn JD (2002) A 
comparison of the osteoinductive potential of two calcium phosphate ceramics implanted 
intramuscularly in goats. J Mater Sci Mater Med. 13(12):1271–1275. https://doi.org/10.102
3/A:1021191432366

 13. Ripamonti U (1991) The morphogenesis of bone in replicas of porous hydroxyapatite 
obtained from conversion of calcium carbonate exoskeletons of coral. J Bone Joint Surg Am. 
73(5):692–703. http://www.ncbi.nlm.nih.gov/pubmed/1675218. Accessed 26 Feb 2019

 14. Ohgushi H, Goldberg VM, Caplan AI (1989) Heterotopic osteogenesis in porous ceramics 
induced by marrow cells. J Orthop Res. 7(4):568–578. https://doi.org/10.1002/jor.1100070415

 15. Goshima J, Goldberg VM, Caplan AI (1991) The osteogenic potential of culture-expanded 
rat marrow mesenchymal cells assayed in vivo in calcium phosphate ceramic blocks. Clin 
Orthop Relat Res. 262:298–311. http://www.ncbi.nlm.nih.gov/pubmed/1984928. Accessed 
27 Feb 2019

 16. Klein C, de Groot K, Chen W, Li Y, Zhang X (1994) Osseous substance formation induced 
in porous calcium phosphate ceramics in soft tissues. Biomaterials. 15(1):31–34. https://doi.
org/10.1016/0142-9612(94)90193-7

 17. Yang Z, Yuan H, Tong W, Zou P, Chen W, Zhang X (1996) Osteogenesis in extraskeletally 
implanted porous calcium phosphate ceramics: variability among different kinds of animals. 
Biomaterials. 17(22):2131–2137. http://www.ncbi.nlm.nih.gov/pubmed/8922598. Accessed 
27 Feb 2019

 18. Hari RA (1992) Regulation of cartilage and bone differentiation by bone morphogenetic 
proteins. Curr Opin Cell Biol. 4(5):850–855. https://doi.org/10.1016/0955-0674(92)90110-X

 19. Wozney JM (1992) The bone morphogenetic protein family and osteogenesis. Mol Reprod 
Dev. 32(2):160–167. https://doi.org/10.1002/mrd.1080320212

 20. Liu Y, de Groot K, Hunziker E (2005) BMP-2 liberated from biomimetic implant coatings 
induces and sustains direct ossification in an ectopic rat model. Bone. 36(5):745–757. https://
doi.org/10.1016/j.bone.2005.02.005

 21. Barradas AMC, Yuan H, Clemens A van B, Habibovic P (2011) Osteoinductive biomaterials: 
current knowledge of properties, experimental models and biological mechanisms. Eur Cells 
Mater. 21:407–429. https://doi.org/10.22203/eCM.v021a31

 22. Chocholata P, Kulda V, Babuska V, Chocholata P, Kulda V, Babuska V (2019) Fabrication of 
scaffolds for bone-tissue regeneration. Materials (Basel). 12(4):568. https://doi.org/10.3390/
ma12040568

 23. Yazdimamaghani M, Razavi M, Vashaee D, Moharamzadeh K, Boccaccini AR, Tayebi L 
(2017) Porous magnesium-based scaffolds for tissue engineering. Mater Sci Eng C. 71:1253–
1266. https://doi.org/10.1016/j.msec.2016.11.027

 24. Navarro M, Michiardi A, Castaño O, Planell JA (2008) Biomaterials in orthopaedics. J R Soc 
Interface. 5(27):1137–1158. https://doi.org/10.1098/rsif.2008.0151

S. Agrawal and R. Srivastava 

https://doi.org/10.1177/0022034511435260
https://doi.org/10.1002/term.5
http://wiredspace.wits.ac.za/handle/10539/19185
http://wiredspace.wits.ac.za/handle/10539/19185
https://doi.org/10.1016/0142-9612(96)80752-6
https://doi.org/10.1016/0142-9612(96)80752-6
https://doi.org/10.1023/A:1013957431372
https://doi.org/10.1016/S0174-173X(81)80021-0
https://doi.org/10.1023/A:1021191432366
https://doi.org/10.1023/A:1021191432366
http://www.ncbi.nlm.nih.gov/pubmed/1675218
https://doi.org/10.1002/jor.1100070415
http://www.ncbi.nlm.nih.gov/pubmed/1984928
https://doi.org/10.1016/0142-9612(94)90193-7
https://doi.org/10.1016/0142-9612(94)90193-7
http://www.ncbi.nlm.nih.gov/pubmed/8922598
https://doi.org/10.1016/0955-0674(92)90110-X
https://doi.org/10.1002/mrd.1080320212
https://doi.org/10.1016/j.bone.2005.02.005
https://doi.org/10.1016/j.bone.2005.02.005
https://doi.org/10.22203/eCM.v021a31
https://doi.org/10.3390/ma12040568
https://doi.org/10.3390/ma12040568
https://doi.org/10.1016/j.msec.2016.11.027
https://doi.org/10.1098/rsif.2008.0151


387

 25. Kamrani S, Fleck C (2019) Biodegradable magnesium alloys as temporary orthopaedic 
implants: a review. BioMetals. 32(2):185–193. https://doi.org/10.1007/s10534-019-00170-y

 26. Lee J-W, Han H-S, Han K-J et al (2016) Long-term clinical study and multiscale analysis of 
in vivo biodegradation mechanism of Mg alloy. Proc Natl Acad Sci U S A. 113(3):716–721. 
https://doi.org/10.1073/pnas.1518238113

 27. Witte F, Feyerabend F, Maier P et  al (2007) Biodegradable magnesium–hydroxyapa-
tite metal matrix composites. Biomaterials. 28(13):2163–2174. https://doi.org/10.1016/J.
BIOMATERIALS.2006.12.027

 28. Courtenay J, Bryant M (2011) Bone ash replacement product is safer. Alum Times. 57
 29. Charnley J (1960) Anchorage of the femoral head prosthesis to the shaft of the femur. J Bone 

Joint Surg Br. 42-B:28–30. http://www.ncbi.nlm.nih.gov/pubmed/13855642. Accessed 23 
Apr 2019

 30. Yang K, Ren Y (2010) Nickel-free austenitic stainless steels for medical applications. Sci 
Technol Adv Mater. 11(1):014105. https://doi.org/10.1088/1468-6996/11/1/014105

 31. Younesi M, Bahrololoom ME, Fooladfar H (2010) Development of wear resistant NFSS–HA 
novel biocomposites and study of their tribological properties for orthopaedic applications. J 
Mech Behav Biomed Mater. 3(2):178–188. https://doi.org/10.1016/J.JMBBM.2009.08.003

 32. Younesi M, Bahrololoom ME (2010) Formulation of the wear behaviour of nickel-free 
stainless- steel/hydroxyapatite bio-composites by response surface methodology. Proc Inst 
Mech Eng Part J J Eng Tribol. 224(11):1197–1207. https://doi.org/10.1243/13506501JET773

 33. Younesi M, Bahrololoom ME, Ahmadzadeh M (2010) Prediction of wear behaviors of nickel 
free stainless steel–hydroxyapatite bio-composites using artificial neural network. Comput 
Mater Sci. 47(3):645–654. https://doi.org/10.1016/J.COMMATSCI.2009.09.019

 34. Montanaro L, Cervellati M, Campoccia D, Arciola CR (2006) Promising in  vitro perfor-
mances of a new nickel-free stainless steel. J Mater Sci Mater Med. 17(3):267–275. https://
doi.org/10.1007/s10856-006-7313-3

 35. Torricelli P, Fini M, Borsari V et al (2003) Biomaterials in orthopedic surgery: effects of a 
nickel-reduced stainless steel on in vitro proliferation and activation of human osteoblasts. Int 
J Artif Organs. 26(10):952–957. https://doi.org/10.1177/039139880302601013

 36. Thomann UI, Uggowitzer PJ (2000) Wear–corrosion behavior of biocompatible austenitic 
stainless steels. Wear. 239(1):48–58. https://doi.org/10.1016/S0043-1648(99)00372-5

 37. Ren YB, Yang HJ, Yang K, Zhang BC (2007) In vitro biocompatibility of a new high nitro-
gen nickel free austenitic stainless steel. Key Eng Mater. 342-343:605–608. https://doi.
org/10.4028/www.scientific.net/KEM.342-343.605

 38. Popkov AV, Gorbach EN, Kononovich NA, Popkov DA, Tverdokhlebov SI, Shesterikov EV 
(2017) Bioactivity and osteointegration of hydroxyapatite-coated stainless steel and titanium 
wires used for intramedullary osteosynthesis. Strateg Trauma Limb Reconstr. 12(2):107–113. 
https://doi.org/10.1007/s11751-017-0282-x

 39. Das A, Shukla M (2019) Surface morphology, bioactivity, and antibacterial studies of 
pulsed laser deposited hydroxyapatite coatings on Stainless Steel 254 for orthopedic implant 
applications. Proc Inst Mech Eng Part L J Mater Des Appl. 233(2):120–127. https://doi.
org/10.1177/1464420716663029

 40. Sul Y-T, Johansson CB, Petronis S et al (2002) Characteristics of the surface oxides on turned 
and electrochemically oxidized pure titanium implants up to dielectric breakdown:: the oxide 
thickness, micropore configurations, surface roughness, crystal structure and chemical com-
position. Biomaterials. 23(2):491–501. https://doi.org/10.1016/S0142-9612(01)00131-4

 41. Raikar GN, Gregory JC, Ong JL et al (1995) Surface characterization of titanium implants. J Vac 
Sci Technol A Vacuum, Surfaces, Film 13(5):2633–2637. https://doi.org/10.1116/1.579462

 42. de Jonge LT, Leeuwenburgh SCG, Wolke JGC, Jansen JA (2008) Organic–inorganic sur-
face modifications for titanium implant surfaces. Pharm Res. 25(10):2357–2369. https://doi.
org/10.1007/s11095-008-9617-0

 43. Bierbaum S, Hempel U, Geißler U et al (2003) Modification of Ti6AL4V surfaces using col-
lagen I, III, and fibronectin. II. Influence on osteoblast responses. J Biomed Mater Res Part 
A. 67A(2):431–438. https://doi.org/10.1002/jbm.a.10084

Osteoinductive and Osteoconductive Biomaterials

https://doi.org/10.1007/s10534-019-00170-y
https://doi.org/10.1073/pnas.1518238113
https://doi.org/10.1016/J.BIOMATERIALS.2006.12.027
https://doi.org/10.1016/J.BIOMATERIALS.2006.12.027
http://www.ncbi.nlm.nih.gov/pubmed/13855642
https://doi.org/10.1088/1468-6996/11/1/014105
https://doi.org/10.1016/J.JMBBM.2009.08.003
https://doi.org/10.1243/13506501JET773
https://doi.org/10.1016/J.COMMATSCI.2009.09.019
https://doi.org/10.1007/s10856-006-7313-3
https://doi.org/10.1007/s10856-006-7313-3
https://doi.org/10.1177/039139880302601013
https://doi.org/10.1016/S0043-1648(99)00372-5
https://doi.org/10.4028/www.scientific.net/KEM.342-343.605
https://doi.org/10.4028/www.scientific.net/KEM.342-343.605
https://doi.org/10.1007/s11751-017-0282-x
https://doi.org/10.1177/1464420716663029
https://doi.org/10.1177/1464420716663029
https://doi.org/10.1016/S0142-9612(01)00131-4
https://doi.org/10.1116/1.579462
https://doi.org/10.1007/s11095-008-9617-0
https://doi.org/10.1007/s11095-008-9617-0
https://doi.org/10.1002/jbm.a.10084


388

 44. MacDonald DE, Markovic B, Allen M, Somasundaran P, Boskey AL (1998) 
Surface analysis of human plasma fibronectin adsorbed to commercially pure tita-
nium materials. J Biomed Mater Res. 41(1):120–130. https://doi.org/10.1002/
(SICI)1097-4636(199807)41:1<120::AID-JBM15>3.0.CO;2-R

 45. Roessler S, Born R, Scharnweber D, Worch H, Sewing A, Dard M (2001) Biomimetic coat-
ings functionalized with adhesion peptides for dental implants. J Mater Sci Mater Med. 
12(10/12):871–877. https://doi.org/10.1023/A:1012807621414

 46. van den Beucken JJJP, Vos MRJ, Thüne PC et al (2006) Fabrication, characterization, and 
biological assessment of multilayered DNA-coatings for biomaterial purposes. Biomaterials. 
27(5):691–701. https://doi.org/10.1016/J.BIOMATERIALS.2005.06.015

 47. Ferris D, Moodie G, Dimond P, Giorani CW, Ehrlich M, Valentini R (1999) RGD-coated 
titanium implants stimulate increased bone formation in vivo. Biomaterials. 20(23-24):2323–
2331. https://doi.org/10.1016/S0142-9612(99)00161-1

 48. Elmengaard B, Bechtold JE, Søballe K (2005) In vivo study of the effect of RGD treatment 
on bone ongrowth on press-fit titanium alloy implants. Biomaterials. 26(17):3521–3526. 
https://doi.org/10.1016/J.BIOMATERIALS.2004.09.039

 49. Liu Y, Hunziker EB, Layrolle P, De Bruijn JD, De Groot K (2004) Bone morphogenetic 
protein 2 incorporated into biomimetic coatings retains its biological activity. Tissue Eng. 
10(1-2):101–108. https://doi.org/10.1089/107632704322791745

 50. Schmidmaier G, Wildemann B, Cromme F, Kandziora F, Haas NP, Raschke M (2002) Bone 
morphogenetic protein-2 coating of titanium implants increases biomechanical strength and 
accelerates bone remodeling in fracture treatment: a biomechanical and histological study in 
rats. Bone. 30(6):816–822. https://doi.org/10.1016/S8756-3282(02)00740-8

 51. van den Beucken JJJP, Walboomers XF, Boerman OC et al (2006) Functionalization of multi-
layered DNA-coatings with bone morphogenetic protein 2. J Control Release 113(1):63–72. 
https://doi.org/10.1016/J.JCONREL.2006.03.016

 52. van den Beucken JJJP, Walboomers XF, Leeuwenburgh SCG et  al (2007) Multilayered 
DNA coatings: in vitro bioactivity studies and effects on osteoblast-like cell behavior. Acta 
Biomater. 3(4):587–596. https://doi.org/10.1016/J.ACTBIO.2006.12.007

 53. De Jonge LT, Leeuwenburgh SCG, van de Beucken J, Wolke JGC, Jansen JA (2008) 
Electrosprayed enzyme coatings as bio-inspired alternatives to conventional bioceramic coat-
ings for orthopedic and oral implants. Adv Funct Mater 19:755–762

 54. Xia Z, Yu X, Wei M (2012) Biomimetic collagen/apatite coating formation on Ti6Al4V sub-
strates. J Biomed Mater Res Part B Appl Biomater. 100B(3):871–881. https://doi.org/10.1002/
jbm.b.31970

 55. Nishida M, Nakaji-Hirabayashi T, Kitano H, Saruwatari Y, Matsuoka K (2017) Titanium 
alloy modified with anti-biofouling zwitterionic polymer to facilitate formation of bio- 
mineral layer. Colloids Surfaces B Biointerfaces. 152:302–310. https://doi.org/10.1016/j.
colsurfb.2017.01.018

 56. Yu P, Zhu X, Wang X et al (2016) Periodic nanoneedle and buffer zones constructed on a tita-
nium surface promote osteogenic differentiation and bone calcification in vivo. Adv Healthc 
Mater. 5(3):364–372. https://doi.org/10.1002/adhm.201500461

 57. George N, Nair AB (2018) Porous tantalum: a new biomaterial in orthopedic surgery. Fundam 
Biomater Met:243–268. https://doi.org/10.1016/B978-0-08-102205-4.00011-8

 58. Edelmann AR, Patel D, Allen RK, Gibson CJ, Best AM, Bencharit S (2019) Retrospective 
analysis of porous tantalum trabecular metal–enhanced titanium dental implants. J Prosthet 
Dent. 121(3):404–410. https://doi.org/10.1016/j.prosdent.2018.04.022

 59. Bencharit S, Byrd WC, Altarawneh S et al (2014) Development and applications of porous 
tantalum trabecular metal-enhanced titanium dental implants. Clin Implant Dent Relat Res. 
16(6):817–826. https://doi.org/10.1111/cid.12059

 60. Liu Y, Bao C, Wismeijer D, Wu G (2015) The physicochemical/biological properties of 
porous tantalum and the potential surface modification techniques to improve its clinical 
application in dental implantology. Mater Sci Eng C. 49:323–329. https://doi.org/10.1016/j.
msec.2015.01.007

S. Agrawal and R. Srivastava 

https://doi.org/10.1002/(SICI)1097-4636(199807)41:1<120::AID-JBM15>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-4636(199807)41:1<120::AID-JBM15>3.0.CO;2-R
https://doi.org/10.1023/A:1012807621414
https://doi.org/10.1016/J.BIOMATERIALS.2005.06.015
https://doi.org/10.1016/S0142-9612(99)00161-1
https://doi.org/10.1016/J.BIOMATERIALS.2004.09.039
https://doi.org/10.1089/107632704322791745
https://doi.org/10.1016/S8756-3282(02)00740-8
https://doi.org/10.1016/J.JCONREL.2006.03.016
https://doi.org/10.1016/J.ACTBIO.2006.12.007
https://doi.org/10.1002/jbm.b.31970
https://doi.org/10.1002/jbm.b.31970
https://doi.org/10.1016/j.colsurfb.2017.01.018
https://doi.org/10.1016/j.colsurfb.2017.01.018
https://doi.org/10.1002/adhm.201500461
https://doi.org/10.1016/B978-0-08-102205-4.00011-8
https://doi.org/10.1016/j.prosdent.2018.04.022
https://doi.org/10.1111/cid.12059
https://doi.org/10.1016/j.msec.2015.01.007
https://doi.org/10.1016/j.msec.2015.01.007


389

 61. Lu M, Xu S, Lei Z-X et al (2019) Application of a novel porous tantalum implant in rab-
bit anterior lumbar spine fusion model. Chin Med J (Engl). 132(1):51–62. https://doi.
org/10.1097/CM9.0000000000000030

 62. Sagomonyants KB, Hakim-Zargar M, Jhaveri A, Aronow MS, Gronowicz G (2011) Porous 
tantalum stimulates the proliferation and osteogenesis of osteoblasts from elderly female 
patients. J Orthop Res. 29(4):609–616. https://doi.org/10.1002/jor.21251

 63. Lee JW, Wen HB, Gubbi P, Romanos GE (2018) New bone formation and trabecular bone 
microarchitecture of highly porous tantalum compared to titanium implant threads: a pilot 
canine study. Clin Oral Implants Res. 29(2):164–174. https://doi.org/10.1111/clr.13074

 64. Buehler WJ, Wang FE (1968) A summary of recent research on the nitinol alloys and 
their potential application in ocean engineering. Ocean Eng. 1(1):105–120. https://doi.
org/10.1016/0029-8018(68)90019-X

 65. Chu Y, Dai KR, Zhu M, Mi XJ (2000) Medical application of NiTi shape memory alloy 
in China. Mater Sci Forum. 327-328:55–62. https://doi.org/10.4028/www.scientific.net/
MSF.327-328.55

 66. Duerig TW, Pelton AR, Stöckel D (1996) The utility of superelasticity in medicine. Biomed 
Mater Eng. 6(4):255–266. https://doi.org/10.3233/BME-1996-6404

 67. Vallet-Regí M, Salinas AJ (2019) Ceramics as bone repair materials. Bone Repair 
Biomater:141–178. https://doi.org/10.1016/B978-0-08-102451-5.00006-8

 68. Arcos D, Izquierdo-Barba I, Vallet-Regí M (2009) Promising trends of bioceramics in 
the biomaterials field. J Mater Sci Mater Med. 20(2):447–455. https://doi.org/10.1007/
s10856-008-3616-x

 69. Yoshikawa H, Myoui A (2005) Bone tissue engineering with porous hydroxyapatite ceram-
ics. J Artif Organs. 8(3):131–136. https://doi.org/10.1007/s10047-005-0292-1

 70. Rey C (1990) Calcium phosphate biomaterials and bone mineral. Differences 
in composition, structures and properties. Biomaterials. 11:13–15. https://doi.
org/10.1016/0142-9612(90)90045-R

 71. Ramselaar MMA, Driessens FCM, Kalk W, De Wijn JR, Van Mullem PJ (1991) Biodegradation 
of four calcium phosphate ceramics;in vivo rates and tissue interactions. J Mater Sci Mater 
Med. 2(2):63–70. https://doi.org/10.1007/BF00703460

 72. Rapacz-Kmita A, Ślósarczyk A, Paszkiewicz Z (2005) FTIR and XRD investigations on the 
thermal stability of hydroxyapatite during hot pressing and pressureless sintering processes. 
J Mol Struct. 744-747:653–656. https://doi.org/10.1016/J.MOLSTRUC.2004.11.070

 73. Bohner M, Lemaitre J (2009) Can bioactivity be tested in  vitro with SBF solution? 
Biomaterials. 30(12):2175–2179. https://doi.org/10.1016/J.BIOMATERIALS.2009.01.008

 74. Samavedi S, Whittington AR, Goldstein AS (2013) Calcium phosphate ceramics in bone tis-
sue engineering: a review of properties and their influence on cell behavior. Acta Biomater. 
9(9):8037–8045. https://doi.org/10.1016/J.ACTBIO.2013.06.014

 75. Ogata K, Imazato S, Ehara A et al (2005) Comparison of osteoblast responses to hydroxyapa-
tite and hydroxyapatite/soluble calcium phosphate composites. J Biomed Mater Res Part A. 
72A(2):127–135. https://doi.org/10.1002/jbm.a.30146

 76. Douglas T, Pamula E, Hauk D et al (2009) Porous polymer/hydroxyapatite scaffolds: char-
acterization and biocompatibility investigations. J Mater Sci Mater Med. 20(9):1909–1915. 
https://doi.org/10.1007/s10856-009-3756-7

 77. Guo H, Su J, Wei J, Kong H, Liu C (2009) Biocompatibility and osteogenicity of degradable 
Ca-deficient hydroxyapatite scaffolds from calcium phosphate cement for bone tissue engi-
neering. Acta Biomater. 5(1):268–278. https://doi.org/10.1016/J.ACTBIO.2008.07.018

 78. Capilla MV, Olid MNR, Gaya MVO, Botella CR, Romera CZ (2007) Cylindrical dental 
implants with hydroxyapatite- and titanium plasma spray–coated surfaces: 5-year results. 
J Oral Implantol 33(2):59–68. https://doi.org/10.1563/1548-1336(2007)33[59:CDIWHA]2.
0.CO;2

 79. Zhou W, Liu Z, Xu S, Hao P, Xu F, Sun A (2011) Long-term survivability of 
hydroxyapatite-coated implants: a meta-analysis. Oral Surg. 4(1):2–7. https://doi.
org/10.1111/j.1752-248X.2010.01112.x

Osteoinductive and Osteoconductive Biomaterials

https://doi.org/10.1097/CM9.0000000000000030
https://doi.org/10.1097/CM9.0000000000000030
https://doi.org/10.1002/jor.21251
https://doi.org/10.1111/clr.13074
https://doi.org/10.1016/0029-8018(68)90019-X
https://doi.org/10.1016/0029-8018(68)90019-X
https://doi.org/10.4028/www.scientific.net/MSF.327-328.55
https://doi.org/10.4028/www.scientific.net/MSF.327-328.55
https://doi.org/10.3233/BME-1996-6404
https://doi.org/10.1016/B978-0-08-102451-5.00006-8
https://doi.org/10.1007/s10856-008-3616-x
https://doi.org/10.1007/s10856-008-3616-x
https://doi.org/10.1007/s10047-005-0292-1
https://doi.org/10.1016/0142-9612(90)90045-R
https://doi.org/10.1016/0142-9612(90)90045-R
https://doi.org/10.1007/BF00703460
https://doi.org/10.1016/J.MOLSTRUC.2004.11.070
https://doi.org/10.1016/J.BIOMATERIALS.2009.01.008
https://doi.org/10.1016/J.ACTBIO.2013.06.014
https://doi.org/10.1002/jbm.a.30146
https://doi.org/10.1007/s10856-009-3756-7
https://doi.org/10.1016/J.ACTBIO.2008.07.018
https://doi.org/10.1563/1548-1336(2007)33[59:CDIWHA]2.0.CO;2
https://doi.org/10.1563/1548-1336(2007)33[59:CDIWHA]2.0.CO;2
https://doi.org/10.1111/j.1752-248X.2010.01112.x
https://doi.org/10.1111/j.1752-248X.2010.01112.x


390

 80. Zhou M, Geng Y, Li S et al (2019) Nanocrystalline hydroxyapatite-based scaffold adsorbs 
and gives sustained release of osteoinductive growth factor and facilitates bone regeneration 
in mice ectopic model. J Nanomater. 2019:1–10. https://doi.org/10.1155/2019/1202159

 81. Ramires PA, Wennerberg A, Johansson CB, Cosentino F, Tundo S, Milella E (2003) Biological 
behavior of sol-gel coated dental implants. J Mater Sci Mater Med. 14(6):539–545. https://
doi.org/10.1023/A:1023412131314

 82. Albrektsson T (1998) Hydroxyapatite-coated implants: a case against their use. J Oral 
Maxillofac Surg. 56(11):1312–1326. https://doi.org/10.1016/S0278-2391(98)90616-4

 83. de Oliveira PT, Zalzal SF, Beloti MM, Rosa AL, Nanci A (2007) Enhancement ofin vitro 
osteogenesis on titanium by chemically produced nanotopography. J Biomed Mater Res Part 
A. 80A(3):554–564. https://doi.org/10.1002/jbm.a.30955

 84. Göransson A, Arvidsson A, Currie F et al (2009) An in vitro comparison of possibly bioac-
tive titanium implant surfaces. J Biomed Mater Res Part A. 88A(4):1037–1047. https://doi.
org/10.1002/jbm.a.31911

 85. Hwang NS, Varghese S, Lee HJ, Zhang Z, Elisseeff J (2013) Biomaterials directed in vivo 
osteogenic differentiation of mesenchymal cells derived from human embryonic stem cells. 
Tissue Eng Part A. 19(15-16):1723–1732. https://doi.org/10.1089/ten.tea.2013.0064

 86. Dhivya S, Saravanan S, Sastry TP, Selvamurugan N (2015) Nanohydroxyapatite-reinforced 
chitosan composite hydrogel for bone tissue repair in vitro and in vivo. J Nanobiotechnology. 
13(1):40. https://doi.org/10.1186/s12951-015-0099-z

 87. Dickens B, Schroeder LW, Brown WE (1974) Crystallographic studies of the role of Mg as a 
stabilizing impurity in β-Ca3(PO4)2. The crystal structure of pure β-Ca3(PO4)2. J Solid State 
Chem. 10(3):232–248. https://doi.org/10.1016/0022-4596(74)90030-9

 88. Mathew M, Schroeder LW, Dickens B, Brown WE (1977) The crystal structure of 
α-Ca3(PO4)2. Acta Crystallogr Sect B Struct Crystallogr Cryst Chem. 33(5):1325–1333. 
https://doi.org/10.1107/S0567740877006037

 89. Horch H-H, Sader R, Pautke C, Neff A, Deppe H, Kolk A (2006) Synthetic, pure-phase beta- 
tricalcium phosphate ceramic granules (Cerasorb®) for bone regeneration in the reconstruc-
tive surgery of the jaws. Int J Oral Maxillofac Surg. 35(8):708–713. https://doi.org/10.1016/J.
IJOM.2006.03.017

 90. Yamada S, Heymann D, Bouler J-M, Daculsi G (1997) Osteoclastic resorption of cal-
cium phosphate ceramics with different hydroxyapatite/β-tricalcium phosphate ratios. 
Biomaterials. 18(15):1037–1041. https://doi.org/10.1016/S0142-9612(97)00036-7

 91. Yao C-H, Liu B-S, Hsu S-H, Chen Y-S, Tsai C-C (2004) Biocompatibility and biodegrada-
tion of a bone composite containing tricalcium phosphate and genipin crosslinked gelatin. J 
Biomed Mater Res. 69A(4):709–717. https://doi.org/10.1002/jbm.a.30045

 92. Liu H, Cai Q, Lian P et al (2010) β-tricalcium phosphate nanoparticles adhered carbon nano-
fibrous membrane for human osteoblasts cell culture. Mater Lett. 64(6):725–728. https://doi.
org/10.1016/J.MATLET.2009.12.050

 93. Kamitakahara M, Ohtsuki C, Miyazaki T (2008) Review paper: behavior of ceramic bio-
materials derived from tricalcium phosphate in physiological condition. J Biomater Appl. 
23(3):197–212. https://doi.org/10.1177/0885328208096798

 94. Bi L, Cheng W, Fan H, Pei G (2010) Reconstruction of goat tibial defects using an inject-
able tricalcium phosphate/chitosan in combination with autologous platelet-rich plasma. 
Biomaterials. 31(12):3201–3211. https://doi.org/10.1016/J.BIOMATERIALS.2010.01.038

 95. Ellinger RF, Nery EB, Lynch KL (1986) Histological assessment of periodontal osseous 
defects following implantation of hydroxyapatite and biphasic calcium phosphate ceramics: 
a case report. Int J Periodontics Restorative Dent. 6(3):22–33. http://www.ncbi.nlm.nih.gov/
pubmed/3015813. Accessed 28 Apr 2019

 96. Daculsi G (1998) Biphasic calcium phosphate concept applied to artificial bone, implant coat-
ing and injectable bone substitute. Biomaterials. 19(16):1473–1478. https://doi.org/10.1016/
S0142-9612(98)00061-1

S. Agrawal and R. Srivastava 

https://doi.org/10.1155/2019/1202159
https://doi.org/10.1023/A:1023412131314
https://doi.org/10.1023/A:1023412131314
https://doi.org/10.1016/S0278-2391(98)90616-4
https://doi.org/10.1002/jbm.a.30955
https://doi.org/10.1002/jbm.a.31911
https://doi.org/10.1002/jbm.a.31911
https://doi.org/10.1089/ten.tea.2013.0064
https://doi.org/10.1186/s12951-015-0099-z
https://doi.org/10.1016/0022-4596(74)90030-9
https://doi.org/10.1107/S0567740877006037
https://doi.org/10.1016/J.IJOM.2006.03.017
https://doi.org/10.1016/J.IJOM.2006.03.017
https://doi.org/10.1016/S0142-9612(97)00036-7
https://doi.org/10.1002/jbm.a.30045
https://doi.org/10.1016/J.MATLET.2009.12.050
https://doi.org/10.1016/J.MATLET.2009.12.050
https://doi.org/10.1177/0885328208096798
https://doi.org/10.1016/J.BIOMATERIALS.2010.01.038
http://www.ncbi.nlm.nih.gov/pubmed/3015813
http://www.ncbi.nlm.nih.gov/pubmed/3015813
https://doi.org/10.1016/S0142-9612(98)00061-1
https://doi.org/10.1016/S0142-9612(98)00061-1


391

 97. Lobo SE, Livingston Arinzeh T, Lobo SE, Livingston AT (2010) Biphasic calcium phos-
phate ceramics for bone regeneration and tissue engineering applications. Materials (Basel). 
3(2):815–826. https://doi.org/10.3390/ma3020815

 98. Dorozhkin SV (2012) Biphasic, triphasic and multiphasic calcium orthophosphates. Acta 
Biomater. 8(3):963–977. https://doi.org/10.1016/J.ACTBIO.2011.09.003

 99. Arinzeh TL, Tran T, Mcalary J, Daculsi G (2005) A comparative study of biphasic cal-
cium phosphate ceramics for human mesenchymal stem-cell-induced bone formation. 
Biomaterials. 26(17):3631–3638. https://doi.org/10.1016/J.BIOMATERIALS.2004.09.035

 100. Amirian J, Linh NTB, Min YK, Lee B-T (2015) Bone formation of a porous Gelatin-Pectin- 
biphasic calcium phosphate composite in presence of BMP-2 and VEGF. Int J Biol Macromol. 
76:10–24. https://doi.org/10.1016/J.IJBIOMAC.2015.02.021

 101. Ramay HR, Zhang M (2004) Biphasic calcium phosphate nanocomposite porous scaffolds 
for load-bearing bone tissue engineering. Biomaterials. 25(21):5171–5180. https://doi.
org/10.1016/J.BIOMATERIALS.2003.12.023

 102. Scotchford CA, Vickers M, Yousuf Ali S (1995) The isolation and characterization of mag-
nesium whitlockite crystals from human articular cartilage. Osteoarthr Cartil. 3(2):79–94. 
https://doi.org/10.1016/S1063-4584(05)80041-X

 103. Elliott JC (1994) Structure and chemistry of the apatites and other calcium orthophosphates. 
Elsevier, Amsterdam. https://www.sciencedirect.com/bookseries/studies-in-inorganic-chem-
istry/vol/18. Accessed 26 Jul 2019

 104. Jang HL, Lee HK, Jin K, Ahn H-Y, Lee H-E, Nam KT (2015) Phase transformation from 
hydroxyapatite to the secondary bone mineral, whitlockite. J Mater Chem B. 3(7):1342–
1349. https://doi.org/10.1039/C4TB01793E

 105. Jang HL, Jin K, Lee J et al (2014) Revisiting whitlockite, the second most abundant biomin-
eral in bone: nanocrystal synthesis in physiologically relevant conditions and biocompatibil-
ity evaluation. ACS Nano. 8(1):634–641. https://doi.org/10.1021/nn405246h

 106. Kim HD, Jang HL, Ahn H-Y et al (2017) Biomimetic whitlockite inorganic nanoparticles- 
mediated in situ remodeling and rapid bone regeneration. Biomaterials. 112:31–43. https://
doi.org/10.1016/J.BIOMATERIALS.2016.10.009

 107. Jang HL, Bin ZG, Park J et al (2016) In vitro and in vivo evaluation of whitlockite biocom-
patibility: comparative study with hydroxyapatite and β -tricalcium phosphate. Adv Healthc 
Mater. 5(1):128–136. https://doi.org/10.1002/adhm.201400824

 108. Cheng PT, Grabher JJ, LeGeros RZ (1988) Effects of magnesium on calcium phosphate 
formation. Magnesium. 7(3):123–132. http://www.ncbi.nlm.nih.gov/pubmed/2846970. 
Accessed 29 Apr 2019

 109. Silver IA, Murrills RJ, Etherington DJ (1988) Microelectrode studies on the acid microen-
vironment beneath adherent macrophages and osteoclasts. Exp Cell Res. 175(2):266–276. 
https://doi.org/10.1016/0014-4827(88)90191-7

 110. Teitelbaum SL (2000) Bone resorption by osteoclasts. Science. 289(5484):1504–1508. 
https://doi.org/10.1126/SCIENCE.289.5484.1504

 111. Kim H-K, Han H-S, Lee K-S et al (2017) Comprehensive study on the roles of released ions 
from biodegradable Mg-5 wt% Ca-1 wt% Zn alloy in bone regeneration. J Tissue Eng Regen 
Med. 11(10):2710–2724. https://doi.org/10.1002/term.2166

 112. Zapanta Le Geros R (1974) Variations in the crystalline components of human dental cal-
culus: i. crystallographic and spectroscopic methods of analysis. J Dent Res. 53(1):45–50. 
https://doi.org/10.1177/00220345740530012801

 113. Barrère F, van Blitterswijk CA, de Groot K (2006) Bone regeneration: molecular and cellu-
lar interactions with calcium phosphate ceramics. Int J Nanomedicine. 1(3):317–332. http://
www.ncbi.nlm.nih.gov/pubmed/17717972. Accessed 29 Apr 2019

 114. Bodier-Houllé P, Steuer P, Voegel J-C, Cuisinier FJG (1998) First experimental evidence for 
human dentine crystal formation involving conversion of octacalcium phosphate to hydroxy-
apatite. Acta Crystallogr Sect D Biol Crystallogr. 54(6):1377–1381. https://doi.org/10.1107/
S0907444998005769

Osteoinductive and Osteoconductive Biomaterials

https://doi.org/10.3390/ma3020815
https://doi.org/10.1016/J.ACTBIO.2011.09.003
https://doi.org/10.1016/J.BIOMATERIALS.2004.09.035
https://doi.org/10.1016/J.IJBIOMAC.2015.02.021
https://doi.org/10.1016/J.BIOMATERIALS.2003.12.023
https://doi.org/10.1016/J.BIOMATERIALS.2003.12.023
https://doi.org/10.1016/S1063-4584(05)80041-X
https://www.sciencedirect.com/bookseries/studies-in-inorganic-chemistry/vol/18
https://www.sciencedirect.com/bookseries/studies-in-inorganic-chemistry/vol/18
https://doi.org/10.1039/C4TB01793E
https://doi.org/10.1021/nn405246h
https://doi.org/10.1016/J.BIOMATERIALS.2016.10.009
https://doi.org/10.1016/J.BIOMATERIALS.2016.10.009
https://doi.org/10.1002/adhm.201400824
http://www.ncbi.nlm.nih.gov/pubmed/2846970
https://doi.org/10.1016/0014-4827(88)90191-7
https://doi.org/10.1126/SCIENCE.289.5484.1504
https://doi.org/10.1002/term.2166
https://doi.org/10.1177/00220345740530012801
http://www.ncbi.nlm.nih.gov/pubmed/17717972
http://www.ncbi.nlm.nih.gov/pubmed/17717972
https://doi.org/10.1107/S0907444998005769
https://doi.org/10.1107/S0907444998005769


392

 115. Suzuki O, Imaizumi H, Kamakura S, Katagiri T (2008) Bone regeneration by synthetic octa-
calcium phosphate and its role in biological mineralization. Curr Med Chem. 15(3):305–313. 
https://doi.org/10.2174/092986708783497283

 116. Barrère F, Layrolle P, van Blitterswijk CA, de Groot K (2001) Biomimetic coatings on tita-
nium: a crystal growth study of octacalcium phosphate. J Mater Sci Mater Med. 12(6):529–
534. https://doi.org/10.1023/A:1011271713758

 117. Socol G, Torricelli P, Bracci B et  al (2004) Biocompatible nanocrystalline octacalcium 
phosphate thin films obtained by pulsed laser deposition. Biomaterials. 25(13):2539–2545. 
https://doi.org/10.1016/J.BIOMATERIALS.2003.09.044

 118. Shelton RM, Liu Y, Cooper PR, Gbureck U, German MJ, Barralet JE (2006) Bone marrow cell 
gene expression and tissue construct assembly using octacalcium phosphate microscaffolds. 
Biomaterials. 27(14):2874–2881. https://doi.org/10.1016/J.BIOMATERIALS.2005.12.031

 119. Kikawa T, Kashimoto O, Imaizumi H, Kokubun S, Suzuki O (2009) Intramembranous bone 
tissue response to biodegradable octacalcium phosphate implant. Acta Biomater. 5(5):1756–
1766. https://doi.org/10.1016/J.ACTBIO.2008.12.008

 120. Stefanic M, Krnel K, Pribosic I, Kosmac T (2012) Rapid biomimetic deposition of octacal-
cium phosphate coatings on zirconia ceramics (Y-TZP) for dental implant applications. Appl 
Surf Sci. 258(10):4649–4656. https://doi.org/10.1016/J.APSUSC.2012.01.048

 121. ter Brugge PJ, Wolke JGC, Jansen JA (2003) Effect of calcium phosphate coating composi-
tion and crystallinity on the response of osteogenic cells in vitro. Clin Oral Implants Res. 
14(4):472–480. https://doi.org/10.1034/j.1600-0501.2003.00886.x

 122. Combes C, Rey C (2010) Amorphous calcium phosphates: synthesis, properties and uses in bio-
materials. Acta Biomater. 6(9):3362–3378. https://doi.org/10.1016/J.ACTBIO.2010.02.017

 123. Popp JR, Laflin KE, Love BJ, Goldstein AS (2012) Fabrication and characterization of 
poly(lactic-co-glycolic acid) microsphere/amorphous calcium phosphate scaffolds. J Tissue 
Eng Regen Med. 6(1):12–20. https://doi.org/10.1002/term.390

 124. Cheng H, Chabok R, Guan X et  al (2018) Synergistic interplay between the two major 
bone minerals, hydroxyapatite and whitlockite nanoparticles, for osteogenic differen-
tiation of mesenchymal stem cells. Acta Biomater. 69:342–351. https://doi.org/10.1016/J.
ACTBIO.2018.01.016

 125. Jeong J, Kim JH, Shim JH, Hwang NS, Heo CY (2019) Bioactive calcium phosphate mate-
rials and applications in bone regeneration. Biomater Res. 23:4. https://doi.org/10.1186/
s40824-018-0149-3

 126. Ishikawa K, Miyamoto Y, Tsuchiya A et al (2018) Physical and histological comparison of 
hydroxyapatite, carbonate apatite, and β-tricalcium phosphate bone substitutes. Materials 
(Basel). 11(10):1993. https://doi.org/10.3390/ma11101993

 127. Williams DF (2008) On the mechanisms of biocompatibility. Biomaterials. 29(20):2941–
2953. https://doi.org/10.1016/J.BIOMATERIALS.2008.04.023

 128. Bi L, Rahaman MN, Day DE et  al (2013) Effect of bioactive borate glass microstructure 
on bone regeneration, angiogenesis, and hydroxyapatite conversion in a rat calvarial defect 
model. Acta Biomater. 9(8):8015–8026. https://doi.org/10.1016/j.actbio.2013.04.043

 129. El-Rashidy AA, Roether JA, Harhaus L, Kneser U, Boccaccini AR (2017) Regenerating 
bone with bioactive glass scaffolds: a review of in vivo studies in bone defect models. Acta 
Biomater. 62:1–28. https://doi.org/10.1016/j.actbio.2017.08.030

 130. Fu Q (2019) Bioactive glass scaffolds for bone tissue engineering. Biomed Ther Clin Appl 
Bioact Glas:417–442. https://doi.org/10.1016/B978-0-08-102196-5.00015-X

 131. Moses JC, Nandi SK, Mandal BB (2018) Multifunctional cell instructive silk-bioactive glass 
composite reinforced scaffolds toward osteoinductive, proangiogenic, and resorbable bone 
grafts. Adv Healthc Mater. 7(10):1701418. https://doi.org/10.1002/adhm.201701418

 132. Baino F (2018) Bioactive glasses—when glass science and technology meet regenerative 
medicine. Ceram Int. 44(13):14953–14966. https://doi.org/10.1016/j.ceramint.2018.05.180

 133. Srinivasan S, Jayasree R, Chennazhi KP, Nair SV, Jayakumar R (2012) Biocompatible algi-
nate/nano bioactive glass ceramic composite scaffolds for periodontal tissue regeneration. 
Carbohydr Polym. 87(1):274–283. https://doi.org/10.1016/j.carbpol.2011.07.058

S. Agrawal and R. Srivastava 

https://doi.org/10.2174/092986708783497283
https://doi.org/10.1023/A:1011271713758
https://doi.org/10.1016/J.BIOMATERIALS.2003.09.044
https://doi.org/10.1016/J.BIOMATERIALS.2005.12.031
https://doi.org/10.1016/J.ACTBIO.2008.12.008
https://doi.org/10.1016/J.APSUSC.2012.01.048
https://doi.org/10.1034/j.1600-0501.2003.00886.x
https://doi.org/10.1016/J.ACTBIO.2010.02.017
https://doi.org/10.1002/term.390
https://doi.org/10.1016/J.ACTBIO.2018.01.016
https://doi.org/10.1016/J.ACTBIO.2018.01.016
https://doi.org/10.1186/s40824-018-0149-3
https://doi.org/10.1186/s40824-018-0149-3
https://doi.org/10.3390/ma11101993
https://doi.org/10.1016/J.BIOMATERIALS.2008.04.023
https://doi.org/10.1016/j.actbio.2013.04.043
https://doi.org/10.1016/j.actbio.2017.08.030
https://doi.org/10.1016/B978-0-08-102196-5.00015-X
https://doi.org/10.1002/adhm.201701418
https://doi.org/10.1016/j.ceramint.2018.05.180
https://doi.org/10.1016/j.carbpol.2011.07.058


393

 134. Gkioni K, Leeuwenburgh SCG, Douglas TEL, Mikos AG, Jansen JA (2010) Mineralization 
of hydrogels for bone regeneration. Tissue Eng Part B Rev. 16(6):577–585. https://doi.
org/10.1089/ten.TEB.2010.0462

 135. Jones JR (2013) Review of bioactive glass: from Hench to hybrids. Acta Biomater. 9(1):4457–
4486. https://doi.org/10.1016/j.actbio.2012.08.023

 136. Zhang G, Brion A, Willemin A-S et al (2017) Nacre, a natural, multi-use, and timely bioma-
terial for bone graft substitution. J Biomed Mater Res Part A. 105(2):662–671. https://doi.
org/10.1002/jbm.a.35939

 137. Akilal N, Lemaire F, Bercu NB et al (2019) Cowries derived aragonite as raw biomateri-
als for bone regenerative medicine. Mater Sci Eng C. 94:894–900. https://doi.org/10.1016/j.
msec.2018.10.039

 138. Anderson JM, Rodriguez A, Chang DT (2008) Foreign body reaction to biomaterials. Semin 
Immunol. 20(2):86–100. https://doi.org/10.1016/j.smim.2007.11.004

 139. Anderson JM (2001) Biological responses to materials. Annu Rev Mater Res. 31:81–110. 
http://www.bioen.utah.edu/faculty/pat/Courses/biomaterials/BiologicalResponse.pdf. 
Accessed 7 Mar 2017

 140. Navarro M, Michiardi A, Castano OPA (2008) Biomaterials in orthopaedics. J R Soc 
Interface. 5:1137–1158

 141. Ambrosio L, De Santis R, Nicolais L (1998) Composite hydrogels as intervertebral disc 
prostheses. In: Science and technology of polymers and advanced materials. Springer US, 
Boston, MA, pp 547–555. https://doi.org/10.1007/978-1-4899-0112-5_46

 142. Hasan A, Byambaa B, Morshed M et al (2018) Advances in osteobiologic materials for bone 
substitutes. J Tissue Eng Regen Med. 12(6):1448–1468. https://doi.org/10.1002/term.2677

 143. Campana V, Milano G, Pagano E et al (2014) Bone substitutes in orthopaedic surgery: from 
basic science to clinical practice. J Mater Sci Mater Med. 25(10):2445–2461. https://doi.
org/10.1007/s10856-014-5240-2

 144. Guarino V, Caputo T, Altobelli R, Ambrosio L (2015) Degradation properties and metabolic 
activity of alginate and chitosan polyelectrolytes for drug delivery and tissue engineering 
applications. AIMS Mater Sci. 2(4):497–502. https://doi.org/10.3934/matersci.2015.4.497

 145. Guarino V, Causa F, Ambrosio L (2007) Bioactive scaffolds for bone and ligament tissue. 
Expert Rev Med Devices. 4(3):405–418. https://doi.org/10.1586/17434440.4.3.405

 146. Chiari C, Koller U, Dorotka R et al (2006) A tissue engineering approach to meniscus regen-
eration in a sheep model. Osteoarthr Cartil. 14(10):1056–1065. https://doi.org/10.1016/J.
JOCA.2006.04.007

 147. Marijnissen WJC, van Osch GJV, Aigner J et al (2002) Alginate as a chondrocyte- delivery 
substance in combination with a non-woven scaffold for cartilage tissue engineering. 
Biomaterials. 23(6):1511–1517. https://doi.org/10.1016/S0142-9612(01)00281-2

 148. Cancedda R, Dozin B, Giannoni P, Quarto R (2003) Tissue engineering and cell therapy of car-
tilage and bone. Matrix Biol. 22(1):81–91. https://doi.org/10.1016/S0945-053X(03)00012-X

 149. Revell PA, Damien E, Di Silvio L, Gurav N, Longinotti C, Ambrosio L (2007) Tissue engi-
neered intervertebral disc repair in the pig using injectable polymers. J Mater Sci Mater Med. 
18(2):303–308. https://doi.org/10.1007/s10856-006-0693-6

 150. Acevedo CA, Olguín Y, Briceño M et  al (2019) Design of a biodegradable UV-irradiated 
gelatin-chitosan/nanocomposed membrane with osteogenic ability for application in bone 
regeneration. Mater Sci Eng C. 99:875–886. https://doi.org/10.1016/J.MSEC.2019.01.135

 151. Ou Q, Miao Y, Yang F, Lin X, Zhang L-M, Wang Y (2019) Zein/gelatin/nanohydroxyapatite 
nanofibrous scaffolds are biocompatible and promote osteogenic differentiation of human 
periodontal ligament stem cells. Biomater Sci 7(5):1973–1983. https://doi.org/10.1039/
c8bm01653d

 152. Cao M, Zhou Y, Mao J et al (2019) Promoting osteogenic differentiation of BMSCs via min-
eralization of polylactide/gelatin composite fibers in cell culture medium. Mater Sci Eng C. 
100:862–873. https://doi.org/10.1016/j.msec.2019.02.079

Osteoinductive and Osteoconductive Biomaterials

https://doi.org/10.1089/ten.TEB.2010.0462
https://doi.org/10.1089/ten.TEB.2010.0462
https://doi.org/10.1016/j.actbio.2012.08.023
https://doi.org/10.1002/jbm.a.35939
https://doi.org/10.1002/jbm.a.35939
https://doi.org/10.1016/j.msec.2018.10.039
https://doi.org/10.1016/j.msec.2018.10.039
https://doi.org/10.1016/j.smim.2007.11.004
http://www.bioen.utah.edu/faculty/pat/Courses/biomaterials/BiologicalResponse.pdf
https://doi.org/10.1007/978-1-4899-0112-5_46
https://doi.org/10.1002/term.2677
https://doi.org/10.1007/s10856-014-5240-2
https://doi.org/10.1007/s10856-014-5240-2
https://doi.org/10.3934/matersci.2015.4.497
https://doi.org/10.1586/17434440.4.3.405
https://doi.org/10.1016/J.JOCA.2006.04.007
https://doi.org/10.1016/J.JOCA.2006.04.007
https://doi.org/10.1016/S0142-9612(01)00281-2
https://doi.org/10.1016/S0945-053X(03)00012-X
https://doi.org/10.1007/s10856-006-0693-6
https://doi.org/10.1016/J.MSEC.2019.01.135
https://doi.org/10.1039/c8bm01653d
https://doi.org/10.1039/c8bm01653d
https://doi.org/10.1016/j.msec.2019.02.079


394

 153. Anada T, Pan C-C, Stahl A et al (1096) Vascularized bone-mimetic hydrogel constructs by 3D 
bioprinting to promote osteogenesis and angiogenesis. Int J Mol Sci. 20(5):2019. https://doi.
org/10.3390/ijms20051096

 154. Ingavle GC, Gionet-Gonzales M, Vorwald CE et al (2019) Injectable mineralized microsphere- 
loaded composite hydrogels for bone repair in a sheep bone defect model. Biomaterials. 
197:119–128. https://doi.org/10.1016/j.biomaterials.2019.01.005

 155. Murahashi Y, Yano F, Nakamoto H et al (2019) Multi-layered PLLA-nanosheets loaded with 
FGF-2 induce robust bone regeneration with controlled release in critical-sized mouse femo-
ral defects. Acta Biomater. 85:172–179. https://doi.org/10.1016/j.actbio.2018.12.031

 156. Lee S-H, Shin H (2007) Matrices and scaffolds for delivery of bioactive molecules in 
bone and cartilage tissue engineering. Adv Drug Deliv Rev. 59(4-5):339–359. https://doi.
org/10.1016/J.ADDR.2007.03.016

 157. Vinogradov SV, Bronich TK, Kabanov AV (2002) Nanosized cationic hydrogels for drug 
delivery: preparation, properties and interactions with cells. Adv Drug Deliv Rev 54(1):135–
147. https://doi.org/10.1016/S0169-409X(01)00245-9

 158. Bai X, Gao M, Syed S, Zhuang J, Xu X, Zhang X-Q (2018) Bioactive hydrogels for bone 
regeneration. Bioact Mater. 3(4):401–417. https://doi.org/10.1016/j.bioactmat.2018.05.006

 159. Heo YJ, Shibata H, Okitsu T, Kawanishi T, Takeuchi S (2011) Long-term in vivo glucose 
monitoring using fluorescent hydrogel fibers. Proc Natl Acad Sci. 108(33):13399–13403. 
https://doi.org/10.1073/pnas.1104954108

 160. Onat B, Tuncer S, Ulusan S, Banerjee S, Erel GI (2019) Biodegradable polymer promotes 
osteogenic differentiation in immortalized and primary osteoblast-like cells. Biomed Mater. 
14(4):045003. https://doi.org/10.1088/1748-605X/ab0e92

 161. Barbieri D, Yuan H, Luo X, Farè S, Grijpma DW, de Bruijn JD (2013) Influence of polymer 
molecular weight in osteoinductive composites for bone tissue regeneration. Acta Biomater. 
9(12):9401–9413. https://doi.org/10.1016/j.actbio.2013.07.026

 162. Ricciardi BF, Bostrom MP (2013) Bone graft substitutes: claims and credibility. Semin 
Arthroplasty 24(2):119–123. https://doi.org/10.1053/j.sart.2013.07.002

 163. Alidadi S, Oryan A, Bigham-Sadegh A, Moshiri A (2017) Comparative study on the healing 
potential of chitosan, polymethylmethacrylate, and demineralized bone matrix in radial bone 
defects of rat. Carbohydr Polym. 166:236–248. https://doi.org/10.1016/j.carbpol.2017.02.087

 164. Lai Y, Li Y, Cao H et al (2019) Osteogenic magnesium incorporated into PLGA/TCP porous 
scaffold by 3D printing for repairing challenging bone defect. Biomaterials. 197:207–219. 
https://doi.org/10.1016/j.biomaterials.2019.01.013

 165. Veronesi F, Giavaresi G, Guarino V et al (2015) Bioactivity and bone healing properties of 
biomimetic porous composite scaffold: in vitro and in vivo studies. J Biomed Mater Res Part 
A. 103(9):2932–2941. https://doi.org/10.1002/jbm.a.35433

 166. Martínez-Sanmiguel JJ, Zarate-Triviño G, Hernandez-Delgadillo R et  al (2019) Anti- 
inflammatory and antimicrobial activity of bioactive hydroxyapatite/silver nanocomposites. J 
Biomater Appl 33(10):1314–1326. https://doi.org/10.1177/0885328219835995

 167. Chen Y, Zheng Z, Zhou R et  al (2019) Developing a strontium-releasing graphene oxide/
collagen-based organic-inorganic nanobiocomposite for large bone defect regeneration via 
MAPK signaling pathway. ACS Appl Mater Interfaces 11(17):15986–15997. https://doi.
org/10.1021/acsami.8b22606

 168. Arnold AM, Holt BD, Daneshmandi L, Laurencin CT, Sydlik SA (2019) Phosphate graphene 
as an intrinsically osteoinductive scaffold for stem cell-driven bone regeneration. Proc Natl 
Acad Sci U S A 116(11):4855–4860. https://doi.org/10.1073/pnas.1815434116

 169. Narimani M, Teimouri A, Shahbazarab Z (2019) Synthesis, characterization and bio-
compatible properties of novel silk fibroin/graphene oxide nanocomposite scaffolds for 
bone tissue engineering application. Polym Bull. 76(2):725–745. https://doi.org/10.1007/
s00289-018-2390-2

 170. Wang W, Junior JRP, Nalesso PRL et al (2019) Engineered 3D printed poly(ɛ-caprolactone)/
graphene scaffolds for bone tissue engineering. Mater Sci Eng C. 100:759–770. https://doi.
org/10.1016/J.MSEC.2019.03.047

S. Agrawal and R. Srivastava 

https://doi.org/10.3390/ijms20051096
https://doi.org/10.3390/ijms20051096
https://doi.org/10.1016/j.biomaterials.2019.01.005
https://doi.org/10.1016/j.actbio.2018.12.031
https://doi.org/10.1016/J.ADDR.2007.03.016
https://doi.org/10.1016/J.ADDR.2007.03.016
https://doi.org/10.1016/S0169-409X(01)00245-9
https://doi.org/10.1016/j.bioactmat.2018.05.006
https://doi.org/10.1073/pnas.1104954108
https://doi.org/10.1088/1748-605X/ab0e92
https://doi.org/10.1016/j.actbio.2013.07.026
https://doi.org/10.1053/j.sart.2013.07.002
https://doi.org/10.1016/j.carbpol.2017.02.087
https://doi.org/10.1016/j.biomaterials.2019.01.013
https://doi.org/10.1002/jbm.a.35433
https://doi.org/10.1177/0885328219835995
https://doi.org/10.1021/acsami.8b22606
https://doi.org/10.1021/acsami.8b22606
https://doi.org/10.1073/pnas.1815434116
https://doi.org/10.1007/s00289-018-2390-2
https://doi.org/10.1007/s00289-018-2390-2
https://doi.org/10.1016/J.MSEC.2019.03.047
https://doi.org/10.1016/J.MSEC.2019.03.047


395

 171. Purohit SD, Bhaskar R, Singh H, Yadav I, Gupta MK, Mishra NC (2019) Development of a 
nanocomposite scaffold of gelatin–alginate–graphene oxide for bone tissue engineering. Int J 
Biol Macromol. 133:592–602. https://doi.org/10.1016/J.IJBIOMAC.2019.04.113

 172. Zhang Y, Wang J, Wang J et al (2015) Preparation of porous PLA/DBM composite biomateri-
als and experimental research of repair rabbit radius segmental bone defect. Cell Tissue Bank. 
16(4):615–622. https://doi.org/10.1007/s10561-015-9510-0

 173. Carrow JK, Di Luca A, Dolatshahi-Pirouz A, Moroni L, Gaharwar AK (2019) 3D-printed 
bioactive scaffolds from nanosilicates and PEOT/PBT for bone tissue engineering. Regen 
Biomater. 6(1):29–37. https://doi.org/10.1093/rb/rby024

 174. Li X, Wang L, Fan Y, Feng Q, Cui F-Z, Watari F (2013) Nanostructured scaffolds for bone 
tissue engineering. J Biomed Mater Res Part A. 101A(8):2424–2435. https://doi.org/10.1002/
jbm.a.34539

 175. Bettinger CJ, Langer R, Borenstein JT (2009) Engineering substrate topography at the micro- 
and nanoscale to control cell function. Angew Chemie Int Ed. 48(30):5406–5415. https://doi.
org/10.1002/anie.200805179

 176. Peng R, Yao X, Ding J (2011) Effect of cell anisotropy on differentiation of stem cells 
on micropatterned surfaces through the controlled single cell adhesion. Biomaterials. 
32(32):8048–8057. https://doi.org/10.1016/j.biomaterials.2011.07.035

 177. McMahon RE, Wang L, Skoracki R, Mathur AB (2013) Development of nanomaterials for 
bone repair and regeneration. J Biomed Mater Res Part B Appl Biomater. 101B(2):387–397. 
https://doi.org/10.1002/jbm.b.32823

 178. Pasqui D, Torricelli P, De Cagna M, Fini M, Barbucci R (2014) Carboxymethyl cellulose- 
hydroxyapatite hybrid hydrogel as a composite material for bone tissue engineering applica-
tions. J Biomed Mater Res Part A. 102(5):1568–1579. https://doi.org/10.1002/jbm.a.34810

 179. Gelinsky M, Welzel PB, Simon P, Bernhardt A, König U (2008) Porous three-dimensional 
scaffolds made of mineralised collagen: Preparation and properties of a biomimetic nano-
composite material for tissue engineering of bone. Chem Eng J. 137(1):84–96. https://doi.
org/10.1016/J.CEJ.2007.09.029

 180. Kilian KA, Bugarija B, Lahn BT, Mrksich M (2010) Geometric cues for directing the dif-
ferentiation of mesenchymal stem cells. Proc Natl Acad Sci. 107(11):4872–4877. https://doi.
org/10.1073/pnas.0903269107

 181. Watari S, Hayashi K, Wood JA et  al (2012) Modulation of osteogenic differentiation in 
hMSCs cells by submicron topographically-patterned ridges and grooves. Biomaterials. 
33(1):128–136. https://doi.org/10.1016/j.biomaterials.2011.09.058

 182. Cai K, Frant M, Bossert J, Hildebrand G, Liefeith K, Jandt KD (2006) Surface functionalized 
titanium thin films: zeta-potential, protein adsorption and cell proliferation. Colloids Surfaces 
B Biointerfaces. 50:1–8. https://doi.org/10.1016/j.colsurfb.2006.03.016

 183. Palmer LC, Newcomb CJ, Kaltz SR, Spoerke ED, Stupp SI (2008) Biomimetic systems for 
hydroxyapatite mineralization inspired by bone and enamel. Chem Rev. 108(11):4754–4783. 
https://doi.org/10.1021/cr8004422

 184. Dalby MJ, Gadegaard N, Tare R et al (2007) The control of human mesenchymal cell dif-
ferentiation using nanoscale symmetry and disorder. Nat Mater 6(12):997–1003. https://doi.
org/10.1038/nmat2013

 185. Gong T, Xie J, Liao J, Zhang T, Lin S, Lin Y (2015) Nanomaterials and bone regeneration. 
Bone Res. 3:15029. https://doi.org/10.1038/boneres.2015.29

 186. Vallet-Regí M, Salinas AJ (2009) Ceramics as bone repair materials. 2nd. Elsevier, 
Amsterdam. https://doi.org/10.1533/9781845696610.2.194

Osteoinductive and Osteoconductive Biomaterials

https://doi.org/10.1016/J.IJBIOMAC.2019.04.113
https://doi.org/10.1007/s10561-015-9510-0
https://doi.org/10.1093/rb/rby024
https://doi.org/10.1002/jbm.a.34539
https://doi.org/10.1002/jbm.a.34539
https://doi.org/10.1002/anie.200805179
https://doi.org/10.1002/anie.200805179
https://doi.org/10.1016/j.biomaterials.2011.07.035
https://doi.org/10.1002/jbm.b.32823
https://doi.org/10.1002/jbm.a.34810
https://doi.org/10.1016/J.CEJ.2007.09.029
https://doi.org/10.1016/J.CEJ.2007.09.029
https://doi.org/10.1073/pnas.0903269107
https://doi.org/10.1073/pnas.0903269107
https://doi.org/10.1016/j.biomaterials.2011.09.058
https://doi.org/10.1016/j.colsurfb.2006.03.016
https://doi.org/10.1021/cr8004422
https://doi.org/10.1038/nmat2013
https://doi.org/10.1038/nmat2013
https://doi.org/10.1038/boneres.2015.29
https://doi.org/10.1533/9781845696610.2.194


397© Springer Nature Switzerland AG 2020
B. Li et al. (eds.), Racing for the Surface, 
https://doi.org/10.1007/978-3-030-34471-9_16

Bimetallic Nanoparticles for Biomedical 
Applications: A Review

David Medina-Cruz, Bahram Saleh, Ada Vernet-Crua,  
Alfonso Nieto- Argüello, Diana Lomelí-Marroquín,  
Lydia Yerid Vélez-Escamilla, Jorge L. Cholula-Díaz,  
José Miguel García-Martín, and Thomas Webster

Abstract Bimetallic nanoparticles, or BMNPs, are nanosized structures that are of 
growing interest in biomedical applications. Although their production shares 
aspects with physicochemical approaches for the synthesis of their monometallic 
counterparts, they can show a large variety of new properties and applications as a 
consequence of the synergetic effect between the two components. These applica-
tions can be as diverse as antibacterial treatments or anticancer or biological imag-
ing approaches, as well as drug delivery. Nevertheless, utilization of BMNPs in 
such fields has received limited attention because of the severe lack of knowledge 
and concerns regarding the use of other nanomaterials, such as stability and biode-
gradability over time, tendency to form clusters, chemical reactivity, and biocom-
patibility. In this review, a close look at bimetallic systems is presented, focusing on 
their biomedical applications as antibacterial, anticancer, drug delivery, and imag-
ing agents, showing significant enhancement of their features compared to their 
monometallic counterparts and other current used nanomaterials for biomedical 
applications.
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 Nanotechnology for Biomedical Applications

 Nanotechnology and Nanomedicine: The Born of a New Era

In 1959, Richard P. Feynman gave his famous after-dinner lecture named “There’s 
Plenty of Room at the Bottom” [1], setting the basis for the future of a field whose 
name was given 15 years later. The word nanotechnology was used for the first time 
by the Japanese investigator Norio Taniguchi in a 1974 paper on production tech-
nology involving the generation of objects and features in the nanometer scale [2]. 
Nowadays, nanotechnology is defined as the study and application of materials with 
sizes less than 100 nm. Since the beginning, it has been beneficial in a variety of 
fields like chemistry, physics, biology, biochemistry, as well as medicine [3–6].

Feynman suggested the use of nanotechnology to develop medicine to his col-
league Albert R. Hibbs. Consequently, a new field was born from this interaction: 
nanomedicine that impacts the medical applications of nanomaterials and biological 
devices, nanoelectronic biosensors, and even possible future applications of molec-
ular nanotechnologies, such as biological machines [7].

Nanostructures have been employed in a variety of biomedical applications, i.e., 
as antibacterial [8], anticancer [9], drug delivery [10], or imaging [11] agents. Thus, 
the number of nanotechnology publications has raised over time with an unexpected 
trend, with hopes that if we can master this technology, we will be able to improve 
not just medicine, but all aspects of the modern life.

 The Use of Metallic Nanoparticles in Nanomedicine

The use of nanotechnology in the medical field has brought the utilization of differ-
ent nanostructures to medical applications, such as carbon [12] or silica [13], among 
others. Nonetheless, metallic nanoparticles (NP) have been gaining popularity due 
to their large variety of chemical and physical properties, along with their tenability, 
which is hugely related to their performance, making them perfect materials for 
biomedical applications [14]. From noble metals like gold (Au) to metalloids, such 
as selenium (Se), or magnetic metals like iron (Fe), this diversity of materials has 
allowed broad applications in many areas of study such as antibacterial, anticancer, 
imaging, or drug delivery processes [15–17].

In this way, different metallic systems are implemented in the nanotechnological 
field, which can be classified into magnetic, pure metallic, metal oxide nanomateri-
als without magnetic behavior, and bimetallic nanoparticles.

 Magnetic Nanoparticles

Magnetic nanoparticles can show different features when subjected to a magnetic 
field. These configurations are known to present either ferri- or ferromagnetic 
behavior. These magnetic properties are found in materials such as nickel (Ni), 
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cobalt (Co), or iron (Fe). Among all the configurations, the most common ones are 
oxides (also known as ferrites). A further classification includes ferrites with a shell, 
pure metallic magnetic nanoparticles, and metallic with a shell [18].

Iron oxide nanomaterials are the most widely used for research along magnetic 
nanostructures, showing essential features for nanomedicine. For instance, the 
structures become superparamagnetic—magnetization can arbitrary change the 
direction under the effects of temperature—preventing aggregation, which is a sig-
nificant concern in biomedical applications [18]. At the nanoscale regime, the sur-
face chemistry of the structures becomes highly significant. However, the surface of 
ferrite nanostructures is relatively inert, because of the presence of a coating, mainly 
a layer of silica, among other materials, producing what is commonly called ferrites 
with a shell [19]. The use of surfacntants, polymers and processes such as oxidation 
can passivate pure metallic magnetic nanoparticles [18].

Notably, iron oxide nanomaterials are the most promising ones, due to their 
reduced toxicity in biological matrices, and their antibacterial and anticancer fea-
tures [20]. As an example, Tokajuk et al. described how iron oxide nanoparticles 
may be utilized as a successful drug delivery agent for chlorhexidine, an active 
antimicrobial agent, against Staphylococcus aureus and Candida albicans [21].

 Pure Metallic Nanoparticles Without Magnetic Behavior

Pure nanoparticles composed of single metals, for instance, gold (Au), silver (Ag), 
or platinum (Pt), have important biomedical applications. For instance, gold 
nanoparticles have been primarily used in hyperthermia treatments towards can-
cer—inducing apoptosis in cancerous cells—as a consequence of their optical prop-
erties [22]. Similarly, silver nanoparticles are known to present a powerful 
antibacterial activity, and therefore, they have been largely used to alter orthopedic 
implants with the aim to avoid infection [23]. However, not only noble metals can 
be used. For instance, bacteria-mediated selenium nanoparticles showed potent 
antibacterial activity against different bacteria in their antibiotic-resistant pheno-
types, such as methicillin-resistant S. aureus (MRSA) or multidrug-resistant (MDR) 
Escherichia coli [24].

 Metal Oxide Nanoparticles Without Magnetic Behavior

Metal oxide nanoparticles are mainly composed of transition metals combined with 
oxygen atoms, producing copper (Cu), zinc (Zn), or titanium (Ti) oxide formula-
tions with relevant biomedical features. For instance, Amiri et  al. described the 
 antibacterial and antifungal effects of CuO nanoparticles [25], while Zhijun Jiao 
et al. explored a new drug delivery system utilizing titanium dioxide (TiO2) nanopar-
ticles due to its key function in improving the anticancer properties of doxorubicin 
as well as diminishing side effects [26].
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 Bimetallic Nanoparticles

Bimetallic nanomaterials are composed of a combination of two different metals. 
There is a significant variety of different compounds that can form bimetallic 
nanoparticles. Nevertheless, some common combinations include the use of transi-
tion metals such as gold and silver. These two metals can be combined either 
between them or with other metals such as Co or Fe in order to get different features 
including the enhancement of their biomedical applications [27]. This review will 
center its attention on the application of these bimetallic formulations as a powerful 
tool for the field of biomedicine.

 Bimetallic Nanoparticles (BMNPs): A Step Further

Bimetallic nanoparticles have been widely used as biomedical agents for a long 
time. The reason behind this fact is related to the synergetic interaction created 
when two different metals are combined, leading to an enhancement of the features 
of the nanostructure in comparison with its monometallic configurations.

Due to the full range of different possible arrangement of the metals, such as 
alloy, core–shell, and cluster-in-cluster, new features arise. Therefore, the variations 
of the atomic structure in bimetallic nanoparticles present a significant advantage in 
comparison to monometallic nanoparticles, as they can only achieve a change in 
shape or size, leading to an improved optical or catalysis properties, as well as anti-
cancer and antibacterial contributions. Nevertheless, and in comparison, with 
single- metal formulations, less research has been focused on bimetallic nanoparti-
cles. Despite this, bimetallic structures have risen considerable interest because of 
their improved catalytic activity and selectivity compared to their monometallic 
counterparts, which have their origin on the synergetic effect between both the com-
ponents [28–30].

For instance, Xu QH et al. demonstrated two-photon imaging of bacteria by Au–
Ag NPs under near-infrared (NIR) femtosecond laser pulses which improved anti-
bacterial activity by the use of the NIR two-photon photothermal effects [27]. 
Similarly, Cho et al. have developed a bimetallic hybrid Zn–Au nanomaterial with 
zinc cores and gold shells, with the aim to show their in vivo visibility by using posi-
tron emission tomography (PET) once the proton into the zinc core has been acti-
vated [31]. The structures were also able to produce radiosensitization when Au 
cover was irradiated by different sources and therefore emitted secondary elec-
trons (SE).

Moreover, from the biomedical point of view, BMNPs could induce higher cyto-
toxicity when they are in contact with the body, as more than one metallic configu-
ration would be reacting at a time, compromising the effectiveness of these systems, 
due to a more significant production of reactive oxygen species (ROS) and stimula-
tion of metal-ion release [32, 33]. In an elegant study, T. Li et al. found that bimetal-
lic nanostructures with a composition of 80% Ag and 20% Au had significantly 
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lower toxicity compared to Ag NPs, whereas if the composition was changed to 
20% Ag and 80% Au, the levels of toxicity increased unexpectedly [34, 35]. Their 
results confirmed that Ag NPs presented significant higher toxicity than Au NPs, 
and thus the presence of gold in silver structures potentially decreases their environ-
mental repercussions by reducing the quantity of bioavailable Ag.

 Synthesis of Bimetallic Nanoparticles

The production of nanoparticles, including bimetallic ones, can be split into two 
main divisions that depend on the approaches followed for the production of the 
structures: the top-down and the bottom-up methods [36]. The bottom-up method—
also known as constructive process—uses atoms or molecules of the precursors as 
starting materials, which react to form clusters, followed by the formation of 
nanoparticles. This method includes the synthesis of nanoparticles by sol-gel, 
chemical vapor deposition (CVD), molecular self-assembly, atomic layer deposi-
tion, nanocluster sources, wet chemical reduction, and other approaches [37]. On 
the other hand, the top-down synthesis—also called destructive method—is charac-
terized by the use of bulk materials as the starting point, which is transformed into 
a fine powder until nanometric particles are obtained or patterned into nanostruc-
tures. Some examples include mechanical milling and different nanolithography 
techniques, such as e-beam lithography, ultraviolet (UV) lithography, focused ion- 
beam lithography, and nanoimprint [38].

Recently, an alternative classification for the methods of the generation of metal-
lic NPs has been proposed, based on the biocompatibility of the substances—except 
the metal precursor—used to produce the nanomaterials: the physicochemical syn-
thesis (involving the top-down and bottom-up methodologies) and the green synthe-
sis [39]. We will follow this classification, although devoting special attention to the 
nanocluster sources among the physicochemical methods due to their commercial 
availability [40, 41].

 Physicochemical Approaches

The physicochemical approaches for the synthesis of nanomaterials are character-
ized for taking knowledge from both physics and chemistry in order to build effi-
cient pathways for formulation. Therefore, there is a wide variety of these approaches 
to synthesize any nanomaterial, including BMNPs [42]. They rely upon the nature 
and composition of the targeted nanomaterial and are characterized by different 
reaction times, physical parameters, and chemical intermediates. Some examples of 
nanoparticles made by these methods are shown in Fig. 1.

One of the most important methods is laser ablation or pulsed laser deposition 
(PLD), where a specific spot on the surface is irradiated by a pulsed laser beam to 
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the point of evaporation or sublimation [45]. Classified in a single-photon process—
splitting chemical bonds—and multiphoton excitation—thermal evaporation—laser 
ablation is mostly used to produce semiconductor quantum dots (QD), carbon nano-
tubes (CNT), nanowires (NW), and core–shell NP [46]. When performed in a high 
vacuum chamber, the advantage of the laser ablation method is that the resulting 
products are highly pure, although there is low control in the size distribution, 
agglomeration, and crystal structures [47]. Another advantage is that the laser beam 
can irradiate a target dipped in a solution, which facilitates the functionalization of 
the obtained nanoparticles [48].

A variety of BMNPs may be synthesized following the physicochemical fashion, 
as can be seen in Table 1. For instance, Nakamura T. and Sato S. developed a solid 
solution of palladium–platinum (Pd–Pt) particles with total variable composition 
that was synthetized using high-intensity laser irradiation of liquid solution of 
 palladium and platinum ions where no reducing agents or thermal processes were 
employed [54]. Similarly, a laser ablation deposition technique was utilized to gen-
erate silver–nickel (Ag–Ni) bimetallic nanoparticles [43], while Ag–Pd nanoparti-
cles have been synthetized by colloids of Ag NPs using liquid methodology by 
pulsed laser ablation in aqueous media [55].

Fig. 1 The schematic diagram of the experimental setup for the generation of Ag–Ni bimetallic 
nanoparticles by laser-induced plasma (A) [43]; Scanning electron microscopy (SEM) images of 
nanoparticles with a mole ratio of silver and nickel nAg:nNi = 1:1 and 32:13, respectively (B, C) 
[43]; SEM images of Ti3+ and N self-doped SrTiOxNy samples warmed at different temperatures 
and atmospheres: (D) T-130-Vac and (E) T-200-Vac [44]; and transmission electron microscopy 
(TEM) image and size distribution of particles in Ag/Au/Trp colloids (F) [44]
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Oxidation is a type of chemical reaction that involves a substance that gives away 
electrons, meaning that it is oxidized. This chemical principle can be used for the 
production of nanomaterials by oxidation of metal ions [60]. For instance, a facile 
in situ green approach for the generation of nanoparticles by process was elaborated 
by J. Liu et al. to prepare Ti3+ and N self-doped SrTiOxNy nanoparticles using TiN 
and H2O2 as precursors, with the resultant nanoparticles showing a pronounced 
absorption in a range between 400 and 800 nm, utilizing UV-visible (vis) diffuse 
reflectance spectroscopy (UV-vis DRS) [44].

On the other hand, reduction in a chemical reaction involves a substance gaining 
electrons by one of the atoms implicated in the chemical process. Due to the feasi-
bility of the reaction and the disponibility of reagents, chemical reduction methods 
are the most widely utilized for the production of BMNPs [51]. For the chemical 
reduction to take place, a metal precursor, a reducing agent, and a stabilizing agent 
are needed [61]. The metal precursor is usually a metal salt in solution; the reducing 
agent may vary from organic compounds—such as ascorbic acid [62]—to inorganic 
salts—like sodium borohydride [50]. The stabilizing agents (such as polyvinylpyr-
rolidone (PVP), starch, and sodium carboxyl methyl cellulose) allow the dispers-
ibility of the nanoparticles in common solvents [63]. The systematic modification of 
the experimental parameters controls the morphology and uniformity of the final 
product. As an example, hydrazine co-reduction of [AuCl4]− and [PdCl4]2− complex 

Table 1 Physicochemical methods of synthesis of bimetallic nanoparticles

Method of 
synthesis Nanoparticle Size (nm) Morphology

Seed-mediated Ag–Fe3O4 [49] 5–20 nm each nanoparticle Two nanoparticles 
together

Chemical 
reduction

Au–Ni [50] 2.3–2.7 nm Quasi-spherical
Ag–Au [51] 5–15 nm depending on the 

ratio
Quasi-spherical

Ag–Au [52] 15–30 nm depending on the 
metal ratio

Quasi-spherical

Ag–Au [53] 20–27 nm depending on the 
metal ratio

Quasi-spherical

Chemical 
oxidation

SrTiOxNy [44] 50–200 depending on the 
temperature

Quasi-spherical

Laser ablation Pd–Pt [54] 50–90 nm Predominantly 
spherical

Ag–Pd core–shell [55] 2.4–3.2 nm Quasi-spherical
Ag–Ni [43] Varies Irregular shape
PEG–Fe–Au alloy [48] 15–40 nm Spherical

Sol-gel Ag–Pt-modified TiO2 
[56]

15–30 nm Quasi-spherical

CVD (Pd–Pt)/SiO2 [57] 1–15 nm Layers
Pt–Co [58] 1.2–1.8 nm Spheroids
Ni–Pd @ MIL-101 [59] 2–3 nm Spherical
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anions was used to synthetize colloidal suspensions of AuxPd1−x nanoalloys. Besides, 
polymeric compounds of high molecular weight, such as polyvinylpyrrolidone 
(PVP) or polyvinyl alcohol (PVA), were used as surface capping agents [64].

Peng and colleagues have elaborated a seed-mediated protocol in order to obtain 
hybrid Ag–FexOy nanoparticles that show plasmonic and magnetic characteristics 
[49]. The method is based on the chemical reduction of Ag+ ions when Fe NPs are 
present with noncrystalline FexOy surfaces previously produced by thermal 
decomposition.

Chemical vapor deposition (CVD) is a bottom-up technique used for the genera-
tion of a large number of nanomaterials under different atmospheres. In this pro-
cess, a volatile precursor (or multiple precursors) reacts to produce the desired 
material [65]. Hierso et al. have proved the synthesis of bimetallic core–shell pal-
ladium–platinum NPs in a layered structure through the CVD method using a metal- 
organic precursor [57]. Alternatively, Choi et al. have defined the CVD technique as 
a fast method to produce monodisperse nanoparticles, which can be easily scaled to 
larger volumes, for example, highly monodisperse Pt–Co BMNPs [58]. Another 
example is the synthesis of Pt3Co intermetallic nanoparticles supported on ceria by 
CVD [66].

A sol-gel process is a bottom-up method that consists of the synthesis of nano-
materials by hydrolysis and condensation reactions. The main benefits of sol-gel 
processing are the high purity and uniform nanostructures achievable at low tem-
peratures. BMNPs made of Au–Pd, Au–Ag, and Au–Pt can be generated in a single 
step by a sol-gel methodology and stabilized in liquid and solid matrices [67].

Nanocluster sources deserve a special mention within the physicochemical 
approaches in terms of nanoparticle synthesis. BMNPs can be produced using gas- 
phase synthesis using the so-called nanocluster sources. Although there is a rich 
variety of types of NP sources that can be used, each one with advantages and draw-
backs [68], the most popular ones are the magnetron-based cluster sources. This 
technique involves two chambers separated by a wall with a pinhole: the aggrega-
tion chamber where the NPs are formed and the deposition chamber where the NPs 
are collected. The sputtering process takes place in the first chamber, loaded with a 
low-pressure ideal gas (typically argon), and a negative voltage is administered to a 
metallic objective (the origin of atoms). The application of this voltage fractures the 
gas and constitutes a plasma formed by Ar+ and Ar2+ ions (with ratio Ar2+/Ar+ ≪ 1) 
and electrons. The ions are accelerated towards the target, and the atoms of the sur-
face are ejected by momentum transfer, which aggregate in the aggregation zone to 
form NPs. The dimension of these NPs (typically 1–20 nm) is directed by the power 
applied to the target, the argon pressure, the position of the target in the aggregation 
zone, and the possible use of extra gas (usually helium). It is worth mentioning that 
the technique is called “magnetron sputtering” because magnets are placed behind 
the target, which helps to trap electrons over it and as a result increases the effi-
ciency of the process, thus allowing for using lower pressure values and obtaining 
faster deposition rates. Finally, the second chamber is the collection chamber where 
only the NPs that go through the pinhole are collected on a substrate. This chamber 
is usually maintained in conditions of vacuum or ultra-high vacuum in order to 
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guarantee the chemical purity of the NPs. Besides, the substrate can be heated to 
promote thermal diffusion effects, which can alter the structure of the NPs [69].

With a single magnetron-based source, BMNPs can be fabricated by using a 
bimetallic alloyed target. In general, the elements present in the NPs are similar or 
the exact ones on the target, but the internal structure of the compounds depends on 
the atomic diffusion of the two kinds of atoms. As an example, Oprea et al. showed 
the fabrication of Fe-B NPs from a Fe50B50 target, which was made of an internal Fe 
core while outside the shell with a combination of Fe and B oxides and oxynitrides 
[70]. They could be functionalized with polyethylene glycol (PEG) and exhibited 
superparamagnetic behavior at RT. Therefore, they may be tentatively used as con-
trast agents in magnetic resonance imaging [71].

By heating the substrate, one can use thermal-induced diffusion to modify the 
structure of the NPs, leading to the generation of perfectly defined core–shell struc-
tures. That was the approach used by Llamosa Pérez and co-workers: with a Co95Au5 
target and by heating the substrate, significant structural changes were found: the 
deposition at low temperatures (close to RT) induced the synthesis of an alloyed fcc 
CoAu core with a non-complete cobalt oxide shell, whereas the use of elevate depo-
sition temperatures (up to 770 K) led to the generation of a pure hcp Co core with 
an intermediate Au shell and a compact outer cobalt oxide shell [69].

Another possibility to obtain a wide diversity of crystalline and chemical combi-
nations at atomic level from an alloyed magnetron target is to apply high-power 
impulses instead of a continuous DC voltage, in the so-called high-power impulse 
magnetron sputtering technique (HiPIMS) [72].

However, the most powerful way that permits for fine-tailoring of the chemical 
composition of the NPs is to use a cluster source with multiple targets [71, 73]: with 
the aim to produce BMNPs, two targets, A and B, are thus needed in this strategy. 
Different NPs are produced when the relative position of the targets in the aggrega-
tion zone is modified. If targets A and B are placed together, i.e., their distances to 
the pinhole are the same, NPs made of a homogeneous AB alloy are obtained [73]. 
In clear contrast, if target A is located behind target B, NPs are being made of an A 
core and a B shell, which is a route that can be used to obtain core–shell NPs beyond 
the limitations of thermal diffusion [74]. Martínez et al. used this route with an Au 
target behind a Ti one, and the obtained NPs were oxidized in-flight to have Au 
core–TiOx shell NPs at the end [75]. Finally, it is worth mentioning that this type of 
cluster source with multiple targets is commercially available [41].

 Green Approaches

The application of green chemistry basics to nanotechnology supposed improve-
ment in the synthesis of nanomaterials in the direction of sustainability. Green nano-
technology was born as the promise of using environmentally friendly, cost-effective, 
and safe methods for the generation of different nanomaterials [76]. Therefore, 
these processes can overcome the main restrictions of traditional physicochemical 
approaches—likewise, the generation of noxious by-products or the often uses of 
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extreme reaction conditions—offering a suitable answer to environmental con-
cerns [77].

Therefore, several green nanotechnological approaches have been reported for 
the generation of nanostructures. These methods involve the utilization of living 
entities—for instance, microorganisms, fungi, or plants—and biomaterials coming 
from different natural sources, like fruits, biopolymers, and organic waste materials. 
It is important to know that each of these alternatives to the traditional chemical 
methods offers a different mechanism for the generation of the nanomaterials. 
However, the mechanisms still have as their basis the use of a reducing agent as 
polysaccharide and a capping agent like protein or lipid.

The application of green methodologies for the production of bimetallic nano-
structures is not widely reported as it could happen with other well-known nanopar-
ticles, such as gold or silver. Nevertheless, some interesting examples can be found in 
the literature. In the next sections, the leading green synthetic approaches are 
explained together with some relevant examples, with some examples shown in Fig. 2.

Fig. 2 Electron micrographs of the growth of gold crystals in Lactobacillus strains (A). Reprinted 
with permission from [78]. Copyright 2019 American Chemical Society; N. crassa biomass 
exposed to liquid solutions of AgNO3 and HAuCl4 (1) culture at time zero; (2) culture after 24 h in 
AgNO3; (3) culture after 24 h in HAuCl4; (4) hypha after 24 h in AgNO3 scanned under confocal 
microscopy (Abs/Em 420/515–530 nm); (5) hypha after 24 h in HAuCl4 scanned under confocal 
microscopy (Abs/Em 543/574–691 nm) (B) [79]; synthesis of metal nanoparticles using flower 
extract of Muntingia calabura (C) [80]; The main reaction mechanism for the biosynthesis of 
Ag–Pd bimetallic NPs (D) [80]; An economic and environmental friendly methodology created to 
produce colloidal solutions of gold–silver alloy (Au–Ag NPs) nanoparticles using Lansium domes-
ticum (LD) fruit peel extract (E) [80]
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Bacteria-Mediated Synthesis

The use of bacterial populations as natural biofactories was one of the first reported 
methods. Since then, both Gram-negative and -positive bacteria have been used for 
the successful generation of many hard systems with biomedical and technological 
applications [81]. It has been reported that these microorganisms can generate 
nanoparticles by converting metal ions into zero-valence metal nanoparticles, in a 
synthetic process that can be either intracellular or extracellular [24]. In Table 2, 
examples of bacteria-mediated bimetallic nanoparticle synthesis are presented.

For instance, Lactobacillus strains in buttermilk can support the process of grow-
ing of Au-Ag alloy crystals of submicron size as a result of exposing them to the 
precursor ions without affecting the bacterial survival by the crystal growth [78]. 
Similarly, Pd–Pt nanostructures were generated both inside and outside the cells of 
Shewanella oneidensis, a facultative bacterium, with the ability to grow and resist in 
both aerobic and anaerobic media [83].

Fungi-Mediated Synthesis

Fungi are eukaryotic organisms that include yeasts, molds, and mushrooms. In the 
past years, there has been a rising need in developing biogenic synthesis methods of 
metallic nanoparticles using fungi [87]. As it happens with bacteria, the reduction of 
metallic salts by fungi may occur both intra- and extracellularly, using enzymes and 
proteins that these microorganisms produce naturally.

Table 2 Generation of bimetallic nanoparticles mediated by bacteria

Bacteria Method of synthesis
Type of 
NPs Size/nm Shape

Lactobacillus Extracellular Au–Ag 
[78]

100–500 Irregular

Phormidium tenue 
(marine cyanobacterium)

C-phycoerythrin pigment 
extracted from the marine 
cyanobacterium

Cd–S [82] 5.1 ± 0.2 Spherical

Deinococcus radiodurans Protein extracts (Dps2) Au–Ag 
[32, 33]

10–60 Spherical

Shewanella oneidensis Intracellular and extracellular Pd–Pt [83] 3–40 Spherical
Escherichia coli Intracellular and extracellular Au–Pd 

core–shell 
[84]

16 Spherical

Cupriavidus necator Extracellular Au–Pd 
core–shell 
[85]

10–50 Spherical

Spirulina platensis Extracellular Au–Ag 
[86]

17–25 Core–
shell
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Interestingly, up-scale manufacturing of nanostructures from different fungal 
strains has demonstrated possible for scale-up processing, since they can be grown 
even in vitro [88]. It is worth mentioning that for large-scale production of nanopar-
ticles by biogenic synthesis, the use of fungi rather than bacteria is preferable since 
it is faster to produce fungus biomass than bacteria biomass [89]. Besides, the fun-
gus mycelia have a large surface area for interaction [90]. Hence, the fungi can 
produce a high number of proteins, which may accelerate the process of the 
 reduction of metallic salts. Some examples are given in Table 3, which shows previ-
ous studies into the synthesis of bimetallic nanoparticles utilizing fungi.

The filamentous fungus Neurospora crassa—a red bread mold—was analyzed 
and found to be propitious for the synthesis of bimetallic Au–Ag NPs [79], whereas 
crystallized and spherical-shaped Au–Ag NPs were generated and regulated using a 
fungus Fusarium semitectum in an aqueous media [93].

Plant-Mediated Synthesis

The use of plant extracts for the generation of nanomaterials offers suitable and 
easy-to-scale-up approaches. The chemical composition of the extracts is full of 
compounds with diverse functional groups, like aldehyde, hydroxyl, carboxyl, or 
amine groups. These groups are primarily responsible for the reduction of metal 
salts into zero-valence metals, conducive for the formation of nanoparticles with 
various shapes and dimensions [96]. The compounds found in plant extracts help in 
the stabilization of the colloidal NP, preventing particle aggregation and controlling 
their morphology over time [97, 98].

In general, plant-mediated synthesis includes the preparation of a liquid extract, 
which consists of cutting finely or milling distinct pieces of the plant for instance 
stems, leaves, flowers, or even roots until obtaining light and dried powder. Afterwards, 
this powder is added to a certain amount of water. The mixture is kept at a specific 
heat within a range of 25–100 °C for a period that could be from a few minutes to 
several hours. Then, the solution is decanted or filtered to remove insoluble solid 
materials. Subsequently, the essence is combined with a solution of the metal salts at 
a specific temperature and desired pH with or without agitation [99–102].

Table 3 Synthesis of bimetallic nanoparticles mediated by fungi

Fungi Nanoparticle Size (nm) Morphology

Fusarium oxysporum CdS [91] 5–20 Spherical
Neurospora crassa Au–Ag [79] 70/30 3–90 Spherical

50/50 3–110
30/70 4–45

Fusarium oxysporum Au–Ag [92] 8–14 Spherical
Fusarium semitectum Au–Ag [93] 50/50 10–35 Spherical
Volvariella volvacea Au–Ag [94] 50–100 Predominantly spherical
Yeast (instant dry) Au–Ag [95] 9–25 Quasi-spherical
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In Table 4, different types of noble metal alloy NP using a variety of vegetable 
extracts made up of different parts of a living organism are shown. For instance, 
S. S. Shankar et al. synthetized Au–Ag core–shell extracellularly utilizing neem—
Azadirachta indica—leaf solution [108]. When compared to previous studies that 
use microorganisms like fungi, it was stated that the rates of reduction of the metal 
ions utilizing this leaf extract were significantly faster. Alternatively, leaf extract of 
Cacumen platycladi—evergreen coniferous tree in the cypress family—was used to 
synthesize spherical Ag–Pd nanostructures [97] and Au–Pd nanoparticles [104], but 
also flower-shaped Au–Pd core–shell bimetallic nanostructures [103].

Similarly, Ganaei et al. demonstrated the efficient synthesis of bimetallic Au–Ag 
NP using a highly invasive soil weed coral vine (Antigonon leptopus) [105]. The 
liquid extracts of the weed were found to be capable of reducing the metal ions and 
therefore generate aggregates of nanometric size, which were finally stabilized to 
avoid further aggregation processes. Similarly, Chopade et  al. used tubers from 
Dioscorea bulbifera to synthesize Pt–Pd NPs that were used as anticancer 
agents [106].

Biomolecule-Mediated Synthesis

Another green synthesis approach for the synthesis of bimetallic nanostructures is 
utilizing biopolymers such as chitosan, polyethylene glycol (PEG), poly(methyl 
vinyl ether-co-maleic anhydride) (PVM/MA), and starch, as well as other mole-

Table 4 Generation of bimetallic nanoparticles mediated by plant extracts

Plant Type of alloy NPs Size/nm Shape

Cacumen platycladi Ag–Pd [97] 3:1 11.9 ± 0.8 Mostly spherical
1:1 9.1 ± 0.7
1:3 7.4 ± 0.4

Cacumen platycladi Au–Pd core–
petals [103]

47.8 Flower-like

Cacumen platycladi Au–Pd [104] ~7 Spherical
Antigonon leptopus Au–Ag [105] 8–176 Spherical, triangular and 

irregular shapes
Dioscorea bulbifera Pt–Pd [106] 20–25 Irregular shape
Ocimum basilicum Au–Ag [107] 21 ± 11.53 (leaf 

extract)
25 ± 9.63 (flower 
extract)

Spherical

Azadirachta indica 
(neem)

Au–Ag core–shell 
[108]

50–100 Predominantly spherical

Agrimonia eupatoria Cu–Pt core–shell 
[109]

30 Spherical

Muntingia calabura Ag–AgCl–Au 
[80]

100–400 Cubical
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cules, as can be seen in Table 5. These biopolymers serve as eco-friendly reducing 
and stabilizer agents in the synthesis reaction [113]. Haiqing Li et al. used the bio-
compatible hyperbranched polyglycerol (HBP) as an active reducing and stabilizing 
agent for the generation of bimetallic nanoparticles (Au–Pt, Au–Pd, and Au–Ru) 
with high solubility in aqueous media [34, 35]. The reports have shown the Au–Pt 
spherical particles with a size of 4.5 ± 1.7 nm, while on the other hand, Au–Pd and 
Au–Ru particles did not have a uniform size and they showed irregular 
morphologies.

In another study, the amino acid tryptophan was employed for the synthesis of 
Ag–Au NPs due to their ability to act as both reducing and capping agent. The Ag–
Au NPs presented size of 5–15  nm with a quasi-spherical morphology [52]. 
Furthermore, a particular type of starch known as degraded pueraria starch (DPS) 
was used by Xia et al. to synthesize Au–Ag NPs with a diameter of around 32 nm 
and with a nearly spherical morphology [110].

X. Li et al. have recently reported an effective biological methodology related to 
the hydrolysis of cellulose with the aim to generate Ag–Pd alloy NP utilizing hydro-
thermal conditions [33]. Alternatively, a green approach to generate gelatin-capped 
bimetallic Au–Ag NP has been reported, with its principals on the interaction 
between silver nitrate or chloroauric acid with a 1.0 wt% liquid gelatin solution at 
50 °C. The developed process is environmental friendly and reactive to chemilumi-
nescence detection of a specific drug in its bulk powder, pharmaceutical injections, 
and biological samples [112].

Waste Material-Mediated Synthesis

On the one hand, waste materials coming from natural sources, such as agricultural 
wastes, have been recognized as an environmental burden for the society. On the 
other hand, they have stimulated new gateways for the production of renewable, low 
cost, and sustainable materials [114]. Nevertheless, few methodologies have been 
described for the generation of nanostructures using these raw materials with suc-
cessful results.

Table 5 Synthesis of bimetallic nanoparticles by biomolecules

Biomolecules Type of NPs Size/nm Shape

Polyglycerol (HBP) Au–Pt [34, 35] 8.0 ± 1.8 Spherical
Au–Pd [34, 35] 7.8 ± 2.0 Spherical
Au–Ru [34, 35] 7.1 ± 1.3 Spherical

Tryptophan Au–Ag [52] 5–15 Quasi-spherical
Pueraria starch Au–Ag [110] 32 ± 1.6 Spherical
Starch Ag–Cu [111] 20 ± 1.6 Spherical
Cellulose Ag–Pd [33] 59.7 ± 1.4 Quasi-spherical
Chitosan Ag–Cu [62] – –
Gelatin Au–Ag [112] 30 Spherical
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The synthesis of BMNPs mediated by waste materials has been poorly explored, 
so it remains as an area of opportunity for future scientific research. S. Shankar et al. 
presented for the first time an economic and non-contaminant approach for the for-
mation of a colloidal solution of Au–Ag NPs utilizing Lansium domesticum fruit 
peel essence as a mixed reducing and capping agent [115].

 Bimetallic Nanoparticles as Biomedical Tools

In the next section, the successful application of bimetallic nanomaterials in the 
biomedical field will be explored as a potential solution towards cancer and bacte-
rial infections, and as a tool to enhance biological imaging, drug delivery, and 
biosensing.

 Antimicrobial Applications

The interaction between bacteria and humans has always been a complex and piv-
otal relationship with beneficial and undesired consequences. Living in a bacterial 
world as we do, pathogenic bacteria have learned how to infect humans. Fighting 
back was a laborious process until the discovery of penicillin by Sir Alex Fleming 
in 1932 [79]. The antibiotic era was born, providing society with a wide range of 
antibiotics to fight infections. However, bacteria fought back, and they developed 
what is known as human-induced antibiotic resistance—different from natural anti-
biotic resistance found in the interaction between living organisms, such as fungi, 
with bacteria. Different bacterial strains started developing resistance to the main 
antibiotics soon after their first use; hence, the development of new formulations 
became a race for pharmaceutical companies [116]. Therefore, humankind is 
approaching the post-antibiotic era, where infections that were easily treated in the 
past can now kill again [117].

Nanotechnology has emerged as a potential solution to overcome the main limi-
tations of antibiotics. Although it has been reported, bacterial resistance to NP and 
other nanostructures is not prevalent among microorganism. For a long time, nano-
structures composed of noble metals like gold and silver have been used as powerful 
antimicrobial agents, decreasing the growth of bacterial populations [118, 119]. 
Nevertheless, bacteria are starting to develop resistance to them employing natural 
defense mechanisms [120].

Therefore, new formulations are needed, enhancing antimicrobial approaches. 
The use of BMNPs as antimicrobial agents is not prominent in the biomedical field. 
A synergic antimicrobial effect can be achieved when different formulations of 
materials, such as silver nanostructures, are hybridized with other metal and oxide 
nanoparticles. For core–shell nanostructures, it is essential that one material acts as 
a shell, while the other will form the core of the material [121]. Often, an enhance-
ment of the antimicrobial properties—among others, as it will be discussed—is 
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found compared to the monometallic formulation. Importantly, when talking about 
bimetallic nanoparticles—with some examples being shown in Fig. 3—as antimi-
crobial agents, they can be found in literature as the individual nanostructure, with 
the presence of a coating made of different molecules or combined with differ-
ent drugs.

For instance, Sankar Ghosh et  al. reported a natural synthesis using sodium 
citrate as a reducing agent for the development of bimetallic Au–Ag core–shell 

Fig. 3 Methodology for the synthesis of stable, mono-dispersed high-yielding bimetallic (Ag–Se) 
nanoparticles utilizing quercetin and gallic acid at room temperature (A) [122]; Morphological 
changes of Escherichia coli when subjected to Au–Pt NPs (40 μg mL−1, 2 h) visualized with TEM; 
the NPs inferred blurring of the cytoplasm membrane, misplacing of the interior structure, and 
generation of a large-scale light area (B) [123]; Antimicrobial effect of Cu–Pt nanoparticles (A1, 
A2) and Agrimoniae herba extract (B1–B2) facing Staphylococcus aureus (A1, B1) and 
Escherichia coli (A2, B2) [109]
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NP. In the system, the Au NPs were utilized as seeds for constant discharging of 
silver atoms on its surface [124]. The structures presented antibacterial effects 
against Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and the two 
Gram-positive (Enterococcus faecalis and Pediococcus acidilactici) bacteria when 
working with low concentrated silver shell, stronger efficiency was observed when 
treating Gram-negative bacteria. Y. Zhao’s group showed that non-modified BMNPs 
of Au–Pt were powerful antibiotic materials, while pure Au NPs or pure Pt NPs did 
not display any antibacterial effect. A synthesis of the structures was achieved using 
a co-reduction of HAuCl4 and K2PtCl4 with sodium borohydride in the vicinity of 
Tween 80 used as a stabilizer in water in an ice-water bath [123]. They have 
explained that the mechanism that triggers the antibacterial activity is related to the 
dissemination of membrane potential and the increase of adenosine triphosphate 
(ATP) levels by using Au–Pt nanoparticles.

Besides, the formulation of bimetallic nanoparticles allows the combination with 
other molecules of biological interest. Holden’s group produced Ag–Au alloy 
BMNPs covered with glutathione through a synthetic process of galvanization 
replacement between maltose-coated Ag NPs and chloroauric acid (HAuCl4) in an 
aqueous copolymer solution [125]. They successfully brought into comparison the 
antibacterial properties of the Ag–Au NPs to pure Ag NPs on Porphyromonas gin-
givalis W83, a pivotal pathogen in the development of periodontitis. They found 
that passivation of Ag NP with metals like gold can produce less toxicity in 
eukaryotes.

Alternatively, Antonoglou et  al. employed a reproducible, easy hybrid polyol 
methodology employing non-extreme temperature and solvothermal conditions 
with the aim to isolate bimetallic Cu–Fe nanoparticles polluted with non-oxide 
compounds [126]. Besides, they studied how 1,2-propylene glycol (PG), tetraethyl-
ene glycol (TEG), and polyethylene glycol (PEG 8000), with distinct physicochem-
ical properties, can control the dimensions, structure, composition, and the surface 
chemistry of the nanostructures.

Interestingly, the effect of antibiotics can be enhanced when combined with 
BMNPs. For instance, Naji M. et al. explored the profits of bimetallic Au–Ag NPs 
when used together with doxycycline for burn infections [127]. The bimetallic 
nanoparticles, produced by core–shell method, showed the presence of a synergistic 
antibacterial effects of doxycycline coupled with the bimetallic nanoparticles when 
treating Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, and 
Micrococcus luteus.

Belonging to the green chemistry approaches, some pathways have been reported 
for the production of BMNPs. For instance, R. Singh et al. showed the antimyco-
bacterial properties of medicinal plants (Barleria prionitis, Plumbago zeylanica, 
and Syzygium cumini)—mediated synthesis of Au NPs, Ag NPs, and Au–Ag NPs, 
demonstrating strong effectivity, specificity, and selectivity to end with mycobacte-
ria [100, 101]. In a similar research, Akinsiku et al. described the production and 
modeling of Ag NPs and silver/nickel-allied BMNPs (Ag–Ni NPs) using a plant- 
extract reduction method [128]. The antimicrobial properties of the nanoparticles 
were studied through the application of Ag NPs as antibacterial and antifungal 
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agents. Dlugaszewska J. used the Agrimoniae herbal essence to get bimetallic core–
shell Cu–Pt NP, showing a maximum performance when treating Gram-negative 
bacteria [109].

 Anticancer Applications

Cancer is defined as an abnormal growth of tissue where cells divide uncontrollably, 
leading to an exponential cell population growth and the death of healthy cells sur-
rounding the cancerous tissue [129]. In 2018, the global cancer burden rose to 18.1 
million cases and 9.6 million cancer deaths. In the United States alone, there were 
approximately 1,735,350 cancer cases diagnosed and 609,640 cancer deaths in 
2018 [130]. With the current cancer survivor rate, the associated cost of treatments 
will be 157.77 billion US dollars by 2020 [131].

Humankind started using surgery as a cancer treatment. Nowadays, we live in the 
era of chemotherapy and radiotherapy [132]. The first one involves chemical drugs 
that are introduced intravenously or orally and that, upon entering the bloodstream, 
attack cancer cells, inducing cell-cell death [133]. On the other hand, radiotherapy 
takes advantage of an ionic radiation dose in the tumor location, producing DNA 
damage that leads to cell failure [134]. Often, both techniques are used in combina-
tion with each other to improve the efficacy of treatment.

Nevertheless, they both include essential limitations, such as a different effect on 
each patient, and harmful side effects like anemia, organ damage, hair loss, and 
vomiting, among others [135]. As a consequence of the above-mentioned limita-
tions in chemotherapy and radiation therapy, several new treatments have arisen in 
the last decades, such as immune therapy, hyperthermia, or gene therapy [136].

The use of nanotechnology for cancer treatment has gained influence, as it is 
possible to overcome some current limitations regarding current imaging techniques 
and drug delivery approaches [137]. Specifically, nanoparticles can be synthesized 
with the ability to differentiate cancer cells from healthy cells, which enables tumor 
targeting and is one of the potential advantages of nanotechnology for cancer 
 treatment [138]. Consequently, NPs meet the essential cancer therapeutic require-
ments of efficacy and selective toxicity. One of the most encouraging nanomaterials 
for cancer treatments is gold nanoparticles [22] since they are significantly stable, 
sensitive, and can be manufactured with elevated levels of precision. Moreover, 
there has been continued research to use them as drug carriers, photothermal agents, 
contrast agents, and radiosensitizers. Besides gold, silver nanoparticles [139] have 
been proposed as potential anticancer agents, with unprecedent cytotoxic character-
istics and the ability to provoke apoptosis in a range of cancer cells [140].

BMNPs can offer an enhancement in their properties compared to monometallic 
nanostructures due to a synergetic effect between the two metals employed. The 
major concerns related to physicochemical features in relation to the biological per-
formance of metallic nanoparticle are primarily their dimensions, shape, composi-
tion, and charge among others; another key factor is the interaction with cancer 
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cells. Besides, when combined with some techniques used in imaging or drug deliv-
ery for cancer, the improvement is typically related to this synergetic effect.

For instance, in an elegant study recently published, I. Shmarakov et al. proposed 
that the bimetallic Ag–Au composition could be utilized as improved anticancer 
materials because of their synergetic effect. Different colloidal solutions of Ag–Au 
NPs of alloy and core–shell type were analyzed to obtain the antitumor performance 
as a function of the molar ratio of the metal and the atomic distribution of Au and 
Ag within NPs. The nanoparticles were tested in vivo with mouse Lewis lung carci-
noma (LLC). Their results suggested that there was a significant dependence 
between the in vivo antitumor performance and the gold and silver interaction com-
ing from their ordered atomic distribution [141]. Consequently, NPs with Ag core 
surrounded by Au shell showed maximum effectivity in comparison with all the 
NPs analyzed towards LLC tumor growth and metastasizing inhibition.

Similarly, Kannan S. and Mishra S. K. synthesized a silver-neodymium bimetal-
lic nanoparticle system that was generated by a microwave-assisted polyol synthetic 
procedure. The structures confirmed magnetic resonance imaging (MRI), computed 
tomography (CT), and NIR trimodal imaging capacity and stated worthy tempera-
ture response to irradiation when NIR laser was used. The nanoparticles were func-
tionalized using chitosan on the surface, delivering suitable biocompatibility in 
addition to promoting the charging of paclitaxel, an anticancer drug [142]. 
Consequently, the bimetallic formulation supposes a combined therapeutic agent, 
giving the capacity to eliminate cancer cells in  vitro at very low concentrations 
when compared to single therapy.

Hybrid Zn–Au NPs composed of zinc cores and gold shells were synthesized by 
Jongmin et  al., with the objective of providing them with in  vivo discernibility 
through positron emission tomography (PET) once the zinc core was activated and 
also to give them the capacity to produce radiosensitization by the use of secondary 
electrons generated on the gold shell after being irradiated with different radiation 
founts [31]. Quasi-spherical zinc NPs (<5 nm diameter) were produced and then 
recovered with a <4.25 nm gold layer to generate Zn–Au NPs. After several tests, 
they concluded that the Zn–Au NPs synthetized in this research have the ability to 
be utilized as PET-imageable radiosensitizers for applications such as radiotherapy 
and PET tracers for molecular imaging.

Alternatively, a methodology utilizing the reduction of silver nitrate and tetra-
chlorauratic acid at the same time and also employing tryptophan (Trp) as a reduc-
ing/stabilizing agent was developed. The obtained Ag–Au–Trp NPs, sized 5–15 nm, 
were capable of generating stable aggregates with dimensions ranging 370–450 nm 
and showed significantly less toxicity compared to Ag–Au NPs stabilized by sodium 
dodecyl sulfate (SDS), taking into account the estimation of biochemical parame-
ters and oxidative damage produces considering a mouse model system. Ag–Au–
Trp NPs demonstrated to have anticancer activity regarding a Lewis lung carcinoma 
model [52]. The results of the research reinforce the theory that the use of trypto-
phan in NP production successfully attenuates the potential hepato- and nephrotox-
icity of NPs in vivo.
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The bimetallic oxide nanostructures are known to enhance the carrier character-
istics of the nanomaterials. For instance, Kumar and colleagues used ZnO–MgO 
BMNPs that were synthesized by precipitation process at low temperature. In order 
to elucidate the efficacy of the uptake and discharge of the anticancer drug, the 
adsorption and liberation of doxorubicin were analyzed, and also the kinetics of the 
procedure. They deduced that ZnO–MgO nanoparticles would potentially be a pow-
erful drug carrier in a drug delivery system [143].

In a similar work, Alarfaj and El-Tohamy described the generation of gelatin- 
capped bimetallic Au–Ag NP with its principals on the interaction between silver 
nitrate and chloroauric acid with a 1.0 wt% liquid gelatin solution at 50 °C. The 
structures were utilized to improve a sensitive consecutive injection of the chemilu-
minescence luminol-potassium ferricyanide system in order to determine the anti-
cancer drug raloxifene hydrochloride [112]. Therefore, they developed a method 
that is environmental friendly and sensitive for chemiluminescence detection of the 
desired drug when found in bulk powder form, pharmaceutical shots, and biological 
samples.

However, the nanoparticles show anticancer activity by themselves with no need 
for therapeutic drugs. As an example, a method of synthesis for the stable, mono- 
dispersed high-yielding bimetallic (Ag–Se) nanostructures utilizing quercetin and 
gallic acid at RT was studied. A variety of features, for instance, the amount of 
quercetin, gallic acid and Ag–Se salt, pH, temperature, and reaction time were 
investigated and improved to regulate the features of the nanoparticles [122]. The 
generated Ag–Se NPs were used as anticancer entities for Dalton lymphoma (DL) 
cell, and in addition, when used in vitro they showed a decrease of 80% of its growth 
at concentrations of 50  μg/mL.  Besides, a Fe/Zn bimetallic nanoparticle using 
Coriandrum sativum leaf essence acting like reducing agent was prepared by an 
ultrasonic-assisted methodology. After generation, HeLa cancer cell line and nor-
mal cell line were tested in vitro to determine nanoparticles’ cytotoxicity, showing 
54.95% of cytotoxic effects at a concentration of 200 μg/mL when facing HeLa 
cancer cell line [144].

As mentioned in previous sections, over the last few years, green nanotechnol-
ogy approaches have arisen as a novel solution for the production of bimetallic 
nanoparticles with biomedical applications. As an example, Chopade et al. demon-
strated the quick and effective production of new Pt–Pd BMNPs by the use of a 
medicinal plant—Dioscorea bulbifera—acting as a reducing agent for the first time 
[106]. These nanostructures showed anticancer activity against HeLa cells. The 
bimetallic formulation exhibited more pronounced cell death—74.25%—in com-
parison to individual Pt NPs (12.6%) or Pd NPs (33.15%). Moreover, they reported 
an improved scavenging performance against 2,2-diphenyl-1-picrylhydrazyl, super-
oxide, nitric oxide, and hydroxyl radicals.
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 Imaging Applications

Imaging is largely applied in the biomedical field for diagnosis because of the abil-
ity of these techniques to provide an interface between vision and intuition [145]. 
Conjugation of NP with targeting ligands, for instance, peptides, small organic mol-
ecules, or antibodies, enables the development of targeted probes with elevated 
specificity [146]. The interaction of these modified-metallic nanoparticles within 
natural tissue results in real-time monitoring of molecules and single cells, tissues, 
and organs in vivo. Metallic nanoparticles are being used in different modalities for 
imaging, such as X-ray (CT), positron emission tomography (PET), single-photon 
emission CT (SPECT), ultrasound, and MRI [147], each of them has its strengths 
and limitations.

Nuclear imaging is a modality that generates data about biodistribution of radio-
labeled drugs or other ligands; nonetheless, it particularly ends in noisy images 
which have low spatial resolution when compared with anatomic images. In this 
technique, emitted photons have to penetrate the massive lead parallel collimators 
in the first time which only permits photons emitted perpendicularly with respect to 
the camera face to prosperously interact with the imaging crystal [148]. Consequently, 
to improve the resolution of this imaging technique, single-photon emission tomog-
raphy (SPECT) was developed, which obtaining volumetric images having a spatial 
resolution of ~7.5–10 mm. In the line of this research, bimetallic hybrid Zn–Au 
nanoparticles with zinc cores and gold shells were synthesized to allow them to be 
seen in vivo when the zinc cores are proton activated and also gave them the ability 
to provoke radiosensitization by using secondary electrons generated by the gold 
shell when irradiated by different radiation sources [31].

Another medical technique, PET helps reveal how biological tissues are func-
tioning, using a radioactive drug, also called tracer, to show this activity. 
Radionuclides that decay with positron emissions, like fluorine-18, carbon-11, 
iodine-124, and oxygen-15, can be imaged with a PET scanner that gives a higher 
spatial resolution (2–5 mm for clinical scanners). The emitted positron easily finds 
an electron, ending in a reaction of annihilation where both photons present an 
energy around 511 keV and provokes trajectories around 180° in contrary directions 
[149]. Reduced-quality imaging of positrons can be achieved utilizing SPECT hav-
ing ultra-high energy collimators; on the other hand, the PET camera was particu-
larly designed to take profit of the physical features of positron emitters [150]. Bo 
Pang et al. developed an easy methodology for radiolabeled Pd–Cu–Au core–shell 
tripods to utilize them in PET and image-guided photothermal cancer treatment 
when radioactive 64Cu atoms were directly introduced inside the crystal lat-
tice [151].

CT was created by Hounsfield et  al. in 1967, in one side motivated for the 
enhancement in not only computer processing power but also the capacity of X-ray 
imaging. Utilizing accessible computing technology, CT produced high-resolution 
3D modelings of patients’ anatomy by the use of multiplane X-ray imaging and 
mathematical computer image regeneration algorithms [152]. CT is one of the con-
venient types of imaging; however, it is not considered a targeted imaging modality 
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without using specific contrast agents [153]. Therefore, metallic nanoparticles have 
been used as a contrast agent for molecular and targeted imaging of tumors and 
cancers [153]. For example, B. Li et al. have developed a multifunctional copper–
bismuth sulfide (Cu–BiS) nanocomposite as a contrast agent for CT, IR thermal 
imaging, and photothermal therapy [154, 155]. This enables them to mix the NIR 
results with nanostructure-improved imaging results, like MRI or X-ray CT ones.

A special mention should be made with magnetic NP, which have been utilized 
in a broad variety of applications due to their properties that are generated by their 
size, shape, composition, and the capacity of functionalization at the cellular and 
molecular levels. Notably, their unique magnetic properties make them an interest-
ing system to be used as contrast entity MRI. When going to the bimetallic configu-
ration, the structures can also exhibit super magnetic properties, which makes them 
great aspirants to work as MRI contrast agents.

For example, and as can be seen in Fig. 4, later progressions in the production 
and alteration of Fe–Pt nanoparticles, which have higher chemical stability com-
pared to Fe and Fe–Co, have made them a viable option for MRI and CT [154, 155, 
157]. These particles are formed through thermal annealing of the MgO-coated 
FePt–Fe3O4 NPs, after that an acid washing is done to eliminate MgO. Amendola 
et al. used laser ablation synthesis in solution to obtain PEG–FeAu NPs with excel-
lent stability in air and in aqueous solutions, which exhibited good properties to act 
as harmful contrast agents for MRI [48]. In another work, J. Choi et al. enhanced 
imaging accuracy of Fe-based nanoparticle using a Gd-based coating [158]. In this 
work, a dual-mode nanoparticle contrast has been reported; the T1 contrast material, 

Fig. 4 (A) An incident proton or X-ray beam interacted with nonradioactive gold-coated zinc 
(Zn–Au NPs) or gold nanoparticles (GNPs) placed in vacuum, as well as with the secondary par-
ticles. All secondary particles scored at the surface of NP [31]; In vitro CT image of a intratumoral 
(B) and intravenous (C) injection of the solution of the Cu3BiS3 NPs. The position of tumor is 
labeled by the dotted circles [154, 155], and a schematic illustration of doxorubicin-encapsulated 
platinum–gold/chitosan BMNPs for sustained pH responsive release leading to site-specific 
in vitro biological activity and apoptosis (D) [156]
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Gd2O(CO3)2 (thickness = 1.5 nm), is found on the shell for high T1 contrast charac-
teristics, and the superparamagnetic T2 contrast material, MnFe2O4 of 15  nm, is 
found at the core. Therefore, Gd2O(CO3)2 shell come into direct contact with water 
molecules, and MnFe2O4 core maintains a long-range magnetic field for the relax-
ation of water molecules. Nevertheless, T1 contrast agents are suitable for morpho-
logical assessment of the standard or pathological anatomy (e.g., for musculoskeletal 
applications), and T2 contrast agent is suitable for the detection of blood and iron 
and calcification in many tissues [159]. Therefore, these nanoparticles can poten-
tially be applied to a large variety of biotargets with improved diagnostic exactness.

 Drug Delivery Applications

Nanostructures are often used in drug delivery applications. Properties of nanopar-
ticles, such as the high surface-to-volume ratio and biocompatibility, enable an effi-
cient loading and immobilization of a high amount of therapeutic agents including 
synthetic drug molecules, proteins and peptides, oligonucleotide and antibodies, 
either on or inside these nanostructures [160]. When talking about BMNPs (Fig. 4), 
tunable and adjustable physical property and critical parameters, which can happen 
by using a combination of elements, make these synergetic structures appealing for 
biomedical applications [161]. Targeted delivery of drugs is an essential biomedical 
application that aids in avoiding the systemic administration of drugs and increases 
the therapeutic efficiency of drugs.

For instance, Kumal et al. have recently reported a gold–silver–gold core–shell–
shell (CSS) nanostructure to deliver oligonucleotide-like plasmid DNAs, siRNAs, 
and miRNAs—by the use of NIR irradiation cleavage, which enables targeted deliv-
ery of RNAs to target locations under spatial and temporal regulation [162]. They 
have explained that the photothermal liberation of siRNA from the surface of CSS 
nanoparticles is particularly higher than the one from Au NPs when comparable 
conditions were used. Regulating the dimensions and ratio of the core and shell 
sizes has helped them in the tuning and optimization of release efficiency.

Similarly, Taylor et al. have used a combination of iron, zinc, and silver with 
superparamagnetic iron oxide nanoparticles, also known as (SPIO) for the therapy 
of antimicrobial-resistant biofilms [163]. In this work, Fe, Zn, and Ag have been 
separately conjugated to SPION to couple the antibacterial features of these 
 compounds to the superparamagnetic characteristics of SPION. It is reported that 
this could improve the antibacterial activity of these metal salts and enables target-
ing bacterial infections (i.e., Staphylococcus aureus) in a magnetic field using supe-
rior magnetic properties of SPION.

Moreover, bimetallic nanoparticles have also been used as a drug carrier for can-
cer therapy. For example, Au–Pt (Au core and Pt shell) bimetallic nanoparticles 
were synthesized by V.  Maney et  al. and encapsulated inside chitosan coating 
through ionic gelation with tripolyphosphate (TPP). Also, doxorubicin (DOX)—
most potent anticancer drug available—was encapsulated inside chitosan layer and 
delivered to different cancerous cells (e.g., human embryonic kidney cells 
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(HEK293), breast adenocarcinoma (MCF-7), epithelial colorectal adenocarcinoma 
cells (Caco-2), and hepatocellular carcinoma cells (HepG2)) [156]. This novel com-
bination has enabled them to encapsulate high amounts of DOX and further induce 
a pH-triggered release at intracellular acidic conditions of cancerous cells to bring 
about selective cancer targeting.

Similarly, D. Dutta et al. have developed cationic bovine serum albumin (BSA)-
embedded (gold–silver) Au–Ag NPs to carry a suicide gene payload into the cancer 
cells 153 effectively. It has been explained that loaded plasmid DNA (pDNA, 
CD-UPRT) and Au–Ag NPs induce apoptosis in HeLa cells through two different 
mechanisms. Specifically, suicide gene (CD-UPRT) converts the non-toxic prodrug 
5-FC into 5-FU and other toxic metabolites, while Au–Ag applies oxidative stress 
inside cells through ROS generation.

 Photothermal Therapy Applications

Photothermal therapy (PTT) is a promising technique to fight against microbial 
infection and cancer [164]. Initially, this form of therapy is a variation of photother-
mal ablation (PTA) therapy that utilizes light (NIR wavelength range (700–2000 nm)) 
to burn tumors. However, PTA may destroy healthy cells and tissues due to unspe-
cific targeting of the light. Recently, nanotechnology has been shown as a potential 
way to remarkably enhance PTA by applying a near-IR laser light absorbing mate-
rial, such as metallic/bimetallic nanoparticles, to the target sight in the body [165]. 
Unique advantages appended to PTT by nanotechnologies, such as high specificity 
and minimal invasiveness, have made this technique an excellent potential for treat-
ing cancer metastasis and bacterial infections. Moreover, owing to using bimetallic 
and metal alloy nanoparticles, PTT can be guided with multimodal imaging or com-
bined with the other available therapies to perform more effective targeting (Fig. 5).

For instance, Wang et al. have developed a dual-mode bimetallic nanoparticle for 
imaging and photothermal therapy of SK-BR-3 breast cancer cells [168]. In this 
work, the super magnetic properties of Fe3O4 and the photon luminescence effect of 
gold nanorods (Aurod) make using a combination of diagnosis, imaging and therapy 
techniques possible. In another work, Fan et  al. used an Au-coated Fe-based 
nanoparticle to target and destroy multidrug-resistant (MDR) bacteria (i.e., MDR 
Salmonella DT104) [169]. As reported, the plasmonic shell made of Au, in 
 combination with the magnetic core of iron of developed nanoparticles, has been 
used for targeted separation, in addition to selective photothermal eradication of a 
MDR pathogen.

NP based on noble metals, like Au, Ag, and Pt, are mainly utilized for PTT 
because they present enhanced biocompatibility, decreased toxicity, and strong opti-
cal absorption in the near-IR (NIR, 700–1100 nm) [170]. For instance, Cheng et al. 
have used chitosan-capped seedless branched-bimetallic Au–Ag NPs against oral 
cancer cell line (SAS) [171]. This work has proposed a quick, facile, and one-pot 
approach for making spiky star-shaped Au–Ag NPs by adding aqueous HAuCl4 to 
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AgNO3, and then mixing it with enough ascorbic acid acting as reducing agent. The 
morphology of the NPs is regulated by changing the ratio of gold to silver precursors.

Moreover, X. Liu et al. have developed Au–Pt nanostructures which are com-
prised of Au core and Pt nanobranches with a wide absorbance of NIR light and 
intense concentration of X-rays [166]. To improve the stability of AuPt nanostruc-
tures, they have been PEGylated and have been used against 4T1 cells under irradia-
tion of an 808 nm laser.

 Biosensing Applications

The development of nanoscience and nanotechnology revealed the critical role of 
bimetallic nanoparticles in areas such as nano-biosensors, immune labeling, and 
microelectronics because of their unique optical, electrical, and thermal character-
istics [172].

The distinct properties of nanoparticles like the large surface-to-volume ratio, 
high electrical conductivity, favorable biocompatibility, excellent catalytic ability, 
and surface reaction activity provide metal nanoparticles enormous possibilities in 
improving sensor performance, a feature that can be extended to bimetallic configu-
rations in the nanoscale. Therefore, they have been widely used to develop transduc-
ers for biosensors, based on the efficient combination of different components into 
a nanoscale hybrid structure, which enables to maintain the known characteristics of 
such components inasmuch to lead to novel features which are absent in each com-
ponent individually.

Fig. 5 The illustration of the PEGylation and photothermal/radiation synergistic therapy applica-
tion of the Au–Pt nanoparticles. Reprinted with permission from [166] (A). Copyright 2019 
American Chemical Society; Diagram of the generation of Fe–Au MNP-anti-CRP2/horseradish 
peroxidase (HRP) conjugation (B) and the immunoassay methodology with the employment of 
Fe–Au MNP-anti-CRP2/HRP as the signal tag (top) and the EQCM’s measurement steps (middle) 
and detection system (bottom) [167] (B)
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For example, Gan et al. have developed an electrochemical immune sensor that 
can selectively sense C-reactive protein (CRP) using antigen–antibody reaction on 
a bimetallic nanoparticle [167]. CRP is primarily produced in the liver due to an 
acute inflammatory stimuli that its concentration in blood abruptly increases in the 
acute-phase response of inflammation [173]. They used a supermagnetic iron oxide 
nanoparticles (Fe3O4) with an Au coating, achieving a well-assembled, biocompat-
ible, and environmentally safe metallic component with high affinity for connecting 
to the amine/thiol ending groups of organic molecules. Thus, they contributed sig-
nificantly to advancements in diagnostics and biological detection [174, 175].

Alternatively, semiconductor nanocrystal quantum dots (QD) have been utilized 
for protease sensing using fluorescence resonance energy transfer (FRET) and bio-
luminescence by E. Chang et al., using the properties of these particles, since QDs 
are inorganic luminescent semiconductor structures [176]. They typically are com-
posed of a Cd–Se core, a zinc sulfide (ZnS) shell [177]. QDs quenched by AuNP 
using different cleavable peptides have been used to investigate some proteases 
including chymotrypsin and collagenase [178], thrombin [179], and magnetic NP 
(Fig. 5).

In another work, Chiriac et al. have developed a giant magneto-impedance (GMI) 
using Co–Fe magnetic microparticles (0.9–2 μm) for the determination of the small 
concentration of biomolecules (such as RNA) [180]. It is explained that functional-
ized Co–Fe microparticles could successfully target biomolecules (i.e., ssDNA 
(single-stranded DNA), antibodies, proteins, enzymes) and form a dipole field under 
the external magnetic environment that was detected by the GMI sensor. Moreover, 
impedancemetric and conductometric are conventional approaches to develop 
immune sensors. For example, D.  Lin et  al. have developed an electrochemical 
impendence spectrum (EIS) in order to detect alpha-fetoprotein (AFP) by imple-
menting Au–Pt nanodendrites [181]. AFP is a key tumor marker cancer diagnosis in 
liver, testis, and ovary. A sandwich-type electrochemical immunosensor was gener-
ated using mesoporous graphene-loaded Au–Pt nanodendrites, which are improved 
by polydopamine functionalized N-doped multiwalled carbon nanotube 
(PDA-N-MWCNT).

 The Future of Bimetallic Nanoparticles

Despite the outstanding advances in the development of efficient bimetallic nanopar-
ticles for biomedical applications, there are still several challenges for the use of 
these nanostructures. For instance, one of the top concerns that have to be addressed 
is the limited control over the resulting particle size that most of the synthetic meth-
ods offer. In the case of monometallic Au and Ag NPs, it has been reported that there 
is a particle size-dependent cytotoxic effect on several cancer cell types [182, 183]. 
For example, Pan et al. investigated the cytotoxicity of Au NPs in a particle size 
range of 0.5–15 nm [183]. They found that the tested cells were susceptible to rela-
tively small AuNPs (1.4 nm). In contrast, 15 nm AuNPs were not cytotoxic at up to 
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60-fold higher concentrations. After extended research, it can be said that for noble 
metal-based BMNPs, there are no studies about the size-dependent cytotoxic effect 
of these nanostructures with a constant composition and atomic structure.

The next controversial issue is related to the mass transport across the original 
boundaries of the body, such as cellular membranes or intestinal barrier, where the 
biological affinity of the nanomaterials plays a pivotal role. Here, the use of BMNPs 
can enhance the biological affinity and mimic the conditions inside the body com-
pared to other formulations. This behavior allows to efficiently induce cellular 
responses due to the nature of the different compounds employed in the nanosys-
tem. For instance, N. D. Telling et al. evaluated the applicability of bacteria- mediated 
Zn- and Co-doped magnetite NP to use in biomedical fines, demonstrating that the 
magnetic particle response was modified once they interacted with cells producing 
a decline in their movement. This finding also shows that the medium-level dopant 
needs optimum magnetic characteristics in order to not modify their biological tox-
icity or influence osteogenic differentiation of the stem cells [184]. Therefore, 
although reported toxicity of Co and Zn ions, these data suggest that iron oxide 
nanoparticles can be tuned to adequately modify their magnetic features without 
jeopardizing cellular biocompatibility.

Another important milestone is related to the need for developing new mathe-
matical and computer models that contribute to a greater knowledge and prediction 
of chemical, physical, and biological response to the presence of the nanostructures. 
These systems are challenging enough for the monometallic formulation, becoming 
even harder when two or more metals are incorporated within one single structure. 
However, several attempts have been made. For example, Akinsiku et al. have found 
that a theoretical model can clarify an experiment observation on the relationship 
between BMNP penetration through peptidoglycan layers and the activeness of 
microbial species, depending on the nature of the nanoparticles and pore size of the 
layer [128].

The nanotechnological inclusion in medical applications regarding bimetallic 
formulations is still a young field which needs more research, studies, and 
experiments.

 Conclusion

Nanotechnology has undoubtedly risen as a powerful tool that benefits every aspect 
of society, from healthcare to environmental remediation, going through renewable 
technology and agriculture, with a meaningful economic impact that is expected to 
see exponential growth in time. Among all the potential nanotechnological applica-
tions, the utilization of nanoparticles in the biomedical area is leading to a novel 
horizon of techniques, developmental technologies, and improvements that are 
transforming the way that we fight diseases and pathogens. Despite this, the use of 
bimetallic formulations remains a field to be further explored, with plenty of 
unknowns and applications that need to be elucidated in order to build the better 
world that nanotechnology promises for humanity.
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Peptide-mediated Bone Tissue Engineering
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Abstract Bone is a highly vascularized tissue and one of the most dynamic tissues 
in terms of self-renewal throughout one’s life. It possesses a high regenerative 
capacity, which makes it possible that a majority of bone fractures will heal well 
without the need for major intervention. However, some large bone defects and 
fractures require medical intervention for bone repair and regeneration. Proteins, 
growth factors, and peptides have played a remarkable role in bone regeneration. 
However, the use of proteins and growth factors in tissue engineering has several 
limitations, such as cost and difficulty in production, immunogenicity, and a short 
half-life. In addition to these drawbacks, they have many active domains, which 
affect their functionality. Recently, an alternative to proteins and growth factors has 
emerged for the use in tissue engineering. This competent approach includes biomi-
metic peptides, which are amino acid sequences derived from the functional domains 
of soluble or extracellular matrix (ECM) proteins. Biological materials for tissue 
regeneration can be functionalized with these peptides to either mediate the adhe-
sion of cells or to be released as soluble ligands. These short peptides are easy to 
design and synthesize, facilitating their use as cost-effective and efficient scaffolds 
for regenerative medicine. In this extensive chapter, several of the peptides that have 
potential for bone tissue engineering, including those that facilitate cell adhesion, 
prompt osteogenic differentiation of progenitor cells, or those that mediate angio-
genesis which is a crucial requirement for proper bone regeneration will be 
discussed.
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 Introduction

 General View of Tissue Engineering

Tissue and organ injury or failure in the human body results in a heavy economic 
burden on health care systems worldwide. Existing therapeutic options for tissue/
organ loss include: drugs, replacements through synthetic materials, and organ/tis-
sue transplantation which have significant limitations to prevent mortality or mor-
bidity for many patients every year. These limitations led to the creation of a new 
research field, tissue engineering or regenerative medicine, which focuses on assem-
bling functional constructs that can reinstate, maintain, or repair injured tissues or 
whole organs. To achieve the goal, new synthetic materials (metals, polymers, 
ceramic-based materials, etc.) and their functionalization with various proteins, 
combinations of cells, and cell-instructive peptide need to be designed and fabri-
cated [1, 2].

In tissue engineering, there are three general approaches termed as conduction, 
induction, and cell transplantation. Conduction includes grafting a construct at the 
defect site in the tissue which allows cells to penetrate through the surrounding tis-
sue for the regeneration of the tissue. This phenomenon forms the basis of guided 
tissue engineering intervention used clinically in orthopedics and dentistry for bone 
healing [3].

The induction approach is placing a peptide or protein-based growth factor using 
a scaffold as a carrier, at the site of tissue defect. The cells in the surroundings are 
recruited to the site of injury and start proliferation. This recruitment is initiated by 
the peptides and proteins that bind to cell surface receptors. This approach is more 
attractive than the conductive approach. Inductive approaches are currently in clini-
cal use for bone formation and angiogenesis. The third option in tissue engineering 
is the transplantation of particular cell types in the damaged tissues. The population 
is generated and multiplied outside the body by taking small starting tissue at the 
defect site. Multiplied cells need to be transplanted to form a new tissue replacing 
the lost and defective one. This strategy is preferred when inductive molecules are 
unknown for the tissue of interest with two applications. One requires transplanting 
the target cells directly at the defect site to trigger tissue regeneration. The other one 
requires prefabrication of the cells in vitro that are then available to patients for 
implantation. The latter approach is currently utilized for cartilage and skin tissue 
replacements [1, 4, 5] (Fig. 1).

 Bone Tissue Engineering

Bone is a very dynamic tissue with well-developed vascular beds that continue to 
self-renew throughout an individual’s lifetime.
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It is a composite material that is comprised of an organic matrix of type-I colla-
gen and inorganic minerals of calcium phosphate. It plays an essential role in move-
ment. The bone tissue also provides support to the skeleton which acts as a scaffold 
for the delicate soft tissue and internal organs with suitable load-bearing capacity. 
Besides these structural functions, bone has a storage capacity for Ca and P ions and 
a role in regulating the key electrolyte concentrations in the blood, making it crucial 
in homeostasis [5–7].

 Bone Structure and Properties

The human skeleton consists of 206 bones of strikingly diverse sizes, shapes, and 
function. These include short bones in the ankle and writs, long bones of the limbs, 
irregular bones of the pelvis and vertebrae, and the flat bones in the skull and ster-
num. Bone tissue is composed of two layers: compact (cortical) and trabecular (can-
cellous) bones. Bone tissue, similar to all the organs in the human body, has a 
hierarchical organization spanning several folds of magnitude from the macroscale 
to nanoscale components (Fig. 2). For the nanoscale component, the extracellular 
matrix (ECM) comprises both a mineralized inorganic (carbonated apatite mineral-
ites, 4 nm in thickness) and non-mineralized organic components (mainly collagen 
type I) [5].

Additionally, there are several noncollagenous matric proteins, such as sialopro-
teins, proteoglycans, and glycoproteins, which contribute to signaling in the imme-
diate extracellular environment. The nanocomposite structure composed of flexible 
and tough collagen fibers strengthened by hydroxyapatite (HA) crystals, provide the 
necessary high fracture toughness and compressive strength of bone [3, 5].

Fig. 1 Major strategies to engineer or regenerate tissues [1]
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 Bone Healing

There are three major processes such as osteoconduction, osteoinduction, and 
osteogenesis that need to be considered in bone healing.

Fig. 2 The hierarchical organization of human cortical/compact bone [8]

A. Karadag et al.



439

Osteoconduction is the process of bone formation which is marked by the pas-
sive growth of the resident cells, tissues, and blood vessels, supported by a grafted 
scaffold. In context to this, osteoconductive materials function as a scaffold for the 
response by host tissue to repair or form the new bone. Bone autograft, allograft, 
and inert filler structures such as calcium ceramics, and demineralized bone matrix 
(DBM) are some examples of osteoconductive materials. Osteoconductive scaffolds 
are usually composed of a structured matrix analogous to cancellous bone so as to 
assist the ingrowth of host cells and vasculature. Autografts comprised of cancel-
lous bone, therefore, carry the utmost osteoconductive potential as compared to 
signaling molecules and growth factors, such as bone morphogenetic proteins 
(BMPs) when used alone, as these do not provide any specific physical supportive 
structure [9, 10].

Osteoinduction is bone repair and formation through the specific growth factors 
provided by a grafted scaffold, thus promoting the differentiation of mesenchymal 
stem cells (MSCs) to chondroblasts and osteoblasts. These growth factors can be of 
various types such as platelet-derived growth factors (PDGFs), BMPs, fibroblast 
growth factors (FGFs), and interleukins. Additionally, bone autografts, platelet-rich 
plasma (PRP), and bone marrow aspirate concentrates (BMAC) possess osteoinduc-
tive properties [4, 6] (Table 1).

The process of osteogenesis is hallmarked by new bone formation via specific 
cellular components within the graft. Autologous cancellous bone, as it has all the 
essential elements required for osteogenic stimulation, offers tremendous osteo-
genic potential. However, with an increase in our understanding of the molecular 
and cellular mechanisms involved in the bone repair and formation, alternative 
stimulators of osteogenesis have emerged, such as cell signaling proteins, growth 
factors, and cell-based treatments [4].

Table 1 Parts of bones and their specific osteoconductive, osteoinductive, and osteogenic 
properties [4]

Osteoconductive Osteoinductive Osteogenic

Cortical autograft + + +
Cancellous autograft +++ +++ +++
Cortical allograft + +/− −
Cancellous allograft + +/− −
Demineralized bone matrix + ++ −
Calcium ceramics + − −
Bone marrow aspirate − ++ +++
Bone morphogenetic protein − ++ −
Platelet-rich plasma − +++ +

+ activity, − no activity, +/− activity depends on preparation process

Peptide-mediated Bone Tissue Engineering



440

 The Role of Biomaterials in Bone Tissue Engineering

Due to the high regenerative capacity of bone, most fractures heal without the need 
of any surgery; however, large defects in bone require surgical intervention [5].

Currently, a bone graft is the gold standard treatment for large bone defects. 
Clinically, these bone grafts are classified on the basis of their origin into biological 
and synthetic grafts. The biological grafts comprise autografts, allografts, and xeno-
grafts. An autograft is the transplantation of bone taken from the patient’s own body. 
This offers the greatest clinical outcome as it is compatible with the host bone and 
does not elicit any disease or immune-related complications. However, this approach 
is limited by donor site morbidity associated with the harvest of the graft bone 
which results in damage of the harvest site. Contrarily, an allograft is the transplan-
tation of bone harvested from one individual and transplanted into the other indi-
vidual within the same species. Allografts also have some limitations, such as the 
host immune response and potential transmission of pathogens. Xenografts, the 
bones harvested from one species and transplanted in another, have severe restric-
tions due to immunogenic barriers between the species. The limitations associated 
with biological bone transplants have directed the treatment paradigm toward the 
use of synthetic substitutes for bone repair, replacement, and augmentation [6, 11].

 Osteoconductive Materials

The ability of the biological scaffolds to support bone formation on their surfaces, 
known as osteoconductivity, is one of the crucial prerequisites of biomaterials used 
for bone repair [12]. Materials with osteoconductive properties allow proliferation, 
migration, differentiation, and ECM deposition from osteoprogenitor cells in the 
bone defect, which are key initiators of new bone formation [13].

Biomaterial osteoconductivity during bone regeneration largely depends on their 
physicochemical characteristics, which include suitable chemical composition, 
architectural geometry, and surface properties [14]. Tricalcium phosphate (TCP) 
and hydroxyapatite (HA), both calcium phosphate (CaP) based ceramics, possess 
superior osteoconductive properties due to their similarity to natural bone mineral 
[15, 16]. Another osteoconductive material, bioglass, is capable of binding with the 
bone directly. Moreover, type-I collagen is an osteoconductive material owing to its 
structure and composition which is favorable for mineral deposition through noncol-
lagenous matrix protein binding thus initiating and regulating mineralization [17].

 Osteoinductive Materials

The capability of biomaterials to prompt the formation of bone at the site of the graft 
is known as osteoinductivity. In the past few decades, there have been tremendous 
advancements in revealing the role that biomaterials play in bone generation, 
although the precise mechanism of osteoinduction still remains to be explored [18].
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Biological scaffolds possessing osteoinductive properties have been shown to 
influence the ectopic bone formation at many levels:

 1. At the tissue level, the biomaterials actively facilitate the exchange of oxygen, 
nutrition, and waste between the material and the tissue. They also promote vas-
cularization within the materials, essential for new tissue formation [19, 20].

 2. At the cellular level, the differentiation of stem cells or the osteoprogenitor cells 
can be triggered toward the osteogenic lineage by the formation of a biological 
carbonated apatite layer [21, 22]. The liberated phosphate and calcium ions also 
serve as a potent chemotaxis for cell migration and direct cell growth at the graft 
site [23, 24].

 3. At the molecular level, these biomaterials may play a role in enriching osteo-
genic proteins such as BMP-2 and BMP-7 owing to their high affinity to these 
biomolecules, thus promoting a series of cellular events on the surface of bioma-
terials [25].

Moreover, the released phosphate and calcium ions may accelerate the mineral-
ization in the implanted site by reaching a supersaturation level in the graft void. 
The most extensively used osteoinductive materials are CaP-based biological 
ceramics. Osteoinduction has been shown on numerous types of CaP materials such 
as TCP, biphasic calcium phosphate, and HA. The fundamental element that confers 
the osteoinductive capacity to these CaP scaffolds is the presence of calcium and 
phosphate. Nevertheless, other materials that do not contain CaP, such as alumina 
ceramics, titanium, and poly (hydroxyethyl methacrylate) (PHEMA), have been 
found to be osteoinductive under certain conditions [17, 23].

 Vascular Materials

Vascularization is a vital process during bone repair as any tissue with sizes beyond 
200 μm requires formation of blood vessels for appropriate diffusion of oxygen 
through the tissue. Therefore, proper functional bone regeneration necessitates the 
close association with the vasculature, which must also properly integrate with the 
host blood vasculature [26].

Considering the critical requirement of establishing a functional vasculature dur-
ing bone repair, biological materials that can promote various events of vascular 
network formation have been designed and extensively employed for bone tissue 
engineering. As the most used biomaterial formulation, hydrogels and scaffolds can 
be used as temporal matrix to facilitate progenitor cells and pericyte migration and 
to furnish mechanical support for vessel sprouting. Through tuning the architectural 
properties of scaffolds during fabrication, the influence of these on tissue- engineered 
constructs can be realized [27, 28].

Vascularization is also significantly influenced by the chemical composition of 
the biological scaffolds, as they interact with the endothelial cells directly during 
vessel formation [29, 30]. Though, most of the materials utilized for bone tissue 
engineering such as silk, PCL, collagen, and PLGA have been found to be compat-
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ible with endothelial cells, there are some which have been demonstrated as proan-
giogenic during bone repair [31]. One of such example is the hydrogel made of 
dextran, which has demonstrated a remarkable ability to stimulate neovasculariza-
tion resulting in skin regeneration. Akermanite, a silicate bioceramic, has been 
shown to effectively induce angiogenesis during bone repair by supplying appropri-
ate Si ion concentrations, stimulating cell proliferation and gene expression of 
human aortic endothelial cells [32]. Other biomaterials including heparin sulfate, 
fibrin, and hyaluronic acid (HA) also possess the ability to regulate blood vessel 
formation through their high affinity to angiogenic cytokines such as endothelial 
growth factor (EGD), vascular endothelial growth factor (VEGF), and basic fibro-
blast growth factor (bFGF) [29, 33]. These biomaterials enhance bone regeneration 
through vascularization by sequestering endogenous growth factors at the defect 
site [34].

 Role of Biological Molecules in Bone Tissue Engineering

For the successful implantation of biomaterials, a favorable impact of cellular fate 
is a crucial requirement. There are factors including bacteria adhesion, nonspecific 
protein adsorption, and poor osseointegration that result in implant mobility, infec-
tion, and eventual failure of the implant. To facilitate various biological events, 
directed and selective cell adhesion is crucial after transplantation of the biomate-
rial. Therefore, for effective biomaterial implantation, new strategies are being 
developed to improve selective cell adhesion, recruitment of progenitor cells, and 
subsequent cellular differentiation. Moreover, the surfaces of the biomaterials are 
designed to reduce the nonspecific adhesion of the proteins. There are various bio-
active molecules that have been utilized to resolve the aforementioned critical prob-
lems including: GAGs, proteins, and peptides (Fig. 3).

 Proteoglycans

One of the major components of the ECM is proteoglycans, characterized by modi-
fications with GAGs. GAGs mediate and regulate several key functions mainly 
through electrostatic interactions with ECM proteins. Therefore, they are a promis-
ing means to improve the biocompatibility of biomaterials. The osteogenic differen-
tiation is influenced tremendously by the degree of sulfation of GAGs [28]. 
Additionally, the GAGs can regulate the functions of chemokines and growth  factors 
by sequestering and releasing them [36]. Heparin has an anti-coagulative property, 
which is particularly valuable for vascular biomaterials [37]. Moreover, cell mem-
brane proteoglycans interact synergistically with integrins, providing a potential 
target for multifunctional coatings. Besides these cell-attracting domains, molecules 
rendering cell-repelling properties to the biomaterial coatings are also incorporated. 
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One of the most commonly used components to prevent undesirable cell and protein 
adhesion is PEG [38].

 Proteins

For bone tissue engineering, bone ECM proteins and peptides have been extensively 
used to address surface functionalization. Various proteins including vitronectin, 
collagen, laminin, and fibronectin are feasible mediators for cellular adhesion to 
biomaterials and regulate signaling events as they contain several moieties, such as 
proteoglycans or integrin-binding sites [39].

Moreover, growth factors are extensively used to stimulate cell proliferation and 
differentiation of primary and progenitor cells to osteoblasts or endothelial cells. 
Growth factors also induce other cellular events such as cell adhesion and prolifera-
tion or increase collagen synthesis, which favor implant integration and healing. 
Bone morphogenetic protein-2 (BMP-2), a growth factor of the transforming growth 
factor β (TGF-β) superfamily, has found its use in dental and orthopedic implants 
due to its potent osteoinductive effect [40]. Furthermore, the role of TGF-β1 has 
been implicated in the regulation of bone remodeling [41]. Vascular endothelial 
growth factors (VEGFs) stimulate angiogenesis and thus can be used for vascular 
materials and additionally for bone regeneration. The basic fibroblast growth factor 
(bFGF or FGF-2) and other FGFs are proangiogenic and stimulate cellular prolif-
eration [35, 42]. A noncollagenous bone matrix protein, bone sialoprotein, also a 
member of SIBLING protein family, promotes migration of osteoprogenitor cells 

Fig. 3 Components of multifunctional coatings. Cellular function can be mediated by different 
glycosaminoglycans (GAGs), proteins: VEGF (vascular endothelial growth factor), BMP (bone 
morphogenetic protein), TGF-β (transforming growth factor), FGF (fibroblast growth factor), 
SDF-1 (stromal cell-derived factor 1, PDB: 1A15), or peptides (sequences are shown by the one 
letter code) [35]
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through bridging matrix metalloproteinase (MMP)-2 with integrin αvβ3 at the cell 
surface [40].

Chemokines orchestrate the migration of cells to the site of injury or the bioma-
terial surface. The recruitment of the MSCs and stimulation of osteogenic differen-
tiation employs this phenomenon through SDF-1-gradient [43]. Chemokines are 
also involved in the immune response of biomaterials. Human parathyroid hormone- 
related protein (PTHrP) plays a key role in the regulation of cell proliferation, dif-
ferentiation, and development of skeleton. The pivotal point of application of growth 
factors and chemokines is their steady release from biomaterial coatings. Besides 
successful use in tissue engineering, growth factors have some limitations due to 
their short circulating half-life, low protein stability, side effects, and rapid cellular 
internalization [44, 45].

 Peptides

Peptides have emerged as useful alternatives to proteins for bone tissue repair as 
evidence suggests that employing smaller growth factor fragments or peptides 
prompts receptor-mediated signal transduction [46]. Moreover, these small biomol-
ecules can be custom synthesized to induce directed immobilization and multifunc-
tional properties. This can be achieved by introducing or ligating the immobilization 
anchors like dihydroxyphenylalanine (DOPA), basic amino acids, nucleic acids, 
thiols, and phosphonic acids to bioactive peptides. Moreover, cell-attracting or 
repelling moieties can be integrated [35].

Cell adhesion, migration, proliferation, and differentiation are favored by 
binding of the peptides to the receptors in the cell membrane (as illustrated in 
Fig.  4). The recent vigorous research in this field has led to the discovery of 
numerous peptides involved in the upregulation of bone repair response. The 

Fig. 4 Main sources of peptides for bone tissue engineering: derived from extracellular matrix 
proteins, soluble growth factors or are naturally occurring [47]
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fragments of these peptides are typically derived from the ECM proteins, such as 
collagen (DGEA, GFOGER), fibronectin (RGD, PHSRN, LDV, REDV, KRSR), 
FGF-2 (TYRSRKY), bone sialoprotein (FHRRIKA, RGD), and laminin (YIGSR, 
IKVAV). The RRETAWA motif involved in selective endothelial cell binding 
was not derived from a protein associated with the ECM. One of the most fre-
quently used peptides for the improvement of the tissue integration of biomateri-
als and to explore the integrin-mediated cell adhesion on the surfaces is the RGD 
motif [47].

 Role of Peptides for Bone Tissue Engineering

Extensive research has established that modifying bone repair materials with suit-
able bioactive peptides could further improve their regenerative properties. It has 
been particularly noticed that peptide-modified biomaterials could stimulate new 
bone formation more efficiently as compared with non-modified materials.

While it has been thought earlier that biomaterials should possess a biotolerant 
surface so as to minimize the immune and fibrotic responses, increasingly evidence 
now suggests that interactive and biomimetic surfaces often demonstrate superior 
performances [48].

The efficacy of osseointegration relies on interactions between osteogenic mac-
romolecules in the blood and implants. There are some biomaterials that do not 
readily adsorb plasma proteins to their surface, thus, these do not maintain bone- 
related cell activities competently and lead to inadequate bone formation [49].

 Peptides Involved in Cell Adhesion

There are various insoluble proteins that reside in the ECM and form the scaffold 
for cells to live on. The types of biomolecules constituting the ECM and their spatial 
organization significantly govern cell behavior [50]. The organic fraction of the 
ECM is 90% type-I collagen  and only 5% are noncollagenous proteins: such as 
osteopontin, osteocalcin, osteonectin, the adhesion proteins vitronectin and fibro-
nectin, or the proteoglycans decorin, versican, or hyaluronan [51]. Most of these 
biomolecules mediate adhesive cell-ECM interactions and also play an active role 
in the regulation of osteoprogenitor and osteoblast proliferation, survival, and 
 differentiation. These processes are mediated by ligand sequences in these proteins 
that bind to specific receptors on cell surfaces [47].
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 RGD Peptides

The Arg-Gly-Asp (RGD) tripeptide sequence present in fibronectin is a minimal 
cell adhesion peptide. It is the most studied and used peptide for biomaterial func-
tionalization pertaining to its binding with multiple integrins stimulating in cell 
adhesion and differentiation. In addition to fibronectin, the RGD sequence is also 
present in many other ECM proteins, for instance, SIBLING proteins and vitronec-
tin [52]. Several studies have reported enhanced osteoprogenitor cell attachment 
and/or differentiation with biomaterials coated with RGD peptides (Fig.  5) [53]. 
RGD peptides immobilized on diverse biomaterials such as alginate, titanium oxide 
nanotubes, or collagen sponges, have demonstrated increased cell adhesion and dif-
ferentiation of MSCs or in  vivo bone formation. Several variants of RGD have 
shown a similar osteogenesis promoting role [54].

Although categorized separately, many of the peptides discussed below contain 
an RGD sequence, which might be responsible partly or entirely for their biological 
functions.

 Type-I Collagen-Derived Peptides

Osteoblastic cells consistently express major adhesion receptors for type-I collagen, 
the α2β1 integrins.

A synthetic triple helical peptide was engineered to contain the GFOGER 
sequence corresponds to 502–507 residues of the type-I  collagen α1 chain. This 
engineered peptide selectively binds to the α2β1 integrins and promotes density- 
dependent cell adhesion and differentiation of MC3T3-E1 cells [55]. Coating of 
titanium surfaces with GFOGER increases the alkaline phosphatase (ALP) expres-

Fig. 5 Potential pathways and effect of peptides on osteoblastic cell lines [45]
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sion, ECM mineralization, and the expression of osteocalcin, bone sialoprotein 
(BSP), and Runx2 in bone marrow stromal cells [56].

Similarly, the DGEA, a four-residue sequence initially suggested to be the recog-
nition site of the α2β1 integrin in type-I collagen, has shown dose-dependent cell 
adhesion of murine MC3T3-E1 cells [57], improved attachment and spreading of 
hBMSCs [58], and an increased bone formation in rat tibial osteotomies when 
DGEA-immobilized HA was used.

P15 is another extensively studied peptide that is derived for type-I collagen. It is 
a 15 amino acid peptide identical to the cell-binding sequence of type-I collagen, 
which improves cell adhesion to bone substitutes and increases the production of 
ECM. P-15 significantly increases the transcript levels of BMP-2, BMP-7, and ALP 
when added to the scaffold (Fig. 5) [59]. It has also increased cell attachment and 
differentiation of human osteoblast-like HOS cells, and promoted MC3T3-E1 cell 
survival when adsorbed onto bovine bone-derived HA (anorganic bone matrix, 
ABM) [60].

 PHSRN

Bone marrow stromal cells and osteoblasts express the α5β1 integrin during differ-
ent stages of osteogenesis, which mediates cell adhesion to fibronectin and osteo-
genic differentiation. Even though only the RGD sequence can act as the ligand for 
α5β1, for a stable binding, both the RGD in the tenth type III repeat and the PHSRN 
sequence in the ninth type III repeat of fibronectin are required. A combination of 
RGD and PHSRN peptides conjugated to alginate hydrogels stimulated normal 
human osteoblasts (hOBs) for osteogenic differentiation and mineralization [61]. It 
is evident that the spatial configuration of the sequences in native fibronectin is 
crucial for assuring the correct binding as the two peptides interact with the same 
integrin.

 FGF-2-Derived Peptides

Two peptides obtained from FGF-2 located in the cell-binding domain correspond 
to residue 36–41 (F36) and 77–83 (F77). When these peptides were immobilized on 
chitosan discs, they enhanced the cellular attachment and spreading of hBMSCs. 
Moreover, these peptides encourage a higher transcript level of ALP and promote 
ECM mineralization [54].

 Laminin-Derived Peptides

Laminins are ECM proteins that bind to cell membranes through integrin receptors 
and other plasma membrane molecules. Peptides IKVAV and YIGSR, derived from 
the A and B1-chains of laminin, respectively, have shown a capability to promote 
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MC3T3-E1 attachment to plastic dishes coated with these peptides. YIGSR and 
IKVAV are peptides derived from the B1 and A-chains of laminin, respectively, have 
shown capability of promoting MC3T3-E1 attachment to peptide-coated plas-
tic dishes.

The greatest osteogenic and adipogenic differentiation effects have been demon-
strated by IKVAV as compared to the YIGSR peptide [62]. A more recently discov-
ered laminin-derived peptide, Ln2-p3, has shown enhanced expression of several 
osteogenic markers and increased ALP activity of the cells when coated on titanium 
surfaces [63].

 Osteopontin-Derived Peptide

Osteopontin (OPN) is a noncollagenous protein of ECM, which has demonstrated 
its role in bone mineralization and bone cell adhesion. The osteopontin-derived pep-
tide (OPD) possessing RGD sequence and flanking sequences when conjugated to 
oligo(poly(ethylene glycol) fumarate) hydrogels showed a dose-dependent improve-
ment of murine osteoblasts. Osteoblasts when cultured on the modified hydrogels 
demonstrated increased levels of secreted osteopontin, ALP activity, and ECM min-
eralization [64].

 Heparin-Binding Peptides

Heparin-binding sequences in many ECM proteins interact with the transmembrane 
proteoglycans, which might have significant utility in the regulation of osteopro-
genitor cell behavior.

Interactions between transmembrane proteoglycans and heparin-binding 
sequences found in many ECM proteins might also be of great importance to con-
trol the behavior of osteoprogenitor cells. Several studies have established that 
KSRS-functionalized surfaces increase the adhesion of human osteoblasts than 
those displaying RGD, and an increased adhesion of murine pre-osteoblasts and the 
expression of osteogenic markers [65].

RGD peptide and a heparin-binding domain (HBD), FHRRIKA, when function-
alized on a scaffold revealed an increased ECM mineralization, and a higher degree 
of rat calvarial osteoblast cell and surface interactions [66].

A peptide with HBD in BMP-4 induced osteogenic differentiation of hMSCs 
through the ERK1/2 pathway activation. When immobilized in alginate gels, it has 
been demonstrated to induce a fourfold formation of new bone when grafted into a 
cranial defect model [67].
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 MEPE Peptide or AC-100

MEPE and its peptide motif, AC-100, possess an integrin-binding RGD and a con-
sensus binding site for glycosaminoglycans SDGD.  It has demonstrated signifi-
cantly improved cell attachment and spreading, increased level of ECM 
mineralization, and superior cell differentiation with increased ALP expression in 
rat calvarial osteoblasts preincubated with the AC-100 fragment [68].

 RRETAWA

Cyclic GA-CRRETAWAC-GA peptide-coated surfaces show an increased Runx2 
and type-I collagen expression, and enhanced mineralization of ECM osteoprogeni-
tors [69]. RRETAWA-conjugated PEG scaffolds with different stiffness profiles dis-
played improved MSC adhesion, higher ALP activity, and increased peptide 
densities. Moreover, it increased the expression of type-I collagen, osteopontin, and 
Runx2 [70].

 Peptides Involved in Angiogenesis

During natural bone formation, vascularization is a vital process. After a bone 
injury, an inflammation process starts which is characterized by triggering of new 
blood vessel formation to recruit stem cells and soluble biomolecules that coordi-
nate osteogenesis. In injuries where bone loss is critical, using only osteoconductive 
and/or osteoinductive strategies may result in graft failure due to the insufficient 
initial vascularization. Insufficient vascularization will lead to hypoxic conditions in 
the biomaterial, lacking essential osteoprogenitor cells and growth factors. 
Therefore, the discovery and design of proangiogenic factors and their use along 
with osteoinductive biomaterials are a quite appealing strategy for bone tissue engi-
neering [26].

 Osteopontin-Derived Peptide (OPD)

OPD mimics the OPN sites that are exposed during wound repair. OPD is capable 
of inducing the same number of newly formed blood vessels as VEGF [71]. When 
combined with a CO3-apatite-collagen scaffold, OPD enhanced neovascularization 
in a tibial defect model [72].
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 Osteonectin-Derived Peptides

Osteonectin, also known as secreted protein acidic and rich in cysteine (SPARC), 
produces two fragments upon cleavage: SPARC113 and SPARC118. Both of these 
fragments contain the multifunctional tripeptide glycine-histidine-lysine (GHK) 
and have demonstrated potent angiogenic activity. In an in vivo model, these pep-
tides incorporated into an MMP-degradable hydrogel prompted angiogenesis [73].

 Exendin-4

Exendin-4 is an analog of glucagon-like peptide-1 (Glp-1) and it increases human 
umbilical vein endothelial cells (HUVECs) migration, sprouting, and tube forma-
tion in vitro and increases the sprout outgrowth from aortic rings [74].

 TP508

TP508 is a 23-amino-acid peptide, commercialized as Chrysalin®. TP508, initially 
thought of enhancing skin wound repair when topically administered, corresponds 
to the receptor-binding domain of the human thrombin [75]. This peptide enhances 
the blood vessel formation and fracture healing. TP508 improves VEGF-stimulated 
angiogenesis and reduces the effects of chronic hypoxia (Fig. 5) [76].

 QK Peptide

A VEGF-derived peptide, known as QK peptide, is the most studied peptide with 
proangiogenic properties. It binds with the Kdr and Flt-1 receptors, resulting in the 
stimulation of tube formation by HUVECs in Matrigel in vitro and neoangiogenesis 
in an ischemic hindlimb model [77].

 RoY Peptide

In hypoxic conditions, the RoY peptide has demonstrated angiogenic activity by 
binding to a 78-KDa endoplasmic reticulum chaperone on the endothelial cell mem-
brane, known as the glucose-regulated protein (GRP78). Moreover, a single local 
dose of RoY was found to normalize blood perfusion in a mouse hind limb ischemia 
model [78].
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 PBA2-1c

A multi-domain peptide, PBA2-1c, contains a heparin-binding domain and 159–163 
amino acids from PDGF-BB. PBA2-1c binds with the α and β receptors of PDGF, 
eliciting cell proliferation, migration, and cell-induced collagen gel contraction, 
playing a role similar to that of which a recombinant PDGF molecule does [79].

 Peptides Involved in Osteoinduction

BMPs are the main osteoinductive molecules in mammalian cells. BMPs belong to 
the TGF-β superfamily and interact with target cells by activating the intracellular 
Smad pathway directing gene expression. Out of all the identified 20 BMPs, BMP-2, 
BMP-4, BMP-6, BMP-7, and BMP-9 have consistently demonstrated the most 
osteogenic properties, being the most explored ones in the field of bone tissue engi-
neering. A majority of the peptide molecules discussed in this section is derived 
from the BMPs, however, other sequences identified in the proteins of the ECM 
prompting osteodifferentiation have also been enlisted here.

 BMP-Derived Peptides

BMPs have two sequences denoted as the “wrist” epitope, which binds to the 
BMP  receptor type I, and the “knuckle” that binds to the BMP receptor type 
II.  Contained  within the knuckle epitope of BMP-2, a 20-mer sequence 
(NSVNSKIPKACCVPTELSAI) has osteogenic activity [80].

Recently, a triple functionalized substrate was generated by incorporating a 
BMP-2-derived peptide with an OPD angiogenic peptide on an RGD-conjugated 
hydrogel. This substrate induced enhanced mineralization in rat bone marrow stro-
mal (BMS) cells, with increased transcription levels of the vasculogenic markers 
VE-cadherin and PECAM-1 in response to the OPD peptide. These properties made 
this triple functionalized substrate of particular interest for bone tissue engineer-
ing [81].

A slightly modified version of BMP-2 including the N-terminal phosphoserine 
and three C-terminal aspartates is P24 peptide. When this peptide was added to a 
porous nano-HA/collagen/poly-l-lactic acid (PLLA) scaffold with controlled 
release of the peptide through chitosan microspheres, it promoted the ALP activity 
in MSCs [82].

Another peptide of this family, BMP-9, also possess abundant osteogenic activ-
ity. A peptide derived from the knuckle epitope of the BMP-9, known as pBMP-9, 
has shown to elicit osteogenic marker mRNAs expression and ECM mineralization 
to a slight degree. These effects were not as pronounced as those of the growth fac-
tors at the equimolar concentration. A higher dose could, however, compensate its 
lowered activity in prompting transcription of certain markers but not all [83].
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In a study, slightly different variants of BMP-2 (RKIPKASSVPTELSAISMLYL), 
BMP-9-derived peptide (RKVGKASSVPTKLSPISILYK), and BMP-7-derived 
peptide (RTVPKPSSAPTQLNAISTLYF) were implanted onto RGD-conjugated 
polyethylene terephthalate (PET) surfaces and compared. The BMP-2 showed the 
highest activity followed by the BMP-7 and the BMP-9-derived peptides in terms of 
the expression of osteogenic markers and the ECM thickness [84].

A BMP-2-derived peptide containing the DWIVA pentamer, which corresponds 
to the BMP receptors I and II binding site sequences, is known as the osteopromo-
tive domain. This peptide has been shown to elicit the proliferation and differentia-
tion of MC3T3-E1 cells in vitro when conjugated to titanium surfaces [85].

 PTH1–34 or Teriparatide

Teriparatide is the commercialized N-terminal 34-residue fragment of the parathy-
roid hormone (PTH1–34) which retains the major activities of PTH.  Teriparatide 
plays a major role in the regulation of the mineral ion homeostasis. It also prompts 
osteoblast proliferation, differentiation, and inhibits apoptosis (Fig. 5). In situ bone 
growth was significantly enhanced by a synthetic scaffold made of polyethylene- 
glycol containing PTH1–34 [86].

 Osteogenic Growth Peptide (OGP)

A naturally occurring 14-mer peptide, osteogenic growth peptide (OGP), is primar-
ily found in serum and promotes bone anabolism, leading to increased bone forma-
tion and overall bone mass. OGP has a role in the regulation of osteoprogenitor cell 
proliferation, ALP activity, collagen production, differentiation, secretion of osteo-
calcin, and ECM mineralization (Fig. 5).

When dissociated, OGP is exposed to proteolytic cleavage, it produces a 
C-terminal pentapeptide YGFGG known as OGP10–14. This pentapeptide activates 
the intracellular Gi-protein-MAP kinase pathway. Both OGP and OGP10–14 enhance 
the early expression of various markers related to osteogenesis, such as Runx2, 
ALP, osteopontin, osteoprotegrin, or osteocalcin [87].

 Calcitonin Gene-Related Peptide (CGRP)

Calcitonin gene-related peptides (CGRP) have two forms: α and β. α-CGRP, con-
sisting of 37 amino acids, is derived from the Calca gene. β-CGRP is derived from 
Calcb gene located in close proximity to the Calca gene. CGRP is found in the 
sensory nerve endings in the periosteum, metaphysis, and bone marrow. CGRP 
enhances the proliferation and differentiation, and inhibits the apoptosis of osteo-
progenitor cells [88]. It also prompts the production of osteogenic molecules such 
as BMP-2 and IGF-1 (Fig. 5) [89].
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 Collagen-Binding (CB) Peptide

The collagen-binding (CB) peptide is a 28-residue peptide corresponding to the 
hydrophobic sequence of the BSP N-terminal. This peptide interacts with type-
 I collagen and stimulates the osteogenic differentiation of osteoblastic cells through 
Akt- and ERK-dependent signaling. This results in the increase in type-I collagen, 
osteopontin, osteocalcin, and ALP mRNA levels. Moreover, an increase in the ALP 
activity and matrix mineralization were observed [90].

 Collagen-Binding Motif (CBM) Peptide

A 28-amino-acid fragment in osteopontin, called collagen-binding motif (CBM) 
was identified by Lee and coauthors, which is able to bind to type-I collagen. CBM 
enhanced hBMS cell differentiation as shown by the ECM mineralization and ALP 
expression. The high level of cellular phospho-Smads due to the peptide, was due to 
Smad pathway activation. When implanted as a CBM-collagen gel conjugate, accel-
erated calvarial defect repair was noted in rabbits [91].

 Substance P

Substance P (SP) has been observed to enhance type-I collagen, Runx2, and osteo-
calcin mRNA expression, and matrix mineralization in murine calvarial osteoblasts 
[92]. Moreover, it prompted dose-dependent proliferation along with enhancing the 
expression of osteocalcin and ALP at low concentrations and inducing ECM miner-
alization at higher concentrations [93].

 Endothelin-1

Endothelin-1 (ET-1) promotes the proliferation and differentiation of murine osteo-
progenitor cells, enhanced formation of mineralized nodules and increased the 
activity of ALP in cultures [94]. ET-1 secreted by endothelial cells guides the MSC 
osteogenic and chondrogenic differentiation through AKT signaling [95]. It also 
plays a crucial role in the regulation of remodeling of the postnatal trabecular bone 
[96]. Despite its role in osteogenesis and bone remodeling, it is crucial to exercise 
caution when using it in bone tissue engineering as ET-1 also plays an important 
part in tumor progression.

 BCSP™-1

A nine-amino acid synthetic fragment from human type-I collagen is known as the 
bone and cartilage stimulating peptide (BCSP™-1). BCSP™-1, when covalently 
immobilized on a commercial HA and tricalcium phosphate ceramic, can signifi-
cantly enhance ALP expression by murine calvarial osteoprogenitor cells [97].
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 CTC Peptide

A peptide derived from the α-subunit of the collagen III C-terminal is known as the 
CTC peptide. It is a 12-mer cryptic peptide, which exerts a chemotactic effect on the 
perivascular stem cells (PSCs) and other cells. It also increases the transient expres-
sion of various osteogenic markers, such as osteopontin or type-I collagen. CTC has 
also been observed to stimulate ALP activity and accelerate matrix mineralization, 
without an increase in proliferation rate [98].

 Cathelicidins

Cathelicidins are antimicrobial peptides found in cells of innate defense systems, 
various epithelial cells, bone marrow stroma, and MSCs. One of the cathelicidins- 
derived peptide, LL-37, has shown to induce monocyte differentiation to novel bone 
forming cells. These cells are known as monoosteophils and possess bone forming 
capabilities that could enhance the repair of femoral defects in mice [69].

 Advantages of Peptides

The therapeutic use of peptides in tissue engineering is growing significantly as 
peptides offer several advantages over proteins (Fig. 6).

Fig. 6 Main advantages of proteins and peptides for tissue engineering [47]
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 Defined Chemical Properties of Peptides

Peptides are chemically defined, which is the most useful property of these biomol-
ecules. This advantage consequently enables the refinement of their structures, cor-
responding experimental designs for discovering novel peptides or their 
combinations, and precise molecular manipulations necessary for mechanistic 
 studies [99].

 Incorporation of Non-native Chemistries and Functions 
into Peptides

Due to the possible synthetic methods of production, there are huge prospects of 
connecting moieties to peptides that are not routinely accomplished in expressed 
proteins or tissue-derived scaffolds. These functional groups can be natural amino 
acids apart from the genetically encoded ones, d-amino acids, amino acids with 
fluorinated side chains, polymer bioconjugates, fluorescent labels, chemical func-
tionalities for cross-linking or polymerization, and posttranslational modifications. 
Chemically derived DOPA containing peptides, peptide-polymers, and peptidomi-
metics have been synthesized to coat and modify various synthetic biomaterials, 
thus, furnishing these synthetic scaffolds with adhesive properties [100].

 Diverse Functions of Peptides

Peptides can possess a wide variety of functions besides cell binding, growth factor 
binding, surface binding, matrix-binding, self-assembly, and specific proteolytic 
susceptibility.

The possibility of peptide customization ensures that more efficient discovery 
and development of additional moieties is conceivable [99].

There are several functionalities that can be installed within a scaffold through 
peptides, though enzyme substrate sequences have been particularly studied, espe-
cially for hydrogels. Scaffolds can be designed that can degrade with controllable 
kinetics by various proteases including plasmin or matrix metalloproteinases, using 
peptide sequences of varying proteolytic susceptibility [101]. This enables the 
 custom degradation of biomaterial or release of a matrix-tethered cargo through 
proteolysis [102].

Peptides can also be tailored to have growth factor binding abilities. This strategy 
has been utilized to identify VEGF-binding heparin-mimicking sulfated peptides by 
using bead-peptide libraries of sulfated peptides [103] or via rational design [104].

Peptides can also be engineered to self-assemble, a basic property that is native 
to ECM proteins. A number of peptides have been engineered and used in biomate-
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rials for their self-assembling properties. These custom-made peptides include pep-
tide amphiphiles [105], β-sheet fibrillizing peptides [33], short aromatic peptide 
derivatives [106], coiled coil peptides [107], β-hairpins [108], and others [109]. In 
engineering the custom peptides, design rules have been worked out to achieve pre-
dictable assembly into networks, fibers, gels, and tactics to decking these with func-
tional peptide sequences which continue to be reported [28, 33].

 Conjugation Capability of Peptides onto Biomaterials

Peptide conjugation onto or within synthetic scaffolds is achievable. This can be 
accomplished through specific chemistries, using a wide range of strategies such as 
the Michael addition of cysteine-containing peptides to vinyl sulfones, commer-
cially available cross-linkers, UV-initiated cross-linking, amine/carboxylic acid 
coupling, acrylate or maleimide conjugation, and chemoselective chemistries such 
as “click” chemistries and native chemical ligation [99].

 Enhancing Biofuntionality of Biomaterials Through Peptides

Materials from bioceramics and polymers to peptide-based scaffolds that enhance 
bone regeneration are applicable clinically for the treatment of diverse bone frac-
tures and spinal fusions for different parts of the body. Current challenges to engi-
neer materials for bone tissue engineering includes designing new materials 
mimicking the mechanical and biological context of bone tissue matrix supported 
with a vascularization system. Construction of new topographical features at 
nanoscale and functionalization of material surfaces with biological cues from the 
extracellular environment or any other biological environment are emerging 
approaches to design new biomimetic materials with desirable functions for bone 
tissue engineering [5].

 Peptides as Coating Materials

Materials, which create a platform for tissue formation, play a significant role in 
nearly all tissue-engineering approaches. They are the skeleton of newly forming 
tissues with mechanical support. They also deliver inductive molecules or cells, 
which have the potential to control the structure and function of newly created tis-
sue, to the site of interest. The interaction of biomaterials with biological systems is 
a very critical issue that needs to be considered in the design of any biomaterial. 
Features of biomaterials restricting the nonspecific adsorption of proteins on the 
surface result in weak interactions with cells for tissue formation. Thus, designing 
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new materials which enhance cell attachment and adhesion through the presentation 
of peptides, proteins, and GAGs that bind to cell surface receptors and trigger a 
desired cell response is essential [1, 35].

In addition, multifunctional coatings with increased specificity and activity are 
also required to enhance the function of materials via various kinds of biomolecules. 
To maintain multifunctionality, a diverse bio-functional surface has the potential to 
control interactions between the surface and the surrounding biological environ-
ment via immobilizing different cell adhesive motifs or molecules [35].

As we mentioned above, biomoleclues especially peptides, are good candidates 
for bio-functionalization of materials with their diverse functions. Peptides and pro-
teins, which we also listed above, are classified according to their source. Most 
peptides are derived from the ECM that surrounds and organizes cells into tissues or 
are derived from secreted proteins or peptides by cells into surrounding fluids. 
Proteins purified from a natural source and recombinantly manufactured ones allow 
researchers to identify the function and physicochemical properties of proteins for 
tissue regeneration regulations. Having knowledge about their critical domains 
through biological assays and bioinformatics tools created the possibility of utiliz-
ing synthetic peptides. Their presenting strategy can affect their functions. They can 
be presented either in an immobilized form from the surface of a material or releas-
able form for a material to interact with cells. All these surface functionalization 
strategies define the quality and functionality of biomaterials. In the following sec-
tion, general techniques utilized for surface functionalization will be discussed [1].

 Biomaterial Functionalization Strategies

There are various applicable strategies to functionalize biomaterials with biomole-
cules. The major principle of immobilization strategies is to increase the stability 
and functionality of biomolecules. However, the random orientation and structural 
deformation can occur during immobilization of molecules. It can cause to diminish 
activity of the biomolecules. This challenge becomes critical to differentiate immo-
bilization strategies depending on binding strength, modularity, and complex-
ity [110].

Especially, poor binding affinity, uncontrolled release, or strong attachment are 
all factors to determine the efficiency of immobilization strategies. For example, 
uncontrolled release of the cell adhesive motif RGD from the surface because of 
loose attachment can block integrin-mediated adhesion and thereby provoke apop-
tosis [111]. Conversely, strong anchoring of biomolecules can block biological sig-
nals that cause cell recruitment by chemokines. Hence, a feasible balance between 
controlled release and firm attachment is essential for efficient immobilization.

Physical and chemical immobilizations are two major techniques for the biomo-
lecular functionalization of biomaterials. In the following sections, these techniques 
will be discussed in detail.
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Physical Immobilization

Physical immobilization or adsorption is a very simple immobilization method per-
formed under mild conditions. Surface functionalization with this methodology 
occurs by dipping biomaterials into a solution of proteins. Therefore, experimental 
conditions such as pH, temperature, and solvent define biomolecule-binding 
strength. These dependencies of experimental conditions determine whether there is 
stable attachment or not. However, this method is hardly disruptive to the biomole-
cules. Intermolecular forces, mainly ionic bonds and hydrophobic and polar interac-
tions, specify biomolecular adsorption strength on the surface. Mostly, proteins can 
be attached on surfaces via electrostatic, and hydrophobic or hydrogen bond inter-
actions. The forces involved in adsorption are weak which causes reorientation of 
molecules through conformational and condition dependent changes [35, 112]. On 
the other hand, the optimal conformation for each molecule, which minimizes the 
repulsive forces from the surface and previously attached proteins, can regulate to 
form a heterogeneous and randomly oriented biomolecule layer on the surface [113].

These conformational changes can be explained through the enthalpic or entro-
pic state of the biomolecule. For example, the net free energy change must be nega-
tive during protein adsorption at a surface. The ordered structural content of many 
proteins decrease during the adsorption process through conformational changes. 
This fact yields an entropic gain and may act as an adsorption-driving force from an 
enthalpic point of view. The adsorption-driving force may originate from the inter-
actions between protein and surface. The most important ones are van der Waals, 
hydrophobic, electrostatic interactions, and hydrogen bonding [114].

Surface properties of the inorganic materials lead to physical attachment of pro-
teins. The surface hydrophobicity, charge, morphology, and topography are physical 
parameters which have control over a wide range of protein adsorption. For exam-
ple, hydrophilic interactions are more favorable for protein adsorption on to the 
surface due to the nature of the protein. In terms of surface physical features, cells 
like rough surface topographies and morphologies for their attachment and adhe-
sion [112, 114, 115].

Among all of the inter- and intramolecular forces we mentioned above, electro-
static interactions that are defined via the charge of biomolecules and the surfaces, 
can directly control adsorption as the most efficient forces to anchor positively 
charged molecules to negatively charged biomaterial surfaces or vice versa. 
Therefore, the affinity of electrostatic interactions can be tuned by raising the num-
ber of charged residues such as in poly-lysine or other charged amino acids. Other 
such cooperative effects could be coordinative and hydrogen bond interactions [35, 
116] (Fig. 7).

Covalent Immobilization for Surface Functionalization

Covalent attachment is frequently utilized and is the most preferable for the immo-
bilization of peptides, enzymes, and adhesive proteins onto material surfaces [1].
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In this section, various chemistries and treatments have been applied so far in 
terms of covalent coupling. Alkanethiol, silane, carbodiimide, phenyl azides, acry-
late, DOPA are well-known coupling agents used through chemical and photo 
immobilization, plasma treatment, and click chemistry as a treatment method and 
have been applied on biomaterial surfaces for the attachment of biomolecules [117].

Among them, carbodiimide-coupling chemistry is one of the most preferable 
approaches for conjugating proteins covalently to other molecules. 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride (EDC) is used as a bioconjuga-
tion agent for the intermediate conjugation reaction to form amide bonds in between 
the carboxylic functional groups and the amino groups [117–119].

Silanization is another well-known strategy to introduce functional groups of 
molecules to the surface. A surface modified with an alkoxysilane such as 
(3- aminopropyl) triethoxysilane (APTES) covered by hydroxyl groups, which will 
be attractive for the coupling reaction with amino groups. Subsequently, the surface 
can be modified directly or thiol-containing biomolecules as a cross-linker can be 
used to enable the immobilization. This covalent strategy has disadvantages as a 
complex and sensitive surface treatment and potential hydrolysis of the siloxane 
bond, which would result in release of the bioactive moiety [35, 120].

Click chemistry is a new approach other than traditional esterification and ami-
dation conjugation reactions. The basis of the click chemistry relies on regiospeci-
ficity. Small units together with heteroatom links were introduced to the surface 
through simple reaction conditions with high yield, and stereospecificity to produce 
newly designed materials. This chemistry triggers the reactions that can be selec-
tively performed in the presence of natural occurring functional groups (bioorthog-
onal). The reaction proceeds mostly in water and it results in high yields [121].

Fig. 7 Surface functionalization for biomolecules [1]
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Side and cross-reactions define whether the reactions are carried out simultane-
ously in one pot or stepwise. The reaction conditions and high yields make this 
chemistry highly suitable to covalently ligate molecules for biomaterial coatings 
[35, 117, 121].

To functionalize a surface with biomolecules is not only dependent on properties 
of the coupling agent and biomaterial surface but also functional groups in biomol-
ecules that can be reacted by cross-linking or its derivative reagent. For peptide 
conjugation to any biomaterial surface, amino acid side chains are the most signifi-
cant entity for covalent coupling. For example, peptides and proteins are composed 
of over 20 amino acids, which are identified by their side chain chemical structure, 
charge, hydrogen bonding, and reactivity properties, polymerized together through 
the formation of peptide bonds. The side chain of amino acids is free to interact and 
react with their environment. However, this interaction is limited by features of the 
side chains. For example, the aliphatic and aromatic residues are often located at the 
interior of the protein molecules due to their hydrophobic nature. The other amino 
acids (Asn: asparagine, Thr: Threonine, and Ser: Serine) are hydrophilic and con-
tain relatively polar residues located near surfaces where they can be interacting 
with the surrounding aqueous environment. However, modifying Asn, Thr, and Ser, 
which are often posttranslationally modified with carbohydrates, with common 
reagent systems under aqueous conditions is difficult. The difficulty of this modifi-
cation relies on the same nucleophilicity for hydroxyl and amide portions [1].

The other amino acids such as aspartic acid (Asp), glutamic acid (Glu), lysine 
(Lys), arginine (Arg), cysteine (Cys), histidine (His), and tyrosine (Tyr) have ioniz-
able side chains that are suitable for covalent coupling. Each of these side chains 
can be in nucleophile to place in a reaction when they are in an unprotonated state. 
For example, Asp and Glu contain carboxylate groups that have ionization capabil-
ity similar to C-terminal alpha carboxylate. Derivatization of carboxylate groups 
can be made through the use of amide bond forming agents or through active ester 
or reactive carbonyl intermediates. Lys, Arg, and His are good candidates for alkyla-
tion and acylation reactions due to their ionizable amine containing side chains. The 
imidazole ring of His makes it reactive species for electrophilic reactions. Cys is the 
only amino acid containing a sulfhydryl group, which gives a critical role to Cys in 
protein stabilization. The most important modification reaction of peptides and 
 proteins is the derivatization of the side chain sulfhydryl of cysteine. The functional 
groups of side chains together with the N-terminal α-amino and the C-terminal 
α-carboxylate form the full complement of polypeptide reactivity [1].

These approaches are more complicated and time consuming than other immo-
bilization methods. A major limitation of this methodology is the loss of protein 
mobility when they are immobilized on the surfaces, which is directly affected by 
possible representation of unfamiliar protein conformation on the surface. Remains 
of toxic monomer residues on the surface may cause biocompatibility problems in 
the area of implantation. Toxic monomer residues, which are directly caused by the 
instability of the molecules on the surface, are the most challenging issues in the 
task of chemical immobilization. Physical adsorption techniques can be addressed 
to reduce toxic residues. While it may help reduce the effect of toxic residues, its 
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weak immobilization capability brings more problems to surface functionalization 
[122, 123].

Therefore, there is a need for alternative methodologies for surface functional-
ization in bone tissue engineering. In the next section, a new strategy based on 
peptide-based surface functionalization through material recognition capability will 
be discussed more in detail.

Material-Binding Peptides for Surface Functionalization

In recent years, material-binding peptides (MBPs) have shown remarkable potential 
in various application areas, taking advantage of molecular biomimetics. The idea 
behind this is to discover and design MBPs mainly inspired by nature and a biomi-
metic approach. This approach is revealed at the intersection of different disciplines 
such as material science and molecular biology. It mainly covers understanding the 
interactions between materials and biomolecules by learning from nature [124, 125].

All biological materials are highly organized often in a hierarchical manner from 
the molecular to the nanoscale, with complex nano-architectures [126, 127]. The 
contribution of biomacromolecules such as lipids, proteins, glycoproteins, and 
phosphoproteins, etc. is a key aspect of this architecture. For example, proteins 
control the formation of hard tissues like teeth, bone, and many other hard tissues 
occurring in different organisms. Due to the role of proteins for the fabrication of 
materials in nature, MBPs can be good candidates to fabricate, design, assemble, 
and functionalize many materials from various fields due to their molecular recogni-
tion and binding capabilities [123, 128–130].

Especially in bone tissue engineering, inorganic surface and protein/peptide or 
any biomolecule interactions is a key aspect due to bone structure which shows 
composite material features. The major concern in bone tissue engineering and 
implants is the uncontrolled interactions between synthetic materials and human 
tissues. The most successful approach to this issue is functionalization of the bioma-
terial surfaces with different molecules with desired functions including anti- fouling 
polymers or cell growth factors. To date, physical and covalent immobilization 
methods have been applied onto varieties of biomaterial surfaces. Covalent 
 immobilization requires the presence of specific functional groups and synthetic 
pathways. Moreover, the functional groups used in these strategies have low selec-
tive properties, which restrict their use as we discussed in previous sections [110].

On the other hand, the behavior, stability, and cytotoxicity of the modified sur-
faces for all strategies under physiological conditions are not well understood. 
Therefore, material selectivity, coupling efficiency, and flexibility remain a chal-
lenge at the biomaterial interface. MBPs can provide a new platform for surface 
functionalization via immobilization of biomolecules with controlled attachment 
and assembly on solid surfaces [110, 123, 131].

During the last decade, MBPs have been selected using phage and cell surface 
display techniques possessing affinity and specificity to select inorganic surfaces 
[132, 133].
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Their potential use was shown in many disciplines including surface functional-
ization, and biomineralization for tissue engineering and regenerative medicine 
[125]. There has been a great deal of interest in identifying and characterizing pep-
tides that bind to various materials, such as TiO2 [134], Au [133], SiO2, and HAP 
utilized especially in tissue engineering and regenerative medicine [135].

In this section, two case studies will be demonstrated to give basic perspectives 
for the promising potential of MBPs in implantation and hard tissue engineering as 
molecular linker and material synthesizer.

In the first example, the capability of MBPs as molecular linkers will be given. 
Yazici et al. selected titanium binding peptides (TiBPs) through cell surface display 
and conjugated them with RGDS, which is a cell adhesive peptide to show their 
molecular linker capability for implant surface functionalization [110, 123].

These peptides can be conjugated with a variety of bioactive molecules to 
enhance cell attachment, cell proliferation, cellular spreading, and other cell behav-
iors or creating antimicrobial or anti-fouling surfaces. Therefore, these peptide- 
based molecular linkers provide a new platform to conjugate domains with different 
functionality. In this case study, TiBP was conjugated with biologically active sig-
naling molecules (RGDS) while retaining their remarkable binding and selectivity 
to a solid substrate in the absence of cytotoxicity properties [123]. This study proved 
that a TiBP-RGDS bifunctional peptide enhanced osteoblast attachment and adhe-
sion on a titanium implant surface. The proposed peptide-based surface coating can 
be applied on various materials to induce various desired biological activities on any 
biomaterial using an easily adaptable single-step biologically relevant set of condi-
tions [110, 123, 128, 129].

In another example, the capability of MBPs as a synthesizer in the biomineraliza-
tion process will be given. In nature, biomineralization, which occurs under mild 
conditions to form bone, teeth, sponge spicules, and similar tissues with nanoarchi-
tecture in various organisms, has attracted attention in the field of bionanotechnol-
ogy. Biological organisms have a capability to synthesize their inorganic structures 
or hard tissues with unique morphological, structural, and functional properties. 
This biological mineralization process usually involves a large number of proteins 
with various temporal and spatial distributions. To understand the exact role of pro-
teins in the biomineralization process and biological material synthesis, the 
 traditional approach, which involves extracting and purifying proteins from the 
organism of interest, has been utilized [136]. Although there are exciting examples 
for performing biomineralization using isolated proteins, this approach is limited 
because of the difficulties involved in the extraction and purification steps of these 
proteins from biological systems. De novo design is another approach that stems 
from the prediction of functional sequence of proteins using computational meth-
ods. Biomineralization through extracted proteins or de novo designed peptide 
sequences remains elusive due to impractical identification of all proteins and their 
sequences [137].

MBPs offer a unique and a more practical approach in the biomineralization 
process. MBPs have a recognition capability to solid materials; this recognition 
capability may influence the fabrication process of inorganic materials as well. To 
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prove this, Gungormus et al. have explored the possibility of HA-binding peptides 
to regulate calcium phosphate formation in vitro. They found that the formation of 
calcium phosphate mineral could be controlled via a strong-binding peptide HABP1. 
The rate of mineralization decreased by the addition of HABP1, resulting in the 
formation of much larger plate-like particles compared to control samples. 
Meanwhile, the rate of transformation of the amorphous phase to the crystalline 
phase increased. The transition between the two phases can happen via interactions 
of HABP1  in the amorphous mineral surface. This interaction may stabilize the 
crystal structure by lowering surface energy, therefore, resulting in a growth- 
dominated mineralization pathway [137, 138].

As given in the examples above, MBPs have a great potential in biomaterial sur-
face functionalization and the biomineralization process. Biofunctionalization of 
biomaterials through peptides with various methodologies are summarized in 
Table 2.

 Peptides as Scaffold Materials

 Self-Assembled Peptides

Self-assembling proteins and peptides have a remarkable potential due to their 
unique features as scaffolds for applications in tissue engineering. Their self- 
organization capability from basic building blocks to forming supramolecular struc-
tures and simulating the native ECM, make them as preferable scaffold materials for 
tissue engineering applications. Favorable properties of self-assembling peptides 
are mainly based on their modification capability at the sequence level. Moreover, 
their synthesis does not rely on difficulties of a recombinant protein expression and 
purification system. They can be easily produced through solid phase peptide syn-
thesis. On the other hand, recombinant technologies can be the only alternative to 
solve any homogeneity and standardization issues necessary for applications 
[139, 140].

The unique structural properties of the self-assembled peptides are relevant with 
alternating hydrophilic and hydrophobic amino acid residues. Under physiological 
conditions or mild conditions, these residues spontaneously adopt a β-sheet struc-
ture when exposed to monovalent cation solutions. This process finalizes with the 
formation of self-assembled matrices with certain geometries. The RADA-16 series, 
which is commercially available (PuraMatrix), ELK, and EAK are well-known 
examples for self-assembled scaffolds in the literature. The RADA series is also the 
best example for the commercialization of self-assembled peptide-based scaffolds 
[141, 142].

Among self-assembling biomolecules, peptide amphiphiles are another class of 
peptide-based scaffolds that can enhance osteoprogenitor cells and prompt their dif-
ferentiation. Many studies in the literature revealed the role of peptide amphiphiles 
through mineralized matrixes in promoting osteogenic differentiation of hMSCs 
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Table 2 Peptides and their assembling methodology and function [35, 110, 123]

Bioactive Surface Immobilization Assembly
Favored cellular 
functions

BMP 4 Ti Carbodiimide 
mediated

Covalent Proliferation, 
mineralization

BMP-2 PLGA Acylate-NHS- 
PEG

Covalent Mineralization

BMP-2 derivative Alginate Carbodiimide 
mediated

Covalent Mineralization

OGP Si Click Chemistry Covalent Mineralization
KRSR Ti Silanization Covalent Spreading, 

adhesion, 
mineralization

RGD + FHRRIKA Si Silanization Covalent Spreading, 
mineralization

RGD + PHSRN Ti Thiol Covalent Spreading, 
proliferation

RGD + BMP-2 + hydroxyapatite Ti DOPA Covalent/
electrostatic

Adhesion, 
mineralization

RGD + bFGF Si Spin coating/
thermal 
annealing

Covalent/
electrostatic

Spreading, focal 
adhesion

OGP + fibronectin Ti Adsorption/
co-precipitation

Electrostatic Adhesion, 
proliferation, 
differentiation

Heparin + 1 aminin + bFGF PLLA Covalent Covalent/
electrostatic

Neurite outgrowth

Heparin + BMP-2 Ti Silanization Covalent/
electrostatic

Anti- 
inflammatory, 
proliferation, 
mineralization

Heparin + VEGF + fibronectin Ti Electrostatic Layer by 
layer 
electrostatic

Anti-coagulative, 
adhesion, 
proliferation

Heparin + SDF-1 PGS Electrostatic Electrostatic Progenitor cell 
recruitment

GFOGER PEG Covalent Covalent Bone 
regeneration, 
osseointegration

Chitosan + BMP-2 Ti Covalent Electrostatic Differentiation
Hyaluronic acid + collagen Ti Silanization Layer by 

layer 
covalent

Adhesion, 
proliferation, 
differentiation

Hyaluronic acid + collagen Ti Electrostatic Electrostatic Non-pathological 
smooth muscle 
cell phenotype

Collagen binding motif Ti Electrostatic Osteogenic 
differentiation

(continued)
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and bone formation. On the other hand, peptide amphiphile matrices functionalized 
with MSCs and platelet-rich plasma were demonstrated to encourage bone forma-
tion and improve angiogenesis [105, 143, 144].

 Peptide-Based Biomaterial Scaffolds

Synthetic biomaterials are a necessity for the controlled release of drugs, tissue 
restoration, and tissue engineering. One of the most common advantages shared by 
all synthetic scaffolds is reducing the possibility of carrying biological pathogens or 
contaminants [10]. Moreover, synthetic biomaterials can be engineered to meet par-
ticular needs with their promising in  vivo biocompatibility. Recently, newly 
designed biomaterials have displayed a tremendous enhancement for in  vivo 
biocompatibility.

Each synthetic material is composed of different substitutes, such as calcium 
phosphate and amino acids are substitutes for ceramics and for peptides, respec-
tively. Some synthetic scaffolds are comprised of molecules that are not found 
in vivo such as ceramics or metal-based materials. However, they display desired 
features such as high tensile strength (e.g., bone tissue replacement materials). 
Other classes of materials that were discussed here are mainly peptide-based mate-
rials that are composed of spontaneously self-assembling oligopeptides and were 
discovered recently. One of the advantages of peptide-based scaffolds is their design 
flexibility that will allow us to conjugate them with various molecules that have dif-
ferent functions. For example, biological functional domains that enhance cell 
adhesion such as the cell attachment motif RGD, an integrin receptor-binding ligand 
or any peptide with mineralization and cell differentiation capacity, can be easily 
incorporated during synthesis of these peptides. This function allows researchers to 
gain various functions in one material. On the other hand, amino acids as a mono-
mer of peptide-based scaffolds display outstanding physiological compatibility and 
minimal cytotoxicity. Having a biological substitute is an advantage for a scaffold 

Table 2 (continued)

Bioactive Surface Immobilization Assembly
Favored cellular 
functions

Collagen + lactoferrin Ti Electrostatic Electrostatic Adhesion, 
proliferation, 
differentiation

Collagen + CS + BMP-4 PLGA Electrostatic Electrostatic Increase of 
bone-implant 
contact

Fibronectin-derived Ti Covalent, 
electrostatic

Covalent/
electrostatic

Cell spreading, 
adhesion

BMP bone morphogenetic proteins, OGP osteogenic growth peptide, FGF fibroblast growth fac-
tor, VEGF vascular endothelial growth factor, SDF-1 stromal cell derived factor, CS chondroitin 
sulfate, PEG polyethylene glycol, PGS poly(glycerol sebacate), PLGA poly(lactic-co-glycolic 
acid), PLLA poly(lactic-co-glycolic acid)
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design due to their breakdown products of biologically derived biomaterials and can 
be incorporated into synthesized biomolecules or metabolized in the host organ-
ism [142].

As all peptide-based scaffolds, the peptide amphiphiles are also composed of a 
unique sequence of amino acids which comprise of repeating units of positively 
charged (lysine or arginine) and negatively charged (aspartate or glutamate) amino 
acids with hydrophobic residues (alanine or leucine) in between. These self- 
complementary peptides consist of 50% charged amino acids. Therefore, their self- 
complementary properties rely on the type and sequence of their amino acid 
substitute [142, 145, 146].

Among peptide-based scaffolds, RAD16-I, which has the sequence AcN- 
RADARADARADARADA- CNH2, and RAD16-II, which has the sequence AcN- 
RARADADARARADADA- CNH2, are well-known examples in terms of their 
clinical use. Though both of these peptides have the same length and number of resi-
dues, RD16-I possesses a spacing modulus of one based on the formula (RADA)n, 
contrarily, RAD16-II has a spacing modulus of two based on the formula 
(RARADADA)n, where n denotes any number of repeats.

The self-assembly of peptides depends on various factors, such as peptide and 
salt concentration, which may determine the geometry and dimensions of the mac-
roscopic matrices either as tapes, strings, or sheets. Circular dichroism (CD) is one 
common technique to define the structure of peptide-based scaffolds. It is a very 
important technique to define structure related parameters, which are very crucial 
techniques to design peptide-based scaffolds. CD spectroscopy revealed that RAD-, 
EAK-, and ELK-based peptides with their representative periodicities displayed 
strong β-sheet secondary structure in aqueous solutions. These secondary structures 
displayed two distinctive polar and nonpolar surfaces with simple rules of amino 
acid sequence and type, which give the structural property of the scaffold [147–
149]. Having defined structural properties through this simple rule should be 
explained with some predictions or paradox. For example, the measured β-sheet 
secondary structure of RAD, EAK, and ELK peptides opposed anticipations based 
on the Chou-Fasman statistical predictions for protein helical preferences. 
Glutamate, leucine, and lysine all have high α-helical tendency in the Chou-Fasman 
model [13].

The secondary structure of self-assembling synthetic peptides is an outcome of 
when local and nonlocal intramolecular influences compete. Generally, local influ-
ences for defining secondary structures include the intrinsic helical propensity of 
amino acids. Nonlocal influences are illustrated by the periodicity and positioning 
of amino acids in the context of the peptide sequence—periodicity and amino acid 
positioning determined secondary structures for all synthetic peptides. Thus, nonlo-
cal effects predominated over local effects [142, 149].

Interestingly, the role of local and nonlocal forces can be affected by environ-
mental conditions in which the self-assembly occurs. Amphiphilic peptides, such as 
RAD16 and EAK16, can be solubilized at low millimolar concentrations in salt-free 
aqueous solutions. However, the amphiphilic peptides spontaneously form hydrogel- 
like matrices when the peptide solutions are exposed to salt solutions or physiologi-
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cal media. The ordered matrix formation is due to millimolar levels of monovalent 
cations. The ordered biomatrix comprises a hydrogel with a water content of >99%.

Contrary to the ordered biomaterial matrix that forms when exposed to monova-
lent cations, EAK16 and related peptides form highly disordered materials in the 
presence of millimolar levels of divalent cations. This demonstrates that the concen-
tration of salt is critical to trigger a molecular switch to form a matrix. One explana-
tion for this can be that the matrix formation is triggered due to the electrostatic 
interactions that occur through the salt between the negatively and positively 
charged amino acids of the adjacent peptides. Consequently, promoting the stag-
gered configuration of the individual peptide. Alternatively, as these peptides are 
self-complementary in aqueous solutions, monomeric peptides might undergo fold-
ing to form intramolecular electrostatic interactions. However, if salt is added, it 
could disrupt the intramolecular electrostatic interactions, directing the peptides to 
adopt a configuration that favors intermolecular hydrophobic interactions between 
adjacent peptides.

Although salt concentration effects matrix formation, the length of the peptide 
and degree of hydrophobicity of the aliphatic amino acids are also critical. For 
example, amphiphilic peptides containing alanine (such as EAK16) form a salt- 
induced stable matrix when at least 16-mer peptides are present [9]. Amphiphilic 
peptides containing leucine (such as ELK8), by contrast, require eight-mer peptides 
to form salt-induced stable matrices. These observations show that increasing the 
hydrophobicity of the aliphatic residue contributes to matrix formation. A third hier-
archal model includes features of both earlier models. The matrix could be stabi-
lized as a result of the electrostatic intermolecular interactions between the charged 
amino acids of two adjacent peptides after the intermolecular hydrophobic interac-
tions are formed. Moreover, other conditions of the process, such as the temperature 
and pH, can be adjusted to direct the resulting self-assembling matrix geometry. All 
of these models of peptide-based matrix formation and stabilization require further 
direct experimental confirmation to understand the function of each experimental 
condition [17, 150]. The sequence of the peptide may not have the only role for gel 
formation. For example, the RAD-based amphiphilic peptide sequence shares simi-
larity to the ligand that binds with the cell adhesion receptor integrin RGD. Some of 
the ECM proteins contain RAD sequences that can bind to the isoforms of integrin 
[151]. The first hypothesis that was tested was if the cells can adhere and grow on 
peptide-based scaffolds in an integrin-dependent manner. Cell adhesion to RAD- 
and EAK-based scaffolds do not involve integrin binding [152], and both of these 
matrices promote cell adhesion and growth. Though the RAD sequence can bind to 
certain integrin receptors, the EAK does not bind to integrins. Moreover, high con-
centrations of RGD peptides do not affect cell attachment to RAD- and EAK-based 
matrices, which confirms that integrin-based attachment is not crucial for cell adhe-
sion to these peptide-based matrices. The RAD- and EAK-peptide scaffolds support 
cell adhesion of diverse types of mammalian and avian primary and transformed 
cells [7, 17, 142, 150].
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 Conclusion

The expanding need of interventions for bone tissue regeneration can be met with 
the use of biomimetic peptides. These peptides have various advantages that render 
them useful for tissue engineering including their compact size. These small mole-
cules with simple structures can be customized to include many properties such as 
directed immobilization. The peptides can also be used to functionalize the osteoin-
ductive biomaterials which can enhance the cell attachment, differentiation, and 
phenotype development. These biomimetic peptides can confer bioactivity that syn-
thetic scaffold lack, which can lead to better biomaterial–host interaction. Numerous 
peptides have been developed and explored for bone repair. However, inadequate 
verification from clinical trials limits the use of these peptides. These peptides have 
potential for tissue engineering, which needs to be explored more. Further investi-
gations will result in biological molecules that can be utilized in the clinical settings 
for bone tissue engineering. The areas that need to be explored more in this regard 
include one of the most common problem of stability of the peptides resulting in 
low bioavailability and short duration of activity due to proteolysis. This can be 
achieved by improving the peptide designs incorporating cyclization, nonnatural 
amino acids, and stable peptide bonds. Moreover, polytherapy, i.e., combining sev-
eral distinct peptides targeting specific bone repair phase or a specific population of 
cells involved in bone healing, should be explored further. This strategy can be used 
to couple osteoconductive peptide with another osteoinductive peptide or a vascu-
larization inducing peptide to increase the bone healing. Another field to be expanded 
is the scaffolding technologies to incorporate controlled release of peptides to pro-
vide correct signal at the precise stage of the repair pathway. Therefore, further 
research in the peptide design and scaffolding technologies aiming for the upregula-
tion of osteoinduction and osteoconduction is desirable to lead to future treatment 
involving biomimetic peptides in clinical setups.
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Abstract This chapter provides a brief review of bone biology and metabolism, 
focusing on the regenerative potential of bone tissues. In this context, we discussed 
the main clinical approaches to enhance bone regeneration, concentrating on an 
innovative approach referred to as antibody-mediated osseous regeneration (AMOR). 
Bone morphogenetic proteins (BMPs) are some of the most relevant osteoinductive 
factors in the demineralized bone matrix. The main role of BMPs is the recruitment 
and differentiation of mesenchymal cells into an osteogenic lineage, resulting in new 
bone formation. As an alternative for the BMP-2 exogenous administration of an 
osteoinductive growth factor, the use of immobilized anti-BMP-2 antibodies in 
matrices has been proposed to capture the endogenous protein. The captured endog-
enous BMP-2 would be able to induce osteogenic differentiation of osteoprogenitor 
stem cells and improve the bone formation. In general, the association of anti-BMP-2 
mAb with a scaffold has demonstrated success in new bone formation in different 
in vivo models with no evidence of adverse reactions.

Keywords Bone regeneration · Bone morphogenetic proteins · Antibodies · Stem 
cells · Osteoinductive · Osteoconductive · Osteogenic · Scaffold

 Biology and Metabolism of Bone Tissue

Bone tissue has a high vascularization and its remodeling continues throughout 
one`s lifetime [1]. The diversity of the functions of bone is shown by its complex 
architecture [2]. The arrangement of the bone tissue occurs in a trabecular (cancel-
lous bone) or compact pattern (cortical bone) [2, 3]. Interconnected trabeculae with 
free spaces filled by bone marrow compose the trabecular bone, and the cortical 
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bone is constituted by repeating osteon units, which are composed of collagen fibers 
and calcium phosphate crystals [4].

Different proportions of those two architectural patterns are observed in the skel-
eton. Only 10% of the cortical bone is porous, being almost solid, whereas cancellous 
bone is more porous (50–90%) [3, 5]. According to Jimi et al. [6], the remodeling of 
the cancellous bone occurs at more than 30% per year and the cortical bone at approx-
imately 3% per year. In 1 year, about 6% of all bones in the human body remodel.

Of the two components of the bone matrix: 65–70% are composed of a mineral 
part (hydroxyapatite), and 25–30% are made of an organic phase [3], which is com-
posed of type I collagen (90–95%) [7].

Besides, the organic part of the bone matrix is also composed of several proteins 
(thrombospondin, osteonectin, osteocalcin, byglican, decorin, fibronectin, bone sia-
loprotein, osteopontin) with different functions [3]. The organic, non-mineralized 
part, presents an important role in the control of the growth and differentiation of 
osteocytes, osteoblasts, and osteoclasts in the bone remodeling process [2]. 
According to Stevens [1], over 200 different types of noncollagenous matrix pro-
teins (sialoproteins, proteoglycans, glycoproteins, etc.) participate in a large number 
of signals in the immediate extracellular environment. The nanocomposite structure 
provides the requisite compressive strength and high fracture toughness of bone [1].

Bone tissue is composed of three cell types: osteoblasts, osteoclasts, and osteo-
cytes. Osteoblasts are the most important cells for bone growth and metabolism; 
they are matrix producers [8]. They produce the extracellular matrix and regulate its 
mineralization [9]. Mature osteoblasts secrete and deposit most of the bone matrix 
proteins, besides regulating the formation of hydroxyapatite crystals in osteoids [6]. 
According to Jimi et al. [6], it is believed that the main functions of osteoblasts are 
related to the high activity of alkaline phosphatase in response to osteotropic hor-
mones and cytokines, and the expression of a high number of extracellular matrix 
proteins related to bone tissue.

Osteocytes account for 90% of all cells in the adult skeleton [9]. They are derived 
from the osteoblasts that are included in the matrix [10]. They are mature cells 
found in bone lacunae, which communicate with other osteocytes through long cel-
lular processes, and also participate in bone remodeling by sending signals resulting 
from mechanical stress [11]. Osteocytes may have an important role in initiating the 
bone cycle, perhaps by detecting microfractures or other perturbations in the bone 
structure and then signaling osteoclasts to those defects [7].

Osteoclasts, the tissue-resorbing and macrophage-like cells, degrade the bone 
structure through a combination of localized acidification, removing the min-
eral, and breaking down the matrix by protease secretion [11]. Osteoclasts are 
active at the beginning of the bone remodeling cycle and have the function of 
resorbing the existing bone. They attach their fenestrated membrane to the min-
eralized matrix on the surface of the bone, isolating a microenvironment, which 
will be a local site of bone resorption. There is a decrease in pH, and potent 
enzymes (β-glycerophosphatases, acid phosphatase, β-glucuronidases, aryl-sul-
fatases, cysteine-proteinases,  metalloproteinases, etc.) are released. There is the 
formation of a depression in the bone due to the erosion, termed as lacunae [7].

F. Coelho et al.



479

Osteogenesis occurs not only during embryogenesis. It occurs throughout life 
and is related to the bone remodeling process in adults. It is a tightly regulated, 
active process initiated by stem cells for the purpose of forming a normal vascular-
ized bone structure. The formation of bone tissue depends on the association of 
factors such as the expression of soluble molecules (hormones, growth factors, vita-
mins, cytokines, ions, etc.), specific cell types (osteoclasts and mesenchymal stem 
cells), scaffolds (extracellular matrix molecules, hydroxyapatite), and mechanical 
stimuli [12]. The bone tissue may be formed by intramembranous and/or endochon-
dral ossification. Mesenchymal condensation nuclei are formed, where cells can 
differentiate directly into osteoblasts (intramembranous ossification), or into chon-
drocytes (endochondral ossification) [12].

Bone remodeling occurs by the balanced activity between osteoclasts and osteo-
blasts [10]. The beginning of the bone remodeling occurs in the quiescent phase. 
After the osteoclasts are attracted to the new site, they promote erosion of the bone 
matrix, forming lacunae with sizes of approximately a 50 μm depth and 100 μm in 
diameter. This process requires about 10  days. Resorption is discontinued and 
osteoblasts are attracted to bone remodeling site. Osteoblasts secrete an osteoid 
matrix composed primarily of type 1 collagen, filling the lacunae. This process 
requires about 80 days. The newly formed matrix is mineralized with hydroxyapa-
tite. The remodeled area goes into the quiescent phase to complete the bone cycle of 
60–120 days [7]. The process of bone remodeling is exemplified in Fig. 1.

Fig. 1 The process of bone remodeling. (Source: Prepared by the authors)
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 Bone Regeneration

Unlike other tissues, bone can regenerate and repair itself in a process called bone 
regeneration. This process is a very efficient and is a rigorously regulated process 
where all components of bone tissue are involved to optimize the repair and restore 
skeletal function. It is characterized by a sequence of biological events of bone 
induction and bone conduction, which involves several types of cells, extracellular 
and intracellular molecular signaling pathways [11, 13].

Four components are related to the bone regeneration process: (a) morphogenetic 
signals, (b) response to the signal by the host cells, (c) a suitable carrier for the 
growth of the host cells, and (d) a well-vascularized and viable tissue of the host [4, 
14]. Inflammatory cells, vascular cells, osteoclasts, and osteochondral progenitor 
cells are cells that are present in the repair process [15]. Increased expression of 
pro-inflammatory, osteogenic, and angiogenic growth factors released at the site of 
the bone lesion induces signaling cascades for tissue repair [16].

Several growth factors are present in the bone regeneration process, including: 
bone morphogenetic proteins (BMPs); fibroblast growth factor (FGF), insulin-like 
growth factors (IGFs), platelet-derived growth factor (PDGF); transforming growth 
factor-β (TGF-β), and vascular endothelial growth factor (VEGF) [17].

According to Schindeler et al. [15], bone healing occurs in a four-stage process: 
inflammation (formation of hematoma, infiltration of the hematoma by inflamma-
tory cells, secretion of cytokines and growth factors, invasion of mesenchymal stem 
cells, formation of granulation tissue); formation of soft callus (formation of a car-
tilaginous callus and fibrocartilaginous tissue); formation of hard callus (removal of 
soft callus, revascularization, osteoblasts in high activity, formation of a mineralized 
bone matrix); and bone remodeling (the newly formed bone is remodeled into corti-
cal and/or trabecular bone).

Physiological and pharmacological components influence the fracture healing, 
such as the location and extent of the lesion, infection, biomechanical forces, dis-
eases, nutrition, and genetics [15].

 Clinical Approaches to Enhance Bone Regeneration

As previously discussed, bone is a mineralized conjunctive tissue, with a special 
healing capacity which ensures that the bone injuries and fractures heal without scar 
formation [11]. However, the successful bone regeneration becomes more compli-
cated depending on the size of the defect since large defects present greater diffi-
culty of repair [18]. In this cases bone substitutes (autogenous, homogenous, 
heterogeneous, or synthetic) have been used to replace the missing bones.

The ideal bone substitute must present osteoconductive, osteogenic, and osteoin-
ductive properties: osteoconductive bone substitute is able to stimulate osteogenic 
cells attachment, survival, and migration; osteoinductive bone substitutes induces 
stem cells differentiation toward an osteoblastic lineage by physical and biochemical 
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factors, and osteogenic bone substitutes contains stem cells able of differentiating 
into osteogenic cells in the bone defect [4]. Based on that, the autogenous bone graft 
is therefore the gold standard since it has the osteoinductive factors and osteogenic 
cells required for bone regeneration [19]. Autogenous bone graft is removed from 
another part of the patient's body (tibia, iliac crest, mandible, or skullcap), which 
restricts its applications essentially due to the limited quantity of the autograft that 
can be achieved [20]. Moreover, the operating time required for harvesting auto-
grafts is expensive with substantial donor site injury often related with pain, infec-
tion, and hematoma [21].

Therefore, viable alternatives including allograft (from human donors/cadavers) 
and xenograft (from a nonhuman) bone are also regularly used for bone defect 
regeneration when autologous bone graft is not available [22]. However, although 
the biomechanical stability and elasticity are similar to autologous bone, the absence 
of osteogenicity associated with the lower rate of graft incorporation represents 
limitations to those bone grafts [2]. Furthermore, host rejection, disease transmis-
sion, and infection risk (even infrequent) have limited their uses [16].

Against all these limitations, synthetic bone substitutes have been developed as a 
safer, less expensive, and less invasive alternative compared to these bone implants. 
Those bone substitutes can be produced from biomaterials as hydroxyapatite (HA), 
bioactive glass, tricalcium phosphate (TCP), polymers, and ceramics [23]. The iso-
lated use of those materials presents only an osteoconductive role, limiting their use 
in bone reconstruction [18]. Consequently, researchers have been proposed the 
association of diverse compounds as growth factors, hormones, and drugs to the 
synthetic bone substitutes to ensure osteoinductive properties and to improve the 
regenerative potential of those materials [18].

 Synthetic Tissue Scaffolds for Bone Regeneration

Three-dimensional scaffolds are normally prepared with porous biodegradable 
materials which have the mechanical support and preserve the space necessary for 
cell growth and matrix production during new bone formation [4]. Moreover, the 
scaffold structure is able to transport diverse compounds in the target space in a high 
local concentration with the smallest side effects [18]. The ideal synthetic tissue 
scaffolds should be: (a) biocompatible without eliciting an immune response; (b) 
osteoconductive, osteoinductive, and osteogenic, promoting bone ingrowth; (c) 
absorbable in a predictable manner, with biocompatible components, and at the 
same time of bone growth; (d) easily adaptable to an irregular wound site; and (e) 
sterilizable without property modification. Additionally, the scaffolds need to 
 present pore sizes with approximately 200–400 μm, correct mechanical and physi-
cal properties and not stimulate soft tissue growth at bone/implant interface [14].

The choice of the material to produce a scaffold is an essential stage since its 
properties will determine the mechanical and physical properties [3]. Several mate-
rials including biodegradable ceramics and polymers have been proposed. Ceramics 
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can be from natural (e.g., coralline HA) or synthetic origin (β-TCP or synthetic HA) 
[24]. Although being osteoconductive and osteoinductive, those materials have 
some major drawbacks including small mechanical stability, which limits their 
applications for large bone defects regeneration. Likewise, their degradation/disso-
lution rates are difficult to estimate [3]. As an alternative, the natural (animal or 
vegetal source) and synthetic biodegradable polymers have been used. Those mate-
rials showed little immunogenic potential, bioactive behavior, chemical versatility, 
and capability of host’s tissue interaction [3].

The synthetic tissue scaffolds also act as carriers to deliver different compounds 
to the bone defect area improving local protein retention and sustain a slow release, 
increasing the osteoinductive potential of the material [16]. According to Vo et al. 
[16] “the strategies for protein absorption into scaffolds involve either non-covalent 
(surface adsorption, physical entrapment, affinity binding, ionic complexation) or 
covalent immobilization on or into the delivery system (chemical conjugation)”. 
The choice of the type of absorption is based on the material’s physicochemical 
properties and interactions between the protein, defect type, and carrier [25]. 
Beyond the several hormones, growth factors and drugs, the antibody incorporation 
was proposed in an approach referred to as “antibody-mediated osseous regenera-
tion (AMOR)” [26].

 AMOR: Antibody Mediated Osseous Regeneration

Several therapies involving antibodies have been studied in genomic research based 
on its high degree of affinity and specificity to the antigen or target molecule that 
guarantee a high level of efficiency with fewer adverse events. The mechanism of 
action of the antibodies and the ability of targeting several molecules allows them to 
be applied to a wide range of therapeutic targets [27]. Currently, the number of 
monoclonal antibodies (mAbs) approved in clinical research is surprisingly grow-
ing in different therapeutic areas, including cancer treatment, organ transplantation, 
inflammatory disease, respiratory disease, cardiovascular disease, ophthalmologic 
disease, and infection [27, 28]. Based on these antibody therapies advantages, Freire 
et al. [26] proposed a strategy using BMP-2 specific immobilized antibodies (BMP-2 
Abs) to promote bone regeneration. In this strategy, the BMP-2 specific immobi-
lized antibodies can sequester endogenous BMP-2 and induce new bone formation. 
This new approach is referred to as AMOR.

Osteoblasts are responsible for the synthesis and secretion of BMPs. BMPs 
induce the differentiation of mesenchymal stem cells (MSCs), which stimulate the 
process of osteogenesis, allowing for healing and bone remodeling [29, 30]. 
Traditionally, pathways leading to differentiation of MSCs into osteoblasts are acti-
vated by BMPs binding to a membrane-specific ligand receptor named of BMP type 
1 (BMPR1) and BMP type 2 receptors (BMPR2). Receptor binding stimulates sig-
nal transduction through the phosphorylation of various homologues of the 
Drosophila protein, mothers against decapentaplegic (Mad) and the Caenorhabditis 
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elegans proteins (Sma) (SMAD) proteins and their nuclear translocation. The 
SMADs also function as transcription factors, controlling the expression of essen-
tial osteogenic genes involved in osteoblast proliferation (Msx2), matrix synthesis 
(RUNX2, osteopontin-SPP1, alkaline phosphatase-ALPL) and inhibition of osteo-
clast differentiation (TNFRSF11B- osteoprotegerin) [31]. According to [32]: “In 
addition to BMP/SMAD signaling, Mitogen Activated Protein Kinases (MAPK) 
cascades represent an alternative, non-canonical pathway for BMP-2 signal trans-
duction. BMP-2 activates the signaling pathways p38, extracellular-signal-regulated 
kinase (ERK1/2) and c-Jun N-terminal kinase (JNK1/2) to induce the activation and 
expression of a specific transcription factor related to RUNX2. RUNX2 plays an 
essential role in the osteoblastic differentiation of MSCs and directly stimulates the 
transcription of important downstream target genes, including those encoding 
osteocalcin (Bglap), collagen type 1 (Col1A1) and osteopontin (Spp1)”. The mecha-
nism of action of BMP-2 on the expression of osteogenic markers can be verified 
through the signaling cascade in Fig. 2.

Based on this high osteogenic activity, the use of recombinant human bone mor-
phogenetic protein-2 (rhBMP-2) as a viable alternative to bone grafts has been 
approved by the US Food and Drug Administration (FDA) for clinical use and has 
been investigated in different bone cicatrization applications. Preclinical and clini-
cal researches have demonstrated that an absorbable collagen sponge combined 
with rhBMP-2 can induce new bone formation with clinical and radiographic results 
equivalent to autogenous grafting [33–35]. However, according to [36]: “The clini-
cal application of rhBMP-2 is associated with a number of biological and logistic 
drawbacks, including (1) requirement for administration of rhBMP-2 at superphysi-
ological doses, (2) inability to sustain growth factor concentration over extended 
periods of time, (3) lower biological activity of rhBMP-2 relative to endogenous 
counterparts and (4) high costs of rhBMP-2”. Therefore, the use of BMP-2 specific 
immobilized antibodies has been investigated to replace the exogenous pathway and 
avoid the adverse effects associated with rhBMP-2 use [26, 37].

This approach aims to capture endogenous BMP-2 using specific Abs immobi-
lized in a solid scaffold. The binding scheme of the anti-BMP-2 antibodies in scaf-
folds for the capture of endogenous BMP-2 can be visualized in Fig. 3.

According to Freire et al. [26]: “To participate in AMOR, an Abs molecule must 
have the following properties: (1) high affinity for binding to endogenous BMP-2; 
(2) binding of BMP-2 epitopes remotely from the BMP-2 receptor-binding domains; 
(3) involve the BMP-2 cellular receptor on osteoprogenitor cells by the Ab-BMP-2 
immune complex; (4) intracellular signal transduction by the Ab-BMP-2 immune 
complex; (5) absence of an adverse local or systemic immunological response in the 
host; and (6) mediation of osteogenic differentiation by Ab-BMP-2 immune 
complexes”.

Freire et al. [26] performed in vitro and in vivo studies to evaluate the ability of 
the immobilized anti-BMP-2 Abs to capture the endogenous BMP-2 and mediate 
the formation of a new bone tissue. In these studies, antibodies were obtained from 
the immobilization of rhBMP-2 (Infuse®; Medtronic) in mice. Many clones were 
formed using the ClonaCell-HY hybridoma cloning kit (StemCell Technologies). 
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Fig. 2 BMP-2 signaling markers in the expression of osteogenic markers. (Source: Prepared by 
the authors)

Fig. 3 Anti-BMP-2 immobilization scheme on membranes. Demonstration of capture of endog-
enous BMP-2 and osteoprogenitor stem cells. (1) Anti-BMP-2 mAb is withheld on membranes; (2) 
mAb binds endogenous BMP-2; and (3) specific receptor osteoprogenitor cells are attracted by 
endogenous BMP-2 and promote bone differentiation. (Source: Prepared by the authors)
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Thereafter, the competence of the anti-BMP-2 Abs to link to BMP-2 and to permit 
BMP-2 in the immune complex to link to the BMP cell receptor was assessed by a 
flow cytometry assay. Through this assay it was observed that some mAbs could 
link to BMP-2 and permit BMP-2 to bind to cells, but most prevent the binding of 
BMP-2 to its cellular receptors. In the in vivo analysis, the BMP-2 antibody was 
immobilized on an absorbable collagen sponge and surgically placed in a rat cal-
varial defect. Micro-CT analysis demonstrated that bone regeneration was promoted 
by only a few anti-BMP-2 Abs clones immobilized on absorbable collagen sponge 
(ACS). The in situ expression of BMP-2 and osteocalcin was evaluated by immuno-
histochemistry. The analysis revealed higher expression of these markers in sites 
with greater bone regeneration. These studies demonstrated the competence of anti- 
BMP- 2 Abs to link to endogenous BMP-2 and mediate the formation of a new bone 
in vivo, presenting a strategy for improved tissue engineering [26].

 Investigation of the AMOR Approach in Animal Models

The AMOR approach may be used in clinics, and it is interesting to demonstrate its 
effectiveness in animal models. Besides the study [26], a variety of in vivo experi-
mental approaches have been reported in the literature.

Ansari et  al. [37] compared the effectiveness of a murine anti-BMP-2 mAb 
immobilization technique using diverse matrices including titanium microspheres, 
alginate hydrogel, and ACS. Those matrices were surgically grafted on rat critical- 
sized calvarial defects. After 8  weeks, the bone regeneration process was most 
effectively evidenced in the three types of scaffolds with immobilized anti-BMP-2 
mAb compared to the isotype control mAb. The titanium scaffold presented greater 
bone formation followed by ACS. However, the titanium scaffold is not biodegrad-
able, which limits its applications. In all the scaffolds used, the presence of the 
BMP-2, -4, and -7 antigens was identified through the immobilized anti-BMP-2 
mAb, reinforcing the efficiency of the AMOR strategy for bone regeneration.

The wide range of applications of induced pluripotent stem cells (iPSCs) stimu-
lated the curiosity of Wu et al. [38]. The iPSCs are somatic cells collected from 
patients, which could be transformed into pluripotent stem cells, using a suitable 
sequence of signaling proteins and growth factors, exhibiting the same pluripotency 
of embryonic stem cells (ESCs). In this context, Wu et al. [38] described an approach 
using BMP-2 Abs to guide osteogenic differentiation of iPSCs (derived from mes-
enchymal stromal cells or iMSCs) in an in vivo ectopic bone formation model. For 
this, subcutaneous injection of alginate microbeads with iMSCs and encapsulated 
anti-BMP-2 Abs were perfomed in 12 eight-week-old male mice. The presence of 
the anti-BMP-2 antibody was able to involve the BMP-2 recalls in the iMSCs. A 
subcutaneous implantation locus loaded with the iMSCs and anti-BMP-2 showed 
increased bone formation and vascularization in mice compared to exogenous 
BMP-2. The exogenous BMP-2 exhibited significantly lower dystrophic calcifica-
tion and vascularization, which revealed that the anti-BMP-2 Ab/BMP2 immune 
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complex was able to dictate the acquirement of the osteogenic phenotype of iMSCs 
and subsequent mineralization.

Guo et  al. [39] investigated the AMOR approach for a nonunion tibia defect 
repair in a nonhuman primate model. Six animals of the species Macaca fascicu-
laris were operated on for a 20 mm segmental osteotomy in their tibias. The isotype 
matched control mAb and the investigated material (absorbable collagen sponge 
incorporated with anti-BMP-2 mAb) were introduced into the defects created. After 
a surgical period of 12  weeks, histological, histomorphometric, and cone beam 
computed tomography (CBCT) analyses were performed. Quantitative 3D volumet-
ric analysis by CBCT demonstrated the formation of a larger volume of mineralized 
tissue at sites that were implanted with an absorbable collagen sponge incorporated 
with anti-BMP-2 mAb compared to sites implanted with an isotype-matched con-
trol mAb; and the histological and histomorphometric analysis indicated that sites 
introduced with anti-BMP-2 showed new bone formation with a higher percentage 
of bone volume compared to the isotype matched control mAb.

Xie et al. [40] investigated the application of the AMOR approach in a mandibu-
lar continuity defect repair in nonhuman primates. Critical-sized mandibular conti-
nuity defects were formed in six adult male Macaca fascicularis. Collagen sponges 
(CS) incorporated with anti-BMP-2 mAbs were locally implanted. Three animals 
were designated to experimental (AMOR) and three to control (isotype-matched 
mAb) groups. 2D and 3D analysis of CBCT and histological examination demon-
strated an increased bone density and volume in regions treated with anti-BMP-2 
ACS-mAb compared to control in 6 and 12 weeks, postoperatively.

Khojasteh et al. [41] evaluated the AMOR strategy on the repair of a canine 
segmental mandibular continuity defect model. Consequently, a 15 mm unilateral 
segmental defect was created in the mandible and fixed with a titanium plate. 
Inorganic bovine bone mineral with 10% collagen (ABBM-C) was incorporated 
with anti- BMP- 2 mAb or isotype-matched mAb. The rhBMP-2 served as a posi-
tive control. Morphometric analyses were observed by CBCT and histological 
images. Bone densities within healed defect sites at 12 weeks after surgery were 
1360.81 ± 10.52 Hounsfield Unit (HU), 1044.27 ± 141.16 HU, and 839.45 ± 179.41 
HU, in sites with implanted anti-BMP-2 mAb, rhBMP-2, and isotype mAb 
groups, respectively. Osteoid bone formation in anti-BMP-2 mAb (42.99% ± 8.67) 
and rhBMP-2 (48.97%  ±  2.96) groups was not significantly different but was 
higher than in sites with an isotype control mAb (26.8% ± 5.35). In this way, the 
results of this study confirmed the feasibility of AMOR in a large clinically rele-
vant animal model.

 Conclusion

The efficiency of the AMOR approach in bone tissue engineering has been demon-
strated in several in vivo studies. In general, the association of anti-BMP-2 mAb 
with a scaffold has demonstrated success in the new bone formation in different 
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in  vivo models with no evidence of adverse reaction. The effectiveness of this 
approach suggests that this strategy could be introduced into clinical use of tissue 
engineering with promising results.
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Abstract Decellularized extracellular matrix (ECM)-based scaffolds are rapidly 
expanding in regenerative medicine. The ECM is an intricate microenvironment 
with excellent biochemical, biophysical, and biomechanical properties, which can 
regulate cell adhesion, proliferation, migration, and differentiation, as well as drive 
tissue homeostasis and regeneration. Decellularized tissue-derived ECMs have been 
reported to be successful in clinical application of cardiovascular, respiratory, and 
gastrointestinal surgery. In bone tissue engineering, decellularized ECMs derived 
either from tissues such as bone, cartilage, and small intestinal submucosa or from 
cells such as stem cells, osteoblasts, and chondrocytes have shown promising 
results. We begin this chapter with a brief description of the composition of the 
ECM and its changes during osteogenesis in vivo and in vitro. Next, the decellular-
ization methods are summarized, followed by the latest development in matrices 
from native tissues, or cultured cells and their application in bone tissue engineer-
ing. Finally, we investigated the different engineering strategies for the design of 
ECM-based scaffolds in bone regenerative medicine. With this information, we 
hope to better understand the ECM-based materials and to develop biomaterials 
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 Introduction

Bone-devastating defects due to trauma, tumor, infection, or congenital etiology 
lead to significant alternations in appearance and function, which have a significant 
influence on patients and society. It is estimated that the incidence of long bone 
fractures in the United States alone is about 1,500,000 annually [1]. More than 
500,000 bone grafting operations are performed in the United States per year, and 
more than 2 millions in the world, to treat nonunions or large defects [2, 3]. A bone 
graft is the second most frequent transplanted tissue, coming right after blood trans-
fusion [4, 5]. Autologous bone grafts are predominantly regarded as osteoconduc-
tive materials for bone replacement, with the ability to deliver a combination of 
differentiated osteoblasts, a mixture of bone growth factors, and the matrix of can-
cellous bone at a physiological level [6, 7]. Allogenic bone grafts are available from 
bone banks, which are cadaveric in origin and have been also widely used in bone 
reconstructive surgery [8]. Although allografts still have bone morphogenetic pro-
teins (BMPs), they only possess osteoconductive and weakly osteoinductive capaci-
ties [9]. Autologous or allogeneic bone grafts are considered as the gold standard for 
bone defect reconstruction; however, their inherent insufficient tissue availability, 
risks of unknown disease transmission, severe donor site morbidity, and unpredict-
able late resorption of grafts render their clinical use [4].

Tissue engineering is becoming a promising therapeutic approach in treating 
bone diseases in light of a number of problems confronting currently available treat-
ments [10, 11]. Three-dimensional (3D) scaffolds should offer initial support to 
seeded cells and provide biological and physical cues for proliferation, migration, 
and differentiation. This requires the development of scaffolds that have the same 
functions as in vivo extracellular matrix (ECM). Significant efforts have been made 
to generate synthetic substitutes (e.g., collagen, ceramic, and hydroxyapatite), 
which resemble the architecture and/or composition of native bone [12]. However, 
most of these materials do not display truly osteoinductive properties but merely 
have an osteoconductive ability [13]. Significant efforts have been made to increase 
their bioactivity by adding growth factors, ceramic particles, or ECM proteins or 
peptides [14–17]. However, quantities and release kinetics as well as optimal com-
binations for these factors are still not defined. These considerations prompt the 
generation of native ECM-based materials with osteoinductive properties for bone 
regeneration.

The ECM is a complex and essential meshwork between and around niche cells, 
consisting of glycoproteins, collagens, proteoglycans, and polysaccharides [18]. 
The ECM regulates cellular functions, such as cell attachment, survival, prolifera-
tion, migration, and differentiation with biochemical, mechanical, and biophysical 
properties [19]. Furthermore, the ECM holds great promise in tissue regeneration, 
as it has immune tolerance [20]. Unfortunately, ECM proteins and variances from 
different tissues are currently not completely understood. Thus, it is quite difficult 
to rebuild an ECM with appropriate architecture from synthetic materials or pure 
protein components.
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The purpose of fabricating a native ECM-based scaffold is to mimic the target 
tissue ECM structure as much as possible. For example, lungs with acellular vascu-
lature, airways, and alveoli have been reseeded with epithelial and endothelial cells 
to establish ventilation function [21]. It is exciting that such scaffolds based on natu-
ral ECM sources have been successful in the clinic for the regeneration of a number 
of tissues, such as heart valves [22] and the trachea [23]. Furthermore, several decel-
lularized scaffolds have been commercialized and approved by the Food and Drug 
Administration (FDA) for use in humans, such as porcine urinary bladder (ACell), 
dermis tissue (Alloderm®; LifeCell), and porcine heart valves (Synergraft®; 
Cryolife) [24]. Unfortunately, due to the challenging regulatory- and cost-related 
issues and uncertain advantages from the standard-of-care, currently there is no 
decellularized ECM (dECM) for bone-specific clinical applications. Taking into 
account the impact of ECM-based biomaterials for bone regeneration on the quality 
of patients living, this technology needs to be continually evaluated.

This review first summarizes the composition of the ECM in bone and its changes 
during osteogenesis in vivo and in vitro, followed by a discussion of decellulariza-
tion methods. The ECM from tissue and cells, and their influence on cell functions 
and bone regeneration are further discussed. We then focus on fabrication methods, 
such as electrospinning, 3D printing, and hydrogels, in generating ECM-based 
materials in bone regenerative medicine. Finally, we conclude with challenges and 
perspectives in the development of ECM-based materials for bone tissue engineering.

 Characteristics of ECM from Bone Tissue and Changes 
During Osteogenesis

The specific composition and distribution of ECM constituents vary considerably 
depending on the tissue source [18]. In general, the ECM mainly consists of glycos-
aminoglycans (GAGs) (e.g., heparin sulfate, chondroitin sulfate, hyaluronan), fibrillar 
proteins (e.g., collagens, laminin, fibronectin), matricellular proteins (e.g., osteopon-
tin, thrombospondin), and proteoglycans (e.g., decorin, versican, aggrecan). The bone 
ECM consists of organic (40%, mainly of type I collagen) and inorganic (60%, mainly 
of hydroxyapatite) components [25, 26]. Collagen, the main component of the ECM 
plays a vital role in bone formation and regeneration. Wang et al. showed that type I 
collagen could initiate and orientate carbonated apatite mineral growth without the aid 
of any other vertebrate ECM molecules of calcifying tissues [27]. Nudelman et al. 
demonstrated that collagen fibrils could control mineralization with hydroxyapatite 
nucleation inhibitors [28]. The bone ECM is also a reservoir for growth factors such 
as the transforming growth factor beta (TGFβ) family, pro-inflammatory cytokines, 
calcium phosphates (tricalcium phosphate or hydroxyapatite), and angiogenic growth 
factors like VEGF [29]. Protein components in the ECM connect cells through integ-
rins, major cell surface transmembrane receptors, thereby mediating cell behavior 
[30]. In general, the ECM provides an excellent microenvironment for cell adhesion, 
migration, proliferation, and differentiation.
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The distribution and composition of specific matrix components may be altered 
during bone developmental stage [31–33]. Fibronectin and versican can be observed 
during the mesenchymal condensation period while decorin exists in unmineralized 
bone but they all disappear in mineralized bone [31–33]. Biglycan is found in the 
bone marrow surrounding mesenchymal stem cells (MSCs) but disappears in 
unmineralized and mineralized bone matrices [32]. Changes in the ECM compo-
nents during the osteogenesis of MSCs in vitro are similar to in vivo remodeling of 
the ECM [34]. Fibronectin, versican, and biglycan are abundant in the stem cell 
matrices while expression of versican and biglycan decreases significantly in the 
late stage matrices of osteogenesis [34]. Decorin is only strongly detected in the 
early stage of osteogenic matrices [34].

Biomaterials used in tissue engineering attempt to simulate the multifactorial 
aspects of ECM function. Unfortunately, synthetic growth factors and specific ECM 
proteins or peptides (fibrin, collagen, or hyaluronan) fail to achieve the organization 
and molecular complexity of native tissue matrices [14, 15, 35]. Moreover, the fact 
that decellularized allogenic bone grafts have a comparable clinical performance to 
autologous bone grafts highlights the important effect of the ECM in bone regenera-
tion [36]. These reasons have motivated the utilization of the native ECM itself as a 
biomaterial source in bone regeneration.

 Decellularization

Cellular components should be removed from tissues or cells to minimize the 
immune response of the ECM [37]. Decellularization is a process whereby all cel-
lular and nuclear materials are eliminated from tissues or cultured cells while main-
taining the composition and organization of an ECM [38]. A good decellularization 
requires a balance between preservation of bioactive cues in the ECM and reducing 
the risks of unknown disease transmission. To improve the efficiency of decellular-
ization, a variety of decellularization methods have been developed and fall into 
four categories: physical, chemical, enzymatic, and biological decellularization 
methods (Fig. 1). The most effective and robust decellularization protocols are a 
combination of the above methods. A classic decellularization protocol generally 
utilizes physical or chemical treatments to lyse the cell membrane, followed by 
enzymatic methods to separate cellular components.

 Physical Methods

In physical approaches, freezing and thawing, direct pressure, sonication, agitation, 
and osmosis are used to decellularize tissue or cell-derived ECM by destroying cel-
lular membranes, with corresponding cell lysis [37]. A repeated freeze-thaw cycling 
is often used to form ice crystals inside cells and lyse the cells [37]. A physical 
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method has the advantage of minimally altering the mechanical properties of the 
ECM and preventing the disruption of the ECM ultrastructure [39]. However, as this 
approach does result in incomplete removal of cellular debris, chemical or enzy-
matic methods may need to be added to obtain acellular tissues. For example, due 
to the density of compact bone, cold isostatic pressure at 30 °C for 10 min combined 
with deoxyribonuclease (DNase) treatment at 37 °C for 3 weeks has been utilized 
for decellularization [40].

 Chemical Methods

Decellularization using a chemical solution can be classified into alkaline and acid 
compounds, and non-ionic and ionic detergents [41]. Alkaline bases can denature 
chromosomal and plasmid deoxyribonucleic acid (DNA), while acids can dissociate 
DNA from the ECM by solubilizing cytoplasmic components [39]. Alkaline bases 
used for decellularization include calcium hydroxide, sodium sulfide, sodium 
hydroxide, and ammonium hydroxide [37]. Commonly used acids include acetic 

Fig. 1 Decellularization approaches can be classified into physical, chemical, enzymatic, and 
biological methods. Physical methods include freeze/thaw cycling, direct pressure, osmosis, soni-
cation, and agitation. Alkaline and acid compounds, non-ionic and ionic detergents are chemical 
solutions used for decellularization. Enzymatic decellularization uses proteases, nucleases, and 
chelating agents. Biological decellularization is induced by apoptosis in a perfusion bioreactor 
system
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acid and deoxycholic acid [37]. Alkaline and acid treatments are effective in dis-
rupting cell membranes and intracellular organelles. However, they can cause dam-
age and the removal of collagen or growth factors with a corresponding reduction in 
mechanical properties. Non-ionic detergents, such as Triton X-100, are generally 
considered to gently solubilize proteins while preserving protein structure and enzy-
matic activity [37]. However, effectiveness of non-ionic detergents selectively 
depends on the type of tissue. Ionic detergents, such as sodium dodecyl sulfate 
(SDS), can completely solubilize cytoplasmic and nuclear cellular membranes and 
fully denature proteins [42]. Moreover, SDS is difficult to be removed from the 
remaining matrix and may result in adverse cytocompatibility. Chemical treatments 
can remove all cellular materials, but can cause damage to collagen structures in the 
rest of ECM at the molecular and fibrillar levels [43]. Therefore, chemical treat-
ments should be combined with other approaches for the least damage to ECM.

 Enzymatic Methods

Enzymatic decellularization uses proteases (trypsin), nucleases (DNase, ribonucle-
ase (RNase)), and chelating agents (ethylenediaminetetraacetic acid (EDTA)). 
Trypsin can detach cells from tissue surface by selectively cleaving cell adherent 
proteins. Trypsin is effective as a decellularizing adjuvant but can cause damage to 
a collagen matrix with long exposure times. Among these methods, nucleases 
(RNase and DNase solutions) are often used to degrade residual ribonucleic acid 
(RNA) or DNA, which are often added to detergent treatments when decellulariza-
tion is not effective with detergents alone [44]. EDTA binds divalent metal cations 
at cell adhesion sites, which could cause cell dissociation from the ECM. EDTA is 
used with trypsin or detergents to achieve complete removal of cell nuclei [45, 46]. 
However, decellularization with EDTA may leave some cellular remnants [47]. In 
all, enzymatic methods can remove cellular contents and preserve most of the col-
lagen components, but it has damage on the ECM structure and tensile strength [37].

 Biological Methods

The above methods are efficient in decellularization, but result in damage to the 
remaining ECM and do not guarantee the preservation of the structural, biochemi-
cal, or biomechanical features of the ECM. Moreover, all of the above techniques 
rely on cell lysis, which lead to a paradoxical increase in immunogenicity caused by 
cell debris [48]. A novel method was developed by the specific activation of apop-
tosis [49, 50]. In this method, programmed cell death was activated for decellular-
ization while preserving the integrity of the ECM.  During apoptosis, cells lose 
contact with an ECM while cellular constituents are kept strictly within the apop-
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totic bodies and cell membranes [51, 52]. In this approach, cellular contents do not 
leak into the surrounding matrix, thus avoiding an unnecessary inflammatory reac-
tion. This approach consists of apoptosis induction and a perfusion bioreactor sys-
tem, which is helpful for removal of cellular material. Decellularization by apoptosis 
is an intriguing proposal that needs further investigation.

 Application of Extracellular Matrix in Bone Tissue 
Engineering

A combination of decellularization methods is used to prepare a tissue-derived (e.g., 
bone, cartilage, or skin) ECM for bone regeneration. Utilization of specific decel-
lularization procedures depends on the tissue type; for instance, harsh treatments are 
needed to decellularize compact bone and cartilage [40, 53]. Similar decellulariza-
tion methods have also been applied in cell-derived ECMs, such as mild chemical 
agents and nucleases. As a cell-derived ECM is less dense than ones from native 
tissue, chemical agents combined with enzymatic methods are often utilized [34, 
54]. Furthermore, the decellularization procedure for cell-derived ECM is more 
efficient and generally shorter, thus preventing the reduction of an aggregate modu-
lus of dECM. Currently, there are no standard decellularization methods for tissues 
or cells. In principle, the optimal decellularization procedure should effectively 
remove cellular components while maintaining the ultrastructure, micromechanical, 
and bioactive molecules of the remaining ECM.

 Tissue-Derived ECM

Tissue-derived ECM can be generated from allogenic (donor/cadaver) or xenogenic 
(animals) tissues or organs. As a tissue-derived ECM is directly derived from a 
mature organ, its structure and architecture meet biophysical requirements and offer 
an adequate template for host cells. Harsh decellularization treatments are required 
to reduce the risks of unknown disease transmission, which results in the  impairment 
of bioactive cues in this type of ECM [8, 55]. To overcome this limitation, a tissue-
derived ECM can be combined with high doses of growth factor cocktails, thereby 
losing the advantage of an off-the-shelf osteoinductive material. In the following 
part, we will discuss different types of tissue-derived ECM applied in bone regen-
eration, for instance, decellularized bone ECM, demineralized bone matrix (DBM), 
decellularized cartilage ECM, small intestinal submucosa (SIS)-ECM, and decel-
lularized other tissue-derived ECM (Table 1).
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 Decellularized Bone ECM

Decellularization of bone has been utilized to avoid anticipated host immune reac-
tions [56] while maintaining ECM components [57, 58]. In fact, decellularized bone 
is a prototype ECM grafting material [59]. In vitro, decellularized bone increased 
the osteogenesis of human ASCs [60], human ESCs [61], and rat MSCs [40]. In 
vivo, a decellularized bone matrix combined with MSCs played a positive role in 
bone regeneration subcutaneously in rats [40]. Clinically, decellularized bovine tra-
becular bone discs combined with human autogenous bone marrow cells showed a 
beneficial effect for the reconstruction of segmental long bone defects [62].

 DBM

DBM can be generated from bone ECM and retains the organic content of bone but 
lacks the mineral ones [63–65]. Commonly used in orthopedic applications, DBM 
has been studied for over 4 decades in bone grafting procedures [66] and currently, 
25 different DBM products are available in the market [63]. After defatting human 
allograft cortical bone and formulated it through acidic washing, the DBM still has 
a similar microstructure to bone tissue and contains collagenous proteins and ECM- 
associated growth factors (e.g., TGFβ and BMPs), which are osteoinductive agents 
helpful for cell attachment, migration, and differentiation [67]. The resulting DBM 
has a gel-like consistency which can be further processed and stored as granules or 
powder. The biological activity of DBM is dependent on the sterilization method 
[65] or origin of the donor [64]. Due to demineralization, the mechanical perfor-
mance of DBM is poor. To overcome these limitations, DBM has been blended with 
synthetic materials, such as hydroxyapatite (HAp) [68] and poly(lactic-co-glycolic 
acid) (PLGA) [69]. In vitro, DBM has the potential to enhance the proliferation, 
alkaline phosphatase (ALP) activity, or osteogenic markers of human bone marrow 
mesenchymal stem cells (BMSCs) [68, 70], human skin MSCs [70], human dental 
follicle MSCs [70], umbilical cord blood-derived mesenchymal stem cells (UCB- 
MSCs) [71], human umbilical vein endothelial cells (HUVECs) [67], murine 
BMSCs [69], porcine skin-derived mesenchymal stem cell-like cells (SDMSCs) 
[72], and mouse primary calvarial cells (mPCs) [73]. In vivo, a demineralized bone 
matrix with MSCs generated more mineralized bone matrix in a rat abdominal 
 muscle pouch model [68, 74], rat critical-sized full-thickness circular defects [71, 
75], and a porcine maxillary sinus floor [72].

 Decellularized Cartilage ECM

The rudimentary formation or the growth of long bone length, and the healing of 
bone fractures all involve endochondral ossification [76–79]. During endochondral 
ossification, cartilage is present, followed by becoming hypertrophic, angiogenic, 
and forming mineralization, subsequently to be remodeled into bone [78]. This 
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raises the interest of using the cartilage ECM for long bone defects, inspired from 
the endochondral ossification process [78]. Accordingly, this implies the use of 
decellularization of cartilage ECM for bone regeneration. However, autogenic car-
tilage grafts are limited by donor site morbidity [80, 81], while allogenic cartilage 
grafts are restricted by storability and immunogenicity [82].

Acellular cartilage is rich in aggrecan, type II collagen, and growth factors. A 
decellularized cartilage ECM can be obtained from a variety of cartilaginous 
sources, such as porcine articulating hyaline cartilage [83, 84], equine joint cartilage 
[85], and a porcine growth plate [86]. Colloidal nanoparticles of HAp, DBM, decel-
lularized cartilage, and hyaluronic acid were developed to form colloidal gels with 
desirable rheological properties [83]. These decellularized cartilage ECM alone or 
combination with DBM showed enhanced osteogenesis in a rat critical-sized defect 
[83, 86] or subcutaneously in rats [85].

 SIS-ECM

SIS, generated from the submucosal layer of porcine intestine, is composed of over 
90% collagen by dry weight, with the most being type I and III collagen [38, 87, 
88]. After decellularization, SIS contains GAGs and growth factors [38, 87]. The 
remaining aligned collagen fibers, GAGs, and growth factors in acellular SIS have 
sparked interest in bone tissue regeneration. Currently, SIS is FDA approved for 
urogenital clinical applications [87].

SIS scaffolds enhanced cell attachment, proliferation, migration, and osteogen-
esis of rat BMSCs [89–91], human adipose-derived stem cells (ADSCs) [92], and 
MC3T3-E1 [93] in vitro, and promoted bone formation in bone defects in the rat 
crania [88], a calvarial defect mouse model [89, 90, 92, 93], a rabbit radial critical- 
sized defect and ovariectomized rats calvarial defect [91]. However, pure SIS did 
not have the ability to support new bone formation in a rat femur critical defect [94] 
or in a rabbit radial critical-sized defect [95]. Therefore, biomineralization of SIS 
loaded with P28 (derived from the knuckle epitope of BMP2) was developed to 
synergistically enhance bone regeneration [91]. Osteogenic cell-derived ECM orna-
mented SIS provides a better osteogenic microenvironment [92, 93]. MC3T3-E1 
cells were first seeded on SIS scaffolds for 4 weeks to get abundant ECM, followed 
by repeated freeze/thaw cycles for decellularization. After these steps, ECM orna-
mented SIS scaffolds could be obtained.

 Decellularized Other Tissue-Derived ECM

Apart from the above tissue-derived ECM, other tissue-derived ECMs have also 
been developed to facilitate bone formation. The periosteum, covering the external 
surface of bone, is important in bone formation and regeneration [96, 97]. A decel-
lularized natural periosteum, a 3D collagen network, can initiate mineralization 
in vitro even without cells [98]. As adipose tissue has the advantage of being abun-
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dant in the body and easy to obtain, Wang et al. used adipose-derived ECM for bone 
tissue engineering and found that it was beneficial for osteogenic differentiation 
in vitro [99]. Acellular dermal matrix, composed of collagen, elastin, and proteogly-
can, maintains tensile properties and has favorable handling and is easy to implant 
[100]. Kim et al. found that acellular dermal matrix combined with canine ADSCs 
promoted a more rapid and greater new bone formation in athymic murine calvarial 
bone defect [101]. Human amnion membranes, porcine pericardium, and UBM 
were also subjected to decellularization and were found beneficial for osteogenesis 
in vitro or in vivo [102–104]. Although many other different tissue-derived ECM 
was used in bone regeneration, a bone-derived ECM showed the best potential in 
enhancing bone osteogenic differentiation [105].

 Cell-Derived ECM

Tissue-derived ECMs have their own advantages, for example, some tissue ECMs, 
such as human DBM [87], decellularized skin [106], SIS [107], and amniotic mem-
branes [108], have been already used in preclinical studies and clinical applications. 
Moreover, decellularized matrices from tissues can mimic the microstructure of 
native ECM. However, the availability of tissues for decellularization is problem-
atic. Besides, inherent heterogeneity, potential pathogen transfer, uncontrollable 
degradation, and a limited ability for customization restrict their clinical applica-
tions. These considerations prompt efforts to generate cell-derived ECM-based 
materials in bone tissue engineering. Similar to a decellularized tissue-derived 
ECM, cell-derived matrices are biocompatible, and bioactive materials are made up 
of a complex assembly of fibrillar proteins, growth factors, and matrix 
macromolecules.

When applied to bone regeneration, a variety of cell types can be utilized to pro-
duce an ECM, such as human ADSCs [109], BMSCs [34, 110–119], amniotic fluid 
stems (AFS) [120], HUVEC [121], dermal fibroblasts [122, 123], lung fibroblasts 
[124], nasal inferior turbinate tissue-derived mesenchymal stromal cells (TMSCs) 
[125], embryonic stem cells [126], hair follicle keratinocytes (HFKTS) [126], 
murine BMSCs [54], MC3T3-E1 [127–133], L929 fibroblasts [130], rat BMSCs 
[134–136], primary rat osteoblasts [137], primary porcine chondrocytes [138], and 
mesenchymal sword of Damocles (MSOD) [139]. Human and rat BMSCs as well 
as MC3T3-E1 cells are used during in vitro tests the most to secrete an ECM for 
bone tissue engineering. Although different types of cells have been utilized to gen-
erate an ECM, the resulting ECM has different capabilities in promoting osteogen-
esis. Remarkably, early stage matrices of osteogenesis from human BMSCs enhance 
osteogenic differentiation more strongly compared with stem cell matrices, late 
stage matrices, and tissue culture polystyrene [34]. Chen et al. also reported that an 
undifferentiated murine BMSC-derived matrix suppressed spontaneous osteogenic 
differentiation in vitro [54]. Moreover, they showed that human BMSCs cultured on 
an MSC-derived ECM retained their “stemness” and osteogenic differentiation 
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potential [111, 114]. However, Fu et al. reported that mineralization of an ECM was 
good for osteogenesis. They found that mineralized ECM/stem cell microspheroids 
(MECS) provided a cell-instructive structural framework which promoted osteo-
genesis, thereby achieving excellent bone formation outcomes in rat critical-sized 
defects [140].

As is well known, the functions of MSCs decline with age or passage number 
[141, 142]. Remarkably, the dECM produced by BMSCs from young mice (3 month- 
old) was capable of rejuvenating properties of BMSCs from aged mice (18 months 
old) [143]. Telomerase activity was significantly improved and ROS levels were 
reduced on a young mouse dECM [143]. Moreover, adult BMSCs cultured on 
dECM which were generated by fetal BMSCs had a smaller size, narrower size 
distribution, and greater proliferation rate, implying a delay in senescence [144]. 
Furthermore, these MSCs had an enhanced osteogenic differentiation capac-
ity [144].

A cell-derived ECM has a greater ability for customization by choosing the types 
of cell generating the ECM, genetically modifying the source of cells to overexpress 
or knockdown the expression of target molecules, or modulating cell culture condi-
tions (e.g., static versus perfusion; 2D versus 3D culture). A cell-derived ECM can 
be used to confer bioactivity to synthetic materials to generate ECM hybrid scaf-
folds. Moreover, scaffold-free tissue constructs have been developed to offer an 
alternative in tissue regeneration. However, the application of an ECM without scaf-
folds has not been extensively reported in bone tissue regeneration and is still in a 
relatively nascent stage of development. A transferable ECM, clumps of cells/ECM, 
and ECM sheet have been developed and offer tunability and flexibility to the 
desired applications.

 ECM Hybrid Scaffolds

Tissue-engineered hybrid scaffolds can be generated by combining a cell-derived 
ECM in vitro with synthetic polymers or inorganic materials (Table 2). In this situ-
ation, an ECM could be obtained from autologous cells, thereby avoiding the short-
comings of an anti-host immune response or donor site morbidity. These ECM 
hybrid scaffolds can maintain the desired biomechanical characteristics, geometry, 
porosity, and the desired biological elasticity at the same time. Moreover, the ECM 
yield can be realized by anchoring on scaffolds. For instance, porcine gelatin foam 
is often selected due to its excellent cell adherence properties and common use in 
clinical applications [119, 145, 146].

3D cell-derived ECM hybrid scaffolds utilizing polymers, such as poly(sebacoyl 
diglyceride) (PSeD) [109], HAp [114, 116], titanium (Ti) [135, 136, 147], chitosan- 
alginate [110, 127], PLGA/poly(l-lactide) (PLA) [124], polycaprolactone (PCL) 
[120], tricalcium phosphate (TCP) [116, 121], porcine gelatin foam [119], and even 
calcined bovine bones [115], as templates, have been developed. These hybrid scaf-
folds possess stronger mechanical properties compared with an ECM without a 
scaffold, thereby increasing potential applications in bone tissue engineering.
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To prepare these ECM hybrid scaffolds, cells are first seeded directly onto the 
polymer surface, then they produce an ECM in proliferation or osteogenic differen-
tiation culture medium to form a cell-ECM-template architecture [115, 135, 139]. 
Decellularization is then carried out by physical methods, such as freeze-dry 
cycling, in most studies. However, 0.5% Triton X-100 containing 20 mM NH4OH 
[121, 122], or 1% SDS with a combination of DNase I and RNase A [114] have also 
been used in this step (Fig. 2A). A collagen/HAp composite with human BMSC- 
derived ECM exhibited less bone mineral formation subcutaneously in immuno-
compromised mice [114]. Moreover, PCL/ECM hybrid scaffolds increased the 

Fig. 2 Cell-derived extracellular matrix (ECM) hybrid materials. (A) Schematic figure showing 
steps of generating ECM-based materials: (1) cell seeding on a scaffold; (2) three-dimensional 
(3D) cell growth and ECM deposition for 21 days; (3) mineralization of ECM for 7 or 21 days; (4) 
devitalization by repeated freeze-thaw cycles. (B) ECM was coated by polyelectrolyte complex-
ation. Scanning electron microscope (SEM) images of chitosan-alginate scaffolds with (left) and 
without (right) MC-3T3-E1 ECM. (C) Poly(lactic-co-glycolic acid)/PLA: poly(l-lactide) (PLGA/
PLA) mesh scaffolds were immersed in a human lung fibroblast-derived matrix (hFDM) solution, 
followed by functionalized with heparin via 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(EDC) chemistry, onto which bone morphogenetic protein-2 (BMP-2) is immobilized. Reprinted 
from [124, 127, 182] with permissions from Mary Ann Liebert, Inc. and Elsevier
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bridging rate, but did not have an influence on the mineralized matrix volume 
in vivo [120]. It is possible that the lifespan of a cell-derived ECM is much shorter 
than the time scale needed for bone defect repair. Another possibility is the domi-
nance of bulk scaffold effects in the in vivo environment. Although these studies 
show no promoting effects on osteogenic differentiation, most ECM hybrid scaf-
folds show an ability to promote cell proliferation, cell adhesion, osteogenic poten-
tial in vitro and enhance bone formation in vivo. Moreover, overexpressing VEGF 
MSODs resulted in superior vasculature recruitment [139] while overexpressing 
LMP-1 MC3T3-L1 upregulated the expression of growth factors stored in the cell- 
derived matrix [129], consolidating the perspective of generating ECM-based off- 
the- shelf materials. The use of engineered cells contributes to the development of 
improved cell-derived ECM, which are enriched by a defined factor and have 
enhanced abilities in osteoinduction (by BMPs), vascularization (by VEGF or 
PDGF-BB), or cell recruitment (by chemoattractants) [129, 139]. Clinically, a cus-
tomized engineering ECM is urgently needed as atrophic nonunions requiring 
enhanced cell recruitment and vessels at the site [148], while bone defects due to 
surgical excision need an engineered ECM with enhanced osteoinductive properties 
without further angiogenic stimuli [149].

Another way to incorporate a cell-derived ECM into a scaffold is based on poly-
electrolyte complexation [127]. In this way, Narayanan et al. first isolated an ECM 
from MC3T3-E1 cells, then reconstructed them into chitosan-alginate scaffolds. 
Retention of cell adhesion of the reconstituted ECM was proven by culturing 
MC3T3-E1 cells in  vitro (Fig.  2A) and ECM-induced bone formation was seen 
subcutaneously in SCID mice [127]. Additionally, Kim et  al. developed BMP2- 
tethered dECM derived from human lung fibroblast PLGA/PLA mesh scaffolds 
[124]. PLGA/PLA mesh scaffolds were first immersed in an ECM solution; heparin 
was then conjugated onto ECM via EDC (1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide) chemistry, followed by BMP2 immobilized via heparin and released at 
a controlled rate [124] (Fig. 2B). This BMP2-tethered ECM/PLGA/PLA scaffold 
enhanced ALP activity, mineralization, and osteogenic markers in vitro, and gener-
ated more newly formed bone in a mouse ectopic and rat calvarial bone defect 
model [124].

By a variety of methods, the above studies attempted to coat a dECM on materials 
in  vitro. Dolendo et  al. deposited an ECM in  vivo on HAp sponge scaffolds by 
implanting bare scaffolds subcutaneously in rats [150]. Decellularized scaffolds 
were obtained by soaking in a 1% SDS solution [150]. Decellularized scaffolds 
increased cell infiltration and new bone formation [150].

Current strategies to generate ECM hybrid scaffolds are mainly coating 3D 
materials with an ECM by placing matrix-depositing cells directly on the target 
substrate surface, which may result in the heterogeneous deposition of an ECM. Due 
to process heterogeneity and costs, this procedure may limit the large-scale produc-
tion of coated substrates.
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 Transferable Cell-Derived ECM

To generate the transferable form of a cell-secreted ECM, cells are cultured on tis-
sue culture plastic under a specific microenvironment, followed by decellulariza-
tion, collection, and homogenization (Table  2). Transferable matrices can be 
generated by pepsin digestion [151, 152], urea extraction [151, 152], and mechani-
cal homogenization in acetic acid [151, 153, 154] (Fig. 3A, B). Pepsin digestion is 
the most common method for solubilizing ECM, but the bioactivity of pepsin- 
digested ECM remains a debate [152, 155]. Recently, Kusuma et al. created trans-
ferable matrices from pepsin digestion which promoted proliferation while ones 
from urea extraction enhanced osteogenesis in vitro [151]. Additionally, these trans-
ferable ECM have the potential to coat 1.3–5.2 times the surface area covered by 
native ECM, aiding in scale-up of ECM technology. Other studies also showed that 
a transferable cell-derived ECM retained the ability to promote osteogenesis in vitro 
[152, 153]. Furthermore, Zeitouni et al. demonstrated that the transferable human 
BMSC-derived ECM had in vivo ability to enhance osteogenesis in mouse calvarial 
defects [113]. In addition to direct application of transferable matrices, Decaris 
et al. coated the transferable ECM on 3D polymeric constructs and found that they 
retained the capacity to promote MSC osteogenesis in vitro [154].

Fig. 3 Transferable cell-derived extracellular matrix (ECM). (A) Schematic figure showing steps 
of generating tissue culture polystyrene coated with native or transferable decellularized 
ECM.  Transferable ECM can be obtained from urea extraction (U-ECM), pepsin digestion 
(P-ECM), and mechanical homogenization in acetic acid (AA-ECM); DMSC: maternal MSC iso-
lated from the decidua basalis; CMSC: fetal MSC isolated from the chorionic villi. (B) Schematic 
figure showing the steps of mesenchymal stem cell (MSC) ECM extraction protocol. After decel-
lularization, the ECM was dissolved in urea for 2 days, followed by centrifugation to pellet unex-
tracted contents. The resulting supernatant was dialyzed against phosphate-buffered saline (PBS), 
and named as U-MECM. The remaining pellet was digested in pepsin, dialyzed against PBS, and 
named as HP-MECM.  Reprinted from [151, 152] with permissions from American Chemical 
Society and Elsevier
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 Clumps of Cells/ECM

Although synthetic scaffolds mimic some characteristics of the bone matrix, the 
effectiveness may vary due to biological incompatibility [156, 157]. Moreover, arti-
ficial scaffolds may bring about problems with host inflammatory and immunologi-
cal reactions. Indeed, scaffold-free fabrication of MSCs and self-produced ECM for 
bone regeneration have been developed [118, 140, 158, 159] (Table  2) (Fig.  4). 
Clumps of rat BMSCs/ECM transplantation resulted in successful bone regenera-
tion in a rat calvarial defect model [158]. However, xenotransplantation of clumps 
of human BMSCs/ECM into immunocompetent mice failed to induce bone forma-
tion owing to T cell infiltration [118]. IFN-γ-treated human BMSCs could eliminate 
these undesirable immune responses and result in successful bone formation [118]. 
Additionally, owing to type I collagen, cryopreserved BMSCs/ECM transplantation 
also caused successful bone regeneration, indicating a great advantage for clumps 
of MSCs/ECM in clinical applications [159]. Bioinspired from endochondral 
 ossification process, living hyaline cartilaginous graft (LhCG), a 3D porous macro-
scopic construct, has been developed for enhancing bone formation in vitro and in 
vivo [138].

 Extracellular Matrix Sheet

Complications from cell-derived ECM hybrid scaffolds, such as asynchronous scaf-
fold absorption and not enough bone formation, and the production of harmful deg-
radation products, lead to development of cellular sheets consisting of MSCs and 

Fig. 4 Clumps of cell/extracellular matrix (ECM). Rat mesenchymal stem cells (MSCs)/ECM 
were generated in vitro. Rat MSCs were cultured in 50 μg/mL l-ascorbic acid for 7 days. (a) Using 
a micropipette tip to scratch confluent cells to tear off a cellular sheet (b), followed by detachment 
from the bottom of the plate (c). It rolled up to make clumps of cells/ECM after 24 h (d, arrow 
shows cell/ECM). (e) Maintaining cells/ECM in growth medium for 5 days. Reprinted from [158] 
with permissions from Elsevier

Extracellular Matrix-based Materials for Bone Regeneration
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ECM [123, 160–166] (Table 2). Compared to hybrid scaffolds, a scaffold-free cell 
sheet has the advantage of more closely mimicking the natural growth microenvi-
ronment. Cell sheet engineering is to harvest confluent cells as contiguous, tissue- 
like cell sheets with intact cell junctions and their deposited ECM [167]. Cell sheets 
can be prepared using temperature-responsive culture dishes [168] or lifted using a 
scraper [161–164] (Fig.  5A) in bone regeneration. Scaffold-free MSC cell sheet 
transplantation could enhance bone formation subcutaneously in mice [164] or rats 
[163] or in a rat nonunion model [162]. Furthermore, injection of a scaffold-free cell 
sheet led to new bone formation subcutaneously in rats [161]. Combined with HAp 
or tubular coral scaffolds, a cell/ECM sheet showed the capacity to enhance bone 
formation subcutaneously in mice [164] or rats [160]. The periosteum plays a vital 
role in bone tissue engineering and synthetic tissue-engineered periostea utilizing 
cell sheet engineering have been developed [123, 165]. A human BMSCs/fibroblasts- 
derived ECM sheet could be a candidate for engineered periosteum for bone regen-
eration [123]. Moreover, a vascularized biomimetic periosteum consisting of 
premineralized and prevascularized MSC sheets was wrapped with β-TCP to 
improve vascularization and osteogenesis [165] (Fig. 5B).

 Engineering of ECM-Based Materials

Engineering of ECM-based materials combines the advantages of control and preci-
sion of synthetic material manufacturing and the biocompatible and bioactive prop-
erties of an ECM. In this part, we discuss different engineering strategies, such as 
electrospinning, 3D printing, and hydrogels in the design of ECM-based materials 
for bone tissue engineering (Table 3).

 Electrospinning

Electrospinning, a notable fiber-fabrication technique, is capable of producing nano-
fibers with fine flexibility and robust mechanical properties [169, 170]. These fibrous 
materials produced by electrospinning are similar to the hierarchical  organized 
micro/nano scale fibrous networks in native bone ECM [171, 172]. An ECM- based 
solution [173] or synthetic polymers (e.g., poly(l-lactic acid) (PLLA) [131], gelatin 
[130], PCL [126, 174–177], PLGA [126]) can be forced through an electrostatic 
field to draw fibers. However, materials generated by electrospinning have limita-
tions, such as poor cell growth, and differentiation, inadequate mechanical strength, 
and potential cytotoxicity [171]. A promising way for supporting cell viability is a 
combination of bioactive factors, such as ECM, with electrospinning technologies. 
A decellularized ECM is unstable and weak, which could not be transplanted. To 
overcome this drawback, electrospun nanofiber carriers were utilized for enhancing 
desirable mechanical properties [126]. Different approaches have been utilized to 
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generate an ECM/electrospun scaffold for bone tissue engineering. Strategies for 
most of the studies in bone regeneration to anchor an ECM in electrospun nanofibers 
include first seeding cells onto the fibers, followed by  decellularization to get ECM-
decorated electrospun fibers [126, 130, 131, 175–177] (Fig. 6A). A different method 
has also been developed, in which an ECM was first produced, then lyophilized to 
get ECM powder, followed by being added to a polymer solution and electrospun to 
produce a hybrid electrospun nanofiber with an ECM [173, 174] (Fig. 6B). ECM-
decorated electrospun nanofiber from either approach improved bone differentiation 
and formation in vitro and in vivo (Table 3).

ECM fibers and polymer nanofibers both play critical roles in the tissue regen-
eration process. Therefore, biofunctional nanofibers can be directly produced from 
natural ECM materials or generated from the mixture of synthetic polymers and a 

Fig. 5 Extracellular matrix sheet. (A) Macroscopic (A(a) and (b)) and microscopic (A(c)) appear-
ance of a sheet from rat bone marrow mesenchymal stem cells (BMSCs). (B) Schematic figures 
showing the steps for preparing cell sheet/β-tricalcium phosphate (TCP) composite grafts (OM/
UM/β-TCP, OM/HUVEC-UM/β-TCP, and HUVEC-UM/OM/β-TCP). Reprinted from [163, 165] 
with permissions from John Wiley and Sons and American Chemical Society

Extracellular Matrix-based Materials for Bone Regeneration
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natural ECM to form copolymer fibers. In this aspect, ECM-based materials 
 fabricated by electrospinning technology would have enhanced physical properties 
owing to the synthetic materials and improved bioactivity due to the ECM compo-
nent, which are promising for bone tissue regeneration.

Fig. 6 Extracellular matrix (ECM)-based materials fabricating by electrospinning. (A) Schematic 
images showing the process of developing a decellularized ECM (dECM)/polycaprolactone (PCL) 
fibrous structure. (A(a)) Electrospinning and (A(b)) culturing of MC3T3-E1 cells on the micro/
nanofibers for 4  weeks. (A(c)) Decellularization by freeze/thaw cycles to obtain a dECM and 
(A(d)) plasma treatment of the dECM/PCL fibrous structure. (B(a)) Schematic images showing the 
steps of fabrication of ECM microfibrous scaffolds. Lyophilized MSC, HUVEC, MSC:HUVEC 
derived ECM were mixed with a PCL solution respectively to make the corresponding scaffolds. 
(B(b)) Lower and higher magnification of PCL and different ECM PCL electrospun scaffolds. 
Scale bar = 5 μm. HUVEC: human umbilical vein endothelial cell. Reprinted from [173, 177] with 
permissions from Royal Society of Chemistry and Elsevier
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 3D Printing

3D printing utilizes patient data obtained from CT (computerized axial tomogra-
phy) or MRI (magnetic resonance imaging) to fabricate an identical scaffold which 
matches the defects [178]. Building bone tissue via 3D printing technology is 
becoming increasingly popular due to its flexibility and versatility. Importantly, uti-
lization of an ECM improves the biocompatibility of 3D printed scaffolds. Hard 
bone-like materials like PCL, ceramics (HAp/β-TCP), and bioglass-ceramic com-
posites have been well utilized in bone tissue engineering [179]. To generate physi-
ologically relevant bone, a dECM was combined in 3D printing [125, 133, 180–182]. 
Nyberg et al. fabricated 3D printed biocomposites of PCL and DBM through an 
extrusion system and showed that this scaffold has improved osteogenesis in vitro 
and in vivo [181]. Different methods for fabricating ECM-based 3D printed scaf-
folds were developed. Pati et al. first 3D-printed PL/PLGA and PCL/PLGA/β-TCP 
scaffolds, followed by human nasal inferior turbinate tissue-derived mesenchymal 
stromal cells (TMSCs) seeded on scaffolds and decellularized by the method of 
freeze/thaw cycles [125] (Fig.  7A). Kim et  al. developed 3D-printed scaffolds 
immersed in a bone dECM solution, followed by lyophilization [183] (Fig. 7B). The 
above approaches may face a significant challenge that ECM composition in 3D 
geometrical scaffolds is not uniform [184].

3D bioprinting (the use of biological materials, such as cells, their extracellular 
matrix, and growth factors) represents a formidable technology in bone tissue engi-
neering. The common bioprinting techniques are extrusion-based, laser-assisted, 
inkjet, and stereolithography [185, 186]. 3D bioprinting combined with a dECM- 
based bioink has been used to develop cartilage, heart, and adipose tissue [187, 
188]. With regard to bone, Lee et al. developed a highly bioactive collagen/ECM/
alginate-based bioinks construct showing enhanced osteogenic activities in  vitro 
[128]. Bioprinted materials have weak mechanical properties and further efforts 
should be made to develop an ECM-based bioink with higher mechanical properties 
for bone regeneration.

 Hydrogels

More recently, in addition to the direct usage of decellularized matrix scaffolds for 
clinical applications, they have also been reconstituted into an injectable hydrogels. 
Hydrogels, prepared from a natural ECM, can be applied alone or combined with 
other fabrication methods, such as electrospinning and 3D printing. When used 
alone, ECM hydrogels can be delivered via minimally invasive surgical techniques 
and theoretically fit to any 3D irregular spaces. Cell-derived ECM hydrogels, such 
as Matrigel, can support cell culture in a 3D microenvironment in  vitro [189]. 
Sawkins et al. applied a stringent decellularization process to bovine DBM to obtain 
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a bovine decellularized matrix (bECM) and produced a hydrogel made up of DBM 
or bECM (Fig.  8A). Mouse primary calvarial cells on bECM hydrogels demon-
strated enhanced proliferation [73]. Hydrogel forms of DBM or bECM reduced the 
need for carrier liquids [73]. Moreover, colloidal nanoparticles of HAp, DBM, and 
DCC were combined to form hydrogels with desirable rheological properties 
(τy ≥ 100 Pa) [83]. Remarkably, the addition of DCC, not DBM, increased the bone 
regenerative potential in rat critical-sized calvarial defects [83]. However, glycos-
aminoglycan composite hydrogels containing bone ECM particles showed better 
osteogenic differentiation capacity compared to ones containing from ECM from 
other tissues, such as fat, liver, and cartilage (Fig.  8B) [105]. Due to a lack of 
mechanical properties, hydrogel forms of an ECM are limited to clinical applica-
tions for bone graft substitutes.

Fig. 7 Extracellular matrix (ECM)-based materials fabricated by three-dimensional (3D) printing. 
(A) Schematic figures showing the development of ECM-based 3D printed scaffolds. Human 
TMSCs were cultured on 3D printed scaffolds in a bioreactor for 14 days, followed by decellular-
ization from freeze/thaw cycles. Then these scaffolds were evaluated in  vitro and in  vivo. (B) 
Schematic figures showing procedures of ECM-based 3D printed scaffold preparation. 
Polycaprolactone (PCL) or PCL/β-tricalcium phosphate (TCP) scaffolds were immersed in a por-
cine bone decellularized ECM (dECM) solution, followed by lyophilization for 48 h. Reprinted 
from [125, 183] with permissions from Elsevier and John Wiley and Sons
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 Conclusion and Perspective

Recently, much effort has been attempted to optimize and improve ECM-based 
materials. Bioactive molecules in the ECM drive tissue homeostasis and regenera-
tion. The ECM functions not only as a blocking material but also as a regulator of 
cellular functions, such as cell attachment, proliferation, and differentiation. 
Furthermore, an appropriately fabricated ECM is biodegradable and does not give 
rise to adverse immune responses.

Tissue-derived and cell-derived ECM have their own advantages and disadvan-
tages. For instance, decellularized tissue-derived ECM cannot mimic the develop-
ment process of tissue while cell-formed decellularized matrices have the advantage 
of adaptability for different developmental stages [34]. Moreover, the availability of 
tissue-derived ECM is limited while a cell-derived ECM is not. However, ECMs 
from tissues mimic more the native ECM-like complicated architectures and com-
position than from cells.

Fig. 8 Extracellular matrix (ECM)-based materials fabricated by hydrogels. (A(a)) Fragments 
from bovine tibiae; (A(b)) Decellularized bone obtained after mineral, lipid, and cell removal 
processes; (A(c)) An ECM hydrogel obtained after pepsin digestion and solubilization. Uniform 
porcine bone particle distribution was achieved. (B(a)) Without (bright field) and (B(b)) with 
encapsulated cells (fluorescence, blue indicating bone particles, and green indicating cells). 
Reprinted from [73, 105] with permissions from Elsevier and John Wiley and Sons
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To better generate ECM-based materials, a correct type of dECM should be 
selected. Moreover, although a novel decellularization method utilizing apoptosis 
has been developed, the process of decellularization should be optimized to improve 
the quantity, quality, and reproducibility of the ECM. Thanks to gene technology, 
customized engineering ECM can be realized by utilizing cells overexpressing spe-
cific components or growth factors [49]. These engineering ECM-based materials 
can adapt to different clinical needs, which have broad application prospects.

In general, ECM-based materials for bone regeneration are gaining clinical 
importance and market space, which deserve further investigation. Composition, 
microstructure, and biomechanical properties of the ECM should be considered 
when using them in tissue engineering. Development of methods to harness native 
regenerative capacities and enhance physicochemical properties of an ECM is key 
to providing clinical application for bone tissue regeneration.
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Abstract Bone defects are common and are associated with a significant burden of 
disease threatening the health of many people around the globe. Since the last decade, 
data obtained from case studies have demonstrated that 20% of patients who experi-
ence an osteoporotic hip break are unable to endure the primary year after medical 
treatment. Many similar cases suggest that there is a huge requirement for better 
treatment of unhealthy and broken bones. Human bone comprises of about 70% of 
calcium phosphate (CaP) mineral, therefore CaPs are possible alternative materials 
to fix a broken bone. CaP is broadly utilized for bone fixation because of its bioactive 
properties like osteoinductivity, osteoconductivity, and biodegradability. Therefore, 
examination of these properties and the impact of their different affecting factors are 
crucial for balancing CaP during the fabrication procedure to maximally fulfill 
required clinical prerequisites. The aim of this chapter is to highlight the systems 
behind the CaP-assisted bone development in the initial phase, specifically as a bio-
compatible bone graft substitute. In this study, the latest developments in the biologi-
cal properties of CaP biomaterials, including hydroxyapatite (HA), tricalcium 
phosphate (TCP), and biphasic CaP (BCP), have been summarized. Moreover, recent 
advances on how their properties are altered by different factors are reviewed. Finally, 
perspectives regarding future developments of CaP materials are provided.

Keywords Calcium phosphate ceramic · Bone · Osteoconductivity 
Osteoinductivity

 Introduction

Medical advances have definitely paved a way in increasing our life span. However, 
increasing longevity raises new challenges. Age-related diseases result in significant 
reductions in the quality of our life. The loss of a skeletal tissue that accompanies 
trauma, injury, disease can result in significant morbidity as well as significant 
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socioeconomic cost. It, thus, emphasizes the need for new and more reliable skeletal 
regeneration strategy. Today, hundreds of people across the globe are diagnosed 
with musculoskeletal diseases such as arthritis, osteoporosis, bone fractures, bone 
tumors, back ache, and other cerebrospinal disorders [1, 2]. To address this dire 
need of bone augmentation and tissue regeneration, regenerative medicine has come 
to the forefront in recent years with new advances in neoskeletal tissue formation. 
The successful outcome of this approach requires pluripotent stem cells, novel scaf-
folds, and growth factors that assure bone regeneration strategies for improved life 
quality. This chapter demonstrates various characteristic aspects of osteoconductive 
and osteoinductive biomaterials, and advances in their applications in the field of 
tissue engineering to address various bone defect problems. Damaged bone has to 
be regenerated naturally or it needs to be substituted with a prosthesis, or a bone 
material from another body part by surgery [3]. At present, demineralized bone, HA 
and other graft substitutes are developed and have been used to facilitate osteogen-
esis at damaged bony tissue parts. However, they have failed to bring about satisfac-
tory results in the regeneration of tissues. Recently, growth factors, such as bone 
morphogenic factors (BMF) [4], platelet-derived growth factors (PDGF) [5], 
insulin- like growth factors (IGF) [6], and cytokines [7] have been reported to be 
very useful in the regeneration of bone tissues.

The application of bone graft substitutes is conducted by autograft and allograft 
methods. However, grafting methods suffer from several problems, such as limited 
availability of grafts [8]. Moreover, there always exists a chance of bacterial infec-
tion and blood loss during surgical processes. In addition, the areas from which the 
grafts are taken experience poor structural stability [9]. The autograft method has an 
advantage over allografts with respect to donor availability because they are obtained 
from allo-doners, but osteoinductive potential of allogenic bones are far inferior 
than autogenous, which makes it suitable for temporary support only. In order to 
circumvent these problems, active research has been directed to the development of 
bone graft substitutes which possess excellent biomechanical properties of metal 
grafts and biological properties of bone grafts.

CaP ceramics are the most widely used bone substitutes for clinical applications of 
bone grafting and orthopedics [10]. However, not a wide variety of CaP ceramics are 
responsible for influencing better biological performance in vivo [11–13]. On the other 
hand, most of the CaP ceramics are osteoconductive in nature, just a few specific 
groups are osteoinductive in nature [13]. These little differences in their intrinsic char-
acteristics which in turn enhance osteoblast differentiation are identified with little dif-
ference in the physical and chemical properties of CaP ceramics. For instance, chemical 
properties, such as, surface chemistry and charge can impact biological phenomenon 
like protein adsorption [10], which can in this manner to effect osteoblastic differentia-
tion by means of cell–extracellular matrix (ECM) interactions [14, 15]. In this manner, 
physical properties, for example, surface topography (roughness) can facilitate cell 
differentiation by helping cellular attachment on the material surface [16]. Moreover, 
some other surface characteristics of CaP ceramics can enhance the recruitment of 
important cell-attaching proteins and in this manner give conditions favorable to the 
development of fixed focal adhesive compounds [17]. Along these lines, understanding 
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the exact roles that material properties play for regulating the cell material interaction 
process is a primary step toward designing osteoinductive CaP materials. This chapter 
describes the physical as well as chemical characteristics of CaP ceramics and its influ-
ence with regards to bone tissue engineering (BTE). Specifically, it clarifies the varia-
tion in CaP ceramic properties like surface roughness, solubility and crystallinity, 
related to and contrasted with osteoconductivity and osteoinductivity (Fig. 1).

 Bone and Its Properties

Bone is a mineralized connective tissue that shows four kinds of cells: osteoblasts, 
bone-covering cells, osteocytes, and osteoclasts [1, 2]. In spite of its inactive appear-
ance, bone is an exceedingly powerful organ that is persistently resorbed by osteo-
clasts and reformed by osteoblasts. In this section, we address the present information 
about bone cell science, the bone network, and the variables that impact the bone 
rebuilding process.

 Hierarchical Design of Bone

In order to investigate the mechanical properties of bone tissue, it is very much 
essential to have a fair understanding of the constituent mineral phases of bone, and 
the macrostructural co-relationship between them at different levels of hierarchical 
morphological arrangements [18–20]. These organizations are:

 I. Basic macro-architecture: cancellous bone and cortical bone;
 II. Basic micro-architecture (10–500 μm): haversian canals and osteons;
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Fig. 1 Schematic of key properties of CaP ceramic materials that impact a series of biological 
events such as protein adsorption, cell attachment, and cell differentiation
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 III. Sub-micro-architecture (1–10 μm): lamellae;
 IV. Nanostructure (100 nm–1 μm): fibrillar collagen and embedded mineral; and
 V. Sub-nanostructure (<100 nm): molecular organization of constituent mineral 

components, like collagen, and non-collagenous organic proteins.

This hierarchically arrangement of bone has an intricate, but optimized structural 
orientation of the components, making the bone material heterogeneous and aniso-
tropic (Fig. 2).

 Composition of Bone Materials

The CaP biomaterial is constantly talked about in connection with bone repair as 
CaP is the fundamental inorganic component of bone. In spite of the fact that the 
shape of bone changes in various pieces of the body, the physicochemical structure 
of bone for the different shape is biochemically similar. Bone tissue can be viewed 
as a composite material developed by a collagen biopolymer and CaP bioceramic. 
Normal bone comprises of 69% CaP bioceramic, considered as the standard bone 
material. The natural part (22%) built in by proteins, type I collagen (90%), and 
some other non-collagenous proteins, such as proteoglycans, lipids, and osteogenic 
stimulus (this is meant to be enhancement factors, such as bone morphogenetic 
proteins (BMPs) and vascular endothelial growth factors (VEGFs)) [22]. The other 
remaining 9% is filled up by water molecules. Table 1 [23] describes the character-
istic properties of bone tissues and their capabilities in bone mineralization events.

Fig. 2 Hierarchical architecture of bone [21]
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 Bone Cells

Despite its strength and hardness, bone is a dynamic living tissue. Bone is composed of 
a series of complex events altogether arranged by different types of bone cells associ-
ated with each other and also with the ECM. The bone cells comprise of four types of 
cells namely (1) osteoblasts, (2) osteoclasts, (3) osteocytes, and (4) bone-covering 
cells. Osteoblasts are cells that are responsible for the creation and mineralization of the 
bone grid; whereas osteoclasts are accountable for bone resorption. Osteoblasts are 
derived from mesenchymal stem cells (MSCs). The dedication of MSCs toward the 
osteoprogenitor lineage requires the expression of specific genes, which follow modi-
fied steps, including the synthesis of BMPs and also members from the Wingless (Wnt) 
pathways. Run related translation factor 2 (Runx2) is the ace gene of osteoblast dif-
ferentiation. Runx2 is also vital for osteoblast differentiation [22, 24]. Additionally, 
Runx2 has been shown to upregulate osteoblast-related qualities, for example, collagen 
ColIA1, alkaline phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (OCN).

 Structure of Bone Grafts

Although bone has its own capacity to repair, the capacity declines with age, and 
is constrained to small defects. So far, grafts are important to help bone repair 
when bone loss is too enormous. A few grafts can be the choices in the clinic for 
bone repair. An autograft, which is gathered from the patient’s own body, has no 
issue with biocompatibility and immune response [25]. Autografts might be corti-
cal, cancellous, or cortico-cancellous (scanning ultra-micrographs of various bone 
grafts are introduced in Fig. 3). The cortical bone has higher mineral substance 
than the trabecular or cancellous bone [18]. The compressive solidness and quality 
of the cortical bone are a lot higher than those of the cancellous bone. In choosing 
a graft, the specialist must know about these major contrasts in bony structures 
[26, 27].

Cortical bone grafts are utilized for the most part for structural help and strength, 
and cancellous bone grafts for osteogenesis. Cancellous bone grafts are ordinarily 

Table 1 Organic composition of bone and their specific functions in bone maturation [14]

Name of organic 
component Specific functions

Collagen This protein is a structural protein and main constituent of bone 
tissue

ON-Osteonectin
OP-Osteopontin

May be responsible for HA mineralization
Deposition and mineralization of ECM

OC-Osteocalcin Inhibit osteoclast activity
BSP-Bone sialoprotein This protein helps in binding of calcium with the Arg-Gly-Asp 

(RGD) sequence
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utilized in break non-association, dental imperfections, maxillofacial deformities, 
spinal combination, and other little bone deformities [28, 29]. These grafts need 
mechanical stability; however, the permeable structure of cancellous bone grafts 
can upgrade bone cell ingrowth and improve the healing process, permitting quicker 
revascularization [30]. Cortical bone grafts are used less regularly, and they might 
be utilized as only as grafts [31]. An allograft, which is given by the donor, has 
osteogenic capacity yet the supply of allografts is constrained. The inadequacies of 
autografts and allografts legitimize the improvement of artificial bone joint 
biomaterials.

 Bone Porosity

Interconnecting porosity is an important physicochemical property of bone. The 
size of pores and interconnection within bone determine the internal vascularization 
as well as tissue ingrowth [24, 32–35]. Bone pore sizes in a typical cortical bone 
territory vary from 1 to 100 μm while trabecular bone has pores extending from 200 
to 400 μm [36]. The size range, degree, and interconnectivity of the pores are basic 
variables influencing dispersion of supplements, cell adhesion, migration and 
expression, and tissue ingrowth that are important for bone arrangement and repair 
or recovery [37].

 Bone Strength

The high level of combination and introduction of the mineral and natural segments 
gives bone its mechanical strength. The property that is frequently used to describe 
the mechanical behavior of bone substitutes is their compressive strength. Since 

Fig. 3 SEM of ultra-micrographs of the microstructure of natural bone grafts. (A) Trabecular or 
cancellous bone graft. Note the porous honey comb-like microstructure of cancellous bone graft. 
(B) Cortico-cancellous bone graft. (C) Cortical or compact bone graft (scale bars: 100 μm)
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these materials are proposed to be utilized as bone substitutes, it is vital to remem-
ber that the compressive strength of human cortical bone ranges somewhere in the 
range of 90 and 230 MPa (with elastical strength from 90 to 190 MPa), while the 
compressive strength of cancellous bone ranges somewhere in the range of 2 and 
45 MPa [38]. Table 2 describes the comparative mechanical strength of CaP with 
metals used as a biocompatible material.

 Types of CaP Derivatives Present in the Body

The existence of CaP in the vertebrate has been reported to be in the form of apatite. 
The mineral present in teeth and bones is appreciated as calcium HA, Ca10(PO4)6(OH)2 
[39] with minor segments of carbonate (CO3), magnesium (Mg), and sodium (Na). 
The crystal structure of apatite in enamels is well understood among all of the apa-
tites in our body. It was found to be platelet-like in shape (lengths and widths 
(30–45 nm) and thickness around 5 nm) embedded in collagen nanofibrils [40]. As 
shown in the XRD profile of enamel apatite [41] and a lot more extensive diffraction 
peaks of either bone or dentin apatite (Fig. 4), it is evident that apatite present in 
enamel possesses a bigger crystal size (around 2000 nm) as compared to any other 
apatite in our body.

Many other biological non-apatitic CaPs exist in our body, which are equally 
responsible for the regeneration of bone, as summarized in Table 3.

 Categories of CaPs

Based on structural composition, CaPs for bone and teeth regeneration are classified 
as: (1) calcium-deficient apatite, CDA (i.e., Ca/P molar ratio less than the stoichio-
metric value of 1.67 for pure HA), (2) HA, Ca10(PO4)6(OH)2, (3) beta-tricalcium 
phosphate (β-TCP), Ca3(PO4)2, and (4) biphasic CaP (BCP), an intimate mixture of 
HA and β-TCP of varying HA/β-TCP weight ratios, are available commercially 
(Table 4).

Table 2 Summary of physical and mechanical properties of various implant materials in 
comparison to natural bone

Properties Natural bone Co-Cr alloy Stainless steel Synthetic HA

Density (g/cm3) 1.8–2.1 8.3–9.2 7.9–8.1 3.1
Elastic modulus (GPa) 3–20 230 189–205 73–117
Compressive yield strength (MPa) 130–180 450–1000 170–310 600
Fracture toughness (MPam1/2) 3–6 N/A 50–200 0.7
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Fig. 4 X-ray diffraction 
profiles of biologic apatites 
from (a) bone, (b) dentin, 
and (c) enamel. The 
sharper diffraction peaks in 
c compared to either b or a 
indicates that enamel 
apatite crystals are much 
larger compared to either 
bone or dentin apatite 
crystals

Table 3 Occurrence of CaPs in human body [42]

Various calcium phosphate (CaP) Location of occurrence

DCPD-Di calcium phosphate 
di-hydride

Presence in dental caries

TCMP-Mg-substitute tricalcium 
phosphate

Presence in mineralized soft tissue and dental caries

CFA-Carbonated fluroapatite Presence in fish enamel
ACP-Amorphous CaP Presence in mineralized soft tissue
CHA-Carbonated HA Presence in mineralized dentin, urinary stone, and 

dental callus
CPPD-Calcium 
pyrophosphatedi-hydride

Presence in joints

OCP-Octacalciumphosphate Presence in urinary stone

 Hydroxyapatite (HA)

HA is broadly used as an alternative inorganic filler material in bone tissue engi-
neering because of its compositional similarities with that of the inorganic counter-
part of bone [43]. HA material is the most stable phase among various other forms 
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of CaP, specifically it is the most steady in a dissolve stage [44, 45]. In spite of the 
fact that not exceedingly solvent, the surface of HA mineral is favorable as a nucle-
ation site in culture medium (continuously soaked with calcium and phosphate par-
ticles) for the precipitation of apatite crystal [46]. In addition, stoichiometrically 
HA(Ca5(PO4)3)OH contain a Ca/P ratio of 1.67 and is believed to be as osteocon-
ductive not osteoinductive [47].

 Tricalcium Phosphate (TCP)

Proportion of Ca/P ratio in TCP is 1.5 and it is most likely to exit in two different 
phases, namely α-TCP phase and β-TCP phase; these two phases have indistin-
guishable different crystal structures [48]. The two phases are less steady than HA 
[49]. The α-TCP phase is believed to be osteoconductive as well as osteoinductive 
properties. It can encourage the formation of an apatite layer when incubated in 
biological fluid containing different ionic arrangements [50]. β-TCP is the more 
utilized form of TCP than α-TCP in bone regeneration.

 Biphasic CaP (BCP)

This type of CaP belongs to a bone substitute group that consists of an intimate 
mixture of two ceramics with varying ratios. BCP powder is synthesized by the 
homogeneous mixing of HA and TCP powder by means of physical grinding, or by 
high temperature sintering of calcium-deficient HA (CDHA) above 700 °C, result-
ing in a composition of two individual phases [51]. The Ca/P ratio in BCPs mainly 
depends upon the calcium deficiency of CDHA and sintering temperature of CDHA, 
which generally falls in the range between pure β-TCP and HA. Furthermore, in 

Table 4 Commercially available CaP-based biomaterials [52]

Composition Property

CDA-Calcium-deficient apatite Osteogenic agent
Company-Impladent, NY

HA-hydroxyapatite Ostegraf
Company-Ceramed, CO

Hydroxyapatite derived from coral ProOsteon
Company-Interpore, CA

Hydroxyapatite/CaSO4 Hapset
Company-LifeCore, MN

Sintered bovine bone Endobon
Company-Merck, Germany

β-TCP-tricalcium phosphate Vitoss
Company-Orthovita, PA
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biomedical applications, BCP, is known as a potential candidate for bone regenera-
tion, drug delivery vehicle and carrier of growth factors.

 Solubility of CaP

Cell-mediated biodegradation happens under acidic conditions [53]. Therefore, 
in vitro dissolution studies of CaP biomaterials may be predictive of their in vivo 
dissolution or biodegradation [25]. Monocalcium phosphate monohydrate (MCPM) 
is the most acidic and soluble CaP among all other CaPs. MCPM isn't biocompati-
ble because of its very acidic nature and high solubility. Bone apatite is like CDHA 
apart from the presence of carbonate (CO3

−2 ) and the other components, for exam-
ple, Na+, K+, Mg2+, Sr2+, and Zn2+ [54–56]. HA and β-TCP are considered to be the 
most useful CaPs compared to other CaPs due to their osteogenic potential and also 
their ability to form reliable attachment with host bone tissues near the defect site. 
The dissolution property of β-TCP is greater than HA which makes it beneficial as 
a bioresorbable agent [57, 58]. The advancement of biphasic CaP (BCP)-based bio-
materials comprising of HA and β-TCP [26–28] are likewise important to control 
degradation properties. Table  5 presents an overview of various CaPs and their 
properties.

 Bioactivity and Resorbability of CaP Materials

The justification in the advanced applications of CaPs has been lying in their close 
proximity in composition and properties to that of bone, like osteoconductivity as 
well as bioactivity. To discover its huge potential as an artificial bone substitute, 
biomaterial researchers need an understanding of the basic properties of CaP material, 
like biological and mechanical properties. Some of the relevant properties of CaP 

Table 5 Physicochemical characterization of various CaPs [59–63]

Calcium phosphate Abbreviation Chemical formula
Ca/P molar 
ratio Solubility

Monocalcium phosphate 
monohydrate

MCPM Ca(H2PO4)2.H2O 0.5 7.2 × 10−2

Dicalcium phosphate 
dihydrate

DCPD CaHPO4.2H2O 1.0 2.5 × 10−7

Octacalcium phosphate OCP Ca8H2(PO4)6.5H2O 1.33 2.51 × 10−97

α-Tricalcium phosphate a-TCP a-Ca3(PO4)2 1.5 3.16 × 10−26

β-Tricalcium phosphate b-TCP b-Ca3(PO4)2 1.5 1.25 × 10−29

Amorphous CaP ACP Ca3(PO4)2.nH2O 1.2–2.2 –
Calcium-deficient 
hydroxyapatite

CDHA Ca10x(HPO4)
x(PO4)6x(OH)2x (0 < x < 1)

1.5–1.67 –

Hydroxyapatite HA Ca10(PO4)6(OH)2 1.67 2.35 × 10−59
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biomaterials in terms of osteoinductivity, osteoconductivity, biodegradability, and 
the potential factors which influence these inherent properties of CaP biomaterials 
in hard tissue recovery utilizing tissue design are discussed in the following section.

 Cell Signalling in CaP Mediated Osteoinductivity

As of now, most metallic implants do not possess osteogenetic characteristics, 
whereas some CaP ceramics used encourage osteogenesis without adding any more 
osteogenic agents from the outside. This type of characteristic is defined as osteoin-
duction. Osteoinduction implies the recruitment of immature cells and the stimula-
tion of these cells to develop into a pre-osteoblasts lineage. Osteoconductivity of 
CaP has been studied in the literature but the mechanism behind has not been well 
explored [64]. Release of ions from CaP materials is thought to be the main con-
tributor to this phenomenon. However, some osteogenic growth factors including 
TGF-β and BMPs appear to play an important role in the osteoinduction process via 
related signalling pathways [65]. Thus, to understand the detailed mechanism 
behind the osteoinduction process, researchers need to focus their study into the 
molecular level for a detailed osteoinduction signalling pathway. A schematic illus-
tration of feasible signalling pathways can be created in Fig. 5.

Transforming growth factor-beta (TGF-β) is appearing to play a major role in the 
formation of bone cells from MSCs during mammalian development. In brief, the 
TGF-β superfamily is comprised of over forty members of proteins, such as TGF-βs, 
nodal, activin, and BMPs [66]. In this signalling event, first the signal was internal-
ized across the plasma membrane through the formation of heteromeric complexes 
of specific type I and type II serine/threonine kinase receptors. After that, a specific 
type II receptor is activating via phosphorylation of type I receptors. Next, phos-
phorylation of some specific proteins, called Smad and R-mad initiate the signalling 
pathway by the help of the activated type I receptor. The transcriptional process 
starts inside nucleus as activated R-Smads translocate into the nucleolus by forming 
a complex with co-Smad and Smad4.

There are other signalling pathways, like BMPs, Wnt which are also capable of 
modulating new bone formation through this osteoinduction procedure [67]. This 
signalling route exhibits various regulatory functions in enhancing various pro-
cesses during osteogenesis (like signal transduction, gene expression, and osteo-
blast differentiation).

 Osteoconductibility of CaP Materials

Osteoconductivity is a process, where bioactive materials are implanted inside a 
defect bone, and consequently bone cells will adhere or attach on the material’s 
outer surface and at a later time point, bone cells will invade inside the pore of the 
implanted material; this process is also defined as bone conduction [68]. These large 
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amount of bone cells that occupy the implant material surface and internal pores, 
clearly indicate their osteoinductive property. Both material-dependent factors and 
defect sites are two decisive factors which influence the osteoconduction process 
during osteogenesis. Yu et al. showed in his work that material properties can be 
factor for inducing osteogenesis. The results clearly indicate that vascularization 
was different for different channel diameters in CaP scaffolds (Fig.  6), higher 
expression of the PLGF (placental growth factor), angiogenic factors HIF1 alpha 
(hypoxia-inducible factor 1), and migration factor CXCR4 (C-X-C chemokine 
receptor type 4), which are responsible for starting the development of micro ves-
sels, was seen inside the CaP porous scaffolds with a channel diameter of 250 p.m. 
Whereas, the diameter of the 500 pm channel in the same CaP scaffold gradually 
increased the expression of VEGF-A (vascular endothelial growth factor A), which 
initiated the formation of macro vessels [69]. However, apart from the size of the 
interconnecting channels, macroporosity (pores >50 μm) and microporosity (poros-
ity <50 μm) are thought to have a prominent function in cellular attachment on the 
material implant. For example, macroporosity influences cell adhesion and accord-
ingly vascular growth as well as the development of bone tissue. On the other hand, 
the microporosity surface of bioceramic enhances protein adsorption, which in turn 
escalates cell attachment on the material.

Fig. 5 TGF-β signalling pathway describing the differentiations of osteoblast during bone 
formation
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Studies have also shown that BCP ceramics coated with HA and seeded with 
MSCs were augmented and have shown enhanced formation of new bone tissue in 
the BCP ceramics after 12 weeks of implantation inside rabbit tibia [70]. Based on 
the other literature references, it can be confirmed that CaP performs well in human 
patients. Still, not many studies have shown the osteoconductive properties of CaP 
ceramics in human patients. That is why researchers need to explore more about 
CaP osteoconductibility in humans with suitable approaches.

 Biodegradability of CaP Materials

The essential properties of a perfect bioactive bone substitute is that substitute mate-
rials have to disintegrate at a similar rate at which the osteoblast cells start to develop 
into new bone cells on the material surfaces, until the substitute material is fully 
supplemented by new, active bone tissue, although, biomaterials are believed to 
exhibit identical biomechanical as well as biochemical characteristics and regener-
ate bone tissue in a similar fashion as autologous bone [59]. Till date, various bio-
materials have been explored to determine their feasibility to be used as an 

Fig. 6 Graphical representation of the angiogenesis strategy within a CaP scaffold internal chan-
nel pore: (a) different channel diameters influence different blood vessel formation and (b) the 
increased HIF1a expression in the internal pore channels influence the formation of blood vessels 
into its host [61]
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absorbable implant. In case of metals (Ti, Co-Cr-Mo) and synthetic polymers (poly-
lactic acid or PLA, polylactic-co-glycolic acid or PLGA), which were not degrad-
able legitimately with time after implantation has not been accounted for superior 
biodegradability as implant material. On the other hand, CaP ceramics, particularly 
TCP, have shown very good biodegradability. The mechanism of CaP biodegrad-
ability can be explained in two ways, one is, “dispersing material into particles” and 
another way says “dissolving material into ions”. The first idea is based on the belief 
that material first disintegrates in some small tiny particles which are engulfed by 
macrophages or osteoclast cells; this process is called phagocytosis [71]. The expla-
nation behind the second idea is that the reinforced material disintegrates and dis-
solves as Ca2+ and HPO4

−2 ions, which are then accumulated by the bone forming 
cells for proliferation, differentiation, and the development of regenerated bone 
[72]. Moreover, in the study by Sheikh et al. [73], the in vivo degradation event of 
biomaterials is categorized by three reactions: such as physical reaction, chemical 
reaction, and biological reaction. It also involves the stages featuring the complete 
degradation of biomaterial and its assimilation by cells.

In a physical reaction, biomaterials degrade by dissolving of material, and con-
sequently an apatite-like layer is formed on the surface of the biomaterial, which is 

Fig. 7 Function of osteoclasts on the surface of CaP [77]
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believed to be developed by dissolving, depositing, ion exchange events occurring 
on the material surface during the early degradation period until the material at last 
is crushed into tiny particles. Mechanical stability of biomaterials decreases rapidly 
during this time period. Biological reaction means degradation and adsorption or 
microscopic segregation of biomaterials in a biological fluid by the shared support 
of various bone forming cells including osteoclasts [74], osteoblasts, macrophages 
[75], fibroblasts, and multinucleated monster cells (Fig. 7) [76].

Recently, Wang et al. [78] demonstrated that biodegradation and osteoinductive 
ability of a BCP material were correlated to each other. Moreover, there are some 
specific mechanisms and much complexity in between both processes, which should 
be addressed in the future to develop promising biomaterials for bone repair and 
regeneration.

 Characteristics of Osteoinductive Materials

Till date, among all materials that are currently used as bone grafts, CaP materials 
hold the most promise to be utilized in the clinic for bone tissue designing, because 
of its biocompatibility, osteoconductivity, and osteoinductivity. Additionally, along-
side a 3D permeable structure and some specific basic intrinsic characteristics for 
CaP ceramic production, they are important to new bone regeneration. In the accom-
panying sections, we will talk in detail about the impact of different material attri-
butes of CaP materials on osteoinductivity.

 Effect of Crystallinity

A number of studies related to material characterization of CaP have suggested that 
crystallinity is an important factor in inducing bone formation. The concentration of 
ions in the culture medium and pH of the culture medium can be affected by 
 crystallinity and solubility of CaP ceramics, which in turn are responsible for cell 
adhesion on a material surface. Hu et al. showed that BMSCs from rabbit adhered 
better on HA (higher crystallinity) and it was better than amorphous HA (lower 
crystallinity) [65]. In another study, Berube et al. showed that the adhesion of osteo-
blasts from rat calvarias, was better on higher crystalline HA surfaces than on lower 
crystalline HA surfaces [79]. In addition, Knabe et  al. investigated the reasons 
behind the lower attachment of BMSC from rat bone onto CaKPO4 pellet samples 
in comparison with α-TCP pellet samples, and explained that as the release of phos-
phate and potassium ion from CaKPO4 samples decreased the concentration of cal-
cium ion from the culture medium caused lower attachment of cells onto material 
surfaces [77]. Moreover, the authors suggested that the formation of an apatite layer 
on the material surface played an important role in influencing cell attachment and 
proliferation on the material surfaces.
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Overall, the research on the crystallinity of materials indicates that crystalline 
and solubility of released ions from CaP ceramics may develop stable surfaces for 
cell adhesion and proliferation in physiological conditions.

 Effect of Solubility

The adsorption of proteins on the surfaces of CaP ceramic materials depends on 
surface charge and solubility of the material, which in turn influences cell behavior 
by changing the concentration of ions in the solution [65]. In a recent investigation 
by Lee et al., it was observed that, CaP ceramics nanoparticles in a polypropylene 
fumarate [80] and poly(lactic-co-glycolic acid) matrix enhances the adsorption of 
proteins compared to without CaP ceramic samples [81]. Overall, these results indi-
cated that higher ion concentrations and changes in pH near the surface of soluble 
CaP ceramics (e.g., HA, TCP, and BCP) promote cell adhesion by facilitating pro-
tein adsorption on the surfaces of the materials.

 Effect of Surface Roughness

Although integrin binding and cell adhesion on the material surfaces can be influ-
enced by material surfaces having nano and sub-micron level roughness properties 
[82]. As an example, Zhou et al. demonstrated that rabbit BMSCs attached on HA 
surfaces (with an Ra value of 11.9 nm) was more prominent than on surfaces having 
an Ra value of 54.2 nm, where the particle sizes were different for two nonidentical 
materials [83]. In addition, Dulgar-Tulloch et al. investigated these events: small 
grains in the range of ~50–100 nm influenced (decrease) the attachment of human 
BMSCs in comparison with large grain (200 nm) [84]. Altogether, these studies 
indicated that surface roughness (nano and micro) and crystal grain size less than 
100 nm can promote protein adsorption as well as cell adhesion.

 Effect of Surface Charge

Surface charge is another important factor along with crystallinity and solubility 
may influence protein adsorption as well as cellular attachment by significantly 
varying the charge concentration near material surfaces. In addition, cationic 
charged surfaces could have assumed a positive function in cell attachment by pro-
moting the adsorption of proteins on the surface of the material. In a recent study by 
Feng et al., it has been shown that calcium-coated titanium implant surfaces increase 
osteoblast attachment compared to phosphate-coated titanium implant surfaces 
[85]. The authors further suggested that apatite-coated implants gave better cellular 
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adhesion compared to calcium-coated implants. Overall, the results indicated that 
calcium-coated surface provided positively charged ions that appear to significantly 
increase the adsorption of negatively charged glycoproteins (e.g., fibronectin, 
vitronectin).

 Expert Opinion and Five-Year View

An incredible test is to develop a biomaterial that carries on in a route identical to 
an autograft. The material of the scaffold needs to dissolve in a fashion, parallel to 
that of bone tissue regeneration. On the chance that resorption happens too rapidly, 
pseudoarthrosis may happen. On the other hand, if the rate of resorption happens 
very slowly, then bone ingrowth might be hindered and pushing again to 
pseudoarthrosis.

To these reasons, numerous design and fabrication processes have been adopted 
to modify and develop chemical and phase composition of bioactive CaP materials 
so that they should be ready to release of particular ions from the bone scaffold 
material into the surrounding space. This might influence the osteointegration pro-
cess of the cell-scaffold construct. In addition, advancement in the design and fab-
rication of 3D porous bioactive ceramics is still needed to encourage control of graft 
material resorption and bone tissue regeneration in a desirable manner. 
Nanotechnology can give an alternative method for fabricating CaP bioceramics 
with increased mechanical properties and higher bioactivity, as well as resorbabil-
ity. Nano-biotechnology has the capability to work with material parameters on a 
nuclear, subatomic, and supra-subatomic dimension. It is evident from the literature 
that grain size (in the nano level) of biomaterials might be a decisive factor for the 
enhancement of its mechanical performance. In addition, CaP bioceramics created 
with nanograin microstructures are characterized by prevalent bioactivity compared 
with traditional micrograin bioceramics.

In this manner, properties like dissolution and protein adsorption on CaP bioma-
terials, which are subject to surface science, energy, and roughness, can be improved 
to upregulate cell adhesion, proliferation, and differentiation, which in turn are 
 collectively responsible for the osteoinductivity and osteoconductivity of CaP 
biomaterials.

 Current Challenges and Future Directions

The mechanical stability and osteointegrity of scaffolds that must bear loads long- 
term are critical problems. Insufficient vascularization of the interior of thick bone 
substitutes, limiting cell ingrowth and survivability, is associated with poor osseoin-
tegration. Mechanical strength is heavily dependent on porosity and geometry of the 
scaffold, and pores and strut dimensions. Therefore, CaP biomaterials have to 
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address this problem in a manner to solve the mechanical as well as biological 
issues related to scaffold tissue engineering.

CaP ceramics present a category that possesses osteoconductivity and osteoin-
ductivity properties, making them ideal materials for bone regeneration process. 
The osteoinductive limit of CaP ceramics in vivo is influenced by the solubility of 
surface particles of CaP materials. In this perspective, both β-TCP and amorphous 
CaP put an impression of being osteoinductive and increase bone cell ingrowth 
quicker than a slowly dissolving HA.

Although the major advancement happened toward understanding the possible 
mechanism of CaP osteoinduction, still much work needs to be done within CaP 
materials toward inducing bone tissue regeneration. Primarily, tuning the physical 
properties of CaP free of its compositional chemistry. Secondarily, the morphologi-
cal behavior of MSCs varies in the presence and absence of osteogenic supple-
ments. CaP in the presence of osteogenic media hardly influences the osteogenic 
property of materials. In this regards, research involving the in vitro osteoinductive 
capacity of CaP without osteogenic media can give a thorough technique for inves-
tigation which assists in the interpretation of the in vivo nature of CaP materials.

In this manner, a lot of work needs to be done in understanding the adsorption of 
cell-glue proteins, for example, fibronectin onto CaP ceramic surfaces. Successful 
clinical applications of bone substitutes require an interplay among cells, biological 
signals, and biomaterials. Many unanswered questions and unexplored frontiers 
remain for the optimal use of nanostructured materials. Fundamental advances in 
life and materials sciences are required.
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Abstract Bioactive glasses currently play a rather small role in orthopedic proce-
dures when compared to metallic implants, despite its superior bioactivity within 
the body. Common metallic materials that are used to engineer and manufacture 
orthopedic implants generally consist of titanium and its alloys, cobalt-chromium 
alloys, and stainless steel 316L as they provide the best material properties based on 
their applications. However, these implants tend to carry the following risks: infec-
tion, surrounding tissue damage, and improper healing. Typically, it is not the 
implant that is directly responsible for the tissue damage or rejection, but the inter-
action between the bodily tissue and the implant. In some cases, when in contact 
with the physiological environment, a fibrous capsule of scar tissue has been known 
to form around the grafted implant, therefore interfering with the integration of the 
implant with the surrounding tissue. Bioactive glass presents as an alternative mate-
rial that can be considered for surgical orthopedic applications. One major limita-
tion that has prevented bioactive glasses dominance in the orthopedic surgical realm 
is its lack of ductility, strength, and ability to withstand load-bearing applications in 
supporting larger bones. This book chapter intends to showcase how bioactive glass 
is currently used in tissue engineering and its ability to improve and change current 
commonly used orthopedic implants.
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 Introduction

Biomaterials are man-made materials used within the body to repair or aid in func-
tion of an injured or damaged body part. Biomaterials must encompass several char-
acteristics in order for them to be used within the body. Biocompatibility is a major 
requirement of biomaterials so that the biomaterial does not cause harm to the body. 
In order for biomaterials to be effective, they must not be toxic nor cause a severe 
reaction in the surrounding tissue [1]. The ability for biomaterials to form a bone- 
like hydroxyapatite layer on its surface provides a mineral phase that is present in 
natural bone tissue, and can therefore decrease the possibility of rejection [2]. This 
consideration improves on the fact that synthetic polymers and metals can easily be 
considered and treated as a foreign entity by the body due to their characterization 
of being chemically inert [2]. Biomaterials are most commonly used in orthopedic 
procedures to fix bone defects and injuries [1]. These materials can be bioactive as 
they can interact with the surroundings and illicit a biological reaction between the 
material and surrounding [3]. Not all biomaterials exhibit this bioactive property 
with its surrounding. Typically, there are three types of biomaterials: bioinert mate-
rials that are nontoxic and biologically inactive causing various thicknesses of 
fibrous tissues to surround, bioactive materials that is nontoxic and biologically 
active, thus forming interfacial bonds, and biodegradable or bioresorbable materials 
which are considered third-generation materials that can dissolve while being 
replaced with the surrounding tissue [4]. An example of a commonly used biomate-
rial is titanium that is used to make screws for dental implants. Titanium is a metal-
lic implant that can be considered a biomaterial and can therefore interact with bone 
cells, also known asosseointegration [5]. Metallic implants are heavily utilized in 
orthopedic surgeries to repair injured and deformed bones.

Bioactive glasses are biomaterials that exhibit bioactivity when in the presence 
of a biological environment. They are nontoxic and exhibit bioactivity in orthope-
dics by interacting with the bodily fluid it is submerged in causing osteoconduction, 
and the ability to exhibit bone growth on the surface of a material. Bioinert materials 
such as stainless steel and cobalt-chromium alloys are more relied on currently for 
orthopedic surgeries due to their known success over a number of decades com-
pared to their failures which include leaching by corrosion of the metal into the 
bone matrix due to drastic differences in elastic moduli between the materials and 
natural bone tissue [6], and possibly due to the lack of competitive materials. 
Orthopedic surgery treats disease of the musculoskeletal system that includes bones, 
joints, ligaments, muscles, nerves, and tendons. Therefore, bioactive glasses should 
be able to treat both soft and hard tissue diseases.

 Current Orthopedic Application of Metallic Implants

Orthopedic surgeries are performed daily to repair bone tissue due to traumatic 
injuries, disease, and degeneration. The body is a powerful and restorative force; 
however, there are instances in which it is beyond self-repair and requires fixed 
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orthopedic devices to aid in its recovery. Orthopedic procedures rely heavily on the 
use of an array of biomaterials to stabilize, replace, and repair bone tissue. Bone 
fractures and tissue injuries are traditionally repaired with screws, wires, and plates 
made mostly of different metallic materials. In order for a metal to be considered a 
biomaterial and be used in orthopedic procedures, it must be able to function within 
the body without causing significant harm or adverse reaction and be corrosion 
resistant. This metal must also be strong enough to support a substantial amount of 
weight and fluctuating forces.

Traditional orthopedic metallic materials include titanium and its alloys, stain-
less steel 316L, and cobalt-chromium alloys [7]. Metal orthopedic devices and their 
usage depend on the structure, i.e., body part that is being repaired, and the type of 
injury or deformity of the bone. Screws are implant structures that are either used 
alone or in conjunction with plates depending on the type of damage the bone has 
sustained and the location of the damage [8]. There are various forms of screws used 
in orthopedic procedures; however, most of them are composed of stainless steel. 
Stainless steel is a strong and resilient metal containing anticorrosive properties that 
withstand body pressure without deformation. The stainless steel 316L in orthope-
dic surgeries contains carbon, chromium, and nickel [9, 10]. Surgical stainless steel 
is the go-to material when it comes to traumatic orthopedic injuries. Surgical stain-
less steel is used to create a wide variety of different types of screws. Cortical anchor 
screws and cannulated screws are two major variations of screws that are used 
depending on the type of tissue that the screw will go through. Screws are inserted 
through the formation of a hole into the bone and then feed through the fragmented 
pieces [8]. Screws tend to weaken the bone through these holes that are formed leav-
ing it vulnerable to further stress that can take place in the form of another fracture 
[8]. Screws range in size from a few millimeters when being inserted into a place 
like the wrist to several inches when applied into and down the shaft of long bones 
such as the femur for femoral repairs. Metallic orthopedic plates are used in con-
junction with screws in order to stabilize bone tissue mostly through the use of 
compressive forces [8]. Metallic plates are often composed of either stainless steel 
or titanium. The combination of plates and screws apply a compressive force to 
either keep the bone from moving for proper healing in its correct alignment or to 
stabilize and bring together a bone that has fragmented into several pieces. Titanium 
carries anticorrosive properties and features better bone integration than stainless 
steel [11]. It has shown that although both material implants produce full functional 
recovery in similar time frames, titanium is shown to be more compatible with bone 
tissue than stainless steel as bone tissue easily bonds to the metal surface with sig-
nificantly less periosteal reaction, soft tissue swelling, and callus formation [11]. 
Moreover, the tight integration between the titanium and bone helps to keep it in 
place preventing loosening of the implant. Medical surgical wire is another form of 
orthopedic device that is utilized in orthopedic surgeries to provide a more mallea-
ble option in setting fractures. Medical surgical wires can be made using any appro-
priate metal alloy such as cobalt-chromium. Depending on the diameter of the wire, 
it could be applied as a minimally invasive procedure [8]. Cobalt-chromium alloy is 
another material offering anticorrosive properties and high fatigue resistance. The 
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high fatigue resistance gives the cobalt-chromium implant the ability to take the 
load of the bone allowing the bone to have better healing. These traditional metal 
fixtures for repairing diseased, arterially damaged and injured orthopedic ailments 
offer a huge array of choices. Fixtures include devices such as various screws, 
plates, and wires depending on which is most appropriate for the repair. Choosing 
the type of metal that is most compatible with the patient is another important factor 
that must be considered. Metal orthopedic devices are currently used and work well 
due to their strength and slow degradation within the body [7]. The requirement for 
device removal can be due to several factors, one being implant instability due to 
degradation that occurs over a long period of time because of the corrosion of the 
metal, allowing debris to enter the bone matrix and blood supply [5, 6]. The poten-
tial of medical equipment failing overuse can be due to load bearing, which increases 
instability [8]. The requirement for a second procedure amplifies the risk for the 
patient to occur further damage as well as infection and improper removal. Figure 1 
displays examples of failures that have been observed with metal implants, there-
fore introducing the need for a follow-up surgery.

All metallic implants have the possibility to cause irritation to the surrounding 
tissue with some metals such as surgical stainless steel having a higher irritation rate 
than titanium [7]. Allergic reactions occur depending on the type of metal and 
patient sensitivity to the metal. Alongside irritation and allergic reaction, there is an 
infection, which is the most critical risk. Infection possesses the greatest threat to 
the patient’s life and the associated body part. An infection starting off in the bone 
or surgical site can quickly lead to a systemic infection leading to the patient becom-

Fig. 1 Defective metal implants. (a) Fatigue failure in bone implant. Arrow indicates the location 
of failure [37]. (b) Failed titanium implant screw removed due to corrosion. Arrow indicates the 
presence of tissue that remained bonded to the implant [38]
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ing septic. Sepsis is a major problem that can quickly lead to a patient fighting for 
their life due to the infection spreading throughout their body and to major organs 
causing them to shut down [8]. Additionally, localized infection can result in the 
loss of the implant or the limb that the implant supports. The risks associated with 
metal surgical devices have presented the question and investigation of other types 
of materials to fix and/or replace these materials. A major alternative to fixing these 
metals and making them more suitable for implantation is altogether replacing them 
with new materials that behave better biologically. Of the new types of materials 
that have been widely explored, bioactive glasses have surfaced. Bioactive glasses 
are currently being used as void fillers, or as the material of which implants are 
constructed and are showing success when being utilized in orthopedic proce-
dures [12].

 Bioactive Glass: Background and Future Perspective

Bioactive glasses are novel materials that are different from conventional glasses 
that have the ability to bond to tissue and are biocompatible [13]. In 1969, Larry 
Hench invented the third-generation material as his aim was to develop a material 
capable of bonding to bone, after having a conversation with a US Army colonel 
who had just returned from the Vietnam War and questioned if materials could be 
developed that could survive the harsh environment that the human body presents 
[14]. This was of concern because the present materials such as stainless steel that 
was in use could result in encapsulation around the implant [14]. Larry Hench then 
went ahead to develop the first novel material, Bioglass™ 45S5, a silicate-based 
glass-ceramic material that was trademarked by the University of Florida. The out-
standing property of this material was that had the ability to facilitate bone growth 
away from the bone-implant interface and it was degradable [15]. This composition 
consisted of a Na2O-CaO-SiO2-P2O5 system that is high in calcium content [16]. 
This discovery set a strong foundation for the future developments and expectations 
in bioactive materials. Figure 2 provides a schematic of the composition require-
ments for Bioglass™ that would accomplish different glass characteristics.

A - Class-A bioactive
B - Bioactive
C - Bio-inactive
D - Resorbed
E - Non-glass forming

E

Na2O

SiO2

CaO

D
B

C

A

Fig. 2 Ternary phase 
diagram also known as the 
kinetic diagram of 
bioactivity on SiO-CaO- 
Na2O system that is used to 
determine the mass 
compositions required to 
achieve different 
characteristics in glass 
[39]. Available via license 
CC by 2.0
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This material is used in orthopedic procedures amongst other areas to help repair 
damages that have occurred due to fracture, degeneration, and/or deformation. 
Bioactive glasses inserted into damaged tissue interact with its surroundings to initi-
ate healthy tissue growth. Ions like sodium and calcium are essential in creating 
bone tissue and bioactive glass brings these essential ions in to assist bone  formation. 
Additionally, these materials can be deemed as safe since they are no stranger to the 
bodily environment. Bioactive glass presents as a healthier and more natural mate-
rial for implantation versus the currently used metallic material [17]. The interac-
tion of surroundings with the bioactive glass causes the glass to naturally degrade as 
new bone tissue is created. Although bioactive glass is a better biologic substance 
especially for orthopedic repair, they are not structurally sound enough to com-
pletely rely on. The continued advancements of bioactive glass can take care of this 
current issue by creating a stronger more stable material. The formation of a more 
structurally sound bioactive glass would result in bioactive glass being used in more 
and more orthopedic procedures, therefore replacing metallic implants little by lit-
tle. This replacement or reduction of metallic implants will lead to better orthopedic 
procedure results. For now, the types of developed bioactive glasses may not have 
the required strength to serve as large hard tissue implants and high load bearing 
application but they can be used to develop smaller implanting materials such as 
screws and stent. A stent can be considered as an impression of a body part or cavity 
that can be used to maintain constant pressure and support healing in an area such 
as a skin graft. In other cases, it can be considered as a thin, tubular structure that 
provides temporary support in blood vessels. Additionally, bioactive glasses may 
also be applied as coatings to improve the bonding mechanism between metal 
implants and surrounding tissue [18]. Bioactive glass has the opportunity with 
advancements to completely change the orthopedic game with further advance-
ments in not only bone tissue but also in the soft tissue structures that surround them.

 Bioactive Glass Composition and Formation

Different glass compositions include oxide glasses that consist of silica-based 
glasses and nonsilica-based glasses, and non-oxide glasses that consists of the fol-
lowing types: heavy-metal fluoride glasses, glassy metals, semiconducting solids. 
Other types of glasses that exist are glass ceramics, glass composites, and natural 
glass. Bioactive glass is a silica-based compound that encompasses a solid and mal-
leable form and can consist of different families of compositions depending on their 
properties. A typical phospho-silicate is composed of sodium and calcium ions. 
Sodium and calcium oxides are mixed within the phospho-silicate material to form 
the compound matrix Na2O-CaO-SiO2-P2O5 glass structure [19]. The glass is formed 
through melting of the compound at an extremely high temperature and then sub-
merging it in water. The submerging of the substance in water causes crystallization 
in which it takes on a solid structure [19]. Although bioactive glass is formed in this 
fashion, it is not readily used in its crystalline solid structure for most applications. 
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Bioactive glass is utilized mostly in its putty form since it is easily molded to any 
shape, thus giving it the ability to fit into small crevices. Bioactive glass is also 
available in other forms apart from a putty-like texture; however, the ability for 
bioactive glasses to completely replace metal as implants is not yet possible due to 
vast differences in mechanical characteristics such as ductility since ceramics are 
inherently known to be more brittle than metals and can spontaneously fracture 
under load cycles of compressions in the application of large bone tissue implanta-
tion for instance. The flexibility of bioactive glass putty allows for it to fit in cracks 
to repair fractured bones [19]. Bioactive glasses phospho-silicate structure is com-
posed of 45% silica, 25% calcium oxide, 24.5 sodium oxide, and 6% phosphorous 
pentoxide, all naturally occurring minerals inside of the body [3]. The fact that these 
minerals are already present within the body makes it easier for them to be inte-
grated into the injured tissue and allow healing to naturally occur.

In order for a material to be considered when forming bioactive glasses, certain 
properties such as bioactivity must be present [3]. The higher the bioactivity the 
better the material integrates in the body when utilized in surgical procedures. 
Bioactivity is determined by the amount of silica present, the lower the concentra-
tion of silica the stronger the bioactive material. Bone tissue growth requires a 
threshold amount of silica present for bone formation. Areas that require repair with 
weaker frailer bones can have a higher concentration of silica because the strength 
of material is not as important. There are several different compositions of bioactive 
glasses each with different elemental concentrations, which determines how and 
where it can be applied based on the requirement of the repair area.

 Bioactive Glasses Reaction Mechanism and Integration 
Inside the Body

Bioactive glass implantation causes a natural cascade of exchanges between the 
glass and its surroundings within the body. This cascade leads to degradation of 
bioactive glass while simultaneous forming new natural bone in its place. This 
breakdown of bioactive glass and its exchange with bone creates a less adverse 
effect compared to its metallic counterparts [20]. Metals do not degrade as do bioac-
tive glasses since they are only known to interact with the surrounding tissue. 
Although bioactive glass offers a more natural and symbiotic relationship, it is has 
a few limitations that have permitted it from being solely and more commonly used 
in orthopedic application.

Bioactive glass contains many biologically occurring elements, specifically 
those that are responsible for bone tissue formation such as hydroxyapatite. 
Hydroxyapatite is an essential element of bioactive glass that binds to tissue and 
forms a surface where cells can adhere to and from new bone tissue [21]. 
Hydroxyapatite naturally occurs in bone tissue and elicits a chemical reaction 
within the body that attracts compounds and materials necessary to form new 
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bone tissue [21]. Hydroxyapatite gives bone its strength in conjunction with cal-
cium, therefore allowing the bone to not only regenerate but also give the bone its 
rigid structure while it is healing thereby protecting it [21]. When hydroxyapatite 
binds an ion exchange cascade occurs between the glass and the surrounding 
body fluids resulting in the natural formation of bone tissue and glass degradation 
simultaneously. The ion exchange occurring contributes to uptake of hydrogen 
ions, thereby increasing the concentration of hydroxide that drives up the local-
ized pH [2]. The silica that is present in the glass is displaced with this pH change, 
causing an increase in the concentration of silica in its surrounding due to its 
release from the glass [2]. The increase in silica in conjunction with the influx of 
calcium and phosphate to the glass causes an amorphous calcium phosphate layer 
to build on the glass. This amorphous phosphate layer is responsible for bringing 
in bone growth factors that actually allow the natural production of bone to take 
place [2].

Osteoclast, osteocytes, and osteoblasts are bone cells that are targeted to and 
adhere to the surface of this amorphous layer [21]. Creating new bone tissue 
through the building of osteoblast takes a few weeks in which they are formed, 
activated and reabsorbed [10]. Once the work of laying down the foundation of the 
bone tissue has occurred via osteoclast, then osteoblasts come in and form the new 
bone tissue. Osteoblast forms bone tissue by laying down collagen fiber matrices 
where osteoclasts attach forming the bone cytoskeleton [21]. Osteoblasts form 
matrices and the matrices signal for various minerals such as calcium, phosphates, 
and magnesium to come together. The unity and conjunction of these cells are what 
give bones their sturdy structure [21]. Bioactive glasses are dissolvable within the 
human body and it continues to send signals with degradation. The signals that are 
sent out with degradation illicit an immune response, which continues to aid in 
bone tissue formation. The glass reacts initially with the body fluid, which results 
in the flow of ions into its surrounding environment, leading to the formation of a 
hydroxyapatite surface on top of the glass structure [21]. Bioactive glass can be a 
highly vascular structure due to its ability to form a porous structure, which allows 
ions and blood flow to enter resulting in an accelerated rate of bone formation [22]. 
Bioactive glass essentially acts as a stem cell for bones and bone formation [23]. 
The degradation process then takes shape in which dissolution begins to occur 
within the glass/crystal interface targeting the areas in which defects are present 
first [21]. Once the defects are targeted and broken down this is when the above-
stated ion exchange begins to occur. This cascade of bodily fluid and glass exchange 
continue to occur until the glass is fully degraded [23]. As the bioactive glass and 
breaks down in the presence of the tissue envirenment as it interacts with the sur-
rounding tissue, the needed elements for natural bone formation are laid down and 
bone formation begins layer-by-layer building on top of what was the bioactive 
glass as shown in Fig. 2.
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 Types of Bioactive Glasses

Bioactive glasses come in different forms, as they consist of different families, with 
each family consisting of different compositions, therefore expanding the structures 
and properties and in turn their applications. Currently, they are integrated in fixing 
bone tissue by replacing small bones and/or seal cracks in larger bones. Bioactive 
glass can also be used to form bone grafts, which are made through the combination 
of bioactive glass and polymers formed into matrices [21]. A commercially avail-
able bioactive glass, GlassBone, and its applications are presented in Fig. 3.

Bioglass™ 45S5 glass was the first bioactive glass ever used. Upon visual exam-
ination after repair via X-ray, the bioactive glass was undetectable from the bone 
tissue [12]. The Bioglass™ 45S5 is used in a variety of areas across the body 
encompassing the areas of oral and maxillofacial, otolaryngology, and orthopedic 
specialties. Bioglass™, however, has been highly used in oral and maxillofacial 
cases where jaw and tooth repair are necessary [12]. Bioglass™ 45S5 was further 
trademarked through the brand name NovaBone™. NovaBone™ is another bioac-
tive glass that is highly utilized in dental and oral maxillofacial application [12]. It 
is used by extracting the patients’ blood and mixing it with the NovaBone™ putty 
formula and is fixed in place either in conjunction with metallic implants or alone 
[24]. NovaBone™ as seen in Fig. 4 is a bioactive synthetic bone graft made of a 
composition of bioactive glass that is offered in a putty form and can be molded into 
any shape to be inserted in the respected place that is requiring repair. NovaBone™ 
has the ability to signal genetic pathways to accelerate natural bone growth and is 
primarily used within the field of orthopedics as a defect filler that promotes new 
bone formation. One specific feature about NovaBone™ is that it consists of a 
porous structure that is similar to cancellous bone. Therefore, it offers that open 
structure that facilitates rapid vascularization and mineralization that leads to com-
plete device absorption and bone replacement. Additionally, NovaBone™ is very 
malleable and easy to mold and pack into any defect, it remains at the surgical site 

Fig. 3 (a) Commercially available GlassBone mixed with blood, (b) to make a putty and inserted 
in a spinal fusion cage. Image with permission courtesy of Noraker [40]
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without migrating, and it is ready to use out of the package. Other applications of 
NovaBone™ include cartridge delivery, osteoconductive bone grafting, providing 
osteoconductive matrix, and cellular and protein binding substrate in bone grafting 
[25]. NovaBone™ not only comes in a putty form that is delivered via syringe but 
also comes in forms of strips and scaffolds that can be molded and shaped [24].

Cortoss is another class of bioactive glass that is constructed of a polymethyl 
methacrylate, which is a bone cement used to stabilize weak and damaged verte-
brae. Cortoss bioactive glass is a stronger variation of bioactive glass due to its 
cement property. The placement of Cortoss in the vertebrate requires strength 
because the spine undergoes weight-bearing forces at all times from as simple of a 
task as sitting up to standing and walking. Cortoss is applied to defective vertebrae 
via a syringe that allows the materials to be injected into the desired spot in a mini-
mally invasive procedure [26].

S53P4 is a form of bioactive glass that has shown to provide good results when 
used as a bone graft in patients suffering from traumatic injuries and bone defects 
resulting from arthritis and cancer. Bonalive is a trademarked form of S53p4 that is 
on the market for use in patients. Bonalive putty is a form of bioactive glass that 
comes in a ready to use syringe, thus requiring no preparation shown below in Fig. 1 
[27]. Unlike NovaBone™, Bonalive does not require mixing or any further prepara-

Fig. 4 (a) X-ray image of jawline proceeding tooth extraction. Arrow indicates area of bone loss 
experienced after extraction. (b) Application of NovaBone to surgical site for bone grafting. (c) 
Surgical site healing. (d) X-ray demonstrating complete healing of surgical site (shown by arrow). 
Images courtesy of [41]
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tion before it is ready to be used on a patient. The S53P4 bioactive glass is used in 
conjunction with polyethylene glycols and glycerol, which acts as a binder in the 
compound forming the putty-like consistency [12]. Bonalive not only comes in 
putty form but is also available in granule form. The granules form of Bonalive 
provides an antibacterial property by increasing the pH that gives the surroundings 
a more basic pH [27]. A basic pH decreases the growth of microbes which directly 
decrease and can eliminate the rate of infection in patients undergoing surgical 
repair [27]. Bonalive granules require preparation unlike its putty composition that 
comes in ready to use. The granules come in a syringe that requires the addition of 
saline and then is placed in its targeted site via a syringe containing a shoveled end. 
The shovel tip allows the granules to be guided directly into their targeted location, 
which is important because the granules must only be placed in their intended 
places. Any granules that are misplaced must be removed to prevent bone formation 
in an unnecessary location since these granules will cause bone formation wherever 
they are placed.

 Bioactive Glass Integration with Metal Implants

Bioactive glass is not only being used independently in its putty form to repair 
defects and fractures but is also being integrated in metallic orthopedic appliances 
[28]. Metallic devices on their own are not naturally prone to bond and cause chemi-
cal reactions that drive bone reformation. Bioactive glasses have been integrated 
into traditional metallic medical equipment by giving metals a bioactive glass coat-
ing [29]. The plates used to piece together fractured bones are taken before being 
surgically implanted and are first coated with bioactive glass. The integration of the 
bioactive glass coated metallic implant allows for the metal to better stabilize and 
integrate into the bone allowing for better healing [28]. Metal, when implanted 
alone, tends to form fibrous tissue, which is a thickening of tissue that surrounds the 
implant. The thickening of the tissue is due to the rubbing of the metal and the 
nearby tissue, thus forming scar tissue. The coating of these metal implants with 
bioactive glass allows a reduction in the formation of scar tissue. The coating of 
metal implants with bioactive glass gives it better biological compatibility once 
inserted into the tissue [28]. Bioactive glass stimulates the creation of bone tissue 
through its release of ions that in turn bring in needed materials to create healthy 
new bone tissue in place of injured tissue. As shown below in Fig. 3, bioactive glass 
has been integrated into a metallic implant by applying it into the grooves of the 
screw. The addition of bioactive glass into the grooves of the screw allows it to 
directly contact the bone shaft and allowing it better integrate into the bone that it is 
surrounded by [28]. Bone formation will occur on the ridges that will engulf the 
screw into the bone tissue, thereby stabilizing the screw and the fracture or defect. 
Bioactive glass is heavily used in titanium implants through creating pores where 
bone can form. The occurrence of having natural forming bone rather than a purely 
metallic implant allows better mobility. Bioactive glass integration into ball and 
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socket joint repairs is a great example of increasing mobility with bioactive glass as 
shown in Fig. 4. Ball and socket joints consist of hips and shoulder joints where a 
ball-like structure sits into a hollowed space with a long bone attached. In these ball 
and socket structures, the ball can utilize a bioactive glass coating on the ball or 
femoral head [28]. By applying a bioactive glass coating to the ball, it allows natural 
bone tissue to form, thus better integrating the metallic implant into the structure. A 
better integration of the ball and joint socket allows for natural tissue to form, which 
will reduce the chance of the metallic implant loosening and decrease in deteriora-
tion of the implant. The coating of the femoral head allows the implant to have a 
more customized and comfortable fit for each and every individual patient. A cus-
tomized fit means better overall healing and result for each patient minimizing dis-
comfort and complications [30].

 Advantages of Bioactive Glass

Bioactive glass currently plays a major role in smaller bones such as in jaw and 
facial procedures where there is no weight-bearing capacity required. It is heavily 
utilized currently in these procedures due to bioactive glasses brittleness. Bioactive 
glasses fragility leaves it incapable of fulfilling and sustaining repair of larger bones 
where it will be subjected to weight bearing such as in the legs and hip. Bioactive 
glass provides a great alternative to metallic implants in smaller bones due to its 
ability to form tissue and degrade naturally. The degradation of the material gets rid 
of several of the risk factors associated with metallic implants such as allergic reac-
tion, surrounding tissue irritation, and the possibility of a second surgery for removal.

Bioactive glass also works very well and better than metallic implants in areas 
that cannot tolerate metal such as the orbital. Repairing an orbital fracture with 
metallic implants is not optimal due to the orbital socket housing the eyeball, which 
cannot endure punctures. Placing metal screws and plates near the eye is not an 
option without risking significant consequences such as loss of vision. Bioactive 
glass in this scenario poses no threat to the eyeball or vision. Bioactive glass is not 
only safer, but also easy to use in making this repair as the putty is simply modeled 
to fill in and fix the fracture and deformity of the orbital. Metallic implants are 
harder to work with and are rigid in their structure, therefore, it cannot be easily fit 
into many spaces without alteration of the material. The ease of use and bioactive 
glass’s ability to fix injuries without causing further damage to the surrounding tis-
sue is not its only advantage it possesses over metallic implants.

A bioactive glass containing naturally occurring components is essential in creat-
ing bone grafting for fractures and deformities and can contribute to forming healthy 
bone tissue compared to alternative metallic structures [21]. It not only contains 
compounds and ions that participate in bone healing, but it also provides a stable 
surface for this bone formation to occur [21].

Metal implants when degraded illicit no benefit to its surrounding or to the heal-
ing process while bioactive glass tends to contribute to the healing and formation of 
bone through its entirety forming a symbiotic relationship with its environment.
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Metal implants are susceptible to infection, which could compromise not only 
the bone tissue but the health of the patient. Bioactive glass contains a natural anti-
biotic property that allows healing to happen while killing off infection without any 
additional treatment. As previously stated, bone infection is a major complication of 
metallic medical device implantation. An infection starting in the bone not only puts 
the bone at risk, which could lead to further bone damage but also amputation. 
Amputation and removal of the limb can be a consequence of a spreading bone 
infection. Bone infection can also easily spread to other parts of the body like the 
heart and lungs. Infections of major organs can lead to sepsis and ultimately can 
take the patient’s life [28]. Avoiding infection is a major concern but having a com-
fortable and functional joint is also key in successful surgery.

Bioactive glass as previously stated a more comfortable joint due to customiza-
tion and provides a better integration into the bone  than metal with its ability to 
chemically interact with the surrounding soft or hard tissue. Bioactive glass inte-
grates into the structures versus sitting on top of the bone and being screwed into it 
and further damaging the bone like its metal counterparts. Integration is especially 
beneficial because a vast amount of metallic implants require a second surgery to 
remove them, which again presents patients with all of the initial risks they faced 
with the first surgery [30]. Risk factors of metallic implants include complications 
such as infection, re-fracture, blood clots, and nerve damage. Metallic structures 
can not only require additional operations, but in some cases, they corrode with 
continued contact with body fluids and those by-products created can cause harm 
and adverse reactions to the patients once the micro-particles enter the bloodstream. 
Bioactive glass as a third-generation implantation device can be considered to 
decrease the rate of implant rejection and reaction due to its ability to integrate into 
the bone and work with its natural properties instead of having its own properties 
that make it unsuitable inside of the body. A decrease in rejection rate can decrease 
the rate of complication and additional surgeries, which is sought after for both the 
patient and surgeon. Bioactive glass provides a more custom fit for not only each 
patient but for each injury type and body part. Having customization for structures 
to fix and stabilize fractures would mean a better result in healing and fixing struc-
tural issues. Metal implants are mass-produced and therefore come in one shape and 
size and do not always allow a proper fit for every patient. In order to get these 
metallic implants to properly fit in their designated location, it requires the surgeon 
to work harder to best replicate the shape of the injury. The surgeon’s job becomes 
more challenging when they have to try to mold and customize metallic implants to 
properly fix and stabilize a patient’s injury or defect.

 Future Advancements in Bioactive Glass

Bioactive glasses have many issues that require working out but its potential to be a 
revolutionary game changer for orthopedic surgery is significant. One major factor 
that is holding bioactive glasses back from its full potential is its brittleness and high 
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stress which affects its strength. The strength limitation in current bioactive glass 
cripples its ability to be used in larger weight-bearing bones that suffer injury. 
Larger weight-bearing bones endure compressive forces from walking, standing, 
and running [12]. Healing of larger bones such as femurs is contingent on gravita-
tional forces and the pressure associated with compressive forces in order to prop-
erly heal and form bone tissue. Bioactive glass in its current formulation would 
shatter or deform if it were utilized solely in large bone repairs. Due to bioactive 
glasses’ limited strength, it is better suited to be utilized in the smaller bones as is 
currently used; however, with advancements in bioactive glasses composition and 
strength it has great potential to increase its strength. The increase in bioactive 
glasses’ strength gives it the possibility to be used in larger weight-bearing bones 
and the ability to withstand weight-bearing forces. The overall benefit that bioactive 
glass possesses completely outweighs those of metallic implants making it the supe-
rior material once it has weight-bearing capability. Research has shown this to be a 
very important aspect, and as much as porosity can improve bone regeneration, it 
negatively affects weight-bearing capability [31]. Bioactive glass being the superior 
material could lead to the reduction and possible elimination of metallic implants 
altogether, which would be a major advancement in the orthopedic surgical realm. 
The substitution of metal for glass can reduce complications associated with current 
orthopedic surgery procedures such as infection which is a major surgical problem 
occurring today. This does not discount the possibility of infection, since risk of 
infection is always possible once the skin is opened in a surgery. However, since the 
presence of a third-generation implant device interacts with the physiological envi-
ronment in such a way that it facilitates bone growth and integration, the formation 
of a fibrous capsule around the implant is less likely to occur. The use of bioactive 
glass solely in things like bone fractures will result in increasing the rate of healing 
and patient success [30]. Bioactive glass is also being explored and looked into 
when it comes to creating 3D printed bone for patients [28]. Creating a 3D printed 
structure would be particularly useful when it comes to creating a surface for bone 
tissue to grow that may be too large of an area for a bioactive glass paste to be 
applied as shown in Fig. 5 [28]. A 3D printing option would be extremely beneficial 
in instances where a large amount of bone tissue is missing or is defective. This 
would provide a better option over its metallic counterpart in that customization 
would provide simplicity over molding a metal plate to fit a specific region. Fractures 
usually exhibit irregular shapes, making it difficult for the commonly implant met-
als to be manipulated to adhere to the required shape for the patient’s body and injury.

Bioactive glass has potential to not only fix and repair bones when it comes to the 
orthopedic realm but is also being explored in the pharmaceutical realm. Bioactive 
glasses potential encompasses the prospect of being used in drug delivery systems 
to heal bone ailments [32]. Drug delivery systems through bioactive glass would 
occur naturally with the degradation that occurs within the bioactive glass [32]. 
Through the degradation of bioactive glass, the release of a variety of potential 
drugs can occur in the future. The drugs are to be integrated into the bioactive glass 
structure by being placed inside the deeper layers of the bioactive glass. The degra-
dation of the glass would thereby allow continuous release of the drugs as those 
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layers are exposed. The mechanism of drug release would be determined by the rate 
of degradation as well as the pH of the surrounding environment of the glass [32].

One of the potential drug classes that are already being sought after for this sys-
tem is antibiotic drugs. Bioactive glasses are still undergoing testing to establish 
degradation rates and drug release mechanisms. Drug delivery systems are complex 
and contain numerous dynamics that are currently being investigated with concern 
to bioactive glasses as this area shows tremendous potential. The ability to directly 
target a specific area for treatment could be a game changer not just for antibiotics 
but also for potential cancer therapies [32]. Administering cancer therapy via bioac-
tive glass has been an idea that would revolutionize the approach to cancer treatment 
that can allow treatment without subjecting patients to systemic chemotherapy 
treatments. Currently, major treatment for cancer therapy involves radiotherapy and 
chemotherapy. Another treatment includes external beam radiation. However, this 
application is limited because this high localized level of radiation can also kill sur-
rounding tissues. These systemic drugs destroy not just the diseased tissue but the 
tissue surrounding it, leaving patients fragile and weak. Treating cancer with a tar-
geted therapy would be revolutionary and would result in a decrease in side effects 
from treatment. A decrease in side effect could lead to a better rate and result of 
successful cancer treatment and remission for patients. This treatment would again 
play a major role in bone cancers, which can be extremely aggressive due to the 
bone marrow in the bone creating blood cells that help the body fight invaders and 
function properly. Instead of destroying numerous cells and circulating chemother-
apy drugs through the entire body, the chemotherapy can be directly targeted to the 
cancerous cell within the bone tissue. Bioactive glass compositions including 
yttrium has been considered able to deliver high levels of radiation to kill cancer 
cells in organs such as the liver [31]. Bioactive glasses have been considered as 
being exceptional drug carrier materials because they possess the following proper-
ties that make them suitable options: they have the ability to enhance growth of new, 
healthy tissues after treatment with radionuclides, they have high biocompatibility 
and controlled biodegradability, which has all been well documented over the past 
years [31, 33]. Treating cancers through the use of bioactive glass can also be ben-
eficial due to its continued long-term release of ongoing treatment without requiring 
multiple pills and doctor appointments. A reduction in doctor’s appointments and 
treatments can also decline the associated cost of cancer, which is a tremendous 
financial burden for patients and their family. There are substantial numbers of doc-
tor visits that are required to treat cancer, which also takes a huge toll on the patient 
and their families. This large number of doctor visits often times requires family 
members to take off multiple days from work as well as possibly requiring a leave 
of absence just to accommodate the necessary cancer treatments for their loved ones.

Bioactive glass is showing promise in the development of soft tissue, which can 
also result in better orthopedic surgical outcomes. Cartilage and ligaments are the 
main soft tissues that sustain injury and require orthopedic surgical repair [34]. 
Cartilage is one of the targeted structures in the potential of 3D printing of bioactive 
glass. The goal is to build cartilage via 3D printing in order to get a customized fit 
for each patient and therefore the ripped structures can be completely removed and 
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repaired. 3D printing of cartilage and ligaments will also allow repair without dam-
aging the surrounding structure or other structures via autograft of healthy tissue 
[28]. In creating 3D printed cartilage and ligaments, the problem lies in getting 
bioactive glass to replicate the properties of naturally occurring soft tissue to the 
point in which the body cannot distinguish it as being foreign such that bioactive 
glass does with bone regeneration. The 3D printing would provide an outstanding 
route in repairing cartilage and ligaments. Bioactive glass, when used to repair these 
soft tissues, would have to potentially prevent patients from having to graft their 
own tissue from another area or through a cadaver, which carries risk of infection 
and rejection. Cartilage and ligaments are only a few of the soft tissue engineering 
areas that are being sought after when it comes to the advancement of bioactive 
glass orthopedically.

The ability for bioactive glasses to bond to hard tissue has made it possible for 
them to be considered as a suitable application for soft tissue repair. The cellular 
processes involved in the early stages of bioactive glass bonding to bone are aspects 
to consider when investigating requirements for soft tissue bonding mechanisms. 
The ionic dissolution products of bioactive glasses as shown in hard tissue bonding 
in the early stages are the same important ions required for soft tissue bonding due 
to the high angiogenic potential that they produce [35]. Many soft tissues are being 
investigated that indirectly have to do with healing of orthopedic procedures. Neural 
and skin tissue require proper healing after orthopedic procedures and are being 
tested for advancement via bioactive glass [13]. One way in particular that bioactive 
glass is being explored for tissue engineering is in its ability to heal wounds by 
regenerating new skin tissue. These include soft tissue healing of gunshot wounds 
and cancer treatment surgeries [33, 35]. Being able to regenerate new skin would be 
effective and revolutionary not only for patients that need to heal their surgical 
wounds but also for patients who suffer from diseases such as diabetes who have 
trouble healing wounds. These patients sometimes require amputation to some of 
their body parts due to their decreased ability to heal wounds naturally. Having a leg 
amputated or even a toe amputated can cause a major inconvenience and lifestyle 
change to patients due to their now limited mobility. Patients with other skin dis-
eases or injuries like patients that may have suffered from second and third degree 
skin burns may also substantially benefit from the healing effects of bioactive glass. 
Skin burns are hard to treat and require skin grafts and lots of treatment for proper 
healing but still face permanent damage. The idea of skin regeneration is being 
sought after in creating a skin-like material. Skin regeneration by using bioactive 
glass based cream/coating as a wound dressing has been accomplished by placing it 
on top of the damaged skin, creating a protective coating between the wound and the 
external environment and by default, protecting the wound from dangerous bacte-
ria [13].

The investigation of bioactive glass for neural tissue repair is also important for 
healing orthopedic injuries due to the limitation that damaged neural tissue can have 
on the use of the associated limb. Despite boney repair neural damage can impact 
and reduce the ability of the patient to fully utilize and operate the repaired struc-
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ture. Neural tissue currently is non-regenerative and therefore if it is not able to be 
successfully surgically repaired patients face suffering from improper use of limbs 
permanently. Therefore, the ability to regenerate neural tissue would significantly 
impact orthopedic-related injuries to muscle or boney tissues and enhance the over-
all use of the limb. Neural tissue is already showing great potential when collabo-
rated with bioactive glass for neural tissue repair and regeneration. It has shown 
reactivity with neural tissue and currently elicits a chemical response biologically 
just as bone does. The ability to control the rate of exchange with the environment 
and its degradation present a major hurdle currently [13]. Research has already 
proven the possibility of bioactive glass participating in treatment for peripheral 
nerve injuries when Laura M. Marquardt et al. was able to show that bioactive glass 
can provide alignment to support directed axon growth [36].

 Conclusion

Bioactive glasses have been studied extensively and have been around for several 
decades and have proven to be great biomaterials. Bioactive glass integrates biologi-
cally well once placed in the body and establishes great degradation. The degrada-
tion of the bioactive glass allows the complete formation and restoration of bone in 
place of the injured and defective tissue. Bioactive glasses are currently being used 
solely in smaller bones due to their low impact and weight-bearing capacities. 
Bioactive glass is heavily utilized in facial structures and has exhibited great results 
for healing the patient’s bones and restoring their original functions. Bioactive glass 
has also played a smaller role in larger bones through its integration into metallic 
implants. Bioactive glass integration with metallic fixtures not only provides better 
bone integration of the metallic implants but also provides a naturally occurring 
antibacterial property. Bioactive glass has the potential to change the orthopedic 
realm by allowing proper healing and restoration of natural bone tissue with an 
enhancement in its strength.

Bioactive glass provides the potential to improve total healing from orthopedic 
injuries through its restoration of cartilage, ligament, skin and neural tissue. The 
healing of all these tissues affects the complete success of the orthopedic procedure 
and the proper use of the affected limb. Injury and defects to bone tissue are not the 
only ailments that affect the orthopedic world. Bone cancer is another major disease 
that impacts bone tissue and bioactive glass has shown potential to provide a tar-
geted and thereby more effective chemotherapy treatment in the future. The contin-
ued study of an improvement of bioactive glasses is necessary due to its ability to 
cause major innovations in the medical world. These medical innovations can not 
only recover injury and diseases quicker but also allow better outcome. Bioactive 
glass creates a better outcome by decreasing the chance of complications, thereby 
not only saving tissue but most importantly saving lives.
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Abstract Despite the advancement of medical research, damaged tissue through 
life threatening diseases or severe trauma or accident cannot be regenerated by the 
body itself due to large defect sizes or totally damaged tissue. Over the last few 
decades, tissue engineering (TE) has provided a revolutionary change in the bio-
medical field by which damaged tissues can be regenerated. Although, the regenera-
tion is dependent on various factors such as the types of materials to be used as 
scaffolds, source of cells, and its stimulating factors (including growth factors, 
genes, or physical stimulus). In this chapter, we describe all parameters in detail for 
the success of tissue regeneration and we also cover all of the different types of tis-
sue regeneration (such as bone, cartilage, neural, skin, cardiac, vascular, liver, and 
interfacial tissue).

Keywords Tissue engineering · Regenerative medicine · Polymeric scaffold · 3D 
scaffold · Bone tissue engineering · Biocompatible · Biodegradable · Stem cell 
Growth factor

 Introduction

Due to the inherent capability of the human body, it has the ability to regenerate 
damaged tissue by itself, although the regeneration of the tissue is limited by several 
factors including the type of tissue, the size of damage, loss of function, and pres-
ence of multiple tissues. Presently, organ transplantation is the most acceptable 
clinical approach for the regeneration of such large or complex tissues but the short-
age of donor tissues or organs is a major problem for this technique. Over the last 
few years, tissue engineering (TE) and regenerative medicine have shown remark-
able promise to regenerate damaged tissues. TE is a multidisciplinary field having 
the principles of chemistry, engineering, and biology for the development of bio-
logical substitutes that can mimic normal tissue functions which are damaged 
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through severe injuries, accidents, or by severe diseases. The basic concept of TE 
involves three main strategies consisting of: (1) induced pluripotent stem cells 
(iPSC) or adult stem cells or genetically modified cells such as CRISPR cas9 (pro-
ductive), (2) biomaterial scaffold acts as cell support systems (conductive), and (3) 
cell signalling molecules such as growth factors, gene, or physical stimulus (induc-
tive) to regenerate damaged tissue (Fig. 1). In the TE field, biomaterial scaffolds 
play an important role through creating a three-dimensional microenvironment for 
cellular attachment followed by propagation and differentiation. In addition to this, 
the scaffold also acts as the reservoir of signalling molecules which direct the cells 
to differentiate toward the specific tissue environment.

Currently, TE consists of two strategies such as cellular (in vitro) and acellular 
(in vivo) strategies. In the cellular strategy, cells are seeded on a scaffold containing 
cell signalling stimulus followed by culturing in  vitro and subsequently the 

Fig. 1 Basic concept of tissue engineering and major barriers
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 engineered scaffold is implanted at the defect site in vivo for the generation of new 
tissue with the gradual degradation of the scaffold. On the other hand, the scaffold 
with signalling stimulus is implanted directly at the defect site in vivo without seed-
ing any cells externally and the new tissue is regenerated through the infiltration of 
innate cells from either bone marrow or endothelial progenitors.

For successful TE, the selection of cell source is a very important factor espe-
cially when planned for clinical application. Cells derived from a patient’s body or 
from their family members or relatives are ideal for the clinical application of TE 
but availability and accessibility of such cells become very difficult due to various 
reasons. Inherent unique properties of stem cells, which can differentiate to multiple 
functional tissue lineages may overcome the difficulty of cell availability. Embryonic 
stem cells (ESC) and adult stem cells (ASC) have been shown to be two different 
major sources of stem cell till date [1]. Despite the pluripotency of ESC, ethical 
controversy and teratomas formation of ESC restrict its clinical application of TE 
and regenerative medicine. Comparatively, ASC has shown to be a more attractive 
cell source in the TE field due to fewer problems than with ESC and poor rejection 
rate of regenerate tissue after implantation [2]. Adult stem cells are obtained from 
various mesenchymal tissues such as bone marrow, adipose tissue, umbilical cord, 
etc. and so it is also referred to as mesenchymal stem cells (MSC) [3–5]. Apart from 
this, induced pluripotent stem cells (iPSC) have gained tremendous attention in TE 
applications due to their preceding properties such as multipotent differentiation 
capability and robustness, autologous character and ease of reprograming technique 
[6, 7]. Although, unknown mechanisms behind the reprograming technique for 
iPSC limits its widespread clinical application in TE [8, 9]. Due to poor cell viabil-
ity, vitality, and functionality of MSCs, genetically modified MSCs have shown 
promising results in TE and the regenerative medicine field owing to the improve-
ment of viability, proliferative capability, and metabolic characteristics [10, 11].

In addition to the cell source, cell signalling molecules have great importance for 
the TE and regenerative medicine field [12–14]. In the presence of cell signalling 
biomolecules such as growth factors (GF) (e.g., bone morphogenetic protein-2 or 4 
or 7 (BMP-2 or 4 or 7), transforming growth factor beta 1 (TGF-β1), insulin-like 
growth factor 1 (IGF-1), etc.); chemokines (e.g., CCL3, CCL27, CXCL12, etc.); 
cytokines (e.g., cardiotrophin-1 (CT-1), interleukin-6 (IL-6), etc.); and gene 
(BMP-2/4/7, SOX-6/9, etc.) or physical stimulus such as mechanical properties, 
nanopattern, etc., the stem cell differentiates toward respective functional tissues 
like bone, cartilage, cardiomyocytes, etc. The signalling molecules may be incorpo-
rated into the scaffold or added into the culture media during the in vitro culture of 
stem cells. Physical stimuli are created in scaffolds and the cells differentiate toward 
particular functional tissues depending upon the respective signals penetrating the 
scaffold.

Apart from the cell source and cell signalling molecules or stimuli, biomaterial- 
based scaffolds and their design have a big role to play for the success of TE. The 
scaffold not only functions as the extracellular matrix (ECM) which creates micro-
environment for cellular attachment, proliferation, and differentiation but it also 
gives biophysical signalling to the cell for differentiation toward the specific type of 
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functional tissue. By definition, biomaterials are such a type of implant material 
(which may be synthetic or natural) used for therapeutic purposes to replace or 
restore the function of body tissue and continuously or intermittently in contact with 
living tissue or body fluids [15]. Therefore, an ideal biomaterial in the TE field 
should possess several characteristics including nontoxic, biodegradable, biocom-
patible, non-immunogenic, ease of synthesis, and low production cost.

Despite the enormous advancement in the TE field, postsurgical infections 
remain a clinical threat globally. Biomaterial-related microbial infections are com-
mon problems in the TE field and there is a greater risk for failure in tissue regenera-
tion due to this difficulty for curing infection [16, 17]. After implantation of the 
biomaterial at the defect site immediately is covered with proteins and protein com-
ponents such as fibrin, fibrinogen, and fibronectin from inherent ECM to potentially 
form a thin film on the biomaterial and the protein film helps to anchoring free mov-
ing bacteria including both gram-positive and gram-negative as well as Candida 
albicans [18, 19].

Therefore, the main objective of this chapter is to discuss the advances along 
with their possible therapeutic approaches for future clinical applications.

 Tissue Engineering for Different Tissue Regeneration

 Bone Tissue Engineering

Currently, a huge number of patients in the US as well as in other countries all over 
the world suffer from bone-related disorders which demands a large number of 
functional bone grafts. A recent report stated that every year in the US more than 
half a million of patients pay more than 2.5 billion dollars to treat bone-related dis-
orders [20]. In this regard, the treatment of severe bone defects using TE approaches 
is perceived as a good strategy because the regeneration process may involve the 
patient’s own tissue for the repair process [21–23]. However, there are several stud-
ies which are focused on limitations and complications involved with current clini-
cal treatment methods for bone regeneration (including allogenic and autologous 
transplantation) using allografts and autografts. Till now, autografts are recognized 
as a gold standard for treatment of bone defects as they are non-immunogenic, his-
tocompatible, and offer the essential properties of a bone graft material. More pre-
cisely, autografts possess prerequisites which can start osteoinduction (i.e., growth 
factors, genes, proteins, etc.), and osteogenesis as well as osteoconduction.

However, there are certain limitations such as harvesting bone from the patient’s 
iliac crest which needs a second surgery at the tissue harvest site, in addition, the 
expenses related to autograft transplantation, donor site morbidity, bleeding, and 
inflammation limit the wide spread application of autografts to treat bone defects 
[24–26]. Allografts are the second most popular bone grafting technique. Allografts 
are also histocompatible and can be obtained in several forms such as cancellous 
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chips, demineralized bone matrices, cortical grafts, whole bone grafts, and osteo-
chondral grafts depending on patient’s requirements. Compared to autografts, 
allografts are more prone to infections and immune rejection. In addition to that, 
allografts have less osteoinductive properties and no cellular constituents because 
allografts from donors are decellularized via gamma irradiation or freeze-drying 
[27–29].

Other commonly used strategies for the bone repair process involve cement filler 
delivery of BMP, etc. However, clinical trials suggest that none of these strategies 
possess all of the ideal characteristics including high osteoinductive, osteoconduc-
tive, and angiogenic potentials, in vivo biocompatibility, storage, low patient mor-
bidity, single surgical procedure, and long lifetimes at an economical cost for bone 
tissue regeneration.

The field of bone TE focuses on new alternative strategies with capabilities to 
eliminate the problems associated with conventional approaches as discussed above. 
Researchers, engineers, and clinicians have been working together to achieve an 
ideal bone graft material, which can enhance bone regeneration without significant 
complications at low costs. For successful bone TE, four criteria should be fulfilled: 
(1) the scaffold material should be biocompatible so that it can mimic the extracel-
lular matrix of bone, (2) possess healthy osteogenic cells, (3) use growth factors 
which direct the cells to the phenotypically desired type through cell signalling, and 
(4) have enough vascularization so that nutrients can be supplied to the growing tis-
sues. Although there has been notable progress in the field of bone TE, there are still 
lots of challenges that remain which should be addressed for real life clinical appli-
cations of bone TE. In this section, we will discuss such recent advances as well as 
remaining hurdles in the field of bone TE.

 Different Types of Biomaterials for Bone TE Applications

Till now, a variety of biomaterials have been used for bone tissue engineering (BTE) 
applications including metals, ceramics, natural, and synthetic polymers as well as 
their composites. However, among these biomaterials, polymeric biomaterials and 
their composites are the most attractive for BTE, due to several advantages over 
metals and ceramics. These advantages include biodegradability, lower immune 
rejection compared to ceramic- and metal-based biomaterials, tunable mechanical 
properties, and easier processability. So, in this section, we mainly highlight various 
polymeric biomaterials and their composite scaffolds which are used in BTE 
applications.

A significant number of studies have been focused on natural polymers that are 
used for BTE applications. The main reason behind this is associated with the eco-
nomic and environmental aspects of natural polymers. Natural polymers have sev-
eral benefits including good biodegradability, low cytotoxicity, easy to manufacture, 
and zero disposable costs. Along with these, they also help in cell signaling and cell 
adhesion and differentiation. However, the inadequate mechanical properties limit 
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their applications for BTE. So, in most cases, incorporation of a filler material is 
necessary to improve the physical properties of the overall system.

Among the natural polymers studied, chitosan is the most frequently used poly-
mer for TE applications. Chitosan is a well-known biodegradable cationic polysac-
charide derived from chitin which is the main element in the exoskeleton of 
crustaceans. Chitosan has a hydrophilic surface which helps to promote cell adhe-
sion, proliferation as well as cell differentiation. In addition to that, the inherent 
antibacterial properties, very good biocompatibility, and minimal host response 
make them a suitable candidate for BTE. Along with these advantages, the molding 
capability of chitosan into a well-designed porous scaffold structure adds an extra 
advantage for its applicability in BTE applications. For example, Zhang and cowork-
ers developed a nanofibrous hydroxyapatite/chitosan (nHAP/CTS) scaffold for 
BTE. They observed that nHAP/CTS induced a higher proliferation of stem cells 
(BMSCs) than membranous hydroxyapatite/chitosan (mHAP/CTS) and electrospun 
nanofibrous chitosan (nCTS). Here, nHAP acted as an osteoinductive agent and 
promoted osteogenic differentiation of stem cells. A further in vivo study confirmed 
that nHAP/CTS/BMSCs had a superior ability for bone reconstruction than other 
control groups for cranial bone defects by activating an integrin-BMP/Smad signal-
ing pathway of BMSCs [30]. In another work, Guo and coworkers reported silver 
(Ag)-loaded strontium hydroxyapatite (SrHAP)/chitosan (CTS) porous scaffolds 
(Ag–SrHAP/CTS). Interestingly, the Sr and Ag ions released from the composite 
scaffold enhanced the osteoinductivity and antimicrobial activity of the scaffold 
whereas the presence of HAP within the scaffold increased the mechanical proper-
ties and osteoinduction properties of the composite system. The presence of Sr and 
Ag in Ag–SrHAP/CTS porous scaffolds increased the alkaline phosphatase (ALP) 
activity of stem cells, mineralization and upregulates expression of osteogenic 
related genes such as BMP-2 and COL-1 [31]. Saravanan et al. also demonstrated 
that chitosan/nano-hydroxyapatite/nano-silver particles (CTS/nHAP/nAg) can be a 
perfect candidate for BTE. The prepared scaffold demonstrated synergistic bacterial 
inhibition toward both gram-positive and gram-negative bacteria due to the pres-
ence of CTS and Ag nanoparticles along with very good cytocompatibility toward 
rat osteoprogenitor cells [32].

Alginate is another well-known natural polymer which has proved its presence in 
the field of BTE applications. Commercial alginates are produced from Algae 
named Laminaria hyperborea, Ascophyllum nodosum, and Macrocystis pyrifera. 
Alginates are linear unbranched polysaccharides consisting of different amounts of 
β-d-mannuronic acid and α-l-guluronic acid within the polymer chain. The main 
advantage of alginate is that it is biocompatible and it can easily form cross-linked 
hydrogels in the presence of multivalent cations. For example, Xie and his cowork-
ers developed an injectable calcium phosphate–alginate–chitosan microcapsule for 
BTE. In detail, they studied the osteogenic potential of this injectable calcium phos-
phate–alginate–chitosan microcapsule with MC3T3-E1 cells in vivo. After 4 weeks 
of injection of these cell incorporated microcapsules into the dorsal subcutaneous 
area of nude mice, they observed lamellar-bone-like mineralization, collagen for-
mation, and angiogenesis. A further study after 8  weeks of injection, confirmed 
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expansion of newly formed collagen, and absorption of phosphate cement which 
suggested the applicability of alginate microcapsules for BTE [33].

Wang et al. also evaluated the applicability of sodium alginate for bone tissue 
engineering. They showed that, alginates with different compositions and purity had 
a significant effect on proliferation and differentiation of rat bone marrow cells. 
They found that, high purity and high G-type alginates had a similar ability for pro-
moting cell proliferation. Not only that, but they also observed the presence of high 
guluronic acid into alginate helped the differentiation of stem cells into an osteo-
genic lineage which supported its use for BTE applications [34]. In another work, 
Guldberg and coworkers reported a peptide-modified alginate hydrogel hybrid sys-
tem for the delivery of recombinant BMP-2 (rhBMP-2) to enhance the repair pro-
cess of large bone defects [35]. Their result suggested that the hybrid system had a 
consistent ability of bone bridging on the defect site however in the absence of 
rhBMP-2 there was no substantial bone formation; which confirms that rhBMP-2 
has a critical effect on bone regeneration. In addition to that, the alginate nanofiber 
mesh enhanced the rhBMP-2 mediated bone regeneration process by improving the 
infiltration of osteoprogenitor cells within the nanofiber mesh which confirmed that 
the hybrid alginate/nanofiber mesh could be a promising growth factor delivery 
system for the regeneration of large bone defects.

Unlike chitosan and alginate, collagen is a biological protein with a significant 
amount of glycine (nearly 30%) along its backbone. More specifically, glycine is 
present within collagen, in every third residue, which forms a (Gly-Y-X)n repeating 
unit. Due to the presence of amino acids, collagen has good biodegradability, low 
immunogenicity, and very good cell binding properties which make them a suitable 
candidate for TE applications [36, 37]. It is well established that collagen sponges 
can promote cell attachment and growth and enhance bone formation by promoting 
the differentiation of osteoblasts [38, 39]. However, the main disadvantage of col-
lagen is its rapid degradation rate, which causes a rapid loss in mechanical proper-
ties of the scaffold. So, researchers are trying to develop new composite materials 
composed of collagen and other natural/synthetic biopolymers/nanofiller to decrease 
the biodegradation rate and increase the mechanical properties to make collagen a 
perfect candidate for TE applications [40].

As for example, Zhang and coworkers developed a biomimetic porous collagen/
hydroxyapatite for BTE. Due to the presence of hydroxyapatite, the scaffold pos-
sesses good mechanical properties, in addition to that, hydroxyapatite increases 
osteointegration and osteoconductivity of the scaffold [41]. Murphy et al. studied 
the effect of pore size on cell attachment, proliferation, and migration in collagen–
glycosaminoglycan scaffolds. They discovered that collagen–glycosaminoglycan 
scaffolds had very good cytocompatibility toward osteoblast cells. In addition to 
that, the pore size of the scaffolds played a crucial role in osteoblast proliferation 
and migration.

Silk fibroin is another well-known material for bone TE. Silk is a fibrous type of 
protein derived from the native silkworm and possesses unique chemical and physi-
cal properties. Silk fibers from cocoons (Bombyx mori) and are comprised of a 
structural protein fibroin covered with sericin, another protein which mainly acts as 
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a glue to hold fibroin together [42]. Fibroin protein is made of multiple layers of 
antiparallel β sheets which form a crystalline section made of peptide chains and 
dominated by the hydrophobic sequence GAGAGSGAAG[SG(AG)2]8Y [43].

For couple of decades, silk has established its presence in the field of biomedical 
applications as sutures. However, researchers are now interested in its application 
for bone tissue regeneration as it possesses very good biocompatibility, slow biode-
gradability, high mechanical strength, tunable composition, and superior permeabil-
ity. Other than these, their easy modification through amine and acidic side chains 
and easy processability of its aqueous solution into various forms such as gels, 
membranes, and sponges provide a perfect candidate for TE applications. The major 
drawback of silk is the need to remove sericin from it, as sericin can initiate a severe 
immune response at the implantation site.

As, for example, Kaplan and his coworkers used silk fibroin from Bombyx mori 
for BTE. Briefly, they deposited calcium phosphate on the silk fibroin scaffold and 
subsequently seeded bone marrow-derived stem cells and cultured it for 6 weeks in 
the presence and absence of BMP-2. They observed enhanced osteoconductivity in 
the presence of apatite and BMP-2 against control. The premineralization on the 
highly porous silk scaffold suggests that these scaffolds may be a suitable candidate 
for BTE [44]. In other work, they reported high strength silk protein scaffolds for 
BTE. The scaffold demonstrated a superior compressive strength of 13MPa which 
is suitable for load bearing bone grafts. The superior mechanical properties of the 
polymer were due to the protein interfacial bonding and micron-sized silk fiber. The 
combined effect of surface roughness, porosity, and scaffold stiffness resulted in 
human bone marrow-derived stem cells differentiating toward osteogenesis. To fur-
ther confirm the effectiveness of these scaffold toward BTE, they performed in vivo 
implantation of the scaffolds to check their immunomodulatory responses which 
revealed no major immune responses to the implantation site [45]. Incorporation of 
hydroxyapatite into the scaffold can increase the mechanical properties of the over-
all system as well as it also enhances the osteoinduction and osteoconduction of the 
system. In this regard, Shao and coworkers reported coaxial electrospun aligned 
tussah silk fibroin fiber-hydroxyapatite composite scaffolds for bone TE. The com-
posite scaffold demonstrated very high mechanical strength with an increase of 
90-fold in the modulus and 2-fold increase in breaking strength than the bare silk 
fibroin scaffold. Upon culturing MG-63 cells on the scaffolds, they discovered that 
cells were well attached and proliferated on the scaffold surface. Additionally, ALP 
and biomineralization assays on the scaffold supported its potential application for 
BTE [46]. Other than these natural biopolymers, in recent years, synthetic biopoly-
mers also received attention for BTE applications due to their improved mechanical 
properties and their tunable biodegradability. However, in the case of synthetic bio-
polymers, the major concern is their biocompatibility and their immunogenic 
responses. Although, some of the well-known synthetic biopolymers are already 
FDA approved, including poly(lactic-co-glycolic acid)(PLGA) and polylactic acid 
(PLA), the complicated synthesis procedure for large-scale production and cost of 
these biopolymers restrict their applications for many commercial biomedical 
applications.
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Other than these synthetic biopolymers polyesters, polyester amides, polyure-
thanes, polyanhydrides, polycaprolactone, and polyhydroxysiloxanes have estab-
lished their presence in the field of TE. However, for commercial clinical applications 
and to get FDA approval, it may take a long time. Researchers are also trying to 
develop new cost effective synthetic biopolymers based on recycling solid plastic 
waste and using other renewable low cost resources, such as soybean oil. For exam-
ple, Sarkar et al. reported a novel biopolymer derived from commercial polyethyl-
ene terephthalate (PET) waste and other low cost renewable resources, such as citric 
acid, sebacic acid, and mannitol. Their synthesized polyester demonstrated very 
good biocompatibility both in vitro as well as in vivo. Upon osteoblast cell culture 
(MC3T3-E1 cells) on the 3D porous scaffolds, cells were well attached and prolifer-
ated within the scaffold as well as deposited minerals on the scaffold surface which 
confirmed the applicability of the scaffolds for bone TE applications [47]. Kolanthai 
et al. also reported another low cost synthetic biopolymer derived from soy oil by a 
simple melt condensation technique [48], and demonstrated very good osteogenesis 
from stem cells without the use of any growth factors. However, for real life TE 
applications of these polymers, a thorough long-term in vivo study should be per-
formed. In the next section, we will discuss this current scenario and clinical trials 
in the field of TE.

Some of the natural and synthetic biopolymers for BTE applications are tabu-
lated below (Table 1).

 Current Scenario and Clinical Trials in the Field of Bone Tissue 
Engineering

Bone-related disorders have increased continuously and are expected to double by 
the year 2020, especially in those areas where people are older with increased obe-
sity and poor physical activity [20]. In this context, engineered bone implants have 
been considered as one of the potential alternatives to conventional allograft trans-
plantation or autologous bone graft transplantation due to their very limited supply 
[110]. Although there is significant improvement in the research of bone TE, still 
bone TE clinical practices have not progressed that much due to several challenges.

The success rate of any TE or regenerative medicine strategy is very much 
dependent upon its real life clinical applications. For successful bone TE, a clinical 
issue like tibial nonunions might require only stimulation of fracture healing how-
ever, other bone regeneration scenarios may require a physical mechanical support 
known as a scaffold. On the other hand, segmental bone defect repair may involve 
the need of vascularized bone with an ability to integrate to other neighboring host 
tissues, and this is a significant challenge [111]. In this section, we will highlight the 
current scenario and advances of the clinical translation of bone TE strategies for 
the management of various types of bone-related problems including fractures, 
arthrodesis, and segmental bone defects.

To treat fractures and arthrodesis, BMPs are usually delivered using a collagen 
sponge within a cage device or collagen putty to mediate spinal arthrodesis and 
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fracture healing. BMPs are growth factors which facilitate bone and cartilage for-
mation as well as helping to repair bones [112]. Among the growth factors of the 
BMP family, BMP-2 and BMP-7 are the most popular among clinicians. In 2001, 
BMP-7 was FDA approved to cure tibial nonunions after clinical trials [113]. Later, 
in 2002, BMP-2 also became FDA approved for the treatment of acute open tibial 
fractures [114]. Although some of the initial studies were promising, later on, clini-
cal reports revealed that high doses of BMP with poor accumulation in the body 
could cause osteolysis and heterotopic ossification [115]. Additionally, till now 
there has been a lot of debate on the clinical success of BMP for the cure of open 
tibial fractures [116]. Yamada et al. reported a hybrid bone graft (HBG) by combin-
ing bone marrow aspirates with porous β-tricalcium phosphate and trephine bone, 
for safe and effective autologous bone grafting. The HBG enhanced the posterolat-
eral spinal fusion rate without any severe donor site morbidity [117]. However, for 
successful spinal fusions, the presence of an osteoinductive or osteoconductive 
material appears to be very essential. There are numerous reported data validating 
that calcium phosphate cement applications could produce similar results equiva-
lent to autologous bone grafting for the management of tibial plateau fractures 
[118]. In addition, a series of case studies reported that, the use of a ceramic graft 
for impaction bone grafting of the acetabulum produced medium to good results. To 
support this phenomenon, Damron and his coworkers observed no significant differ-
ences between β-tricalcium phosphate or β-tricalcium phosphate-bone marrow 
aspirate groups in terms of radiographic parameter [119].

Segmental bone defects generally occur in the tibia and if the structural integrity 
cannot be maintained, it can result in amputation. For the treatment of segmental 
bone defects, the current strategies involve the use of: (a) vascularized autologous 
bone grafting, (b) isolated autologous bone grafting, (c) an induced membrane tech-
nique along with autologous bone grafting, and (d) bone transplantation. In this 
context, Karger et al. combined synthetic bone constructs with a membrane material 
with an autologous bone graft to treat posttraumatic bone defects. Reconstruction of 
large bone defects was found to be possible with the help of an induced membrane 
technique, although, sometimes it failed to repair soft collagenous bone tissue due 
to a complicated repairing process [120].

In another clinical study, Meinig et  al. explored the application of polymeric 
membranes for the reconstruction of bone defects, and used PLA for the treatment 
of large bone defects. Upon implantation of this polymeric membrane along with 
autologous bone grafts into bone defects, successful treatment of segmental bone 
defects was observed [121]. Another novel strategy was procured by Golden and his 
coworkers for the reconstruction of diaphyseal tibial cortical defects. They used 
BMP-2 loaded allografts for the treatment of diaphyseal tibial fractures with corti-
cal defects of 4 cm. The mean estimated blood loss was found to be considerably 
less in the case of BMP-2 loaded allograft groups compared to bare allografts. In 
addition, the BMP-2/allograft group didn’t produce any undesirable antibodies to 
the BMP-2 protein, which suggested that BMP-2 loaded allograft was safe and 
effective for the treatment of tibial fractures related to extensive traumatic diaphy-
seal bone defects [122]. Recent clinical studies include stem cell-based therapies 
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[123] and an alteration in the Masquelet technique using a bioresorbable osteo-
genic/angiogenic membrane along with synthetic autograft materials [124]. Till 
now, fabrication of a vascularized mechanically robust bone construct which can 
provide an integrated solution to bone TE remains a great challenge for the clinical 
translation of bone TE.

Recently, the use of cell-based therapies for bone TE is an emerging area of 
research as well as clinical translation. However, current approaches have certain 
limitations, such as the origin of cells, number of cells to be used, and method of 
delivery. For example, in most of these cases, researchers and clinicians are using 
cells alone or in combination with a support material [111]. During the preliminary 
stages of tissue trauma, the damaged tissue site is rich in various cytokines such as 
TNF-α, interferons, interleukins as well as increased acute-phase serum protein 
concentrations. Usually, within the TE community, it has been assumed that the 
usefulness of stem and progenitor populations introduced into such a hostile inflam-
matory environment is detrimental to tissue regeneration. Although, some recent 
studies demonstrated that spatiotemporal manipulation of cell delivery to the injury 
site could be a promising strategy for the clinical advancement of segmental bone 
tissue engineering [125]. In this regard, Hutmacher and coworkers demonstrated 
that late injection of bone marrow stem cells to the injury site can regenerate large 
bone defects in a preclinical animal model with enhanced therapeutic efficacy com-
pared to a “time of trauma” therapeutic strategy [125]. So it is very evident that the 
delivery time cells play is very crucial for successful tissue regeneration. Enhanced 
regeneration of tissue is noticed when cells are delivered to the injury site either 
intravenously or subcutaneously as well as direct injection to the wound site [126–
128]. However, there is still a need for numerous preclinical studies with specific 
scaffolds and cell-based approaches for successful clinical translation in the field of 
bone TE. Figure 2 summarizes currently available different treatment strategies for 
bone TE.

Other than these two type of bone defects, osteochondral defects are also a major 
problem in the field of bone-related disorders. However, due to complex physiologi-
cal properties, progressive alteration in mechanical properties of tissues and a lack 
of suitable biomaterials limit the translation of osteochondral TE into the clinical 
stage [129]. To repair osteochondral defects, current strategies involve microfrac-
ture surgery or autologous chondrocyte implantation which includes a two-step sur-
gical procedure [130]. In this context, synthetic biphasic/triphasic scaffolds without 
any growth factors/cells have been employed for osteochondral TE, although their 
efficiency remains questionable [131]. Other than this, an alternative therapy was 
reported, where articular chondrocytes were collected and seeded on a scaffold 
material and implanted into the defect site in a single surgical procedure [132]. 
Initial results were quite promising however, the long-term effect of this single step 
surgical procedure still remains unknown. Researchers and clinicians are currently 
trying to develop new methods to treat osteochondral defects which include the use 
of chondroprogenitor cells from subcutaneous adipose tissue or retropatella loaded 
within scaffolds followed by implantation in a single surgical procedure [133].
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 Cartilage Tissue Engineering

According to Hunter, “From Hippocrates to the present age, it is universally allowed 
that ulcerated cartilage is a troublesome thing and that once destroyed, is not 
repaired” [134]. Over the past four decades, various researchers have proposed and 
undertaken a substantial amount of research to understand the biological repair pro-
cess of articular cartilage. Previously conventional procedures were applied to 
repair cartilage defects such as micro fracture [135], autografts [136], and autolo-
gous chondrocyte implantations [137]. But such procedures have several limitations 

Fig. 2 Different clinical strategies for bone tissue engineering: (i) cartilage regeneration, (ii) bone 
void fillings, (iii) stimulation of fracture healing or arthrodesis, and (iv) reconstruction of segmen-
tal bone loss are represented in different quadrants. (i) In the top right quadrant are arthroscopic 
images of an osteochondral lesion (upper) and chondral lesion post microfracture (lower). (ii) In 
the lower right quadrant is a 3D reconstruction (upper) and radiograph (lower) of a patient with 
severe osteoarthritis and protrusio acetabuli. (iii) The lower left quadrant shows radiographs dem-
onstrating fracture nonunions and spinal arthrodesis. (iv) The top left quadrant demonstrates a 
comminuted tibial fracture (upper) and segmental bone defect (lower). Current treatment strategies 
are detailed (in red) in corresponding triangles. Reproduced from permission [111]
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like inferior quality of the repaired tissue, autoimmune response, lack of integration, 
and lack of significant cell viability [138].

Regeneration of cartilage via tissue engineering was first approached by Green 
in 1977 [139]. The clinical application of cartilage tissue regeneration was first 
attempted by Mats Brittberg et al. in 1994 [140]. Chondrocytes were grown in ex 
vivo and transplanted into the defected area. Since then, cartilage tissue regenera-
tion got a new direction by transplanting cells grown in an ex vivo environment. 
After the successful introduction of cartilage TE via cell-based regeneration pro-
cess, the scenario of cartilage regeneration has been changed. This approach 
involves the isolation of chondrocyte cells, expansion by giving them an exact ex 
vivo environment, and then seeding them into a biocompatible ECM and implanta-
tion of the ECM into the damaged site. Viscoelastic properties of cartilage need to 
be retained from its key ECM components which is composed of water (70–80%), 
collagen (50–75%), and glycosaminoglycans (15–30%) [136]. So, the composition 
of the ECM plays a crucial role to provide proper compressiveness, tensile strength, 
and frictional properties to biomechanically enabled matrix within the arduous joint 
environment. Thereby, the choice of material is a critical key point to achieve suc-
cess over TE in cartilage repair. Synthetic, semisynthetic, and naturally occurring 
biomaterials were also introduced for cartilage TE. Naturally occurring biomateri-
als include type-I and type-II collagen and their composites with other synthetic or 
natural biomaterials. Synthetic materials like PLA [141], PGA, [142] or their copo-
lymers [143] are also used. Some other nonbiodegradable polymeric materials like 
polyethylmethacrylate and polytetrafluoroethylene, and hydroxyapatite composites 
were also investigated and found to be capable of articular surface restoration. 
Various influential factors which are responsible for cartilage regeneration are listed 
below (Table 2).

The ideal cell carrier matrix for cartilage repair should be capable of mimicking 
the natural environment of articular cartilage. Components of the cartilage ECM 
such as type-II collagen and glycosaminoglycans are the major differentiating ele-
ment, they regulate the expression of the chondrocytic phenotype and therefore 
chondrogenesis takes place. Without proper phenotypic expression, chondrocytes 
undergo de-differentiation and form an inferior fibrinocartilaginous matrix com-
posed of type-I collagen which fails to form hyaline cartilage.

Table 2 Various influential factors for cartilage regeneration

Factors Desired value References

Cell seeding density Higher initial cell density (64 million cells/mL) [144]
Mechanical loading (dynamic 
compression)

210% strain or 0.5–1.0 MPa at physiological 
frequency 0.01 to 1.0 Hz

[145, 146]

Osmolality Physiological osmolality [147]
Extracellular pH 7.2 [148]
Pore size 70–120 μm [149]
Growth factors PDGF, TGF-β, FGF, BMP, IGF [150–154]
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Recent developments in cartilage regeneration are mainly focused on the prepa-
ration of an ECM based on biodegradable natural materials as well as synthetic 
materials which can give an appropriate environment to support cell differentiation 
to form cartilage. Natural materials like chitosan, alginate, hyaluronic acid, agarose, 
cellulose, collagen, chondroitin sulfate, fibrin glue, gelatin, hyaluronic acid, and silk 
fibroin are generally used as scaffold materials. Limitations are there which also 
restricts the use of natural biomaterials for cartilage regeneration, such as the auto-
immune response which is a major drawback, enzymatic degradation and inferior 
mechanical properties, as well as disease transfer are major considerations. But syn-
thetic materials are more predictable as the required properties can be tuned via 
modification. Tunable degradability and mechanical properties of synthetic materi-
als are a key concern to form a scaffold architecture which can vary cellular behav-
ior. Poly (α-hydroxy esters), PEG, poly(NiPAAm), poly(propylenefumarates), and 
polyurethanes are presently used as a scaffolding material for cartilage TE.

All of the above mentioned synthetic and natural polymers are used in the prepa-
ration of various physical forms like hydrogel, sponges, and fibrous meshes.

 Hydrogels

Hydrogels are swollen networks capable of delivering bioactive molecules to the 
site of interest. Scaffold design variables are governed by physicochemical proper-
ties, mass transport property, and cellular interactions with the material for specific 
applications. Hydrogels designed for cartilage restoration should have high enough 
mechanical properties without damaging the cells, influencing cell adhesion proper-
ties, giving nontoxic materials to the surrounding tissues, and appropriate diffusion 
property. In cartilage tissue engineering, various biomaterials and methods have 
been applied to form hydrogel (Table 3).

Various critical factors are also involved to engineer cartilage TE constructs and 
they are listed in Table 4.

Many naturally occurring biopolymers exhibit the above mentioned properties 
and hydrogel scaffolds have been prepared using them. Polysaccharide-based 
hydrogels are promising materials for cartilage tissue regeneration. Their physico-
chemical structure also plays a critical role in cartilage tissue regeneration. 
Saccharide units regulating cell signalling, ease of synthesis of biologically active 

Table 3 Various biomaterials and methods to form the hydrogel for cartilage TE

Biopolymer Method of hydrogel formation References

Collagen Polymerize into a stable gel at neutral pH [155, 156]
Alginate Metal ion cross-linking [157, 158]
Chitosan Physical gelation by alcohol and ammonia vapor cross-linking [159]
Silk Ionic gelation [160, 161]
Hyaluronic acid Photo cross-linking of its acrylic derivatives [162, 163]
Chondroitin sulfate Photo cross-linking of its acrylic derivatives [164]
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materials, and controllable biodegradation and biological activity make them more 
prominent for cartilage tissue regeneration [165]. Polysaccharides are able to form 
hydrogels by hydrogen bonding, ionic interactions, or chemical cross-linking and 
the methods employed to form such hydrogels are enlisted in Table 3. Gels based on 
collagen type-I containing chondrocytes were used to repair full-thickness defects 
and moderate regeneration of the articular surface was observed [166]. Denaturation 
of collagen forms gelatin which is also a promising material for cartilage regenera-
tion. Genipin cross-linked gelatin showed collagen and GAG production in 9 days, 
and a tissue with a cell distribution resembling that of the native cartilage was devel-
oped after 30 days of cell culture [167]. Alginate is another biomaterial which shows 
favorable cellular responses and it can form a gel easily using various divalent cat-
ions such as calcium, magnesium, and barium. Chondrocyte embedded gelatin 
beads were reported to increase type-II collagen expression and this effect was sig-
nificantly increased with the addition of BMP-2 [168]. Chitosan and its derivatives 
like dicarboxymethyl chitosan [169], N-acetyl chitosan [170], carboxymethyl chito-
san [171], and quaternized chitosan [172] had also been used in cartilage TE. Recent 
report on chitosan and its hybrid material showed promising activity where they 
promoted the proliferation, differentiation, and viability of mesenchymal stem cells 
[173]. Recently, a silk biomaterial collected from insects or worm has gained atten-
tion due to its slower degradability, biocompatibility, and notable mechanical prop-
erties [174]. Meinel et al. prepared silk fibroin/collagen cross-linked scaffold and 
compared them over MSCs, where they found that stable and slow degradation rate 
over collagen and more cell density on silk fibroin scaffolds which also promotes 
the formation of cartilage-like ECM [174]. Chondroitin sulfate (CS) is a major 
matrix compound which is composed of repeated chains of alternating sugar units 
of N-acetyl galactosamine and glucuronic acid [175, 176]. Nishimoto et al. reported 
that CS upregulated the expression of collagen type-II mRNA, and thereby pro-
moted cartilage formation [177]. Although, the cost and ineffectiveness of CS 
toward hydrogel formation have limited its application in cartilage TE.

Table 4 Factors involved for cartilage TE constructs

Desired biochemical parameters associated with ideal hydrogel constructs for cartilage TE

1. Maintenance of chondrocyte morphology, viability, and proliferation
2. Promoting chondrocyte differentiation
3. Preserving the cell phenotype, and upregulating the expression of:
  (a) Type-II collagen
  (b) Aggregan
  (c) The transcription factor Sox 9
4. Downregulating the expression of type-I collagen
5. Promoting the deposition of GAG
7. Integrating with host tissue
8. Biodegrading as the neo-cartilage formation proceeds
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 Sponges

Sponges are porous scaffolds and their properties are dependent upon pore size and 
interconnectivity. A sponge’s porous nature directs cell adhesion, where pore size 
and interconnectivity influence cell migration, matrix deposition and distribution, 
and nutrient and waste exchange [178]. Various methods have been applied to for-
mulate a sponge material for cartilage TE-like porogen leaching [179–181], freeze- 
drying (10.1039/C1SM06179H, 10.1039/C4TA07057G), and 3D printing [182]. 
Different kinds of natural and degradable synthetic polymers and their hybrid mate-
rials were also applied to fabricate sponges for cartilage TE, including (polylactide 
(PLA) [141, 142, 183], poly(lactide-co-glycolide) [142, 181] (PLGA), PLGA/
Collagen [184], PLA/PHBV [185], poly(ε-caprolactone) (PCL) [186], chitosan 
[187], PLA/chitosan [188], and cellulose systems [189]. PLA and a blend of PLA/
PCL have been used to form ultraporous, wettable, and compressable sponges 
[190]. A hybrid of natural and synthetic material (PLA/gelatin fiber) based sponges 
with desired scaffolding properties such as elasticity, porosity, degradability, and 
biocompatibility have all been shown to be suitable for in vivo cartilage regenera-
tion [191–193]. Blend of chitosan/gelatin sponge showed a significant increase in 
GAG content and the formation of type-II collagen with elastic fibers [194].

 Meshes

Network structure of woven and nonwoven fibers is generally called meshes, where 
cell behavior can be dictated by void volume and the surface area. Differences 
between woven and nonwoven meshes are their construct strength where woven 
meshes possess greater strength over nonwoven meshes. Cells can be seeded onto 
these meshes in vitro and can be implanted in vivo for complete regeneration of 
defected cartilage [195]. The electrospinning technique is most commonly applied 
to fabricate meshes. Recently, this technique is gaining more interest as it can pro-
duce the fibers in a predetermined manner [196]. PGA, PLA, and their copolymer 
PLGA are the most prominent materials of choice to fabricate meshes for cartilage 
regeneration as they could be completely resorbed through metabolic pathways. 
Degradation of PLA is slower than PGA as PLA contains additional methyl group. 
. PLGA with a 50:50 composition degraded faster than 75:50 as PGA content 
increased [143]. Type-II collagen and hyaluronic acid immobilization greatly influ-
enced the chondrocyte proliferation and GAG deposition [197, 198]. Another poly 
(α-hydroxy ester) is PCL with a slow degradation rate. PCL nanofiber scaffolds 
were applied to periosteal cells in vitro and in vivo and it was found that they could 
improve the formation of cartilage [199]. Hyaluronic acid based semisynthetic 
resorbable meshes (HYAFF® derivatives) have also been commercialized and could 
facilitate the formation of ECM-like cartilage [200].
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 Neural Tissue Engineering

The central nervous system is one of the vital components of the human body which 
plays a crucial role by transmitting signals between different body parts and the 
brain. At the cellular level, the nervous system consists of two different types of 
cells called neurons and glial cells. Neurons have a special type of structure which 
allows them to transmit signals in a form of electrochemical waves from one cell to 
another cell. Neurons withstand a small voltage difference between their mem-
branes through concentrations of ions such as calcium, sodium, potassium, etc. 
Briefly, neurons transfer signals via a thin fiber known as an axon with the help of 
neurotransmitters such as dopamine, acetylcholine, serotonin, etc. at the junction of 
two different neurons known as synapses. Other than neurons, glial cells are also an 
important part of the central nervous system, and they provide structural and meta-
bolic support to the nervous system. Other than the central nervous system, our 
body also consists of the peripheral nervous system. The peripheral nervous system 
connects the central nervous system with limbs and organs serving as a relay 
between the spinal cord, brain, and the other parts of the body.

With time, the need for neural TE constantly increases due to an increase in num-
ber of patients with neurodegenerative diseases and neural injuries and limited 
regeneration capability of nerve tissues. Currently, there are no well-established 
treatment methods which can completely repair damaged central nervous system 
tissue. Existing clinical strategies include stabilization of neural injuries and mitiga-
tion of symptoms using pharmacological agents, although the outcomes are not 
satisfying as most of the current pharmacological agents have many side effects 
[201, 202].

In this context, neural TE provides alternative strategies to regenerate damaged 
nerve tissues. Embryonic stem cells and neural stem cells are the most common 
cells which are used for neural TE. Transplanting stem cells into the brain with 
appropriate scaffold material enables them to differentiate into other cells, such as 
astrocytes and oligodendrocytes which help to improve the neurological functions 
of the brain. A scaffold acts as a support system for neural cells through which 
regenerating axons can proliferate from one side of the injury to the other side of 
nervous tissues. Scaffolds for neural TE should be biocompatible with ideal degra-
dation rates, and possess enough mechanical properties so that cells can adhere to 
the scaffolds. In addition, presence of electroactive/electroconductive material 
within the scaffold can provide an added advantage for neural TE [203]. For exam-
ple, Tu et al. reported a biomimetic graphene oxide (GO) composite composed of an 
acetylcholine-like unit (dimethylaminoethyl methacrylate, DMAEMA) or 
phosphorylcholine- like unit (2-methacryloyloxyethyl phosphorylcholine, MPC) for 
neurite overgrowth and branching. They used rat hippocampal neurons to check for 
neural cell adhesion, spreading, and proliferation on the scaffold surface. After 2 to 
7 days of cell seeding, the number of neural cells and average length of the neural 
cells on GO–DMAEMA and GO–MPC composites were significantly enhanced 
compared to the control group. They proposed that, due to the presence of a 
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 neurotransmitter like unit (DMAEMAMPC) as well as the presence of electrocon-
ductive graphene, there was significant boost in neurite sprouting and outgrowth 
[204]. Schmidt and coworkers investigated electroconductive polymer polypyrrole 
(PPy)-coated electrospun PLGA nanofibers for neural TE. They studied the com-
bined effect of nanofiber structures and electrical stimulation on neural tissue regen-
eration. Upon culturing rat pheochromocytoma 12 (PC12) cells and hippocampal 
neurons on the PPy-PLGA scaffold surface, cells were well adherent and differenti-
ated on the scaffold surface compared to a control. Electrical stimulation studies 
revealed that when PC12 cells were stimulated with a 10mV/cm potential of PPy/
PLGA scaffolds, they demonstrated 40–50% longer neurites and 40–90% greater 
neurite formation. Additional stimulation on the aligned nanofibers resulted in lon-
ger neurite outgrowth compared to random nanofibers [205]. Fan et al. discovered 
that polyaniline (PANI) could promote nerve tissue regeneration by enhancing 
brain- derived neurotrophic factor and ciliary neurotrophic factor through activation 
of the ERK1/2/MAPK signalling pathway [206]. Due to various fascinating proper-
ties of PANI, such as high conductivity, ease of synthesis, low cost, and suboptimal 
biocompatibility, it is often used for neural TE. However, due to slow biodegrad-
ability, PANI is often used with other degradable biopolymers for neural TE.

For example, Zhang and coworkers reported a micro nanostructured PANI- 
cellulose hydrogel scaffold for peripheral nerve regeneration. The resulting hydro-
gel demonstrated very good biocompatibility along with good mechanical properties 
as well as excellent guiding capacity for sciatic nerve regeneration within adult 
Sprague-Dawley rats. It is well established that cellulose hydrogels are inert materi-
als in terms of neural tissue regeneration. PANI played a crucial role on nerve regen-
eration. The hierarchical microstructure and electrical conductivity of PANI 
remarkably induced the adhesion and differentiation of neurons both in vitro and 
in vivo which resulted in neural tissue regeneration [207]. In addition PANI and 
PPy, another conducting polymer named poly (3,4-ethylenedioxythiopene) 
(PEDOT) also established its presence for neural TE due to its optical transparency 
in a conductive state, low redox potential, and high stability. Pires et al. reported for 
the first time neural stem cell differentiation through stem cell differentiation using 
a cross-linked PEDOT substrate. They revealed that upon applying a pulsed laser 
current on the PEDOT substrate, resulted to neurite outgrowth and longer neurons 
[208]. In another similar type of study, Ostrakhovich and coworkers reported the 
differentiation of embryonic P19 cells and neural stem cells into a neural lineage in 
the presence of a PEDOT-PEG substrate. They observed that the ability of the sub-
strate to induce differentiation of the stem cells toward a neural linage was directly 
associated with its conductivity [209].

Various synthetic nonconducting polymers were also studied, among them PLA, 
PGA, PLGA, PEG and poly(hydroxyethylmethacrylate) (PHEMA) are most often 
used for neural TE.

PLA scaffold provided support to neurilemma cells permitting elongation of 
axons as well as promoting vascular growth [210, 211].

PLGA has been extensively used for neural TE because of its versatile properties 
including permeability, swelling nature, deformation, and tunable degradation rate. 
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Kim and coworkers showed that multichannel PLGA scaffolds seeded with Schwann 
cells had synergistic effects on neural tissue regeneration. A further in vivo implan-
tation of the multichannel scaffold along with Schwann cells revealed that the num-
ber of regenerated axons were significantly increased than a multichannel scaffold 
without Schwann cells [212]. Another big advantage of PLGA is that, PLGA can 
transport anti-tumor drugs [213] and glial-derived neurotrophic factor (GDNF) for 
the treatment of neurodegenerative diseases [214]. Scaffolds made with PEG was 
also extensively been used for nerve tissue regeneration. Improved neural cell 
growth, proliferation, and differentiation were observed on PEG surface [215–217]. 
Liu and coworkers reported enhanced neural stem cell growth, proliferation, and 
differentiation along with improved functional recovery in a rat model after transec-
tion of the spinal cord using PLGA/PEG scaffold [218].

Along with synthetic biopolymers, natural biopolymers were also extensively 
used for neural tissue regeneration. The main advantage of a natural biopolymer 
over synthetic polymers are their high biocompatibility and natural degradation 
kinetics along with tunable chemical properties. In the case of neural tissue regen-
eration, natural polymers can fulfill several important roles such as extracellular 
matrix formers, gelling agents, or drug release modifiers [218]. Till now, various 
natural polymers like chitosan, alginate, silk, and elastin collagen have been used 
for neural TE. However, collagen is the only biopolymer that was approved for clin-
ical studies to regenerate neural tissues. For example, NeuraGen® demonstrated a 
high success rate in peripheral nerve regeneration in 43% of patients [219]. As 
another commercially accessible collagen nerve guide, Neuromaix® exhibited 
exceptional results for bridging long nerve gaps in its initial clinical trial [220]. In 
Table 5, we have enlisted a series of natural and synthetic biopolymers for neural TE.

 Skin Tissue Engineering

Skin is the largest part of the body that primarily serves as a barrier between the 
environment and our body. It not only protects the underlying organs of our body, 
but it also acts as a shield against harmful thermal, mechanical, chemical, and 
microbial influences of nature. Loss of integrity or a large portion of damage to the 
skin may result in significant disability or even death.

Current regeneration approaches for skin TE are not that successful owing to 
complications, which arise due to wound erection, secretion, and development of an 
ECM. Currently autologous skin grafts, which have chances of donor site injury, are 
majorly used for the treatment. In order to improve the current scenario in the field 
of skin TE and wound healing, cell-derived ECM scaffolds are gaining much impor-
tance owing to their low risk of immune rejection and at the same time low risk for 
pathogen contamination [246]. Nevertheless, such scaffolds do not provide suffi-
cient mechanical stiffness or rigidness compared to tissue-derived ECM scaffolds.

Form the viewpoint of skin TE, wound healing is the most important field of 
research, especially in the case of third degree burns [247]. In such cases, at the 
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primary stage of the healing process, a momentary repair is commonly achieved in 
the form of a blood clot. Immune cells, fibroblasts, and capillaries later invade the 
clot and form granulation tissue. However, this is a temporary solution and often it 
fails when a larger wound is concerned. To address this issue, researchers have been 
developing 3D scaffolds or 2D patches made of biodegradable biomaterials which 
can promote the wound healing process with minimal scar formation [248]. Till 
now, few biomaterials are used in the form of 3D scaffolds or 2D patches which are 
generally made of natural/synthetic polymers for wound healing.

For example, Tegaderm and Opsite are well-known commercial semipermeable 
polyurethanes used for wound healing. Their main purpose is to protect the skin 
from water loss and mechanical injury. Tegaderm is a commercially available vapor 
permeable wound dressing which supports cell adhesion and proliferation. Due to 
its optical transparency, it permits the observation of cell growth before re- 
epithelialization after grafting to the wound site. It is an inexpensive and cheap 
wound dressing for the cure of both severe burning and chronic wounds [249]. 
Opsite is also a commercially available elastic transparent self-adhesive polyure-
thane patches. The impermeability of Opsite toward bacteria provides an added 
advantage. In this context, a study reported by Gowland and coworkers tested, the 
in vitro killing ability of Tegaderm and Opsite toward pathogens. They found that 
Opsite was better than Tegaderm in terms of killing bacteria [250]. Other than these 
commercially available wound dressings, researchers and clinicians have been con-
tinuously trying to develop novel types of scaffold materials and wound dressings 
for skin tissue regeneration. For example, Yao and coworkers developed a Chitosan 
(CS)-Gelatin (Gel)-Hyaluronic Acid (HA) based artificial skin for skin tissue regen-
eration. The presence of HA within the scaffold enhanced water uptake, flexibility, 
and cytocompatibility of the scaffold. When culturing fibroblasts and keratinocytes 
on the scaffold, cells were well attached and proliferated [251]. In another similar 
type of work reported by Wang et al., they manufactured a skin substitute made of 
gelatin-chondroitin sulfate-hyaluronic acid (gelatin–C6S–HA). The gelatin–C6S–
HA scaffold skin substitute showed positive effect on mice on promoting wound 
healing with a high rate of graft intake [252]. Hutmacher and coworkers reported 
3D matrices composed of PLGA mesh and collagen–hyaluronic acid (CHA) sponge 
which was similar to bilayered skin. The bilayered skin supported both fibroblasts 
and keratinocytes without contraction over a period of 4 weeks. A further in vivo 
implantation of these scaffolds at the wound site presented a faster rate of wound 
contraction that was comparable to autografts [253].

Collagen is also one of the most widely used polymeric biomaterials for skin 
TE. For instance, Ma et al. fabricated a porous scaffold composed of collagen and 
chitosan. To improve the biostability of the scaffold, they used glutaraldehyde (GA) 
which enhanced the mechanical properties of the scaffold. In vitro culture of fibro-
blast cells on the GA-treated scaffold demonstrated that the scaffold maintained 
good cytocompatibility of collagen and accelerated cell infiltration and prolifera-
tion. A further in vivo study revealed that the scaffold could sufficiently support and 
accelerate fibroblast infiltration from the surrounding tissue at the wound site [254]. 
In another similar type of study, Dai et al. reported a composite membrane  composed 
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of collagen and PCL for skin tissue regeneration. Their result suggested that, the 
collagen-PCL composite films were favorable for fibroblast and keratinocyte growth 
and may be a promising candidate for skin repair (Fig. 3) [255].

Although there are some commercialized products such as Epicel®, Alloderm®, 
Dermagraft®, Orcel®, Opsite, etc. for skin tissue regeneration, there are still lots of 
challenges remaining in this field, which include generation of a complex dermo- 
epidermal substitute that can be securely and easily transplanted with minimal scar-
ring in one single surgical procedure. Moreover, the development of novel ECM 
scaffolds and patches with minimal cost is still a main focus for skin TE.

 Cardiac Tissue Engineering

Cardiovascular diseases (CVD) is one of the most epidemic diseases throughout the 
globe. It is the cause of 17 million deaths worldwide every year [256]. Cardiac tis-
sue injury or cardiac tissue related diseases like myocardial infarction and cardio-
myopathy are among the most common causes of illness and death all over the 
world [257]. The two major treatments for cardiac tissue repair are cardiomyoplasty 
and the implantation of cardiac grafts but unfortunately both of these methods are 
quite unsuccessful in clinical applications owing to the fact that cells have a very 
low electrical integrity with the host tissue and ingenuousness of the grafted tissue; 
so, for most of the cases, the damage is almost permanent [258]. To overcome this 
problem, researchers are now trying to develop new strategies with the help of TE 
to treat this type of critical heart disease. Due to its various fascinating properties 
(such as very good electrical conductivity and mechanical properties), graphene is 
one of the promising nanomaterials for cardiac TE applications. . Heart transplanta-
tion is currently the accepted longstanding approach for the administration of car-
diac tissue injuries but at the same time there is a constant problem with lack of 
donors as the number of donors are far less than needed. Various approaches have 
been introduced for heart tissue regeneration which includes stem cell injections, 
introduction of various growth factors and different novel biomaterials into the 
myocardium, and designing various patches which can support damaged cardiac 
tissues [259]. But as discussed earlier, the success rate of these patches and scaf-
folds are very much limited and narrow till now [260]. Hence, designing a proper 
treatment for cardiac injury is a big challenge.

Myocardial infarction (MI), which is commonly known as a heart attack, is 
caused by the coronary occlusion of one or more blood vessels supplying blood to 
the heart. As cardiomyocytes are terminally differentiated cells, after myocardial 
infarction, adult mammalian heart tissue cannot efficiently regenerate new cardiac 
muscle cells, resulting into negative left ventricular remodeling and thus a heart 
attack. Here lies the importance of cardiac TE that is a vibrant area of research and 
its applications include cardiac patches, engineered blood vessels, and a vascular 
network. The major objective of cardiac TE is to restore heart function and  regenerate 
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Fig. 3 The morphology of 3T3 fibroblasts following cell culture on collagen:PCL composites: (A) 
1 day on 1:8 composite; (B) 3 days on 1:8 composite and (C) 1 day on 1:20 composite. Reproduced 
from permission [255]
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cardiomyocytes. Three key requirements for cardiac tissue engineering are the 
implantation of biomaterials, cells, and cell-scaffold constructs.

The aim of this section is to give an overview about the synthetic and naturally 
occurring biomaterials, cells, and scaffolds that can be used for cardiac TE purposes.

 Biomaterials in Cardiac Tissue Engineering

Biomaterials are commonly used to develop myocardial tissue engineering (MTE) 
constructs which encourage cardiomyocyte alignment and maturation in  vitro 
before implantation. For successful cardiovascular TE, a biomaterial should with-
stand electrical integration with native tissue to allow for a continuous expanding/
contracting motion of cardiomyocytes while the heart beats. In this context, among 
several biomaterials, biopolymers are the first choice for cardiovascular tissue engi-
neering due to their tunable mechanical properties, easy processability and facile 
integration with other biomaterials to obtain better properties and degradation kinet-
ics. Till now, both natural and synthetic polymers have been used in cardiac tissue 
engineering. However, they have their own pros and cons.

 Natural Biopolymers Used in Cardiac Tissue Engineering

Among the natural biomaterials, collagen, gelatin, and alginate have been exten-
sively investigated during the last few decades for cardiac tissue engineering appli-
cations (Table 6).

 Synthetic Biopolymers in Cardiac Tissue Engineering

Synthetic biomaterials have suitable and reproducible chemical, mechanical, and 
physical properties (tensile strength, young’s modulus, degradation rate) and have 
low immune responses and production costs.

Synthetic polymers used in cardiac TE have been depicted in Table  7 where 
applications of PLA, PGA, PCL, and other synthetic polymers have been explored 
as scaffold materials for cardiac TE constructs.

 Injectable Biomaterials in Cardiac Tissue Engineering

Hydrogels designed for cardiac TE can be classified into three main groups. The 
first one can prevent adverse remodeling and recruitment of endogenous cells for 
repair; the second one can act as a temporary matrix for cell transplantation and 
exogenous repair; and the third may be designed to maintain left ventricle (LV) 
geometry for proper heart function.
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Table 6 Natural biopolymers used in cardiac TE

Material

Cells used to perform 
in vitro study/animal 
used for in vivo study Results References

Chitosan/carbon 
nanofiber

Neonatal rat 
cardiomyocytes

The chitosan/carbon nanofiber 
scaffolds supported cultivation 
of cardiac cells and enhanced 
cardiogenic properties without 
exogenous electrical stimulation

[261]

Peptide-modified 
chitosan collagen 
hydrogel

Rat cardiomyocytes, 
adult male C57 
black-6 mice

The scaffold provided the 
appropriate stiffness and 
mechanical properties to support 
cardiomyocyte survival both 
in vitro and in vivo

[262]

Graphene oxide-gold 
nanosheets containing 
chitosan scaffold

Rat smooth muscle 
cells (SMCs), mouse 
fibroblasts and human 
induced pluripotent 
stem (iPS) cells 
derived 
cardiomyocytes, adult 
male Wistar rats

The scaffold supported cell 
attachment and growth with no 
signs of cytotoxicity. In an 
in vivo animal model of MI, as 
well as in isolated heart, 5 weeks 
of implantation showed a 
significant enhancement of 
conduction velocity and 
contractility in the infarct zone

[263]

Chitosan-glycerol 
phosphate injectable 
hydrogel

Mouse embryonic 
stem cells (ESCs), 
female Sprague- 
Dawley (SD) rats

The injectable hydrogel 
effectively delivered stem cells 
to infarcted myocardium. The 
hydrogel also increased cell 
retention and graft size as well 
as improved cardiac function

[264]

Chitosan-polypyrrole 
scaffold

Neonatal rat 
cardiomyocytes, 
female Sprague- 
Dawley rats

The scaffold synchronized the 
contraction of physically 
isolated cardiomyocyte clusters 
without external electrical 
stimulation. The chitosan- 
polypyrrole scaffold can also 
improve electrical conduction 
across a fibrotic scar in the 
injured heart

[265]

RGD immobilized 
alginate scaffold

Neonatal rat cardiac 
cells, Sprague-Dawley 
rats

The scaffold promoted cell 
attachment to the matrix, 
enhanced cell survival and 
recovery, and induced the 
organization of cardiac muscle 
tissue

[266]

Alginate-gelatin blend 
film

C2C12 myoblast cells Culturing C2C12 myoblast cells, 
the scaffold demonstrated good 
cell proliferation for all the 
blends containing more than 
60% of gelatin, while the 
alginate/gelatin 20:80 showed 
the best response

[267]

(continued)
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Table 6 (continued)

Material

Cells used to perform 
in vitro study/animal 
used for in vivo study Results References

Collagen cardiac patch 
incorporated with 
alginate microparticles

Cardiac stem cells 
(CSCs)

The resulting cardiac patch 
permitted the sustained release 
of hepatocyte growth factor and 
insulin-like growth factor-1 
which enhanced cardiac stem 
cell migration and proliferation

[268]

In situ cross-linkable 
alginate-hyaluronic acid 
hydrogels

Neonatal rat heart cells 
(NRHC)

The hydrogel allowed 
generation of contractile 
bioartificial cardiac tissue from 
cardiomyocyte-enriched 
neonatal rat heart cells, which 
resembled the native 
myocardium

[269]

Peptide G4RGDY and 
heparin-binding peptide 
G4SPPRRARVTY 
(HBP) conjugated 
alginate scaffolds

Neonatal rat cardiac 
cells

The peptide bearing alginate 
macroporous scaffold exactly 
mimicked the microenvironment 
of the myocardial tissue. The 
cardiac tissue developed in this 
microenvironment revealed the 
striation and muscle fiber 
structure similar to that of a 
mature cardiac tissue

[270]

Micropatterned alginate 
substrate coated with 
fibronectin

Neonatal rat 
ventricular myocytes, 
human umbilical 
artery vascular smooth 
muscle cells

The heterogeneity in fibronectin 
pattern in microcontact printed 
substrates and heterogeneity in 
topography in micromolded 
substrates led to the formation 
of anisotropic cardiac and 
vascular smooth muscle tissues

[271]

Collagen type-I scaffold Neonatal rat cardiac 
cells, male Wistar rats

After implantation in the 
infarcted heart of a rat model, 
engineered heart tissue showed 
undelayed electrical coupling to 
the native myocardium without 
evidence of arrhythmia 
induction

[272]

Collagen/elastin/PCL 
hybrid scaffold

Adipose-derived stem 
cells

The hybrid scaffold 
demonstrated favorable 
mechanical properties along 
with good cytocompatibility

[273]

Collagen type-I 
glycosaminoglycans 
(GAGs)-chondroitin 
sulfate (CS) hydrogel 
heart valve

Porcine mitral valve 
interstitial cells 
(VICs), endothelial 
cells (VECs)

Collagen gels could be used as 
matrices for the in vitro 
synthesis of tissue structures 
resembling mitral valve tissue. 
The addition of CS resulted in a 
more porous model which 
showed a positive influence on 
the bioactivity of seeded valve 
cells and tissue remodeling

[274]

(continued)
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Table 6 (continued)

Material

Cells used to perform 
in vitro study/animal 
used for in vivo study Results References

Collagen scaffold along 
with bioglue

Human bone 
marrow-derived 
mesenchymal stem 
cells (hBMSCs), male 
juvenile Sprague- 
Dawley rats

The scaffolds were assembled 
into anatomically analogous 3D 
heart valve shapes using a novel 
protein-based glue, seeded with 
stem cells, conditioned in 
bioreactors, and induced stem 
cell differentiation

[275]

3D bioprinted gelatin 
patterned hydrogel

Human mesenchymal 
stem cell (hMSC), 
cardiomyocyte cells

The microchanneled hydrogel 
scaffold produced by 3D 
bioprinting induced myocardial 
differentiation of stem cells as 
well as supported cardiomyocyte 
growth and contractility

[276]

Electrospun gelatin 
nanofiber matrix

Neonatal rat 
cardiomyocyte cells

The nanofibrous scaffold 
exhibited similar modulus as 
native human myocardium 
tissue with fiber diameters of 
200–600 nm and an average 
porosity of 49.9 ± 5.6%. 
Myoblasts showed good cell 
adhesion and proliferation

[277]

Gelatin-methacrylyol 
hydrogel (GelMa)

Human-induced 
pluripotent stem cells 
(hiPSCs)

The hydrogel demonstrated 
initial stiffness of approximately 
220 Pa, supported tissue growth 
and dynamic remodeling, and 
facilitated high-efficiency 
cardiac differentiation (>70%) 
to produce spontaneous 
contracting GelMA human 
engineered cardiac tissues.

[278]

Anisotropic silk scaffold 
containing cardiac 
tissue-derived 
extracellular matrix 
(cECM)

Cardiac muscle cells 
(HL1 cells), human 
embryonic stem 
cell-derived 
cardiomyocytes, 
Sprague-Dawley rats

The silk-cECM scaffolds 
showed tunable architectures, 
degradation rates, and 
mechanical properties. 
Subcutaneous implantation in 
rats revealed that, the addition of 
cECM to aligned silk scaffolds 
led to 99% endogenous cell 
infiltration and promoted 
vascularization of a critically 
sized scaffold after 4 weeks 
in vivo. In vitro, silk-cECM 
scaffolds maintained the HL-1 
atrial cardiomyocytes and 
human embryonic stem 
cell-derived cardiomyocytes and 
promoted a more functional 
phenotype in both cell types

[279]

(continued)
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Table 6 (continued)

Material

Cells used to perform 
in vitro study/animal 
used for in vivo study Results References

Stacked silk-cell 3D 
construct

Primary rat 
cardiomyocytes and 
H9c2 cells, rat model

The presence of nanogrooves on 
silk films provided contact 
guidance to the growing of 
cardiomyocytes and allowed 
them to form unidirectionally 
aligned cell monolayers. 
Non-mulberry silk films 
exhibited significantly greater 
mechanical strength and lower 
immunogenicity in vitro. In 
vivo, supported better growth, 
proliferation, and maturation of 
both primary rat cardiomyocytes 
(PCMs) and H9c2 cells

[280]

Non-mulberry silk 
protein fibroin cardiac 
patch

Postnatal rat 
cardiomyocyte cells

The silk fibroin cardiac patch 
enabled efficient attachment of 
cardiomyocytes without 
affecting their response to 
extracellular stimuli. 
Cardiomyocytes which grew on 
the patch expressed connexin 
43, exhibited aligned 
sarcomeres, and coupled 
electrically with each other 
resulting in synchronous beating

[281]

Table 7 Synthetic polymers used in cardiac tissue engineering

Material

Cells used to 
perform in vitro 
study/Animals 
used for in vivo 
study Results References

PGA coated with P4HB Bone marrow- 
derived mono 
nuclear cell, 
nonhuman 
primates as in vivo 
model

Two decellularized engineered tubes 
and degradable suture pediatric 
pulmonary valves gave definite 
support for heart valve regeneration, 
immediately and up to 8 weeks after 
implantation. Deposition of elastin 
and collagen IV, suggested that 
invaded cells conferred true growth, 
not passive stretching of the 
engineered tube

[282]

PCL-U4U BMSC, PBMCs Synergistic upregulation of 
important trophic factors, bFGF and 
CXCL12 were observed

[283]

(continued)
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Table 7 (continued)

Material

Cells used to 
perform in vitro 
study/Animals 
used for in vivo 
study Results References

Bovine pericardium SDF1-α, 
fibronectin; sheep 
as in vivo model

Significant differences in the 
fraction of CD90+, CD34+, and 
CD117+ cells were observed when 
comparing controls to impregnation 
coated FN, SDF-1α that help to 
develop native heart valve cells

[284]

Decellularized porcine 
valves

Fibronectin, HGF; 
dog

Fusion protein combined fibronectin 
and hepatocyte growth factor were 
used to develop a decellularized 
heart valve. One week after 
implantation, partial endothelization 
and vascularization were observed

[285]

Composite of poly(dl- 
lactide- co-caprolactone) 
(PCL-PLA)PLGA, and 
type-I collagen

Heart cells, 
2-day-old neonatal 
Sprague-Dawley 
rats

PCL/PLA and collagen composite 
supported electromechanical 
coupling of cell and contractile 
function which was essential for 
mechanotransduction in cardiac 
constructs. Hydrophilic smooth and 
elastic surface of composite 
scaffolds enhanced cell density 
which promoted synthesis and 
assembly of cardiac protein Tn-I and 
Cx43. Moreover, mechanical 
intregrity of the composite scaffold 
kept scaffold pores open and 
interconnected that assisted in 
cardiac tissue regeneration

[286]

Polyurethane (PU) films Cardiomyocytes Cardiomyocytes on the PU surface 
remained adherent along protein 
patterned lanes. The elastomeric 
nature of PU allowed the contracting 
patterned cardiomyocytes to pull on 
the thin film as they beat. The 
alignment of the contracting cells 
manifested a linear force vector in 
order to achieve engineered cardiac 
tissue after myocardial infarction

[287]

PLGA electrospun 
fibers (ESFs)

Cardiomyocytes 
isolated from 
neonatal rats

Cardiomyocyte adhesion was 
enhanced. Cardiomyocyte 
contraction was faster and longer 
lasting on the laminin-coated ESFs 
and YIGSR-incorporated PLGA 
ESFs

[288]

(continued)
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Table 7 (continued)

Material

Cells used to 
perform in vitro 
study/Animals 
used for in vivo 
study Results References

PLA-gelatin-PGA Syngenic rat aortic 
smooth muscle 
cells, rats

PLA patches contributed to the 
mechanical intregrity by sustaining 
its physical dimension for at least 
2 months; allowing better cellular 
penetration. Cell numbers and DNA 
content in the PLA patches 
increased promisingly during 
3 weeks of culture. Cell seeded 
patches implanted into the surgically 
created defect in the right 
ventricular outflow tract of rats did 
not dilate or produce any 
inflammatory response

[289]

ε-Caprolactone-co-L-
lactide (PCLA)

Vascular smooth 
muscle cells 
(SMCs) from rat 
aortas; syngenic 
rats

The porous PCLA patch increased 
cell colonization while the outer 
PLA layers preserved patch 
structure and dimensions. After 
8 weeks of in vivo implantation, 
elastic tissue formation in the 
subendocardial layer was observed 
by seeding SMCs on a PCLA patch 
and heart systolic function was 
improved by echocardiography and 
LV distensibility was reduced as 
compared with unseeded graft 
repairs

[290]

PLA Ventricular 
cardiomyocytes, 
neonatal rat

Nanofibers were fabricated from 
continuously aligned PLA in 
chloroform with diameters ranging 
from 50 to 3500 nm. Aligned 
nanofibers were utilized by 
myocytes to orient their contractile 
cytoskeleton and to organize 
themselves into a beating and 
multicellular tissue that could 
imitate the laminar, anisotropic 
architecture of cardiac tissue

[291]

PGA Neonatal rat cells After 1–2 weeks of cultivation, 
engineered cardiac constructs 
expressed cardiac specific proteins 
and ultrastructural features 
mimicking native cardiac tissue

[292]

(continued)
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Material

Cells used to 
perform in vitro 
study/Animals 
used for in vivo 
study Results References

Camphorsulfonic acid 
doped 
polyaniline- 
poly(glycerol-sebacate)

Mouse myoblast 
cells (C2C12 cells)

The scaffold demonstrated good 
electrical conductivity along with 
favorable mechanical properties and 
biodegradation rates for cardiac 
tissue regeneration. Cell culture test 
results revealed good attachment, 
growth, and proliferation of C2C12 
myoblasts and confirmed the 
biocompatibility of PANI containing 
composites

[293]

Aniline pentamer 
contained 
PU-polycaprolactone 
scaffold

Mouse L929 
fibroblast cells, 
human umbilical 
vein endothelial 
cells (HUVECs)

The presence of aniline pentamer 
enhanced the electroconductivity of 
the polymer composite substantially. 
Cell culture studies demonstrated 
that the inherently electrical 
conductive scaffolds were nontoxic 
and supported cell proliferation and 
attachment combined with good 
antioxidant properties

[294]

Polyaniline films Cardiac myoblast 
cells (H9c2 cells)

The electroactive polyaniline 
substrate supported the adhesion and 
proliferation of cardiac myoblasts

[295]

PLA poly-(lactic acid), PEO poly(ethylene oxide), PAA poly(acrylic acid), PGA polyglycolic acid, 
P4HB poly4-hydroxybutyrate, PCL-U4U polycaprolactone bisurea, PBMC peripheral blood 
mononuclear cells, BMSC bone marrow-derived stem cell, bFGF basic fibroblast growth factor, 
CXCL12 C-X-C motif chemokine ligand 12, PLGA poly (l lactide-co-glycolide)

Table 7 (continued)

 Hydrogels for Endogenous Repair and Cell Transplantation

Reis et  al. [262] developed a thermoresponsive hydrogel made up of chitosan 
 conjugated with the angiopoietin-1 derived peptide, QHREDGS, and mixed with 
collagen I suitable for the survival and maturation of transplanted cardiomyocytes. 
Conjugation of the QHREDGS peptide did not alter gelation property of the hydro-
gel but it contributed to attract more fibroblasts and improves the density of cardio-
myocytes in a subcutaneous model. That hydrogel was used to successfully localize 
the site of infarction in a mouse MI model. They recovered some samples after 
1 week of in vivo implantation (recovery rate was 50%). The recovered samples 
showed concentrated collagen deposited in a localized area compared to surround-
ing tissue which was indicating by the darker blue areas of Masson’s trichrome- 
stained sections in Fig.  4a. Chitosan staining was done to confirm that in those 
localized areas, hydrogels were injected as shown in Fig. 4b. Penetration of SMA- 
positive and Factor-VIII-positive cells was observed in the injected hydrogels 
(Fig. 4c, d, respectively).
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Dahlmann et al. developed an in situ hydrazone cross-linkable hydrogel based on 
alginate (Alg) and HA where mechanical and physical properties could be adjusted 
by varying the concentration, degree of derivatization, and composition of blends 
[269]. This hydrogel allowed formation of contractile cardiac tissue from 
CM-enriched neonatal rat heart cells, which mimics the native myocardium. Deng 
et al. fabricated alginate- and chitosan-based hydrogels, injected them in a rat MI 
model, could successfully heal scar thickness, sooth scar expansion, decrease scar 
fibrosis after 8 weeks, and maintain proper heart function by inducing endogenous 
cardiomyocyte proliferation at the site of infarction [296]. Huang et al. examined 
the angiogenic effect of an injectable biopolymer composed of fibrin, collagen I, 
and Matrigel in a rat MI model of left coronary artery occlusion followed by reper-
fusion [297]. They observed significantly higher levels of capillary formation and 
functional arterioles in the infarct zone which facilitated the rate of angiogenesis. 
Wang et  al developed α-cyclodextrin/poly(ethylene glycol)–β- polycaprolactone 
(dodecanedioic acid)–polycaprolactone–poly(ethylene glycol) (MPEG–PCL–
MPEG) hydrogels [298] for improved cell transplantation. After 4 weeks of postin-
jection in a rabbit model, increased cell retention and vessel density around the site 
of infarction was observed which minimized scar expansion and improved cardiac 
function compared to bone marrow-derived stem cells (BSCs) alone.

 Bulk Material

Adverse remodeling of the heart after MI can be prevented by injecting a bulk material 
into the ventricular wall. Fujimoto et al. synthesized a novel biodegradable, thermore-
sponsive hydrogel based on N-isopropylacrylamide (NIPAAm), acrylic acid (AAc), 
and hydroxyethyl methacrylate-poly(trimethylene carbonate) (HEMAPTMC) [299]. 
The hydrogel was injected in the infarcted left ventricular (LV) wall of a rat model 
with phosphate buffered saline (PBS) as a control. After 8 weeks of postinjection with 
hydrogel, the LV cavity area decreased and contractility was preserved which was not 
the case with the PBS group. After the 8-week evaluation period, three of the eight 
animals in the PBS injection group had obvious ventricular aneurysm formation in the 
apex area (Fig. 5a) and others had well- defined scar areas. For the hydrogel injection 
group, no strong adhesion and no aneurysms were observed while the treated infarcts 
were covered with fat connective tissues (Fig. 5b).

Wu et al synthesized a temperature-sensitive, aliphatic polyester hydrogel (HG) 
conjugated with vascular endothelial growth factor (VEGF) which remained as an 
injectable liquid at room temperature and became a biodegradable solid at 37°C 
temperature [301]. In vivo studies revealed for up to 35 days after MI in a rat model, 
this hydrogel could restore ventricular function and preserved scar thickness. VEGF 
conjugated hydrogels improved blood vessel density at the site of infarction and 
promote angiogenesis and prevented adverse remodeling of the heart after MI.
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 Vascular Tissue Engineering

Presently, one of the leading causes of death is due to atherosclerotic cardiovascular 
disease (CVD) throughout the world [302, 303]. From 1950, expanded polytetra-
fluoroethylene (ePTFE, trade name “Dacron”) has been used successfully to replace 

Fig. 4 Chitosan–collagen hydrogels with immobilized QHREDGS are suitable for subcutaneous 
cell injection. (A–D) Histological staining of subcutaneously injected hydrogel samples with 
encapsulated Lewis rat neonatal CMs, recovered 7  days postinjection. Full recovered nodules 
imaged with (A) Mason’s trichrome stain with areas containing the recovered sample highlighted 
with a black box and confirmed with (B) chitosan staining (positive = dark pink/red), indicated 
with black arrows. (C) SMA staining indicates a higher expression in the High gel group compared 
to the Low and Control gel groups, while (D) Factor VIII staining shows no major differences 
between groups. Scale bars = 200 μm (A), 250 μm (B–D). Reproduced from permission [262]
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larger diameter vessels of 6–10 mm [304]. But, the complication started for smaller 
diameter vessels, such as coronary vessels, where the diameter is around 3–4 mm 
[305]. To avoid this complication, tissue engineered vascular conduits (TEVC) have 
been developed to mimic the narrow article vascular conduit. Weinberg and Bell 
first developed TEVC by coating collagen on thin ePTFE mesh scaffolds followed 
by seeding bovine aortic endothelial cells (EC), smooth muscle cells (SMC) and 
adventitial fibroblast cells (AFC) as shown in Fig. 6 [37].

The nonbiodegradable nature of ePTFE creates several complications which lim-
its its long-term clinical application. Later, researchers developed several techniques 
to improve biodegradability and structural integrity using collagen. But, the ideal 
vascular conduit should have high burst strength of 2000 and 3000 mmHg which are 
equal to those of human saphenous vein and internal mammary artery, respectively 
[306]. L’Heureux et al. fabricated collagen hydrogel and achieved maximum burst 
strength of reached <120 mmHg [307]. To overcome the problem associated with 
collagen, some other natural polymers such as elastin, fibronectin, etc. have been 
extensively studied but failed to achieve the high ideal burst strength with long dura-
tion. Therefore, researchers concentrated toward synthetic biocompatible, non- 
immunogenic, and biodegradable polymers and in this context PCL, PGA, PLLA 
and their mixture or their combination with natural polymers were extensively stud-
ied. The Breuer group fabricated TEVC through coating of a PCL and PLA solution 
mixture on PGA nonwoven mesh tubes followed by mononuclear cells obtained 
from autologous bone marrow [308]. After implanting the TEVC in juvenile lambs, 
the volume of TEVC increased normally after 6  months of implantation and no 

Fig. 5 Representative images at 8 weeks following the injection procedure of the anterior view of 
(a) PBS injected, and (b) poly(NIPAAm-co-AAc-co-HEMAPTMC) (86/4/10) injected hearts. 
White arrow shows an aneurysm formation in the apex area (a). Blue arrows indicate the injected 
hydrogel area (b). Reproduced from permission [299, 300]
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evidence of aneurysmal dilation was observed. In a recent study, Shin’oka et  al. 
prepared a vascular conduit having 10 mm of diameter, 20 mm of length, and 1 mm 
of thickness using PCL and PLA copolymer at a 1:1 weight ratio reinforced with 
woven PGA. After seeding the cells isolated from the explanted peripheral vein of 
a 4-year-old patient, the graft was implanted after 10 days of in vitro culturing. It 
was observed that the pulmonary artery of the patient was successfully regenerated 
without showing any postoperative complication even after 7 months of the opera-
tion [309]. After this successful vascular TE, a series of implantations were per-
formed on 22 patients using the similar material composition [310]. But, the bone 
marrow cells (BMCs) of the patients were used instead of peripheral vein derived 
cells. After implanting the engineered vascular conduit, vascular tissues were suc-
cessfully regenerated in all patients with no morbidity associated with stenosis, 
thrombosis, or aneurysmal dilation after 30 days of operation. But, thrombosis was 
found in one patient after 1 year of operation which might be caused by warfarin 
used as an anticoagulant. Therefore, more clinical trials are required based on this 
TEVC system to observe long-term postoperative effects on the patients.

 Liver Tissue Engineering

Chronic liver disease is one of the major clinical issues for human health because of 
the progressive increase in liver-related deaths, especially by liver cirrhosis. It is 
anticipated that by 2020, cirrhosis of liver would be twelfth leading cause of death 
worldwide. In a recent study, more than 500 million people were affected by chronic 
liver diseases throughout the globe which included steatohepatitis, hepatocellular car-
cinoma, and nonalcoholic fatty liver disease and causes 2% of total death [311]. Other 
than these liver diseases, a large number of patients die every year because of hepatitis 
B or C infection, cholestasis, and metabolic syndrome which may result in multiorgan 
failure and chronic end stage liver diseases. Loss of liver functions and multiorgan 
failure are associated with high mortality rates [312]. Current clinical approach 
advices liver transplantation in case of acute liver failure, which is the only accepted 

Fig. 6 Schematic 
representation of a 
collagen-based construct
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efficacious treatment and advanced stages of liver therapy, but limited organ supplies 
and high cost effectiveness limits this therapy [313]. Thereby, liver TE shows a para-
digm shift of transplantation to hepatocyte therapy via regenerative medicine strate-
gies. Liver TE provides restoration of hepatocytes which is damaged due to disease or 
injury. Every TE platform requires three common components that are cells, scaffold 
materials, and growth factors. So, liver TE also requires cell sources which will dif-
ferentiate into hepatocytes, cellular support where it will grow and expand, and 
growth factors which will help to differentiate the cells via phenotypic expression.

Cell sources for liver TE are a primary challenge due to the presence of different 
cells with different metabolic functions. Primary hepatocytes are the cell source 
studied to understand liver functions but their use is limited due to their shortage 
and they are mature cells with short telomere structures [314]. Other sources of 
hepatocyte cells include early fetal liver cells which consist of fetal hepatic stem 
cells and hepatoblasts [313].

Liver TE scaffold design and choice of biomaterials are difficult due to variations 
of cells with different functions. Scaffold design is an important parameter for TE 
as it can alter cell functions and the microenvironment. Different cellular functions 
were observed in the case of 2D and 3D scaffolds, where 3D culture systems show 
more benefits with respect to maturation and functions of hepatocytes [315, 316]. 
Biomaterials also play a crucial role to fabricate scaffolds which act as a cellular 
support system. In this context, animal-derived proteins are used to fabricate ECM 
scaffolds for liver TE , but due to a lack of appropriate mechanical strength and 
interbatch variation, they are not ideal. So, researchers and clinicians have now 
shifted toward chemically synthesized materials and materials derived from natural 
sources which possess properties needed to fabricate a cellular support system for 
liver TE such as good mechanical integrity, favorable biodegradability, etc. Synthetic 
polymers are most exploited for the fabrication of artificial liver matrices. Most 
commonly used polymers such as PLA, PGA, PCL, PLGA, and PEG are used to 
fabricate artificial liver matrices [317, 318]. Naturally occurring materials, such as 
collagen [319], chitosan [320], alginates [321], and hyaluronic acid [322] are most 
commonly used as an ECM material.

 Interfacial Tissue Engineering

Osteoarthritis, rheumatoid arthritis (RA), and gout are the most well-known joint 
diseases that affect throughout the globe, especially in those areas where age is 
coupled with obesity and poor physical activity. In a recent survey, it was reported 
that, around 53 million people had arthritis in the US alone in the year 2011–2012 
[323], which is expected to increase to 78 million by the end of 2040.

Arthritis mainly attacks load bearing joints such as the knee, elbow, finger, and 
hip joints and damages both subchondral bone as well as cartilage and results in 
severe pain. Current treatment methods for arthritis include knee replacement, hip 
replacement, allograft, microplasty, and autograft transplantation [324–326]. 
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However, donor site morbidity, complex surgical procedures, immune rejection, 
degenerative alteration, and expensive cost of treatment have limited the effective-
ness of the treatment [129]. So, researchers are now looking for alternative strate-
gies to treat arthritis.

Interfacial TE has emerged due to its capability to regenerate complex multipha-
sic tissues which are present at the junction of bone–cartilage, ligament–bone, and 
muscle–tendon areas.

The main challenge for interfacial TE is the design of the scaffold. Different tis-
sues at the interfacial tissue site possess different material composition and mechani-
cal properties, and a single scaffold material may not mimic the properties of ECM 
at the interfacial site. For example, the osteochondral tissue interface is mainly con-
sisted of chondrocytes, surrounded by an ECM which includes a major content of 
water, collagen, proteoglycan, and a minor amount of proteins. On the other hand, 
the boundary between subchondral bone and cartilage is separated by a calcified 
cartilage region. The subchondral bone portion at the interfacial tissue site is com-
posed of collagen and hydroxyapatite, and the percentage of hydroxyapatite gener-
ally increases from the interfacial site upward to the bone section. So, from the 
structural point of view there is a progressive change of material composition at the 
interfacial site which results in changes in mechanical properties, stiffness, as well as 
cell types. In fact, the compressive strength of the interfacial region varies drastically 
with a value of 0.079, 2.1, and 320 MPa at the superficial, middle, and deep zone 
whereas the compressive modulus of the subchondral bone is 5.7 GPa [327, 328].

To mimic this complex tissue structure, researchers and clinicians take two dif-
ferent types of strategies to design scaffold for interfacial TE; the first one is a strati-
fied scaffold design and the second one is a gradient scaffold design. The first 
generation of stratified scaffold for interfacial TE includes two well-distinguished 
cartilage and bone segments which are joined by glue or sutures [329]. For example, 
Schaefer et al. reported a biphasic scaffold based on PGA meshes and a blend of 
PLGA and PEG. They cultured chondrocytes on the PGA meshes and bovine calf 
periosteal cells on the blend of PLGA and PEG scaffolds and subsequently sutured 
them together. The resulting biphasic scaffold resulted in well-defined cartilaginous 
and bone tissues [330]. Mao and coworkers also designed a biphasic stratified scaf-
fold composed of a PEG-diacrylate hydrogel, and the upper part of the scaffold 
consisted of MSC-derived chondrocyte cells and the bottom with MSC-derived 
osteoblast cells. Upon implantation at the dorsum of immunodeficient mice, two 
well-distinguished cartilaginous and osseous regions were observed after 12 weeks 
[331]. These preliminary studies on interfacial TE constructs demonstrated how we 
can engineer multiple tissues in a single stratified scaffold. However, due to the 
abrupt changes in mechanical properties, it is difficult to mimic the exact properties 
of interfacial tissues. To overcome this problem, researchers, are now shifting 
toward multiphasic or gradient scaffold designs where a smooth change in material 
composition can mimic the exact environment of the interfacial region. For exam-
ple, Lu and coworkers developed a three-layer multiphasic scaffold consisting of 
gel only, gel/composite interface, and composite only region. Coculturing osteo-
blasts and chondrocytes led to development of three distinct but well-organized 
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continuous sections of cartilage, calcified cartilage, and bone-like matrices. 
Additionally, the varied amount of calcium phosphate content enhanced the growth 
of multiple matrices: a GAG rich chondrocyte region, an interfacial site where both 
GAG and collagen is present, and a collagen-rich osteoblast region [332]. Harley 
et al. also designed a multiphasic scaffold for osteochondral TE. They used a new 
type of method “liquid phase co synthesis,” which enabled the manufacture of a 
porous-layered scaffold that could mimic the interfacial region between articular 
cartilage and subchondral bone [333].

Baar and coworkers designed a stratified scaffold using a PEG-diacrylate- 
hydroxyapatite scaffold for the regeneration of the ligament to bone interface. Their 
engineered scaffold demonstrated obvious improvement compared to a commer-
cially available single phase anterior cruciate ligament (ACL) treatment procedure 
[334]. Spalazzi et al. developed a triphasic scaffold which consists of polyglactin, 
PLGA, and bioactive glass. Upon coculturing of osteoblasts and fibroblasts on the 
scaffold, cells were well attached and proliferated [335].

Gradient scaffold design strategy is an emerging and promising approach to 
regenerate interfacial tissue. The advantage of gradient scaffolds over stratified scaf-
folds is that the gradient scaffold may possess a smooth change in either material 
composition/gene/growth factor that can mimic the interfacial tissue site more accu-
rately than stratified scaffolds [129]. The gradient design strategy may lead to better 
transition of mechanical properties and provided better regional control over com-
plex tissue interfaces. Till now, very limited studies have focused on the develop-
ment of gradient scaffolds for interfacial TE. Among them Berkland and coworkers 
reported for the first time, a gradient scaffold fabrication technique using PLGA 
microspheres and a model dye [336]. Kalyon and coworkers designed a functionally 
graded scaffold made of nonwoven meshes of PCL incorporated with a gradient of 
tricalcium phosphate nanoparticles. Upon culturing osteoblast cells for a period of 
4  weeks on the scaffold surface, cells formed a gradient in the ECM which is 
 generally observed at the bone–cartilage interface [337]. Simon and coworkers 
reported a nanofiber scaffold with a gradient in amorphous calcium phosphate 
nanoparticles (nACP) for interfacial tissue regeneration. In detail, they simultane-
ously electrospan two types of nanofibers that were composed of PCL and PCL/
amorphous calcium phosphate nanoparticles, creating a nonwoven mat of nanofibers 
with a composition gradient. When pre-osteoblast cells were cultured on the gradient 
scaffold, more proliferation of osteoblasts was observed with increasing percentage 
of calcium phosphate [338].
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 Scaffold Fabrication Techniques for Tissue Engineering 
Applications

Scaffolds play a very important role for TE as they provide the support to adhere, 
grow, differentiate, and proliferate cells to from new tissues/organs. Scaffolds could 
originate from natural, synthetic, or combined sources. They should be biocompat-
ible to mimic ECM and 3D structure of native organs. Ideally, they should be bio-
compatible, biodegradable, and have optimal mechanical properties. The 3D 
structure of scaffold provides for a highly porous morphology which allows cells to 
spread into and provides effective transport of necessary nutrients, growth factors, 
and oxygen from the periphery to the inner portion of the scaffold. A scaffold should 
be degraded and only retain the shape of the final tissue structure [339–341]. Several 
fabrication techniques that have been practiced to fabricate 3D scaffolds including 
freeze-drying, salt leaching, phase separation, electrospinning, etc. In this section, 
we discuss the conventional to most advanced scaffold designing techniques 
employed in bone TE.

 Freeze-Drying

Freeze-drying or lyophilization is the most widely used conventional technique for 
preparing 3D scaffolds. In this technique, firstly, the polymer sample in a solvent 
system has to be frozen followed by the process of sublimation under low pressure 
or in vacuum, where the water from the sample evaporates from its solid state with-
out undergoing melting. Thus, this process creates 3D scaffolds by generating pores 
of different sizes and shapes. This process can generate up to 90% porosity in a 
scaffold with a pore size range from 20 to 200 μm [342]. There are lot of examples 
of research work using the freeze-drying technique to develop 3D scaffolds. 
Shahbazarab et al. [343] fabricated nanocomposite scaffolds containing zein (ZN), 
chitosan (CS), and nanohydroxyapatite (nHAp) for bone TE employing freeze- 
drying. Increases in the ZN and CS contents increased the percent porosity of the 
scaffold. The pore size could be tuned by controlling the rate of cooling and 
 prefreezing temperature as the growth of ice crystals could influence their pore size 
[344, 345]. Tanir et  al. [346] have prepared freeze-dried composite of chitosan, 
PLGA, and HAp having a pore size of about 100  μm. Elongated pores were 
observed, possibly [347] due to the formation of highly parallel ice crystals between 
the scaffold substrate layers,
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 Solvent Casting/Particle Leaching

Solvent casting or particle leaching is another conventional method for scaffold 
preparation. In this technique, the polymer is dissolved in an organic solvent along 
with porogens. Polymers get solidified by the evaporation of the organic solvent 
followed by the leaching out of porogens by selective dissolution resulting in porous 
scaffold. Porogens are generally calibrated minerals [348, 349] like, sodium chlo-
ride, citrate, and tartrate or organic particles like, sucrose. The technique could pro-
duce porous scaffolds having almost 90% porosity with about a 500-μm median 
pore diameter [348]. The pore size and porosity of the scaffold could be controlled 
by the selection of porogens as well as the amount of porogens used [350]. Use of a 
small amount of polymer could be an advantage of this technique but the major 
disadvantages that includes  pore shape and inter-pore openings are not controllable 
[351, 352].

 Phase Separation

The phase separation produces two phases: a polymer-rich phase and a polymer- 
lean phase. This could be done by baring the solution to an immiscible solvent 
system or by cooling down the solution under its solubility temperature [353]. In a 
typical phase diagram of temperature-composition for a polymer solvent system, 
there are two curves: one is a binodal curve and the other is spinodal curve [354]. 
The spinodal curve divides the system into unstable and metastable zones [355]. 
When the solution temperature moves above the binodal curve, the polymer solu-
tion becomes homogeneous. The critical point of the system represents the point 
where the two curves merge. The area between the binodal and spinodal curve is in 
a metastable zone. The separation of phases is initiated by decomposition of the 
spinodal curve to form a polymer-rich and polymer-lean phases [355, 356]. The 
pore size and interconnectivity can be controlled by several parameters which affect 
the early stage of phase separation, like, concentration and molecular weight of the 
polymer, route of quenching, type of solvent system, etc. In general, the phase sepa-
ration process is used to construct porous membranes for separation and filtration 
purposes, but controlled phase separation processes like thermally induced phase 
separation can be used for scaffold formation.

 Electrospinning

In the early 1930s, nonwoven fabric products for household or industrial purposes 
were fabricated by electrospinning process. Over the last few decades, the process 
has been revitalized to convert biocompatible as well as biodegradable polymer 
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materials into fibrous-like structures having an average diameter of micro to nano- 
size range and which could be used as a scaffold for TE applications. In this electro-
spinning process, the polymer of interest passes through a capillary which will 
produce a polymer drop at the tip of the capillary. Between the tip of the capillary 
and the collection target, a voltage of high magnitude is applied. Once the strength 
of the electric field surmounts the surface tension of the polymer droplet, a polymer 
solution jet is introduced toward the collection target. During the travel of the poly-
mer solution jet toward the collection area, the solvent evaporated and a fibrous-like 
structure is formed. A favored alignment could be achieved by introducing an elec-
trically rotating drum as a collection point. It also may enable a range of fibrous 
material on the collection surface. This type of setup is favorable for mass produc-
tion. The average diameter of the fiber-like filaments, and the inner-space between 
the fibers, could be modified by controlling several factors including the distance 
between the collection target and the capillary tip, the applied voltage, etc. Several 
natural as well as synthetic polymers have been used to form nonwoven fibrous-like 
scaffolds for bone TE applications. PCL, PLGA, and PGA are widely used synthetic 
polymers whereas collagen, fibrinogen, and silk are commonly used natural poly-
mers are to prepare scaffolds for TE applications [357–360].

 Gas Foaming

In the process of gas foaming, gas bubbles act as an internal phase which is dis-
persed through the continuous phase of the polymer [361]. The dispersed gas bub-
bles could be produced either by the addition of an inert gas at low pressure [362, 
363], at high pressure [364] or by chemical reaction [365, 366]. Sodium bicarbon-
ate is a commonly used foaming agent to produce an inert gas like CO2. Once the 
dispersed bubbles are removed from the polymer continuous phase, a porous struc-
ture is generated. The major problem associated with this fabrication technique is 
the formation of porous polymer scaffold having a non-porous part at the bottom 
end and a highly porous part at the upper end. This is because of the fact that the 
gas tends to move up while the liquid phase intends to settle at the bottom of the 
system [363, 367]. To overcome this problem, surfactants like Pluronic F-108, are 
used to prevent the liquid to move downward [365]. There are several approaches 
used to minimize the polymer foams, i.e., (1) by increasing the viscosity of the 
polymer solution [365], (2) by selecting polymers which could endure rapid solidi-
fication with changes of temperature like gelatin [367], and (3) by using a cross-
linker and initiator to the continuous phase to bring rapid polymerization after 
formation of gas bubbles [366]. Several polymers have been used to fabricate scaf-
folds for TE-like PEG-diacrylate (PEGDA) [366], PLA [368], alginate [365], and 
gelatin [367].
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 Future Perspectives and Conclusion

TE is a promising area of research, where researchers and clinicians are trying to 
endorse and enhance the capability to regenerate a damaged tissue, and to assist in 
recovering its shape as well as function where our body fails to regenerate by itself. 
Till now, a lot of studies have already focused on tissue regeneration in the areas of 
bone, heart, cartilage, neural, and skin TE. The first generation tissue regeneration 
involved 2D scaffolds. Next it was transformed into 3D scaffolds and now TE comes 
with 4D scaffolds and 3D biopriniting, where we can construct a fully functional 
organ outside of our body. However, a lot of research is still needed, particularly on 
the selection of biomaterials for different types of TE.  Another big challenge is 
commercialization of tissue engineering products. Till now, a lot of research has 
reported on different types of TE in vitro. But very limited studies have focused on 
in vivo, especially on large animal models.
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 Introduction

Tissue engineering (TE) is a relatively new research line within the field of regen-
erative medicine, which has the aim of restoring, keeping, or improving the function 
of a tissue or group of organs through a specific combination of cells, scaffolds, and 
bioactive factors, such as growth factors and cytokines [1, 2]. The main goal of TE 
is to overcome the limitations of conventional treatments based on organ transplants.

Currently, the major obstacle for the clinical transplant of organs is the lack of 
donors. Based on OPTN (Organ Procurement and Transplantation Network) data, in 
2018, only in the United States of America, 36,529 people received organ trans-
plants, while more than 113,000 are still on the waiting list.

Furthermore, the increase of life expectancy and the malfunction and/or loss of 
tissue caused by injury or diseases have led to the reduction of the quality of life for 
many patients and an increase in socioeconomic costs associated with improving 
health around the world. In this context, TE has become a promising and important 
research field, once it can offer viable and less invasive alternatives for the repair 
and regeneration of tissues and damaged organs.

TE is based on obtaining three-dimensional (3D) biodegradable scaffolds where 
specific cells can proliferate and differentiate in a structure similar to tissues or organs.

Scaffolds are temporary 3D matrices that work as an extracellular matrix, orga-
nizing cells three-dimensionally and stimulating the growth and formation of the 
desired tissue. Besides allowing for the adherence and migration of cells inside the 
scaffold and promoting cell proliferation and differentiation, the scaffold must pro-
vide an environment where the cells can keep their phenotype and synthesize pro-
teins and/or other necessary biomolecules. A scaffold must yet promote 
vascularization and nutrient migration, and possess degradation rates and mechani-
cal properties suitable to support new tissue formation [1]. The scaffolds can also 
work as carriers of cells, growth factors, and/or other bioactive molecules [3].

In regenerative medicine, scaffolds represent the conductive capacity inside the 
cell proliferation triangle—which also includes undifferentiated cells and growth 
factors or other bioactive molecules (Fig. 1)—and can be used to carry cells before 

Fig. 1 Cell proliferation 
triangle
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their in vivo implantation, or work only as a bioactive material attracting cells on the 
tissue where they are implanted [2, 4].

Scaffolds from different materials, manufactured by different technologies, have 
been used for hard and soft tissues regeneration, such as bones, cartilage, tendons, 
ligaments, skin, blood vessels, and muscles [5].

Many 3D matrices have been used as scaffolds to promote the proliferation and 
differentiation of various progenitor cells, including adult mesenchymal stem cells. 
However, most of these matrices do not provide a suitable biological environment 
so that cells can proliferate and differentiate in the same way as in the in  vivo 
systems.

Therefore, the development of scaffolds that specifically address cell culture and 
can mimic the extracellular matrix and be mechanically stable, biocompatible, and 
biodegradable, still represents a big challenge to TE. In this review, a bibliometric 
analysis of the last 30 years was done to summarize the current state of the art in TE 
scaffold design, manufacturing, and use, as well as the advances made to overcome 
limitations of traditional techniques. Posteriorly, the main topics related to TE and 
scaffolds are extensively reviewed.

 Methods

 Database and Search Strategy

The data for this study were collected from the SciVerse Scopus database on May 
17, 2019. The search term selected was “scaffold AND technique.” The duration of 
this study was set from 1990 to 2019. The types of documents were limited to 
“articles” and “reviews.” Documents within the subject areas of “arts and humani-
ties,” “social sciences,” “psychology,” “business, management and accounting,” 
“decision sciences,” and “economics, econometrics and finance” were excluded.

 Bibliometric Mapping

To verify the trends in this research field over time, data downloaded from Scopus 
were imported into VOSViewer software (Leiden University, Leiden, Netherlands). 
This software can be used to create networks based on keywords extracted from 
publications [6]. A minimum of two occurrences was set to filter the keywords and 
the most relevant ones were extracted by the VOSViewer built-in mining text func-
tion [6]. All of the terms extracted and presented by the software were filtered man-
ually to 30 relevant keywords (see Appendix), chosen to represent the scaffolds 
types, materials, properties, and fabrication techniques, and are reviewed and dis-
cussed throughout this work. These scaffold-related terms were then selected to 
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generate the co-occurrence map. This map represents the frequency of occurrence 
of each keyword in the retrieved documents using the size of the circles and portrays 
its co-occurrences through colors (clusters). For the keyword analysis, the maps 
were divided in three parts, each one representing 10  years from the last three 
decades, to study the historical developments on scaffolds for TE.

 Results

The total retrieved publications, using the described search methodology, were 
19,934 studies from 1990 to 2019. The growth in scientific studies involving scaf-
fold techniques over the years was verified through the annual publications obtained 
on Scopus until 2018 (Fig. 2). The results show an increase in publications over the 
last decade which was most expressive, consisting of 71.6% (13,426 papers) of all 
publications, although there was a decrease in publications in 2018, probably 
because of the emphasis on commercialization, considering that, on 2018 only at 
the United States, there was 49 public companies operating in TE and regenerative 
medicine sector, undergoing clinical trials or commercial stages [7].

Three network maps were created (Fig. 3), each one representing 10 years of 
scientific production related to scaffolds over the last three decades: from 1990 to 
1999 (Fig. 3a), from 2000 to 2009 (Fig. 3b), and from 2010 to 2019 (Fig. 3c).

Comparing the three scientific landscapes, until 1999, the terms “scaffolds” 
and “tissue engineering” were new and beginning to show some occurrence and 
links with different applications (for example, cartilage, bone, and nerve regenera-
tion) and with important scaffold properties (for example, biodegradation, mor-

Fig. 2 Annual growth of publications in TE scaffolds (1990–2018)
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Fig. 3 Network visualization maps of keywords in scaffolds from the last three decades. (a) 1990–
1999; (b) 2000–2009; (c) 2010–2019

phology, biocompatibility, mechanical properties, and surface property). However, 
only polymers, as materials, and a few fabrication techniques, such as freeze-
drying, foaming, and bioreactors, significantly appeared during this period 
(Fig. 3a).

From 2000 to 2009, this scenario changed (Fig. 3b), with an increase of 9000% 
occurrences of the term “scaffolds” when compared to the previous decade, and 
with more links with many clusters. In this period, the studies gained force for many 
previous applications (for example, bone, cartilage, and nerve regeneration) and 
new applications (for example, cardiac and epidermis). In addition to the properties 
already studied, bioactivity also began to be explored. Besides that, scaffolds were 
now being produced with numerous different materials (natural and synthetic poly-
mers, ceramics, metals, and composites) and fabrication techniques (electrospin-
ning, particulate leaching, rapid prototyping, spinning, and thermally induced phase 
separation). The material with more occurrences remained to be polymers and the 
most cited techniques in this period were electrospinning, rapid prototyping, and 
freeze-drying.

Furthermore, on the last decade, the network map (Fig. 3c) shows a higher den-
sity of links between all the clusters. All of the applications, materials, techniques, 
and properties of scaffolds remained the same as the previous decade, but the occur-
rence of the terms increased considerably. The term “rapid prototyping” begin to 
change to “additive manufacturing” or “3D printing.” Electrospinning became the 
technique with more occurrences, followed by additive manufacturing (or 3D print-
ing or rapid prototyping). Although polymers still occurred more than other materi-
als, a growth was observed for metals, ceramics, and composites. Moreover, a 
tendency in the evaluation of the biocompatibility and mechanical properties of 
scaffolds was observed during this time period.
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 Discussion and Literature Review

Scaffolds and tissue engineering are relatively new terms to the scientific commu-
nity and started to appear in the early 1990s. As can be seen from the annual growth 
of publications graph, only a few works about scaffolds were published to 1999 and 
then, the research on this field began to grow exponentially (Fig. 2). The same can 
be verified on the network visualization maps of each decade (Fig. 3), in which the 
terms related to scaffolds increased as well as the occurrences and the amount of 
links between them. The terms presented on the network maps will be fully dis-
cussed on the following sections, separated into types, materials, properties, fabri-
cation techniques, and characterization of scaffolds.

 Types of Scaffolds

Scaffolds are divided into solids and fluids (injectable) and can be manufactured 
into several shapes (Fig. 4), as sponges, hydrogels, fibers, membranes, micro- and 
nanoparticles, tubes, and spheres [8–14],which depends on their desired application 
and the fabrication process used.

Fig. 4 Illustrative figure of different scaffold types: (a) membranes; (b) sponge; (c) tubes; (d) 
fibers; (e) foam; and (f) microparticles
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 Solid Scaffolds

In TE, solid scaffolds include sponges, foams, fibers, membranes, and tubes. These 
scaffolds present a stable and well-defined 3D porous structure. However, their 
application for the regeneration of different tissues is limited to morphology, pore 
dimensions along the structure, and mechanical properties of the scaffolds.

The materials used to fabricate these scaffolds must be able to create structures 
that will not collapse under the conditions of in vitro cell cultivation (inside an aque-
ous environment) or when implanted in vivo.

Although these scaffolds can be manufactured with a high control of its architec-
ture, suitable nutrient transportation and effective adherence and cellular migration, 
the main disadvantage of conventional scaffolds is the need of surgical intervention 
(or high invasiveness) for their implantation.

Solid scaffolds can be used for various applications, especially those requiring a 
structural base capable of supporting their in vivo application, such as for the regen-
eration of bones, muscles, ligaments, and other tissues and organs [15, 16].

 Fluid Scaffolds

Fluid scaffolds, in the hydrogel form, have been considered promising in the drug 
delivery area, as well as in TE, mostly due to their minimally invasive application 
[17]. Fluid scaffolds are usually flat hydrogels, micro- or nanoparticle hydrogels, or 
are formed by spheres.

From the clinical point of view, using fluid scaffolds is very interesting, because 
it minimizes patient discomfort, risk of infection, formation of scars, and treatment 
cost [16].

The fluid material can homogeneously fill the defect or the point of repair, incor-
porate many therapeutic agents and does not demand highly invasive surgical pro-
cedures for implantation. In addition, the high hydration of the hydrogels mimics 
the extracellular matrix, consequently being ideal for cell proliferation and 
differentiation.

Hydrogel provides an initial structural support that retains the cells on the dam-
aged area for cellular growth and the synthesis of a new extracellular matrix, and is 
easily degradable when cells secrete the extracellular matrix. This strategy allows 
for cell transplantation and the combination with hydrogels with growth factors in a 
minimally invasive way.

Usually, the cells are isolated through a small biopsy, expanded in  vitro, and 
encapsulated in the hydrogel precursors, for in situ solidification, or in the hydrogel 
already formed. Subsequently, these materials are transplanted to the patient by 
injection, using appropriate needles.

Fluid scaffolds have been widely used, mainly in wound healing, treatment of 
cartilage lesions, regeneration of soft tissues and in drug delivery [18].
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 Required Scaffold Properties

Since the main function of scaffolds is to provide a suitable temporary support that 
allows for the cellular processes necessary for tissue regeneration, many require-
ments depending on the cell type and the tissue to be regenerated must be consid-
ered in the development of TE scaffolds. Among these requirements, the following 
can be highlighted (Fig. 5). The detailed description of each property is presented in 
Table 1.

 Materials

Material selection for scaffold production is one of the most important steps in 
TE. Several different materials have been proposed for their manufacturing, among 
them metals, ceramic materials, natural and/or synthetic polymers, and composites. 
One of the main motivations for the study of biodegradable materials is the fact that 
these materials present some degree of degradation when exposed to physiological 
environments. This behavior has the advantages of the absence of a new surgical 
procedure for the removal of implanted materials [22].

Inorganic materials have still been used mostly for the production of scaffolds 
for bone TE and other mineralized tissues [23]. Currently, the main metallic materi-
als used as scaffolds for implants are stainless steel and cobalt and titanium alloys. 
Among the ceramic materials, alumina, zirconia, hydroxyapatite (HA), calcium 
phosphate, and bioglass can be highlighted. However, these are not biodegradable 
and their processability is very limited. Besides that, their application is invasive, 
requiring surgical intervention.

Fig. 5 Required scaffold properties
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Magnesium and its alloys represent promising solutions in the field of biodegrad-
able metal biomaterials and are being widely investigated for orthopedic applica-
tions [24]. From the physiological point of view, magnesium is an essential mineral 
for human nutrition and crucial for bone health [25]. Furthermore, the mechanical 
properties of magnesium alloys are similar to those found in human bone (elastic 
modulus 40 GPa) [22].

Although magnesium alloys have potential for biomedical applications, their 
processing is extremely challenging. Magnesium has a low boiling point, is com-
bustible in the form of billets or plates and has an increased risk of explosion due to 
the increased surface area when presented as a powder.

Table 1 Detailed description of each scaffold’s properties

Scaffold desirable 
properties Description

Biocompatibility Scaffolds must be biocompatible and demonstrate satisfactory 
performance in order to produce adequate response to the host tissue 
without producing cytotoxic or immune response. No by-product of its 
degradation can cause inflammatory or toxic reactions

Biodegradability Scaffolds must have degradation rates compatible with the new tissue 
formation. The degradation of the scaffolds may occur by mechanisms 
involving physical (dissolution) or chemical (hydrolysis) processes and/or 
biological processes, such as enzymatic cleavage

Pore morphology Scaffolds should exhibit high porosity with cell–scaffold interactions, in 
order to control the adequate diffusion of nutrients and oxygen to cells, 
metabolite dispersal, local pH stability, and cell signaling

Pore size Pore size is an important feature due to cell penetration and tissue 
vascularization. The scaffolds must satisfy the condition of providing an 
empty volume of pores; according to Liu and Ma (2004), scaffolds with 
high porosity (>90%) allow the effective release of bioactive molecules 
and are appropriate substrates for nutrient exchange [19]

Chemicalproperties A scaffold surface can control the effect of cell adhesion and 
proliferation, due to being the primary site of interaction between the cell 
and scaffold. The scaffold surface must present properties that allow 
cellular adhesion and promote proliferation and differentiation. These 
properties primarily comprise the chemical composition of the material 
surface with suitable functional groups, which influence its 
hydrophobicity and charge [20]

Mechanical 
resistance

Scaffolds must have adequate mechanical properties for manipulation 
in vitro and in vivo. Scaffolds directed to the regeneration of hard tissues 
must have a compression modulus around 10–1500 MPa, while scaffolds 
directed to soft tissues must have a modulus around 0.4–350 MPa [21]

Bioactivity Scaffolds can be used as carriers or reservoirs for bioactive and/or 
signaling molecules that can accelerate tissue regeneration

Processability In order to become clinically and commercially viable, scaffolds must be 
easily processed in a variety of shapes and sizes and present low 
fabrication costs. Besides, the fabrication process must be reproducible 
and scalable, and easily sterilizable and storable
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Therefore, over the last few years, these non-degradable materials have been 
replaced by a variety of natural and/or synthetic polymeric materials manufactured 
with different microstructures, which mainly include hydrogels, porous matrices, 
and fibrous matrices [19, 26].

Synthetic polymers have the advantage of presenting a reproducible production 
process under large scales and higher control of mechanical properties, degradation 
rate, and microstructure.

Thus, biodegradable synthetic polymers including linear aliphatic polyesters, 
polyglycolic acid (PGA), polylactic acid (PLA), and polylactic-co-glycolic acid 
(PLGA) copolymers have been widely used as vehicles for cell transplantation and 
scaffolds for the engineering of different tissues mainly due to its relatively hydro-
philic nature [27].

Beyond that, these polyesters have in vitro and in vivo controllable degradation 
rates and are among the synthetic polymers approved by the Food and Drug 
Administration (FDA) for certain human clinical applications.

Other linear aliphatic polyesters such as poly(ε-caprolactone) (PCL) have also 
been investigated in TE mostly for long-term implants because of its significantly 
slower degradation rate than PLA, PGA, and PLGA [28].

Polyethylene glycol (PEG) has been used as fluid scaffolds in the form of hydro-
gels. Nevertheless, the toxicity and the low degradability of this material limit its 
application considerably, requiring prior modification.

Over the past few years, polyurethanes (PU) have also been widely used mainly 
because of the easiness of controlling its mechanical and morphological proper-
ties [29].

Despite the advantages of biodegradable synthetic polymers, natural polymers 
have been considered attractive materials for scaffold manufacturing, due to their 
similarities with the extracellular matrix, chemical versatility, biological perfor-
mance, and specific cellular interactions.

Besides, they are susceptible to the enzymes of the organism, being inherently 
biodegradable. However, they are often immunogenic, may contain pathological 
impurities, have laborious manipulation and/or processing and exhibit variability 
from batch to batch. The most commonly used natural polymers in TE include 
fibrin, collagen, gelatin, chitosan, alginate, and hyaluronic acid.

Fibrin, one of the major constituents of blood clots, has been used in mixtures 
with thrombin to produce fluid scaffolds composed of fibrin gels (mesh) [30]. Since 
it is an autologous product, fibrin is completely biocompatible, thus it has desirable 
non-immunogenic responses. Furthermore, it is completely biodegradable and can 
be applied in the injured site using a non-invasive procedure. Fibrin scaffolds can be 
formed in situ or used as cell carriers associated to scaffolds of other materials. 
However, inadequate mechanical properties limit its application in TE considerably, 
especially in hard tissues [31].

Type I collagen extracted from animal tissues and gelatin prepared from collagen 
denaturation have been widely used as scaffolds for the regeneration of various tis-
sues, especially soft tissues. However, these biomaterials can potentially transmit 
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pathogens and immunological reactions, also showing handling difficulties and 
inadequate mechanical properties [31].

Silk fibroin has also been used for porous scaffold manufacturing mainly because 
of its excellent mechanical properties. However, its degradation rate is considerably 
slow and there is some concern about its cytotoxicity [28].

Properties such as biodegradability, biocompatibility, adhesiveness, foldability 
in different forms, and chemical modification versatility make chitosan (a cationic 
derivative from chitin) a promising biomaterial for several applications in TE [32]. 
In addition to these properties, chitosan can form hydrogels in situ and carry growth 
factors and adhesion proteins.

Alginate crosslinked with Ca2+ has been used in TE as a cell carrier in vivo and 
as fluid scaffolds, in the form of particulate hydrogels. Nevertheless, using CaSO4 
to prepare these hydrogels hinders the control of the gelation process, resulting in 
non-uniform structures that directly affect the cellular response.

The functions and applications of hyaluronic acid in TE are basically associated 
to its structural characteristics and possible chemical modifications of the polymer, 
which determine its rheological, solubility, hydration and specific cell recognition 
properties. Hyaluronic acid is non-immunogenic, biocompatible, and biodegrad-
able; however, its application during scaffold preparation requires prior modifica-
tion of the polymer, since the native hyaluronic acid has limited mechanical 
properties and low residence time in vivo. Considering that it can be obtained in 
different forms, solid or fluid scaffolds, hyaluronic acid has been successfully used 
for the regeneration of hard and soft tissues.

Over the last few years, in order to have better control of the biodegradability and 
mainly to improve the mechanical properties of scaffolds, efforts in TE have been 
directed to obtain composite scaffolds that can mimic in vivo systems.

Beyond crosslinking, chemical modification, addition of additives and reinforc-
ing agents (fibers and particles), several studies have been combining biocompatible 
polymers, which have limited mechanical properties, with different inorganic mate-
rials. The addition of these materials, especially ceramics, can improve the mechan-
ical properties of the new scaffold, provide essential osteoconductivity for the 
regeneration of tissues and enable the mineralization of bone tissues.

Biodegradable polymers have also been combined with bioactive molecules to 
improve biological properties of new materials, accelerate cellular processes 
involved in tissue regeneration, as well as promote specific cellular recognition. 
Some studies have also associated platelet-rich plasma with natural and synthetic 
polymers, aimed to improve the properties of the fibrin network and to enable a 
controlled release of growth factors and cytokines, which accelerate regeneration 
and healing of tissues [33–35].

Therefore, the material choice for scaffold production must consider the advan-
tages and disadvantages of these materials, as well as the intended application, and 
it is still a major challenge in TE.
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 Fabrication Techniques

Several technologies have been used to fabricate different types of scaffolds (Fig. 6), 
among those which stand out are: solvent casting/particulate leaching, gas foaming, 
freeze-drying, thermally induced phase separation, electrospinning, rotary jet spin-
ning, rapid prototyping, and bioreactors [36–41].

Despite advances in TE, scaffold manufacturing processes are still limited. 
Conventional technologies usually depend on time-consuming, inconsistent, inflex-
ible and laborious manual processes, which use toxic organic solvents, porogenic 
materials with difficult size control and removal of pores and have format limita-
tions [42].

Therefore, the chosen processing technique must generally comply with the fol-
lowing criteria:

• The process or production shall not affect material properties, such as its bio-
compatibility or physicochemical properties.

• The technique must allow for a control of porosity, size, distribution, and inter-
connectivity of pores.

• Different groups of matrices must exhibit minimal variations in their properties, 
when processed under the same conditions.

The main features that distinguish many selected technologies are the desired 
application and/or the use of solvents, heat, pressure, or additives responsible for 
pore generation (Table 2) [3].

Fig. 6 Schematic illustration of the fabrication process of scaffolds: (a) solvent casting/particulate 
leaching; (b) gas foaming; (c) emulsion freeze-drying; (d) thermally induced phase separation; (e) 
electrospinning; (f) rotary spinning; (g) 3D printing; and (h) bioreactor
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 Solvent Casting/Particulate Leaching

This method involves mixing particles of a water-soluble salt (sodium chloride, 
sodium citrate) in the solution of a biodegradable polymer. The mixture is placed on 
a mold with the desired shape and the solvent is then removed by evaporation or 
freeze-drying (Fig. 6a). To obtain a porous structure, the salt particles are leached. 
This method, besides simple, allows for adequate control of the pore size and poros-
ity, which can be obtained by the salt/polymer ratio and the particle size of the salt 
added. However, the geometric shape of the pore is limited to the shape of the cubic 
crystals of the salt and the removal of soluble particles from the interior of the poly-
meric matrix becomes difficult for thick scaffolds, limiting their thickness between 
0.5 and 2 mm. In addition, the limited interconnectivity of the pores prevents uni-
form cell inoculation and tissue growth.

In order to overcome these issues, the group of Ma and Choi (2001) has devel-
oped scaffolds of biodegradable polymers with spherical pores and controlled inter-
connectivity, using paraffin beads to generate the pores. The main advantage of this 
method is that it can provide a porous network completely interconnected. Besides, 
paraffin is insoluble in water and some water-soluble polymers can be used in the 
scaffold production by this technique [43].

 Gas Foaming

Gas foaming can be used to fabricate highly porous polymeric foams without using 
organic solvents. In this technique, a gas such as carbon dioxide (CO2) is applied 
using high pressure, enabling the formation of a single polymer/gas phase. 
Subsequently, the pressure is reduced to create a thermodynamic instability of the 
dissolved CO2, resulting in nucleation and pore growth and enabling for foam for-
mation (Fig. 6b). The advantages of this method are the absence of organic solvents 
and the possibility of manufacturing polymeric foams with high porosity [44]. 
Besides that, processes that do not include heating allow for the incorporation of 
temperature-sensitive biomolecules. The disadvantage of this method is the produc-
tion of structures with closed pores without sufficient interconnected pores [19].

 Freeze-Drying

This method consists of creating an emulsion, by homogenizing a solution of poly-
mer (in an organic solvent) and water, rapidly cooling the emulsion to trap the liquid 
inside the structure and removing the solvent and water by freeze-drying (Fig. 6c). 
Scaffolds with high porosity and large pore sizes can be manufactured by this 
method [45, 46]. Nevertheless, the pores obtained do not show high interconnectiv-
ity. Besides, porosity and pore size are affected by parameters such as freezing 
temperature and cooling rate [47]. This technique has been widely applied to fabri-
cate scaffolds mainly used in soft TE.
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 Thermally Induced Phase Separation

In this technique, the polymer is primarily dissolved in an organic solvent at high 
temperature, and the phase separation (liquid–liquid or solid–liquid) is induced by 
a temperature decrease of the solution. Subsequently, the removal of the solidified 
solvent is accomplished by sublimation, generating a porous polymeric scaffold 
(Fig. 6d). The pore morphology of the polymer depends on the solvent, the concen-
tration of the polymer solution, and phase separation temperature.

An advantage of this method is that the scaffolds obtained generally have good 
mechanical properties. However, this method normally results in scaffolds with 
pore sizes between 20 and 500 μm, but mainly smaller than 100 μm, which are not 
ideal for the regeneration of many tissues [48].

 Electrospinning

Electrospinning is a process of fibrous scaffold preparation that employs an electric 
field to control the formation and deposition of polymeric fibers on a given substrate 
(Fig. 6e). The geometry of these fibers is mainly influenced by parameters such as 
viscosity, electrical conductivity, and surface tension of the polymeric solution.

This technique can fabricate scaffolds with fiber diameters ranging from microm-
eters to several hundred nanometers [49, 50]. A wide variety of polymeric blends 
has been electrospun for the formation of scaffolds with high surface area, high 
porosity, and low density, used mostly for fibrous TE [51]. However, the productiv-
ity of this process is low and high electrical fields are necessary for fiber formation.

 Rotary Jet Spinning

The rotary jet spinning technique consists on inducing the formation of fibers from 
a polymeric solution in an organic solvent, through the action of a centrifugal force, 
which ejects the solution, generally through nozzles at the head spinning, also evap-
orating the solvent (Fig. 6f).

This technique presents many advantages such as high efficiency and productiv-
ity, good process control, and fabrication of highly aligned and porous scaffolds [52, 
53]. However, it is necessary to evaluate if the organic solvent was totally evapo-
rated throughout the process, since it can cause scaffold toxicity.

 Additive Manufacturing

Additive manufacturing (AM) is a technology based on the advances of computer 
science that has emerged for the production of custom models, such as layer by 
layer (Fig. 6g). Specifically, in TE, this technique combines knowledge of computed 
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tomography, magnetic resonance imaging, and computational models (CAD) to 
construct 3D scaffolds.

The main advantages of this technology are the possibility of manufacturing 
scaffolds with customized geometries, the fabrication of scaffolds with anisotropic 
structures, and total control of the manufacturing process by computers.

The most commonly used AM methods in TE are the powder-based technologies 
of selective laser sintering (SLS) and electron beam melting (EBM). From these 
technologies, custom models of hard body parts can be produced with precise con-
trol of morphology. However, the porous structures produced by these techniques 
affect mechanical properties of the scaffolds, and reduce the scaffold integrity [54].

Both processes fuse powder in a specific geometry of the model to be printed, 
SLS fuses or sintered the powder through a carbon dioxide laser, and EBM melts the 
powder with an electron laser beam.

Li et al. (2018) and Salmoria et al. (2018) produced scaffolds by an SLS process 
from a commercial magnesium alloy and a composite of poly(l-co-d,l) lactic acid 
(PLDLA) and bioglass, respectively, and the reported results showed biocompatibil-
ity and mechanical properties appropriate to bone repair [55, 56]. Yan et al. (2018) 
produced titanium mandibular scaffolds by EBM and reported that the mandibular 
defect was completely recovered after 2 months of in vivo implantation using 12 
animal models [57].

Another promising AM technique that has emerged recently is 3D cell printing 
(or 3D bioprinting), which enables the fabrication of cell-embedded scaffolds using 
a one-step fabrication process in order to mimic complex structures. The challenge 
of this technology is to develop appropriate bioinks containing living cells in con-
junction with microfluid systems capable of supporting cells and to present proper-
ties adequate to printability [58].

Choi et al. (2016) developed a bioink using decellularized skeletal muscle and 
applied the cell-printed technology to produce functional muscle embedded with 
myoblast cells mimicking the structure and function of skeletal muscle [59]. Ahn 
et al. (2017) noted that cell viability and printability are closely related [60].

This AM technology still presents many challenges, including the development 
of bioinks, long fabrication time, and limited thickness of the scaffolds.

 Bioreactors

Scaffold conditioning using bioreactors has become a new and interesting approach 
for TE applications (Fig. 6h). Bioreactors are systems with adjustable parameters 
capable of stimulating biotransformation or cell expansion using whole cells or its 
components [61]. These systems can be used for three main applications on TE: cell 
expansion in vitro, cell viability maintenance during cultivation on scaffolds and 
validation of the scaffold function and cell differentiation [62].

Although TE seeks to create 3D scaffolds capable to regenerate or even replace 
tissues and organs, most research is limited to thin layered structures because of the 
poor diffusion of nutrients and oxygen through thicker scaffolds to the cells on static 
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cultures. Besides that, cells are not able to proliferate and uniformly distribute on 
the scaffolds, when cultured in vitro on static setups [63, 64].

Santoro et al. (2015) studied the influence of perfusion flow on tumor cells, com-
paring dynamic culture using bioreactors with static cultures. The application of a 
bioreactor with perfusion flow improved cell distribution and proliferation on elec-
trospun PCL scaffolds [65].

Scaffolds must withstand the same conditions of the tissue where it will be 
applied. Moreover, the cells seeded on the scaffold must be able to differentiate into 
the desired cells. Therefore, bioreactors must simulate in vivo conditions for scaf-
folds, controlling mechanical, electrical and physicochemical parameters, such as 
temperature, pH, flow, oxygen, nutrient, and shear stress [66].

Lee et al. (2008) produced composite scaffolds based on PCL and type I collagen 
and evaluated its response at conditions of high pressure and flow, similar to physi-
ological vascular conditions. The scaffolds presented good stability and biomechan-
ical properties and were able to support cell adhesion and the proliferation of 
endothelial and smooth muscle cells [67]. Shepherd et al. (2018) produced scaffolds 
of type I collagen using freeze-drying and evaluated the effect of combining a flow 
bioreactor with megakaryocytes to the production of platelets. The system was 
capable of retaining the cells and effectively releasing platelets [68].

In addition to the culture and conditioning applications of bioreactors, they have 
been widely used in the new scaffold production technique of decellularization and 
recellularization. Decellularization consists of using chemical, enzymatic, and/or 
physical agents to remove cellular components of tissues and organs, leaving just 
the structure of a biological scaffold. Through this process, the decellularized extra-
cellular matrix (dECM) has its structural integrity preserved and presents similar 
properties of the native tissues or organs, without being immunogenic [69]. After 
the decellularization, the material obtained (dECM) can be used for whole organ 
recellularization [70–72] or to create scaffolds using other fabrication techniques 
[73–76], such as AM [77].

Nichols et al. (2018) produced porcine decellularized lung scaffolds and used a 
bioreactor for its recellularization with different cells able to promote lung regen-
eration. The bioengineered (recellularized) lungs were then transplanted to pigs and 
did not indicate any rejection [78].

Jang et  al. (2017) used 3D cell printing of heart tissue-derived decellularized 
extracellular matrix to create scaffolds for cardiac repair. A pre-vascularized patch 
was developed showing therapeutic efficiency [79].

 Applications

Scaffolds have been studied for numerous applications on TE, considering all types 
of tissues, such as bone, cartilage, and skin, among others. In the last few years, dif-
ferent types of scaffolds, materials, and fabrication techniques have been combined, 
seeking an ideal scaffold for clinical applications. Some of these recent combina-
tions for various scaffold applications are presented in Table 3.
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Table 3 Application of scaffolds in different tissues

Tissue 
application Material Scaffold type Fabrication technique Reference

Bone Hydroxyapatite Microparticles 3D printing [80]
PDLLA-co-TMC Fibrous Electrospinning [81]
Chitosan/alginate Solid Freeze-drying [82]
PU/hydroxyapatite Fibrous Electrospinning [83]
Chitosan/gelatin/
alginate/
hydroxyapatite

Beads Foaming [84]

Strontium 
hydroxyapatite/
chitosan

Membrane Freeze-drying [85]

PLGA Membrane Solvent casting/particulate 
leaching

[86]

Bone (ECM) Solid Decellularization [87]
Cartilage Keratin Fibrous Electrospinning [88]

Cartilage (ECM) Solid Decellularization [89]
Cellulose/alginate Solid 3D printing [90]
Chitosan/PVA/CaCO3 Fibrous Electrospinning [91]
PBLF Microspheres Emulsion [92]
PU/hydroxyapatite 
and PU/PEO

Solid 3D printing [93]

Cellulose Fibrous Freeze-drying [94]
PEG/heparin Fibrous 3D printing/electrospinning [95]
PLGA/dECM Solid 3D printing [96]
Hyaluronic acid Hydrogel – [97]

Cardiac Cardiac tissue (ECM) Solid Decellularization [98]
PANI-PGS Membrane Solvent casting/particulate 

leaching
[99]

Gelatin/hyaluronic 
acid

Solid 3D printing [100]

PU-siloxane Membrane Thermally induced phase 
separation

[101]

PLCL Fibrous Electrospinning [102]
PLA/chitosan Fibrous Electrospinning [103]
Collagen-alginate Membrane Freeze-drying [104]
Protein/
polysaccharide

Sponge Freeze-drying [105]

PGS/PBS-DLA Membrane Solvent casting/particulate 
leaching

[106]

Neural PU Solid 3D printing [30]
Nerve (ECM) Solid Decellularization [107]
PCL/gelatin Fibrous Electrospinning [108]
Gelatin methacrylate/
PEGDA

Solid 3D printing [109]

(continued)
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Table 3 (continued)

Tissue 
application Material Scaffold type Fabrication technique Reference

Epidermal Chitosan–agarose Hydrogel – [110]
PCL/gelatin/collagen 
type I

Fibrous Electrospinning [111]

Silk fibroin-keratin Membrane Freeze-drying [112]
Fibrin Membrane 3D printing [113]
Skin (ECM) Solid Decellularization [114]

Other tissues WSC/galactose and 
WSC/collagen

Hydrogel – [115]

Silk fibroin Solid Freeze-drying [116]
PLGA/ECM Membrane Freeze-drying [117]
PPY/PDLLA Membrane Emulsion [118]

Fig. 7 Methods for scaffold characterization

 Methods for Scaffold Characterization

Several analytical methods have been used to characterize the physical-chemical, 
mechanical, and biological properties of the scaffolds in their different formats 
(Fig.  7). These methods are usually based on international standards (American 
Society for Testing and Materials—ASTM) and include known analytical tech-
niques [119].

Scaffolds for Tissue Engineering: A State-of-the-Art Review Concerning Types…



666

Scaffolds are primarily characterized by their chemical properties, which include 
the chemical composition, impurities contained, and chemical nature of the sur-
face groups.

These parameters can be identified and determined quantitatively by techniques 
such as Fourier Transform Infrared (FTIR) or Nuclear Magnetic Resonance (NMR 
1H, 13C or31P) combined or not with Gas Chromatography (CG) coupled with Mass 
Spectrometry (MS) or other appropriate analytical methods.

Furthermore, the size of the molecules, or their molar mass, is usually evaluated. 
The techniques used in this case include size exclusion chromatography (SEC) and 
dynamic light scattering (DLS). In all cases, complete solubilization of the material 
in an appropriate solvent is required. SEC is indicated for the determination of the 
molar mass of linear polymers, while DLS can be used for both linear and branched 
polymers. These methods are usually comparative; thus, the results must include the 
solvent used, the temperature in which the measurements were taken, the standard 
used as reference, and the concentration of the solutions analyzed.

In order to determine the scaffold morphology (porosity, pore size, interconnec-
tivity, tortuosity, roughness, and topography), a variety of equipment and software 
have been used. The most common methods include gravimetry, mercury intrusion 
porosimetry, optical microscopy (OM), scanning electron microscopy (SEM), and 
micro-computed tomography (micro-CT) [120].

The gravimetric method determines, in a fast and simple way, the total porosity 
of the material; however, the measurement accuracy is limited.

Mercury intrusion porosimetry determines total volume, average diameter, and 
the size distribution of pores, but has the disadvantages of high toxicity, high cost of 
mercury, and the possibility of scaffold collapse with the high pressures required by 
this method.

Optical microscopy is mainly employed in preliminary observations of scaffolds. 
Although it has a number of advantages including simple preparation of samples 
and low cost of analysis, the OM resolution is limited mainly to sizes around 
200 nm, preventing a detailed characterization of the structures.

Through the association of micrographs obtained by SEM and computer soft-
ware, it is possible to determine the average pore diameter and porosity, in addition 
to obtain an estimated interconnectivity and pore wall thickness. However, to ensure 
accurate measurements, samples must be carefully sectioned to avoid changes in the 
porous structure. In addition, the sample sensitive to the high vacuum required by 
this technique must be properly fixed to prevent its collapse.

Micro-CT accurately provides all information about the 3D morphology of the 
scaffolds and has the advantage of being non-destructive and not requiring pretreat-
ment of the sample with toxic chemical compounds. However, this technique still 
presents a high cost and is not suitable for scaffolds containing metals.

Besides these methods, the average nanoparticle diameter and surface (topogra-
phy and roughness) of the scaffolds can be observed by transmission electron 
microscopy (TEM) and atomic force microscopy (AFM), respectively.
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The mechanical properties evaluated in the scaffolds usually involve tests related 
to stress and strain or that show the response of these scaffolds to the application of 
a physical force.

The scaffolds must be evaluated under conditions that mimic the intended appli-
cation. Besides, a special assembly of the evaluated specimens may be required 
depending on the size and format of the scaffold and the equipment used.

Mechanical tests include compression, tensile, flexural, shear, and deformation 
performed on servo-hydraulic equipment and can be performed on dry or swollen 
scaffolds to mimic conditions in vivo. The parameters generally measured are the 
modulus of elasticity (Young’s modulus) and the shear modulus that indicates the 
scaffold stiffness.

The swelling and degradation profiles of scaffolds are also important parameters 
and are usually determined by a gravimetric method in medium, which mimics 
conditions in vivo.

The swelling profile of the scaffolds is generally obtained at 37 °C in phosphate 
buffered saline (PBS) at pH between 7.2 and 7.4 or in Dulbecco’s Modified Eagle’s 
Medium (DMEM). Degradation tests may also be carried out under these conditions 
or in the presence of suitable enzymes.

From the biological point of view, scaffolds are characterized primarily by the 
in vitro biocompatibility of the materials used in their fabrication.

This evaluation is performed through cytotoxicity tests, especially by cell via-
bility, which consists of placing the scaffold directly or indirectly in contact with a 
culture of animal cells and verifying the cellular changes that resulted by different 
mechanisms, including the incorporation of vital dyes or the inhibition of the for-
mation of cellular colonies. The most used cell viability methods are the neutral 
red incorporation method and the MTT method (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide).

Furthermore, the sterility of scaffolds is also evaluated by counting the total bac-
teria and fungi (molds and yeasts), using the pour-plate method, surface-spread 
method, and serial dilution method.

 Conclusions and Future Perspectives

During the last few years, important advances have been made in regenerative medi-
cine, especially in the TE field. According to the bibliometric analysis of this work, 
the last two decades presented increasing scientific production and new techniques 
related to scaffolds. However, existing therapies still have several limitations. In 
fact, no combination between cells, scaffolds, and bioactive molecules have fulfilled 
all the necessary criteria to mimic the conditions in vivo and effectively promote the 
regeneration of different tissues.

A specific combination between cell type, culture regime, and scaffold must be 
carefully selected, since it has been demonstrated that the physicochemical charac-
teristics of the scaffolds directly affect the cellular behavior and, consequently, the 
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process of tissue regeneration. In addition, the incorporation of bioactive molecules 
in this system has been shown to contribute to accelerate these processes.

Therefore, an ideal combination of these parameters for the effective regenera-
tion of different tissues is still a challenge, and researchers have been increasingly 
directing their work to biodegradable and biocompatible materials, undifferentiated 
cells, and autologous bioactive molecules.

The studies developed so far indicate that future advances in TE depend on new 
systems that can modulate cellular behavior and result in functional and effective 
tissues.

Many challenges are still limited to the multidisciplinarity of this area and the 
complexity of the biological systems involved in the regeneration of different tis-
sues. Its success depends on combined efforts of researchers to understand, modu-
late, and optimize the results of basic sciences and clinical applications.
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 Appendix

Keywords
No. of occurrences 
(1990–1999)

No. of occurrences 
(2000–2009)

No. of occurrences 
(2010–2019)

3D printers – – 369
Additive manufacturing (or 
rapid prototyping)

– 107 112

Bioactivity – 65 207
Biocompatibility 11 429 1562
Biodegradability (or 
biodegradation)

36 244 287

Bioreactors 6 225 428
Bone 13 427 1444
Cardiac tissue engineering – 13 67
Cartilage 27 350 633
Ceramics – 128 181
Composite scaffolds – 32 183
Electrospinning – 161 1221
Epidermis 2 27 47
Fluidic devices (or fluids) – 11 34
Freeze-drying 2 106 284
Gas foaming (or foaming or 
foam)

3 20 34

Mechanical properties 8 177 765
Metals – 18 81
Morphology 9 180 360
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Keywords
No. of occurrences 
(1990–1999)

No. of occurrences 
(2000–2009)

No. of occurrences 
(2010–2019)

Natural polymers – 17 56
Nerve regeneration 6 81 251
Particulate leaching – 10 31
Polymer 33 601 941
Scaffolds 10 944 2174
Solid – 54 20
Spinning (fibers) – 26 231
Surface property 4 364 769
Synthetic polymers – 13 38
Thermally induced phase 
separation

– 9 54

Tissue engineering 33 2564 5748
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Implants

Qichan Hu, Yingchao Su, and Donghui Zhu

Abstract After decades of developing strategies to employ biodegradable metals in 
medical devices, there is an increasing interest to use zinc (Zn) and Zn-based alloys 
as novel and promising alternatives to magnesium and iron. Over the last decade, 
extensive research has been done on Zn regarding its mechanical properties, degra-
dation behavior, and biocompatibility. This chapter summarizes the recent progress 
in improving the properties of pure Zn as well as Zn alloys to make them appropri-
ate for medical applications, especially for orthopedic implantation.

Keywords Zinc · Biodegradable metal · Degradation · Biocompatibility 
Orthopedic implant

 Introduction

It is well known that great progress has been made in the field of biomaterials and 
their clinical applications. The evolution of biomedical implants is firmly related to 
the development of biomaterials. Today biomedical implants are mainly used in the 
fields of nervous system [1, 2], cardiovascular system [3], skin system [4], cosmetic 
implants [5], and skeletal and dental systems [6, 7]. Currently, various bioimplants 
are employed in the form of ceramics, glasses, polymers, composites, glass- 
ceramics, and metal alloys. Metals are stiff and have superior mechanical strength 
compared with polymers and ceramic materials. They have been widely used as 
orthopedic implants, cardiovascular interventional devices, and tissue engineering 
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scaffolds [8, 9]. Permanent implants for patients are commonly made of traditional 
metallic biomaterials like titanium alloys, stainless steel, cobalt-chromium alloys, 
and tantalum because of their characteristics of corrosion resistance [8–10]. 
However, the permanent residence of the implant in the body can lead to chronic 
deleterious effects and the function of the implant is not needed after the treatment 
site is fully restored. For example, a traditional coronary stent must remain inert in 
the human body for many years, but sometimes its effectiveness ends after serious 
side effects including chronic inflammation [11], late-stage thrombosis [12], and 
stent-strut disruption (fracture) [13]. In this case, it is necessary to perform a second 
surgery to pull out the implant, resulting in additional injury and expense. To reduce 
the long-term side effects involved with traditional metallic biomaterials, the next 
generation of so-called “biodegradable” metals is in the process of development [3, 
14]. It is expected that biodegradable metals could corrode gradually and harm-
lessly in the body, maintain mechanical integrity during the critical tissue healing 
stages, and then dissolve completely upon completion of their task [15]. For 
instance, special stitches may be absorbed after wound healing and coronary stents 
may degrade completely after fulfilling their tasks as vascular scaffolds [16].

The development of biodegradable metal implants has attracted much attention 
over the last two decades. Researches have mainly concentrated on iron (Fe) [17–
19] and magnesium (Mg) [14, 20] and their alloys, which have been widely studied 
as potential biodegradable metals for medical applications [21–23]. Nevertheless, 
the extensive experience of these material systems has shown critical limitations in 
their applicability to clinical applications [10, 24–27]. For example, although Fe 
and its alloys display superior mechanical properties, the degradation rates make 
them hard to meet clinical needs because of their corrosion products, which seem to 
be excreted or metabolized at an unsatisfactory rate, accumulate and repel adjacent 
cells and biological matrices, and do not allow cells to integrate around and within 
the original footprint of the degrading implant [28]. Mg-based biodegradable 
implants are attractive primarily because of their excellent biocompatibility, but 
pure Mg and its alloys display low mechanical strength in addition to a fast corro-
sion rate, followed by the production of hydrogen gas, increased pH values, and loss 
of mechanical integrity [29, 30].

Zn and Zn-based alloys have been suggested as new additions to the list of bio-
degradable metals and as optimistic substitutes to magnesium and iron in medical 
applications [31–33]. The chemical activity of Zn is exhibited by an electrode 
potential (−0.762  V) which is between that of magnesium (−2.372  V) and iron 
(−0.444 V) [34–36]. Zn also displays moderate corrosion rate that falls between the 
slowly degrading Fe and the rapidly degrading Mg [8]. In addition, Zn is easier to 
cast and process because of their relatively low melting points (Tm = 420 °C) (Mg 
Tm = 650 °C, Fe Tm = 1538 °C) and good machinability [35, 37, 38]. Thus, Zn is a 
promising alternative candidate among the new generation of biodegradable metals, 
and much effort has been made to develop metallic Zn as biodegradable implants 
since the early attention given to Mg and Fe.
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 Biological Significance

Zn has been found to be a completely intracellular element with 40% in the nucleus, 
50% in the cytoplasm, organelles and specialized vesicles, and the rest in the cell 
membrane [39]. As far as the position in the whole body is concerned, 85% of Zn is 
present in muscles and bones, 11% is present in the skin and liver, and the rest dis-
tributes throughout the other tissues [40]. It has been determined that the biological 
half-life of Zn is between 162 and 500 days [41], and the suggested dietary allow-
ance for Zn is 10–15  mg/day [41], which is well below the median lethal dose 
(LD50) of 27 g/day. Dietary Zn is absorbed through the small intestine in the form 
of Zn ions and amino acid complexes and it is regulated by metallothionein, which 
binds or unbinds the free Zn ions at picomolar to nanomolar levels because they 
cannot go through the cell membrane by means of active diffusion due to their 
hydrophilic property [42]. At an early stage, Zn is transported to organs like pan-
creas, liver, kidneys, and spleen to play its role [43]. However, in the long term, 90% 
of the absorbed Zn is deposited in the muscular and skeletal system [44].

As an essential trace element in the human body, Zn plays an indispensable role 
in human health [45]. Once Zn is transported into the cytoplasm via channels within 
the cell wall, it plays many different roles as shown in Fig. 1 [46]. Zn has a place in 

Fig. 1 Biomedical applications of biomaterials in human body, including (A–C) biodegradable 
metallic Zn for stent and orthopedic applications; (D) Zn-based ceramic nanomaterials and (E–G) 
their applications for antibacterial and cancer treatments [46]
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the function of more than 300 enzymes and hence it is a necessary element for the 
catalysis and co-catalysis of these enzymes involved with wound healing, brain 
development, and membrane stability [47]. Zn is critical for the structural integrity 
of many proteins, especially metallic proteins and membrane proteins [39]. It is 
shown that Zn has a direct effect on different cellular signal transduction, closely 
associated with gene expression, RNA transcription, DNA replication and repair 
[48]. Zn has been found to act indirectly as an antioxidant within the cells [39, 49] 
and exhibit antiatherogenic effects because of its membrane stabilizing abilities 
[50]. Zn also plays a crucial role in bone formation, and mineralization, and can be 
found in the bone extracellular matrix, where it is co-deposited with calcium 
hydroxyapatite [51]. In addition, Zn-based nanostructured biomaterials can be used 
for drug delivery and bioimaging and have sensitive responses to pH which is 
related to the growth of bacteria, and normal or tumor tissues [52, 53].

Since Zn acts as a crucial trace element in the human body, its deficiency can 
give rise to many problems like retarded growth, impaired parturition (dystocia), 
neuropathy, decreased food intake, diarrhea, dermatitis, hair loss, bleeding tenden-
cies, hypotension, and hypothermia [54]. The reason for Zn deficiency is usually 
insufficient dietary intake, or caused by malabsorption and chronic illnesses, such 
as diabetes, malignancy, liver disease, and sickle cell disease [42, 55]. However, 
excessive amounts of Zn2+ may be harmful to vital organs like the kidney, liver, 
spleen, brain, and heart [26]. For instance, the result of Zn overdose is copper defi-
ciency, hypocupremia, anemia, leucopenia, neutropenia, and impairment of the Cu–
Zn–superoxide dismutase antioxidant enzyme [31, 56]. However, some studies have 
shown that high concentrations of Zn could prevent osteoporosis through the pro-
motion of osteoblastogenesis and suppression of osteoclastogenesis [57, 58].

 The Design Criteria of Biodegradable Implants

Biodegradable materials are designed to provide temporary support during the heal-
ing process and progressively degrade thereafter [59]. For the long-term success of 
implants, it is critical to select appropriate materials for biomedical applications. 
The requirements for accepted biomaterials are as follows:

 1. Biocompatibility. It is related to the behavior of biomaterials in various parts of 
the human body and is the predominant factor for implant material selection. The 
chosen materials must be nontoxic and have no induced inflammatory or allergic 
reactions after implantation, and perfect integration into the tissues around 
implants.

 2. Degradation. Biodegradable metals must degrade in the complex physiological 
environment of the human body with matching degradation kinetics to the heal-
ing period. The degradation products should be transported and eliminated from 
the body without causing local or systematic accumulation.
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 3. Mechanical properties. Biodegradable metals should provide adequate mechani-
cal support during the healing process throughout the implantation period. It is 
still difficult to clarify the exact requirements for specific clinical events such as 
narrowed artery or fractured bone, but it is reasonable to design depending on the 
intended applications.

Undoubtedly, the specific design and selection criteria of biodegradable materi-
als depend on the intended applications. Future works need to focus on the 
 development of more improved properties in Zn-based alloys by different methods 
of processing, coating, and alloying with elements that are functional in the human 
body, such as Ca, Mg, Fe, Zr, Sn, and Sr.

 Biocompatibility

The success of Zn-based biomaterials will depend to a large extent on whether they 
cause a biocompatible response of blood and tissue-specific cells in the vicinity of 
the implant. So far, it has not been clarified how the biological reactions proceed 
between the corrosion products of Zn and Zn-based implants and the surrounding 
cells and tissues along with numerous proteins. Although the mechanism is still not 
clear, some studies have been conducted on several cell lines. For instance, the 
results of direct contact culture with human aortic endothelial cells (HAEC), human 
dermal fibroblasts (HDF), and human aortic smooth muscle cells (AoSMC) [60] 
revealed great tolerance for Zn2+ (LD50 265 mM), but the viabilities of HDF (LD50 
50 mM) and AoSMC (LD50 70 mM) decreased obviously with an increasing con-
centration of Zn2+ ions. However, the three human vascular cell types could adhere 
and proliferate on the Zn surface coated with collagen-based gelatin ahead of direct 
to culture on the Zn substrate. Ma et al. [25] evaluated the short-term cellular behav-
ior of primary human coronary artery endothelial cells (HCECs) exposed to a con-
centration gradient (0–140 μM) of extracellular Zn2+. As a result, low concentrations 
of Zn2+ improved cell viability, while high Zn2+ concentrations displayed a deleteri-
ous effect on HCECs behavior. It was concluded from the above results that the 
controlled release of Zn2+ is one of the most significant considerations for Zn-based 
alloy design when used as biodegradable implants.

Li et al. [54] revealed that the addition of other elements like magnesium, cal-
cium, and strontium to Zn is helpful for their hemocompatibility and cytocompat-
ibility. Liu et al. [61] found that the hemolysis rate of the rolled Zn–1Mg– 0.1Mn 
alloy was extremely low, indicating good biocompatibility according to 
ASTM-F756-00. Besides, there is no evidence of thrombogenicity in alloys with 
acceptable blood compatibility. Drelich et al. [62] reported good biocompatibility 
of Zn by implanting Zn wires into the murine artery. It was found that inflamma-
tory reactions diminished gradually between 10 and 20 months, and no local tox-
icity was observed. Nevertheless, these tests are too preliminary to validate 
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biological behavior, many more in vitro and in vivo experiments are needed to be 
carried out.

 Corrosion Properties

As a kind of chemically reactive metal, pure Zn dissolves in aqueous solutions via 
the electrochemical reactions as follows [63, 64]:

 Zn Zn e V→ + −+ −2 2 0 7618.  (1)

 O HO e OH V+ + → +− −2 4 4 0 4010.  (2)

Among them, (1) and (2) represent the anode and cathode reactions, respectively. 
Some of the major products of Zn cations dissolved in aqueous solution are pro-
duced through the following reactions:

 Zn OH ZnO H O2
22+ −+ → +  (3)

 Zn OH ZnO H O2
2 24+ − −+ → +  (4)

 
Zn OH Zn OH2

2
2+ −+ → ( )

 
(5)

 
Zn OH Zn OH2

4

2
4+ − −

+ → ( )
 

(6)

Based on the above reactions, there is no gas production during the formation of 
Zn(OH)2 and ZnO. It is expected that hydrogen release is negligible during Zn cor-
rosion in contrast to the case of Mg. The decrease of the hydrogen reduction rate is 
commonly due to the presence of Zn OH( ) −

4

2
 ions in aqueous solutions [65].

It has been presented in several recent studies that the degradation mechanism 
relies on minor changes in the electrolyte pH, temperature, composition, and differ-
ent reaction schemes. Thomas et al. [66] studied the pH-related degradation of Zn 
that can correlate corrosion kinetics and thermodynamics in chloride solutions. At 
pH  ≈  7.3, several species participate in the corrosion reaction, including Zn2+, 
ZnCl+, and ZnOH+. It was concluded that the acidification from Zn anodic dissolu-
tion at pH ≈ 7–10 may interrupt passive surface layers previously formed. In another 
study, Thomas et al. [67] investigated Zn in both active and passive states by mea-
suring the dissolved O2 content adjacent to the metallic surface. It is indicated that 
the corrosion rate strongly depends on the dissolved O2 concentration. Yang et al. 
[68] explained the degradation mechanism of Zn stents implanted into the abdomi-
nal aorta of rabbits for 12 months. They found that relative uniform corrosion was 
dominated by dynamic blood before endothelialization, but the later degradation 
was dependent on the diffusion of water molecules, hydrophilic solutes and ions 

Q. Hu et al.



683

which led to localized corrosion. It was also revealed that phosphate generated in 
the blood flow transformed into Zn oxide and small amounts of calcium phosphate 
during the conversion of the degradation microenvironment (Fig. 2) [68].

The addition of alloying elements is one of the most common ways to further 
modulate the corrosion properties of Zn-based biodegradable metals. The corrosion 
of pure Zn depends more on its own properties, but Zn-based alloys corrosion is 
greatly adjusted by the different components of second phases such as Mg2Zn11, 
CaZn13, and SrZn13 [21, 69, 70]. Even small changes in the composition of alloying 
elements could greatly change the degradation mode in comparison with that of 
pure Zn [71]. Li et al. [70] reported that the corrosion rate of Zn–1.0Ca and Zn–1.0Sr 

Fig. 2 Different stages and mechanism of Zn degradation when implanting in vivo for 12 months. 
(a–d) The surface morphology changes and formation of the different degradation products, (e, f) 
the mechanism of the degradation products formation in different microenvironment [68]
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alloys increased from 0.08 of pure Zn to 0.09 and 0.95 mm/year, respectively, by 
adding Ca and Sr to pure Zn through the method of weight loss test and the same 
growing trend was also measured by a potentiodynamic polarization test. The same 
group also performed another experiment indicating that the addition of Ca and Sr 
could further improve the corrosion rate from 0.09 to 0.11 mm/year for Zn–1.0Ca 
and Zn–1.0Ca–1.0Sr, respectively [54]. Bakhsheshi-Rad et al. [72] investigated the 
corrosion rates of binary Zn–Al, ternary Zn–Al–Mg, and quaternary Zn–Al–Mg–Bi 
alloys, and the results showed that the corrosion rate of Zn–Al–Mg–Bi was a little 
higher than those of the Zn–Al–Mg and Zn–Al alloys due to the formation of a 
secondary phase (ɑ-Mg3Bi2) which induced more extensive galvanic corrosion. The 
result of corrosion behavior observed in in vivo experiment performed by Bowen 
et al. [73] showed intergranular corrosion for the Zn–Al alloy which was different 
from pure Zn. Such kind of a corrosion is mainly caused by the distributed Al pre-
cipitates in the grain boundaries.

 Mechanical Properties

The physical and mechanical properties of metallic Zn are shown as follows: den-
sity  =  7.14  g/cm3; Young’s modulus  =  70  GPa; and ultimate tensile strength 
(UTS) = 126–246 MPa [74]. The addition of alloying elements and proper thermal 
deformation can efficiently enhance the mechanical properties of the as-cast pure 
Zn. A few binary and ternary Zn alloys (containing magnesium, aluminum, lithium, 
calcium, copper, and/or strontium) have been investigated because of their superior 
mechanical strength in comparison to pure Zn. It is demonstrated that binary 
Zn-based alloys show better mechanical properties compared to pure Zn. Especially 
under compression, the as-extruded Zn-1X (Ca, Mg, Sr) alloy exhibits super- 
plasticity that makes them a favorable candidate for medical applications. Zn alloys 
display a broad range of ultimate tensile strengths (87–399 MPa) and elongations 
(0.9–170%). It is reported that even a small percentage of alloying elements can 
greatly enhance mechanical properties. Take adding 0.15% Mg to pure Zn as an 
example, the ultimate tensile strength and the elongation fraction are improved from 
18 to 250  MPa and from 0.32 to 22%, respectively [21, 54]. Furthermore, the 
strength and ductility of Zn alloys could be improved by hot rolling and hot extru-
sion [8, 21, 54, 75]. For instance, the yield strength (YS), UTS, and elongation of 
as-cast Zn–1Mg–1Ca are 80 MPa, 130 MPa, and 1%, respectively, while the YS, 
UTS, and elongation properties increase to 138 MPa, 197 MPa, and 8.5% after hot 
rolling and 205  MPa, 250  MPa, and 5.2% after hot extrusion, respectively [54]. 
Hence, conventional metallurgy is also a possible way to meet the strength require-
ments for Zn alloys for most applications.
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 Animal Testing of Zn and Zn-Based Biodegradable Metal 
Implants

 Cardiovascular Implantation

Zn is believed to be a possible vascular scaffold material since it has the properties 
of anti-inflammatory and anti-proliferative, stabilizes the membrane of endothelial 
cells [76] and reduces the risk of atherosclerosis [50] and in-stent restenosis, which 
is one of the most common causes of implant failure.

Bowen et al. studied the in vivo performance of Zn wires (99.99%) over 6 months 
when implanted into the abdominal aorta of adult rats [76, 77]. They found uniform 
corrosion in the first 1.5 and 3 months and relative severe corrosion after 4.5 and 
6  months. The corrosion rate after 1.5  months was below the degradable stent 
benchmark (0.02 mm/year) and increased to 0.05 mm/year (~0.4 and ~0.97 mg/day, 
respectively) after 6 months, both of which are far below the recommended daily 
dose of Zn (15 mg/day) [76], indicating little or no systemic toxicity concerns of Zn 
stent. Also, a histological examination of Zn wires exhibited excellent biocompati-
bility with the arterial tissue, and inflammatory response, localized necrosis, and 
progressive intimal hyperplasia were not observed. It has also been shown that cell 
density in the neointimal tissue is low, and smooth muscle cells adjacent to the 
implant interface are clearly lacking, indicating that the Zn implant can inhibit the 
restenosis pathway [77]. In a study [62], pure Zn stents were implanted into the 
abdominal aorta of rabbits for 20  months. The authors found that the Zn wires 
exhibited a steady and linear corrosion without local toxicity for up to at least 
20 months post-implantation, despite the formation of a passivating corrosion prod-
uct layer around the wire. Although the long-term presence of the Zn implant elic-
ited an inflammatory response, it was observed that chronic inflammation diminished 
between 10 and 20  months as suppressed by the fibrotic encapsulation of the 
implants.

 Orthopedic Implantation

Zn, as an essential element with osteogenic potential, has attracted considerable 
attention in recent years. It has been demonstrated that Zn could both induce bone 
formation by activating aminoacyl-tRNA synthetase and the gene expression of the 
transcription factors runt-related transcription factor 2 (Runx2), stimulating cellular 
protein synthesis and osteoblastic differentiation and inhibiting osteoblastic activity 
including suppressing osteoclast-like cell formation, stimulating cellular apoptosis 
of mature osteoclasts and a suppressive effect on the receptor activator of nuclear 
factor (NF)-kB ligand (RANKL)-induced osteoclastogenesis [78]. Moreover, Zn 
deficiency leads to delayed bone growth development, postmenopausal osteoporo-
sis, and osteopenia [79, 80]. Therefore, it has been reported that the incorporation of 
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Zn into bioceramic, bioglass, bone cement, and implant coatings enhances their 
mechanical properties and promotes adhesion, proliferation, and differentiation of 
osteoblasts [81, 82].

Zn implants have recently been explored for orthopedic applications. 
Unfortunately, it is hard to meet the clinical requirements with pure Zn due to their 
properties of softness, fragileness, and low mechanical strength in the practice. 
Therefore, pure Zn should be modified to meet the desired mechanical properties. 
In recent years, Zn alloys have been developed and designed for orthopedic applica-
tions. Li et al. [70] employed Zn-1X binary alloys (Zn–1Mg, Zn–1Ca, and Zn–1Sr) 
to systematically investigate their mechanical properties, degradation, and in vitro 
and in vivo biocompatibility. By alloying with Mg, Ca, and Sr elements, the micro-
hardness, yield strength, UTS, and elongation have been enhanced significantly 
compared with that of pure Zn. It is also shown that the corrosion rate of Zn-1X 
alloys is significantly higher than that of pure Zn. Although the tensile strength of 
Zn-1X alloys decreases a little after 8 weeks of degradation in Hank’s solution sim-
ulated body fluid solution, it remains at a high level to meet the requirements for 
fracture repair, which usually takes 3–4 months to maintain mechanical properties, 
such as from callus formation to mineralization and remodeling. In vitro studies 
showed reduced adhesive platelet numbers and improved cell viabilities in compari-
son to the pure Zn group. The aforementioned results are further confirmed by 
implantation of Zn-1X alloy pins in the mouse femur, which demonstrated thicker 
cortical bone and higher bone volume compared to the sham control group and no 
inflammation around the implantation site and no death observed after operation 
(Fig. 3a). In another study [83], a metallic matrix composite was chosen as a novel 
strategy to solve the problems of pure Zn for biomedical applications. The authors 
prepared Zn-HA composites by adding hydroxyapatite (HA: Ca10(PO4)6(OH)2) into 
a Zn matrix via spark plasma sintering. It was found that the degradation rates of 

Fig. 3 (a) Representative histology of the cross sections of mouse distal femoral shaft under fluo-
rescent microscopy at week 8. Green fluorescence indicates cortical bone thicker than that of sham 
control group [72]. (b) Micro-CT analysis of femoral condyle with pure Zn and Zn-5HA compos-
ite implants (red arrow) [83]
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Zn-HA composites were adjustable due to the biphasic effects of HA, which 
decreased corrosion rate with a 1 wt.% addition of HA which accelerated the corro-
sion rate obviously with the addition of HA higher than 5 wt.%. In order to further 
investigate the degradation behavior of Zn-HA composites, they implanted pure Zn 
and a Zn-5HA composite into the femoral condyle of rats. The in  vivo results 
showed that both pure Zn and Zn-HA composites were able to maintain mechanical 
integrity and excellent biocompatibility without inflammation or other adverse 
effects around the implants (Fig. 3b), but the Zn-5HA composite showed a more 
obvious effect in stimulating new bone formation at week 8 in contrast to pure Zn. 
However, benchmark behavior for Zn in orthopedic applications has not been stud-
ied comprehensively. Therefore, it is difficult to verify the results for Zn-based 
orthopedic implants at present.

 Summary and Future Challenges

An ideal biodegradable material should possess a suitable corrosion rate, superior 
mechanical properties, and favorable biocompatibility that match the tissue healing 
process. However, in spite of these advantages, certain challenges, like cellular tox-
icity and inflammatory reactions, must be overcome to make Zn and Zn-based 
alloys clinically feasible for particular applications in the future.

Despite adding alloying elements to Zn has been reported to increase its ultimate 
tensile, yield strengths, elongation rate, and so on, careful selection of alloying ele-
ments is necessary to meet clinical requirements and ensure biosafety in addition to 
the mechanical concerns. Additional studies also need to be performed to investi-
gate approaches to control the corrosion rates and the concentration of the degraded 
products from Zn-based alloys to eliminate toxic levels of metal concentrations 
because the released metal ions could cause systematic toxicity to the human body 
along with local toxicity to the peri-implant cells. Considering these side effects, 
surface modification, composite, or other methods should be utilized to develop a 
new class of Zn-based material. Besides, clarifying the molecular mechanism that 
how different alloying ions interact with surrounding cells is helpful for subtle con-
trol of the degradation rates.

In general, Zn alloys are still relatively new as a class of biodegradable metallic 
materials with a large data set obtained from basic research. Hence, further investi-
gations are needed to solve the remaining challenges so as to translate the promising 
results into clinical application to benefit patients rapidly.
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Recent Physical Interaction-based 
Bioadhesives

Kaige Xu, Qiang Chang, Yuqing Liu, and Malcolm Xing

Abstract For centuries, research scientists and surgeons have been searching for 
the best way to close a wound from soft tissue to hard tissue. A number of wound 
closure techniques have been developed from simple primary wound closure to 
more complexed and sophisticated ones. Among them, covalent bonding and non- 
covalent bonding derived tissue bioadhesives have been given enormous attention 
due to their unique advantages, including convenient operation, minimum invasion, 
versatile application, etc. Compared to covalent bonding derived adhesives, non- 
covalent bonding or physical interaction-based adhesives are particularly outstand-
ing because of their reversible and repeatable adhesion, non-chemical crosslinkers 
or initiators introducing, relative mild adhesion, and they are bioinspired to nature. 
This review explores and assesses the range of innovative techniques that have been 
researched to close different types of wounds. We highlight the research on non- 
covalent interactions derived and mechanical structure based bioadhesives, includ-
ing the list of adhesion mechanisms, materials and compositions, adhesion strength, 
and the potential applications of different adhesives in recent research. In addition, 
further considerations for the next generation of bioadhesive will also be discussed 
at the end of this review.

Keywords Tissue bioadhesive · Wound closure · Non-covalent interaction 
Electrostatic interaction · Hydrogen bonding · Hydrophobic force · van der Waals 
force · Mechanical structure based adhesive

 Introduction

Nowadays, several thousands of surgical operating procedures are performed 
around the world. Wound healing is one of the most significant aspects of surgical 
operation because surgeons rely on it to combine separated tissue together and con-
trol bleeding [1–6]. Suture is also a common method to gather injured tissues 
because of its simplicity and efficiency to close a wound [7, 8]. Another technique 
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frequently used in wound healing is staples. Staples are quicker, easier to control, 
and reduce the wound infection rate more effectively compared to sutures [9–12]. 
Although both of these wound healing methods have their advantages, they are 
invasive to surrounding healthy tissues and occasionally cause tissue trauma and 
scarring. In addition, these procedures oftentimes need another removal step after 
use, being costly and requiring skilled surgeons to perform these procedures [13–
16]. Besides, sutures and staples are not suitable for repairing bone fractures or 
viscera that contains liquid.

A preferable option to overcome these limitations and moderate the application 
of these aggressive techniques is to use tissue adhesives. Tissue adhesives could be 
simply spread over the entire fracture or injured area as it can hold the tissues 
together even with light pressure [17–19]. In this way, the stress applied on the 
injured tissue by adhesion is much lower compared to sutures or staples and the load 
is only applied on the contact surface [20, 21]. Also, adhesives could be used to glue 
fractured bones, and viscera by using water-resistant adhesives [22–27]. The most 
important advantage of applying adhesives is that they lead to minimal or no tissue 
scars, since there are no further invasions on normal tissues like sutures or staples 
during the application process.

Recently, more and more tissue adhesives are being researched, and some of 
them have already been used as commercial medical adhesive glues for a long time, 
such as fibrin glue which was first introduced in the 1940s [28, 29], and cyanoacry-
late adhesives which were first applied in the 1980s [30–32]. An ideal tissue adhe-
sive is one which should be able to perform strong adhesion both in dry and wet 
conditions, be stable under the general physiological environment, exhibit rapid 
curing or crosslinking ability under room temperature or moderate environment, 
and have good biocompatibility, biodegradability, and nontoxicity [33–37]. 
Sometimes, extremely high adhesion strength can be harmful too, since it may 
cause unwanted adhesion between surgical instruments and tissues, even injured 
tissues; an optimum balance should be maintained in terms of adhesion strength. 
Water resistance should also be a useful and necessary characteristic of adhesives, 
which means adhesives should keep an adhesion ability even in aqueous conditions, 
as the environment around human tissues is mostly in an aqueous state. On account 
of adhesion mechanisms, tissue adhesives can be divided into: non-covalent interac-
tions derived adhesives, mechanical structure based adhesives, and covalent chemi-
cal bonded adhesives [15, 38, 39].

The research and utilization of covalent chemical bonded adhesives have been 
reviewed comprehensively [40–42]. Hence, this current paper emphatically reviews 
recently developed non-covalent interactions derived bioadhesives, and mechanical 
structure based bioadhesives. Covalent chemical bonded adhesives are known for 
their strong adhesion and long-lasting adhesion period; in contrast, physical 
interaction- based adhesives have gained unique feats including rapid reversible and 
repeatable adhesion just like insects or geckos climbing walls, stimulus responsive 
adhesion, relatively mild adhesion strength that avoids non-necessary adhesion 
sometimes even on normal tissues, and no additional chemicals introduced due to 
non-chemical reactions occurring during adhesion [43]. Furthermore, some of these 
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bioadhesives are inspired from natural biological entities, for example, an octopus’ 
sucker can adhere on rocks even in mazy ocean salt aqueous environment, mainly 
functionalized with their mechanical structures [44]. This review mainly describes 
the physical interaction-based adhesives involving their materials and composi-
tions, adhesion strength, and potential applications of different adhesives. The dis-
cussion of adhesion strength involves adhesion substrates, adhesion strength in dry 
and wet conditions, and animal models; in addition, the advantages and disadvan-
tages of each adhesion research example are also mentioned following the adhesive 
strength analysis.

 Non-covalent Interaction Derived Bioadhesives

Non-covalent interactions broadly distribute in nature, for example, water mole-
cules in liquid water are attracted and attached to each other, geckos facilely climb 
vertical walls without creeping down, and it even contributes to maintaining and 
underpinning the three-dimensional structure of DNA [45–47]. Inspired from the 
wonderfulness of nature, versatile non-covalent interactions have been identified 
and defined, which include electrostatic interactions, hydrogen bonding, hydropho-
bic interactions, van der Waals forces, cation-π complexation, metal coordination, 
and π-π interactions [48–50]; diverse types of tissue adhesives have been researched 
and produced via these non-covalent interactions [51–53]. Notably, some of these 
non-covalent interactions are always synergetic in an adhesion system, no single 
intermolecular interaction is able to independently support all adhesion strength; for 
example, van der Waals forces could be detected almost in all adhesion systems; and 
even the catechol moieties are proven insufficient to ensure proper underwater 
adhesion alone, but researchers find that non-covalent interactions are involved 
[54, 55].

 Electrostatic Interaction

The electrostatic interaction is defined as the attractive interaction between func-
tional groups having opposite electric charges; the electrostatic interactions occur 
rifely when opposite charges (positive and negative) are separated within a limited 
distance because of ionization or attachment of ionic categories [56–59]. Adhesives 
that obtain adhesion abilities between adhesive biomaterials and tissue surfaces or 
substrates via electrostatic interactions are categorized as electrostatic-interactions 
functionalized adhesives [60–62]. Proteins, polypeptides, and polysaccharides con-
tain a large amount of amine, hydroxyl, and carboxylic acid functionalities groups; 
these positively or negatively charged groups play crucial roles in raising the surface 
affinity via electrostatic effects and could be used as an adhesive glue after electrical 
adsorption with charged ions [63–65]. Occasionally, oppositely charged polysac-
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charides, like positively charged chitosan and negatively charged alginate could 
form an adhesion nanosheet attached on charged surfaces for wound repair. As the 
most significant aspects of these biomaterials, they are all highly adaptable, bio-
compatible, and biodegradable due to their biological origin. In addition to this, 
electrostatic interaction functionalized adhesives are generally produced with a 
relative simple design, easy operation procedures, and straightforward techniques, 
like self-assembling freestanding design, layer-by-layer (LBL) method, spin- 
coating techniques, etc. [66–73]. Concomitantly, uncomplicated concepts have been 
proposed for obtaining ordinary applications and low costs, but combined with dis-
advantages of relatively weak adhesion and limited application.

As one type of electrostatic interaction functionalized adhesives, polysaccha-
rides and proteins such as chitosan [17, 78–82], and gelatin [83–90], possess posi-
tively charged primary amine groups in physiological criteria; they further can build 
blocks and tough matrix to strongly adhere to negatively charged tissue surfaces 
(such as porcine skin [91, 92], cartilage [93–100], heart, artery, and liver) via elec-
trostatic interactions [42, 101–107]. In addition, the dissipated energy by hysteresis 
between tissue surfaces or negative charged substrates and positive charged poly-
saccharides also plays a critical role, which enhances the adhesive strength [108–
110]. However, the main limitation of this type of electrostatic interaction is that the 
target tissue surface has to contain negatively charged groups; for example, a chito-
san derived tissue adhesive was researched as a long-lasting mucoadhesive, but the 
cohered surface should contain negative carboxylic acid groups [111].

Beyond that, positively charged metal ions including Fe3+, Cu2+, Zn2+, and Ca2+ 
are usually chelated with negative polysaccharides, and polypeptides or proteins 
[112–122]. For instance, the dopamine-modified gelatin material was developed as 
a water-resistant adhesive by simulating the mussels’ adhesive proteins, then by 
adding FeCl3 to form hexavalent Fe compounds, and effectively bonding both 
strands and creating a metallo-adhesive with tissue proteins, and levels of adhesion 
can be adjusted with Fe3+ concentrations [123–130]. By applying the same concept, 
cupric ions can also form a strong interaction and bind as a formation of catechol-
 Cu2+ with the catechol group contained mussel-inspired dopamine-conjugated gela-
tin macromer, but since Cu2+ is relatively cytotoxic, it can usually be replaced with 
other health friendly metal ions. The zinc ion is one of the metal-binding candidates 
since Zn2+ is significantly less toxic than Ni2+ and Cu2+. In another study, DOPA 
functionalized PAA polymer was chosen to efficiently bind with Zn2+ ions and form 
durable sticky hydrogel adhesives relying on the electrostatic interactions between 
negatively charged carboxylic groups that are contained in PAA and metal cations 
(Zn2+); in addition, Zn2+ could also create a divalent metal-chelation complex with 
catechol groups from DOPA, which further offers underwater adhesion (Fig. 1a) 
[74, 131, 132]. Alginate is a natural polysaccharide extracted from marine algae 
[133–135], it can form a hydrogel quickly with even low concentration of a Ca2+ 
solution, a soft tissue adhesive was made from sodium alginate and gelatin, which 
is similar to the extracellular matrices of tissue comprised of various sugars 
and amino-based macromolecules, and then electrostatic bonded with Ca2+ to form 
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stable materials; in addition, positively charged amino groups could electrostatically 
attract with negatively charged carboxyl groups [136]. Beyond that, a 
poly(acrylamide)-alginate adhesive hydrogel system could create a strong wet 
adhesion strength since there are physically bridged linkages between Ca2+ and the 
alginate via electrostatic interactions entangled with chemical bonding which could 
effectively dissipate energy after peeling-off stretching from the substrates (Fig. 1d) 
[77]. Although these biomaterials have great biocompatibility, high concentrations 
of metal ions are relatively toxic to human body; on the other hand, the light low 
metal ion’ concentration would weaken the electrostatic interactions, thereby reduc-
ing the adhesive strength.

Fig. 1 Electrostatic interaction functionalized adhesives: (A) positively charged Zn3+ ions electro-
statically interact with negatively charged carboxylic groups from poly(acrylic acid) (PAA) chains 
(Reprinted from [74] with permission from the Royal Society of Chemistry); (B) positively 
charged chitosan and negatively charged sodium alginate formed LBL polysaccharide nanosheet 
via a spin- coating method (Reprinted from [75] with permission from John Wiley & Sons, Inc.); 
(C) PAA based adhesive functionalized with catechols and quaternized chitosan that is ion-paired 
with Tf2N− (Reprinted from [76] with permission from Springer Nature Publishing AG); (D) dis-
sipated energy by hysteresis between negatively charged substrates and positively charged poly-
saccharides. (Reprinted from [77] with permission from the American Association for the 
Advancement of Science)
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The oppositely charged polypeptide functionalized adhesives were able to solve 
this problem, as both parts are peptides that contain a lot of lysine and arginine 
[137], which have great biocompatibility. Inspired by sandcastle worms, a polyan-
ionic peptides/polycationic peptides adhesive upon electrostatic complexation was 
researched, among them, polyanionic peptides contain vast amount of 
O-phosphoserine and cationic peptides involve large amount of lysine and arginine 
[76]. In order to enhance the underwater adhesion strength, a catechol-decorated 
polyanion was premixed with a polycation in dimethyl sulfoxide (DMSO), then 
phase inversed when it touches water and activates via water-DMSO exchange at 
the same time. Furthermore, they developed duo polyelectrolytes meeting both elec-
trostatic interaction and solvent exchange to prove this strategy; so, the first part is 
catechols functionalized PAA, and the second part is quadruplicate chitosan which 
is ion-conjugated with bis(trifluoromethane-sulfonyl)imide (Fig. 1c) [138]. No mat-
ter which polypeptide or chitosan, they are nontoxic and have excellent biocompat-
ibility, and this adhesive is water-resistant and has satisfied adhesion characteristics; 
however, the relatively cytotoxic DMSO is the only defective point [139].

In another tissue adhesive research, the duo polysaccharide composited adhesive 
nanosheet containing nontoxic organic solvent or metal ions and was fabricated 
through a spin-coating method with LBL concept (Fig. 1b), using alternative depo-
sition of oppositely charged polyelectrolytes through electrostatic interactions as 
well as van der Waals forces, which is a technique for macromolecular organization 
without requiring any chemical crosslinkers. The LBL assembly skill, which is uti-
lized to fabricate a freestanding adhesive film, is simple and straightforward and 
works like an adhesive plaster; briefly, assembling chitosan and alginate by electro-
static interactions, which contain positively charged amine groups and negatively 
charged carboxylic acid groups, respectively [140–143]. This LBL adhesive film 
has much better biocompatibility, and the manufacturing method is simple and 
straightforward, but the assembled material itself is weak since its thickness is in the 
micrometer level, and, thus, it has to be supported with extra polyvinyl alcohol or a 
PDMS film layer, and in addition, the adhesion is limited [75].

Concluding the above, electrostatic interaction functionalized adhesives mainly 
refer to positively charged polysaccharides and proteins bonded to negatively 
charged tissue surfaces, positively charged metal ions chelated with negative poly-
saccharides, polypeptides or proteins, oppositely charged polypeptides functional-
ized adhesives, and duo polysaccharide composite adhesives.

 Hydrogen Bonding

Hydrogen bonding, as a significant interaction, is playing a vital role in physical, 
chemical, and even biological processes. Generally, hydrogen bonding is defined as 
that when a hydrogen atom in a polar molecule (water molecule) is attracted by a 
small negatively charged atom (like an oxygen atom, nitrogen atom, etc.) under 
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certain conditions, it would form strong forces between them, and this strong force 
is called hydrogen bonding; as well, it could be regarded as acting as a bond between 
these two atoms, and this bond is called a hydrogen bond; hydrogen bonding is also 
a physical and non-covalent bonding interaction [144]. Among the non-covalent 
interactions, hydrogen bonding interactions play a significant role in the  construction 
of secondary and tertiary structures of biosystems [145]. To date, hydrogen bonding 
units have been widely incorporated into polymeric structures or polymerizable 
monomers to synthesize repeatable and tunable adhesives because of their revers-
ible bonding and debonding nature, and it is responsive for all kinds of external 
stimuli, like solvent, pH, and temperature [146, 147]. In addition, hydrogen bonds 
could coexist with multiple other functional groups and enhance original interac-
tions (Fig. 2a) [148]. As one of the earliest work in this area, self- supplementary 
quadruple hydrogen bonds formed ureido-4-pyrimidinone (UPy) which was pro-
duced to synthesize a methacrylic monomer, and further copolymerized with butyl-
acrylate to make reversible adhesive polymers via different UPy content (Fig. 2b) 
[149]. This adhesion polymer presented the increasing adhesion strength with 
increasing UPy contents due to strong hydrogen bonding interactions between UPy 
and glass substrates and a mica surface in later research since the existence of UPy 
groups could form many hydrogen bonds at the touching interfaces, but the UPy 
dimers are fully dissociated above 80 °C [150]. Furthermore, researchers produced 
an reversible adhesion polymer, poly(dimethylsiloxane) (PDMS) modified with 
UPy end-groups via similar approach; in this study, the glass substrates could be 
bonded with this supramolecular polymer by heating to 120 °C first and then cool-
ing to 20 °C, specifically, a reversible adhesion behavior was demonstrated as the 
polymer could bond glasses by heating to 120 °C after forcing the two glass slides 
to be separated [151]. This temperature-responsive feature offers novel repeatable 
adhesion, but limits the application, as well, since the adhesion tests were only made 
on glass.

Beyond that, the UV light was introduced as a remote stimulus to replace the 
direct-temperature control, and prepared the reversibly detached supramolecular 
adhesives; this adhesion system relies on the UPy-terminated poly(ethylene-co- 
butylene) (PEB) supramolecular structure and could adhere on steel and glass sur-
faces also through strong hydrogen bonding interaction between UPy and the 
substrates (Fig. 2c) [152]. Basically, this UV stimulus is achieved via a light-heat 
conversion procedure, where the UV-absorbing groups attract UV light and induce 
the temperature difference.

Furthermore, a pH responsive adhesive was prepared by a grafting PAA thin film 
onto a variety of substrates through a plasma polymerization process and potentially 
used to glue fat tissues. In this research, the PAA chains were grafted onto glass 
plates after plasma polymerization, and then showed oil holding at low pH values 
since the carboxylic acid pendant groups of PAA accept protons and the formation 
of PAA becomes tangled; at the same time, low pH value mainly leads to the build-
ing of intramolecular hydrogen bonds among PAA layers instead of the intermo-
lecular hydrogen bonds that are created between PAA and circled water molecules 
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(Fig. 2d), therefore, it adheres oil in underwater conditions at low pH value, which 
may apply in closing fat tissues [153].

Due to the presence of silanol assembled on the surface of silica nanoparticles, 
silica can easily form hydrogen bonding interactions with hydroxyl-groups- abundant 
PVA under acidic conditions to form a PVA-silica adhesion patch, or hydrated 
hydrogen-bond-acceptor poly(ethylene glycol) (PEG) to produce a  PEG-silica 
adhesion brush (Fig. 2e), or etc. [154] For example, at a lower pH value, silanol 
groups on a silica surface grow during the hydrolysis process in underwater condi-
tions which can supply a large amount of hydroxyl groups; also, when presenting in 
a PVA solution, silica particles break the intramolecular and intermolecular hydro-
gen bonds in PVA and create new hydrogen bonds with hydroxyl groups of PVA 
through silanol; also, silica particles can adhere to glass substrates via interacting 
with hydroxyl groups through the same mechanism, and form a PVA-silica adhesion 
film that exhibits great adhesion strength on glass as the same as any substrates that 
contain hydroxyl groups [155].

Fig. 2 Hydrogen bonding interactions in functionalized composites: (A) physical crosslink net-
work based on hydrogen bonds assembly between melamine and poly(vinyl alcohol) (PVA) 
(Reprinted from [148] with permission from the American Chemical Society.); (B) self- 
complementary quadruple hydrogen bonding formed UPy derived polyacrylates (Reprinted from 
[40] with permission from the Royal Society of Chemistry.); (C) UV responsive UPy-PEB-UPy 
based reversible adhesion polymer (Reprinted from [152] with permission from the American 
Chemical Society.); (D) pH induced hydrogen bonding interactions switched between intramo-
lecular and intermolecular hydrogen bonds (Reprinted from [153] with permission from the 
American Association for the Advancement of Science.); (E) PEG-silica adhesion brush via hydro-
gen bonding between them. (Reprinted from [154] with permission from the Royal Society of 
Chemistry)
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 van der Waals Force

The van der Waals force is the attractive force acting between two neutral atoms or 
molecules when they are separated in a larger distance than their own dimensions, 
and this force is decreasing as the distance is increasing; as well, the van der Waals 
force is a non-covalent bonding interaction [156]. Natural creatures have evolved 
many kinds of mechanisms to glue on and climb surfaces. As one of the most com-
mon and important type of non-covalent interactions, the van der Waals force is 
found in many natural adhesive systems, among them, gecko footpads always come 
first to mind [157]. Geckos can climb and adhere on vertical and inverted surfaces 
relying on its complex hierarchical adhesion system, which uses fibrillar arrays cov-
ering footpads to produce and maximize interfacial adhesion to the surface through 
van der Waals forces and freely attach or detach by adjusting the loading angle 
(Fig. 3a) [158]. Geckos may be professional climbers on a dry surface, but not on 
wet ones, because the geckos’ invertible dry adhesion relies on van der Waals forces 
between an absorbing structure and target substrates, but the reversible wet adhe-
sion is generated mainly by adding viscosity and surface tension around the contact 
interface, called capillary interactions belonging to the non-covalent interaction cat-
egory [158, 159]. Since the discovery of this mechanism of the adhesion in geckos, 
a variety of synthetic adhesives have been reported. For instance, an elastomeric and 
biocompatible gecko-inspired bioadhesive was researched based on poly(glycerol 
sebacate acrylate) (PGSA); in this study, PGSA was poured into a negative nanopo-
rous silicon template and cured by UV light to obtain a PGSA pattern with nail-like 
nanopillars (Fig. 3b) [160]. The adhesion strength on stainless steel, glass, and por-
cine skin surfaces decreased with the growing ratio of a tip diameter to base diam-
eter of the nanopillars; besides, it showed better adhesion on a dry surface than a wet 
surface, but they sought the help of covalent crosslinking with porcine skin by coat-
ing oxidized dextran on nanopillar surfaces. This limitation restricts the gecko- 
inspired adhesives to only function well on dry surfaces.

The gecko is not the only one that makes use of van der Waals forces, both plants 
like ivy and sundew, and marine organisms like mussel also get the utmost out of 
this force. Ivy or sundew is also known for their natural ability to climb and strongly 
absorb on many solid substrates, this is because not only their aerial rootlets secrete 
an adhesive made of polysaccharide that can chemically cure on the substrates, but 
also their footpad rootlet contains abundant spherical nanoparticles-like nanofibers 
that would build intermolecular interactions with solid surfaces through van der 
Waals force [161]. Then, researchers produced adhesive hydrogels for wound heal-
ing with polysaccharides sodium alginate which electrostatically interacted with 
calcium ions, and did not forget to mimic the nanofiber footpad of these plants to 
form van der Waals forces with target surfaces [162]. Mussel foot proteins express 
wonder adhering to mineral surfaces like mica and TiO2 and this is usually attrib-
uted to catecholic ligands of DOPA by forming stable bidentate modes on surfaces, 
but the truth of hydrophobic methyl-terminated (CH3-) and an alcohol-terminated 
(OH-) mussel decorated surfaces adsorption on mica substrates via van der Waals 
interactions cannot be neglected [163].
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 Hydrophobic Interactions

As one type of non-covalent bonding interactions, hydrophobic interactions are 
described as nonpolar groups or molecules that have the tendency to clump up 
together rather than distributing themselves in aqueous solution, usually in a water 
medium, since this leads to minimizing contact of these molecules with water; nota-
bly, hydrophobic interactions between hydrophobes are spontaneous [166]. In a dry 
environment, hydrophobic interactions would be undemanding applied on sub-
strates and sufficient binding would occur among some nonpolar molecules, like 
silane groups [167]. However, some adhesion bindings are disrupted in the presence 
of water because water molecules could provide hydrogen bonding interactions that 
could substantially lack the adhesive strength; hydrophobic interactions may then 
be introduced into these adhesion systems to solve this issue. For example, the 
nature of popular host-guest supramolecular interactions include hydrophobic inter-
actions since the macrocyclic host contains a hydrophobic cavity and adsorbing the 
hydrophobic guest inside, and researchers have already explored the potential of 

Fig. 3 Biomimicking van der Waals forces and hydrophobic interactions derived adhesives: (A) 
Gecko’s footpad and its fibrillar arrays setae (Reprinted from [157] with permission from the 
American Chemical Society.); (B) gecko-inspired PGSA pattern with nail-like nanopillars show-
ing tissue adhesion, made from a negative nanoporous silicon template (Reprinted from [160] with 
permission from the National Academy of Sciences.); (C) Fc-guest modified plate gained under-
water adhesion onto a CB[7]-host grafted plate (Reprinted from [164] with permission from John 
Wiley & Sons, Inc.); (D) αCD gel glue onto an Azo modified surface via host-guest hydrophobic 
interaction. (Reprinted from [165] with permission from John Wiley & Sons, Inc.)
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this interaction to achieve underwater adhesion [168]. The cucurbit[n]uril (CB[n]) 
macrocycles involve a hydrophobic hole and two carbonyl-fringed groups, and then 
these two carbonyl groups are modified with polymer-grafted silicon surfaces as the 
negative CB[n] host substrates. On the other hand, aminomethylferrocene (Fc) is 
also functionally grafted onto silicon surfaces to form a positive guest substrate, in 
this way, adhesion of both substrates is easily promoted by manually pressing the 
surfaces together and as a result, glass substrates are well glued underwater (Fig. 3c) 
[164]. The αCD or βCD is another widely used host supramolecular containing 
hydrophobic cavity and could offer host-guest interactions for hard surface adhe-
sion for surfaces functionalized with hydrophobic units including adamantane, fer-
rocene, or azobenzene. In this research, an αCD gel is firstly prepared by homogenous 
radical copolymerization of acrylamide-CDs with a chemical crosslinker; glass 
plates are silanized with (3-aminopropyl)triethoxysilane (APTES), then function-
ally grafted with adamantane or azobenzene to build guest substrates, and then, the 
host gel adheres on the guest substrates; this bonding adhesion is reversible by regu-
lating UV intensity since the irradiation of UV light could suppress the αCD- 
azobenzene or αCD-adamantane interactions (Fig. 3d) [165].

DNA contains hydrophobic nucleosides that are selective in pairing with each 
other via hydrophobic interactions attributed to highly stabilized DNA duplexes 
[169]. Inspired from this, scientists successfully produced an adhesive polyacryl-
amide chemical crosslinking hydrogel functionalized by a nucleobase (including 
adenine, thymine, guanine, cytosine, and uracil) from DNA or RNA, and this hydro-
gel gained great adhesion and could adhere to super hydrophobic polytetrafluoro-
ethylene (PTFE) surfaces due to strong hydrophobic interactions between hydrogel 
and target substrate surfaces [170]. Hydrophobic interactions could offer consider-
able adhesion even in wetting conditions, while either host-guest hydrophobic inter-
action or DNA inspired hydrophobic interactions between hydrophobic groups 
require relatively complex synthetic processes.

 Other Non-covalent Interactions

There are still some other non-covalent interactions, such as cation-π complexation, 
metal coordination, π-π interactions, etc. Several of these physical interactions are 
usually involved in one adhesion system and synergistically work with one or some 
electrostatic interactions, hydrogen bonding, van der Waals forces, hydrophobic 
interactions, or even covalent chemical bonding based adhesives (Fig.  4a) [171, 
172]. As one example, the cation-π complexation is defined as the non-covalent 
interaction between the electron-rich π orbitals (benzene, ethylene, etc.) and cations 
(Li+, K+, Na+, etc.) [173]. Cation-π binding would be particularly strong as cations 
act with the delocalized π orbitals perpendicular to the plane of aromatic rings, and 
this interaction surpasses hydrogen bonding in aqueous solutions [174]. In one 
research, lysine, leucine, or tyrosine is first coated onto mica substrate surface 
because strong binding of primary amines onto mica via ions exchange with the K+ 
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ions exists on a single-crystalline mica surface. Next, two amino acid-modified 
mica plates are compressed together in a high salt buffer surrounding environment, 
two mica plates are found attached tightly and need to further be forced to separate 
each other. This is because of the cation-π binding between the cation ion in the sur-
rounding salt solution and the aromatic functional groups (Fig. 4b) [175].

As a special category of dispersion forces, π-π interactions are a subtype of disper-
sion forces defined between unsaturated (poly)cyclic molecules, and commonly existed 
between graphene layers [177]. Han and co-workers designed a tough tissue adhesion 
polydopamine-polyacrylamide (PDA-PAM) hydrogel (free of catechol in PDA), pro-
viding reversible non-covalent bonds in a hydrogel system through the π-π stacking 
among catechol groups, as well as hydrogen bonding to make PDA chains entangled in 
a PAM network, but these invertible bonds also contribute to the toughness and self-
healing ability of this adhesion hydrogel system (Fig. 4c) [176]. In another study, a 
physically linked 3D hierarchical functionalized-boron nitride nanosheet (f-BNNS)/
clay/poly(N-isopropylacrylamide) (pNIPAM) ternary network adhesion hydrogel is 
synthesized through generating several non-covalent interactions; hydrogen bonds 
abundant in f-BNNS and pNIPAM chains at the two outer layers bonded via π-π and 
hydrogen bonding interactions, and this hydrogel could repeatably adhere on a variety 
of surfaces including tissue, aluminum, copper, plastics, etc. depending on hydrogen 
bonding, metal coordination, π-π complexation, and cation-π interactions [178].

Fig. 4 Other non-covalent interactions synergistically functionalized in an adhesion system: (A) 
a physically crosslinked catechol polymer with metal cations via metal coordination interactions 
(Reprinted from [171] with permission from the American Chemical Society.); (B) cation-π bind-
ing mechanism between aromatic or peptides and cations (Reprinted from [175] with permission 
from Elsevier B.V.); (C) reversible duo non-covalent bonding interactions (π-π stacking and hydro-
gen bonding) occurring in a PDA-PAM adhesion hydrogel system under stretching and releasing 
states. (Reprinted from [176] with permission from Springer Nature Publishing AG)
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 Mechanical Structure Based Bioadhesives

As one particular division of adhesives, mechanical structure based bioadhesives 
usually adhere target substrates without either non-covalent interactions or covalent 
chemical bonding, but with a biomimetic physical structure-based absorption, 
mainly including octopus arm’ suckers [179, 180]. Mechanical structure based 
adhesives would be defined as mimicking the natural hollow acetabulum, an octo-
pus’ sucker for example, to achieve the adhesion ability on any foreign target sur-
faces via the negative pressure between the acetabulum and surfaces; in addition, 
this adhesion behavior is repeatable [181].

In common with mussels underwater, the octopus can not only adhere to slip-
pery, rough, and abnormal surfaces in the ocean, but the octopus’ suckers provide 
several functions, such as movement, anchoring their bodies to the base, catching 
and holding objectives, and chemo tactile recognition [182, 183]. All of those 
behaviors are possible because octopus’ suckers exhibit great controllable wet 
adhesion despite the target surface materials by controlling the negative cavity pres-
sure and thus convincing adhesion on the touching surfaces via utilizing the muscle 
actuation of their suckers [184]. Inspired from this periodic infundibulum shaped 
sucker’ adhesion behavior, many artificial suckers as the type of mechanical struc-
ture based adhesives have been researched to achieve adhesion capabilities [185, 
186]. Generally, the researched octopus’ suckers inspired adhesive systems induced 
by a pressure difference would be divided into three types, nanosucker-modified 
panel with negative pressure produced via solvent treatment during the adhesion 
process, suction cup adhesive achieving the negative pressure via the physically 
external preload, and the octopus-inspired thermosensitive smart adhesive pads 
[187–192].

For example, researchers produced nanosuckers from protruding nanoballs via a 
solvent treatment technique. The UV resin covered polystyrene (PS) nanosphere 
assembled layer was immersed into highly polar solvents (like acetonitrile, nitro-
methane, and propylene carbonate), then the solvent would swell the outer layer of 
interior nanospheres but not etching any polymer parts to form the cavity nanosuck-
ers, which could adhere the resin layer onto target substrates via the negative pres-
sure between resin’s nanosuckers and surfaces (Fig. 5c) [187]. In this study, although 
the great adhesion ability gained via the negative pressure by mimicking the octo-
pus’ physical cavity sucker structure, toxic solvent has to be applied in order to 
obtain such adhesives.

To further study the sucker morphology, scientists have produced octopus- 
inspired micrometer-scale dome-like protuberance filled panel adhesives (Fig. 5a). 
Firstly, polyurethane-acrylate (s-PUA) based liquid precursor was filled into the 
micrometer-scale holes of a negative silicon mold with specific calculated designed 
structures and was crosslinked via the precursor using UV light, then an octopus 
sucker architecture panel was obtained, such perforated-cylinder structures could 
trap air bubbles inside and produce negative pressure between the suckers and target 
surfaces when pressing the panel and extruding the air bubbles [193]. Since the 
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adhesion behavior is mainly based on the physical structure, this adhesive system 
exhibits reversible and repeatable adhesion in both wet and dry conditions. The 
most important point is that there is no complicated chemical solvent treatment dur-
ing the adhesion, and it is more related on the physical microstructure of the suck-
ers. In another research, nanosilica crystals and ethoxylated trimethylolpropane 
triacrylate (ETPTA) were added on a silicon wafer first by a spin-coating technique, 
and the mixed solution of PVA and hydrochloric acid was then cast upon the top 
surface of the silicon wafer silica particles uniformly embedded in a PVA film via 
covalent bonding on a PVA film through a hydroxyl condensation reaction between 
the PVA macromolecules and silica particles containing hydroxyl groups to form 
the positive mold. Then, the PDMS solution was coated and cured on a PVA mold 
to form the PDMS adhesive pad with nanosucker arrays on the surface. Based on the 
same mechanism, this would produce negative pressure between the nanosuckers 
and target surfaces when pressing the pad, and the advantages of this method are 
gaining more uniform arrays of nanosuckers by utilizing the PVA mold [194].

Researchers never stop maximizing nature’s gift and its rich imaginations. In 
another study, a smart octopus-inspired adhesive system could provide a tempera-
ture sensitive on/off adhesion behavior (Fig. 5b). A hole-patterned PDMS film has 

Fig. 5 Physical structure characterized adhesive devices: (A) octopus suction cup anatomical 
architecture (Reprinted from [193] with permission from Springer Nature Publishing AG.); (B) the 
adhesion can be tuned via a pressure difference, and thermosensitive hydrogel (Reprinted from 
[195] with permission from John Wiley & Sons, Inc.); (C) solvent exchange caused pressure dif-
ference between the inside and outside of a suction cup. (Reprinted from [187] with permission 
from the American Chemical Society)
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been made by curing on a silicon mold, and a thermo-responsive hydrogel pNIPAM 
was then covered on PDMS for the building of a thermo-responsive actuator fence 
into the PDMS cavity. The coated pNIPAM wall layer could then function as the 
octopus’ muscle to momentarily adjust the cavity volume within the adhesive sub-
strate and produce negative pressure; since pNIPAM hydrogel experiences a phase 
transition below the lower critical solution temperature (32 °C), which results in 
changing of the volume, it would go an opposite way when above 32 °C [195]. The 
temperature-controlled pressure-induced smart adhesive system does not even need 
manual pressing for producing negative pressure, which can also be achieved with 
the goal of remote control.

 Adhesives Strength and Applications

Except for the primary considerations (biocompatibility and biodegradability of 
bioadhesives), the adhesive strength is another significant property that needs to be 
studied in adhesive research. The most important evaluation criteria of adhesion 
strength is firstly to glue adhesives on different substrates, including hydrophilic 
substrates like glasses, stainless steel metals, zinc metals, etc., and hydrophobic 
substrates such as wood, silicons (such as (poly(dimethylsiloxane)) (PDMS)) or 
fluorine based materials, etc. [196–198]; further incorporating animal tissues or 
organs like porcine skin, bones, lungs, livers, etc. [199–201]; and then testing with 
lap-shear or lap-peeling methods, normal direction tensile tests, or friction tests 
(Fig. 6).

However, animal in vivo assessments are performed in the most straightforward 
and efficient manner to assess the adhesion strength, as well as biocompatibility and 
biodegradability of bioadhesives. Animal in vivo tests mainly deal with closuring 
the wounds or bonding the separated skin tissue together, and sealing or patching 
the defects and trauma on the viscera (Fig. 7) [205]. Sometimes, bioadhesives that 
are used to close skin tissue wounds may not be highly required of significant great 
water-resistance ability of adhesives since there is relatively less liquid in the sur-
roundings, but an excellent waterproof property is more necessary and requisite to 
adhere defects on viscera because almost all viscera organs such as lungs, heart, 
stomach, liver, or even the uterus, etc. are appearing in an internal aqueous environ-
ment, and much higher adhesion strength is also useful due to resistant high pres-
sure like the lungs [200, 206, 207].

 Adhesion Strength of Electrostatic Interaction-Based Adhesives

Many researchers have investigated the electrostatic interaction-based adhesives with 
successful excellent adhesion strength. For example, Zhang and co-workers designed 
an adhesion film through a LBL technique; two glass substrates were firstly treated 
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with a piranha solution, and then immersed in a poly(allylamine hydrochloride)-dex-
tran (PAH-D) solution and a hyaluronic acid (HA) solution for 15 min; then, a posi-
tively charged amine-containing PAH-D and negatively charged glucuronic 
acid-containing HA were self-assembled as films via electrostatic interactions 

Fig. 6 Evaluating adhesive strength on different substrates: (A) glasses, titanium, and plastic sub-
strates (Reprinted from [202] with permission from the American Chemical Society.); (B) shear 
tests on bones and skin tissues (Reprinted from [203] with permission from the American Chemical 
Society.); (C) aluminum, stainless steel, and (D) glass substrates (Reprinted from [198] with per-
mission from Elsevier B.V.); (E) egg albumen adhesive showed excellent adhesion strength on 
glass slides (left), adhere fractured bones together (middle), great water-resistance adhesion ability 
(right). (Reprinted from [204] with permission from John Wiley & Sons, Inc.)
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between each layer on each glass substrate, so two glass substrates could be electro-
statically glued together by pressing them to hold either a positive or negative layer 
on the top surface [140]. The lap shear strength could be as high as 7.87 MPa between 
the two glued glass substrates under lap shear tests after 30 deposition cycles; as well, 
a glass substrate deposited with 30 cycles of PAH-D/HA film could glue on a bare 
glass substrate with lap shear value of 4.83 MPa; in addition, 30 cycles of freestand-
ing adhesion films could adhere two pieces of periostea together with lap shear 
strength of 3.61 MPa, so it may have a potential application on fractured bone gluing 
and repairing. However, this adhesive film was only glued on hydrophilic substrates 
under dry conditions, it may not be waterproof since the film is hydrogel based, 
which would swell and disassemble in an aqueous wet environment [209].

Wang and co-workers developed a Zn2+ bridged DOPA functionalized PAA adhe-
sive hydrogel, where the positively charged Zn2+ could be gathered by negatively 
charged carboxylic groups on PAA via electrostatic interactions to form the coacer-
vate in the absence of an acid environment; beyond that, Zn2+ could also chelate with 
catechol groups on DOPA and obtain a highly adhesion hydrogel [74]. This adhesive 
could strongly glue on both hydrophilic and hydrophobic materials: aluminum, 
stainless steel, polyethylene (PE), and Teflon under both dry and wet conditions 
(incubated underwater for 24 h at room temperature), and lap shear adhesion tests 
were conducted to assess the adhesion value. In dry condition, the shear adhesive 

Fig. 7 Adhesion tests on tissue: (A) DOPA modified protein adhesive glue rat skin incision and 
compared to suture, commercial fibrin glue, cyanoacrylate adhesive; (Reprinted from [208] with 
permission from Elsevier B.V.); (B) layer-by-layer assembled polysaccharide nanosheet adhesive 
sealing the visceral pleural defect of a beagle dog (Reprinted from [75] with permission from John 
Wiley & Sons, Inc.); (C) chemical crosslinked gelatin methacryloyl fixing lung leakage (Reprinted 
from [207] with permission from Elsevier B.V.); (D) octopus-inspired nanosucker arrays adhesive 
patch adhering to a pig heart. (Reprinted from [194] with permission from the American Chemical 
Society)
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strength could reach 6 MPa on aluminum, 3.5 MPa on steel, 1 MPa on PE, and 
0.5 MPa on Teflon; in wet condition, the shear adhesion value decreases to 1.6 MPa 
on aluminum, 0.5 MPa on steel, 0.4 MPa on PE, and 0.3 MPa on Teflon. It showed 
great shear adhesion binding on aluminum surface and could adhere on a hydropho-
bic surface, and had a relatively strong water-resistance ability which increased due 
to the catechol groups on DOPA; so, it may be used for skin wound closure, and 
some viscera contained or surrounded by a relatively less aqueous solution. However, 
the curing time was as long as 24 h for both dry and wet adhesion, and the decreased 
wet adhesive strength was because of the reversibility of the non- covalent electro-
static interactions [210].

In another research, Fujie et al. produced adhesion polysaccharide nanosheets by 
utilizing the spin coating-assisted LBL method where positively charged chitosan 
and negatively charged sodium alginate solution were spincoated on a SiO2 sub-
strate, respectively, and each layer could adhere together via electrostatic interac-
tion; PVA solution was coated on top as a sacrificial layer to help peel the nanosheet 
off the substrate [75]. This adhesive nanosheet was designed to seal a lung tissue 
defect, then a pressure burst test was used to assess the adhesion strength and com-
pared it to a fibrin sheet; the bursting pressure of polysaccharide nanosheet was 
31.7 cm H2O, which was lower than the fibrin sheet (45.0 cm H2O) after 5 min post- 
operation, and the bursting pressure increased to 56.7 cm H2O at 3 and 24 h after 
repair, which was equal to the pressure of the fibrin sheet. Although, the adhesion 
strength is not extremely high since all adhesion was based on non-covalent interac-
tions; the polysaccharide nanosheet still could be applied as sealant for lung defect 
repair because it worked well as commercial fibrin adhesive sheet [211].

 Adhesion Strength of Hydrogen Bonding Based Adhesives

One of the most popular and earliest hydrogen bonding based adhesives is Upy 
supramolecular derived polymers; for instance, Heinzmann and co-workers intro-
duced UPy functionalized telechelic poly(ethylene-cobutylene) (PEB) adhesive 
polymers (UPy-PEB-UPy); this adhesive polymer showed excellent adhesion 
strength on quartz glass, regular glass, and stainless steel, and its adhesive strength 
is evaluated by shear tests [152]. On the quartz slides, the shear strength value was 
0.9 MPa, and the shear value was 1.2 MPa on stainless steel substrate; while this 
adhesion was reversible, the shear force was 32 N in a shear test of rebonded failed 
samples on quartz substrates with bond areas of 10 mm × 12.5 mm. Another silicon 
based UPy derived adhesive UPy-polymer (UPy-aminopropyl polydimethyl- 
siloxane) also possessed good adhesion on glass where two UPy-polymer glued 
glass substrates could carry a load of 1 kg for more than 24 h, and even hold a 2 kg 
load for 2 min with adhesion areas of 26 mm × 20 mm [151]. Although these adhe-
sives obtained great adhesion strength, such UPy modified polymers needed to be 
heated to 120  °C in order to gain adhesion, which limited their utilization. 
Faghihnejad et  al. developed another UPy-poly(butyl acrylate) (PBA) adhesive 
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copolymer, and the adhesion force reached 57 mN at 23 °C and increased to 65 mN 
at 40 °C with a circle contact area of 120 μm in diameter [48]. However, those UPy 
based adhesives were synthesized via relative complicated reactions.

Furthermore, Xu and co-workers developed an egg albumen based strong adhe-
sive glue by a simple and straight method. Moreover, they evaluated the shear adhe-
sive strength on both hydrophilic and hydrophobic substrates, as well as porcine 
skin tissue and an in vivo skin wound closure model. The shear strength was 5.3 kPa 
on hydrophobic PDMS substrates, but is as high as 216 kPa on hydrophilic glass 
substrates, and 56.2 kPa on porcine skin tissues [199]. It is important to mention that 
all of those values are higher than commercial medical fibrin glue and cyanoacrylate 
adhesives. Also, they evaluated the adhesive ability and biocompatibility by in vivo 
animal tests, and the skin wound site was glued together after 5 min and repaired 
after 5 days post-operation. There were no chemicals introduced to egg adhesives 
since no chemical reaction existed for producing and applying this adhesive, but it 
should be discrete while this egg adhesive is potentially to be applied to human 
body because eggs cause allergic impacts in 1–2% children worldwide [212].

In addition, a silica-PVA adhesive hybrid film was made by Hu and co-workers 
based on a mechanism that hydroxyl groups in PVA can bind to silanol groups of 
silica particles via hydrogen bonding interactions, and they also glued glass sub-
strates with the same concept [155]. Two glass substrates were glued with silica/
PVA adhesive films, and assessed the adhesive strength of the overlap joint with 
conducting lap sheer technique, the measured adhesion value was 2.29 MPa, which 
was higher than the pure PVA adhesive film (1.52 MPa). Compared to a UPy based 
adhesive polymer, this hybrid adhesive film was made without complex chemical 
reactions, but this hybrid adhesive film only adheres on glass substrates that may be 
because of the limitation of hydrogen bonding interactions between hydroxyl and 
silanol groups, and it may potentially be applied on the skin tissue for wound clo-
sure [213].

 Adhesion Strength of van der Waals Force Derived Adhesives

Scientists usually research the van der Waals force derived adhesives inspired by 
nature and bio-mimic their (gecko, ivy, sundew etc.) physical functional surface 
structures. For example, Mahdavi and co-workers designed a biodegradable PGSA 
polymer adhesive with aligned nanopillars inspired from the nanotopography of 
gecko feet pad surface [160]. Then, the gecko feet-like nanopillars decorated PGSA 
polymer pattern adhesive was glued on porcine tissue slides and the adhesion 
strength was evaluated by a shear adhesion test; this adhesive was mainly based on 
surface characteristic non-covalent van der Waals forces, so it showed a weak adhe-
sion strength in underwater condition, then they modified the gecko feet-like poly-
mer pattern surface with oxidized dextran aldehyde functionalities (DXTA) to 
provide covalent crosslinking with target substrates since aldehyde has been proved 
to effectively minimize host inflammation as well [214]. In this way, the DXTA 
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modified pattern showed a 2.5 × 104 N/m2 maximum shear adhesion force without 
nanopillars on top, but gained a great adhesion force of 4.8 × 104 N/m2 when mim-
icking gecko feet-like surface characteristics on porcine tissue slides; the in vivo 
adhesion studies are used to evaluate the adhesive strength by gluing fascial flaps 
with PGSA patterns; the shear adhesion strength value of the gecko feet-like pat-
terned polymer was 0.7 N/cm2 with DXTA modification and lower than 0.3 N/cm2 
without a DXTA coating after 48 h implantation. Therefore, this adhesive has poten-
tial applications for both skin wound closure and viscera injury reparation. 
Otherwise, based on this research, it proved that van der Waals force could certainly 
provide and enhance the adhesive but if weak in a wet condition, then it has to seek 
the assistance of covalent bonding, which makes the design more complicated.

In another research, Sun and co-workers developed a polysaccharides assembled 
adhesive hydrogel involving sodium alginate and gum arabic inspired from the 
leaves of sundew which consists of a surface network of nanofibers and nanoparti-
cles [162]. The maximum lap shear adhesion force reached up to 176.0 nN on a 
1 in. × 1 in. adhesion area on piranha solution treated glass substrates (24 h soaked 
treatment), but a pressing force of 25 N was applied in order to adhere the glass 
slides. In addition, Yu et al. measured the adhesive interaction energy value between 
a hydrophobic methyl-terminated mussel foot protein monolayer and a mica sur-
face, which was 9.1 mJ/m2; and this adhesion energy was contributed by relatively 
weak van der Waals interactions and other types of physical adhesion interactions 
(hydrophobic interactions, hydrogen bonding, etc.), but there were still other cova-
lent binding like a catechol group and thiol linkage [215].

 Adhesion Strength of Hydrophobic Interaction-Based Adhesives

As one of the most important adhesion interactions, hydrophobic interactions can-
not be neglected. Ahn and co-workers introduced a reversible silicon based adhesive 
with waterproof ability via the host-guest concept. They modified silicon wafers 
with cucurbit[7]uril (CB[7]) and aminomethylferrocene (Fc), then pressed and 
glued both silicon substrates together, and assessed the underwater adhesion strength 
by lap shear tests [164]. After 13 h adhesion dispose, the maximum shear adhesion 
strength reached to 1.18 MPa, which was higher than commercial 3 M double-side 
tape (0.76 MPa); also, the pull apart force for the substrates pair was as high as 
110 N on an adhesion area of 1 × 1 cm2, but the number was only around 70 N of 
3 M double-side tape. Even better, the adhesion strength could reach 0.69 MPa after 
5 repeated adhesion cycles. This adhesive could be potentially applied on skin 
wounds for closure, but the processing time is relatively long, and they only com-
pleted the adhesion tests on silicon substrates because the host and guest groups 
would be first modified on a silicon wafer surface.

In another study, Takashima and co-workers synthesized a cyclodextrin-related 
supramolecular adhesive which can adhere on hard surfaces through hydrophobic 
interaction of host-guest recognition [165]. An acrylamide-cyclodextrins gel was 
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first glued on guest group (adamantane, azobenzene, and ferrocene) modified glass 
substrates, and then the adhesive strength was evaluated with a friction test system 
(8 mN vertical load, 5 × 5 mm2 adhesion area); the maximum initial friction force 
was 65 mN between the adhesive gel and the azobenzene grafted glass slide, where 
the friction force of the ferrocene modified glass substrate was 60 mN. This adhe-
sive concept gives a hint of application on bone hard tissue adhesion; however, they 
would need to overcome the disadvantage that the guest coated glass slides should 
be stored in a fridge for 24 h.

Except for host-guest hydrophobic interaction-based adhesives, there is another 
bioinspired adhesive hydrogel nucleobase via hydrophobic interactions that has 
been studied. Liu et al. created a nucleobase-tackified adhesive hydrogel by intro-
ducing independent nucleobases into polyacrylamide (PAAm). This species adhe-
sive hydrogel glued many types of surfaces including PTFE, plastic, glass, rubber, 
steel, and wood; as well as many kinds of tissues or organs such as the, heart, liver, 
spleen, lung, kidney, bone, and muscle [170]. The adhesive strength was evaluated 
by 90° peeling test, and the maximum peeling adhesive strength is 780 N/m which 
was contributed by an adenine-tackified PAAm hydrogel on an aluminum alloy sub-
strate; while, even the weakest thymine-tackified PAAm hydrogel offered a 166 N/m 
peeling adhesive strength, which was stronger than a pure PAAm hydrogel (40 N/m). 
The 10 min adhesion period was not that long, but the possible adhesion interactions 
may cover hydrophobic interactions, hydrogen bondings, π-π stacking, cation-π 
interaction, and so on.

 Adhesion Strength of Mechanical Structure Based Adhesives

As a special type of bioadhesive, the octopus’ suction cup inspired adhesives could 
adhere on substrates which rely on their mechanical hollow structures via the pres-
sure difference between inside and outside of the suction cups or negative pressure 
produced inside the cavate suctions. Many researchers of octopus suctions inspired 
adhesives have tested and proved that they are functioning well on both wet and dry 
surfaces.

For example, Chang and co-workers developed an octopus’ suction inspired 
polystyrene (PS) nanospheres modified UV resin based adhesive pad where the PS 
nanospheres were dissolved in highly polar solvents to form cavity nanosuckers on 
the resin surface which would produce negative pressure to glue on target surfaces 
[187]. The lap-shear method was generated to measure the shear adhesion strength 
on a strip, which was as high as 75.2 N on an area of 100 mm2 with a 0.3 kg preload 
in dry condition. This adhesive could also easily glue on a glass and silicon wafer 
and lift them up with the same adhesion area. This adhesive could generate extremely 
high shear adhesion under dry condition, but the organic solvent and UV source 
have to be applied, which may cause a risk of solvent residual and complicate the 
manufacturing procedure. Also, the preload should be used before adhesion even if 
the load is relatively small, which may limit its potential medical application. 
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Therefore, this octopus’ suctions inspired adhesive may be used to close the skin 
wounds potentially if the UV crosslink source and organic solvent could be con-
trolled at a safe level.

As another instance, Baik and co-workers researched octopi’s suction cups 
inspired polyurethane-acrylate copolymer (s-PUA) adhesive patch that is based on 
mechanical interlocking on surfaces via a pressure difference of the inside and out-
side of the suction, and they tested the adhesion strength with a pull-off direction 
tensile test, and a peel-off shearing test [193]. With the application of 10–35 kPa 
preload, the normal adhesions of the octopus-inspired structure’ patch on a silicon 
substrate (with an adhesion area of 1 × 1 cm2) were measured as 120, 42, 39, and 
26 kPa under the conditions of oil, water, moist (50% relative humidity), and dry 
ambient environment, respectively, which were much higher than other designed 
architecture patches (perforated cylinder, cylindrical pillar, and cylindrical hole). In 
addition, the maximum normal adhesion strength on glass substrates was 40 kPa 
under water, and 26 kPa in dry condition, which is close to those on a silicon sur-
face. Furthermore, the highest peel-off strength was 0.25 N on a pigskin surface 
with the same adhesion area. This adhesive could glue on different substrates and 
even tissues with considerable adhesion strength, but the relative high preload pro-
duced a negative pressure inside the suctions, which limits their application. This 
octopi-inspired adhesive patch could be potentially used on health tissues for wear-
able devices adhesion, but it is too hard to apply it for wound closuring or defects 
fixing since the high preload would cause secondary damages.

Chen and co-workers designed octopus-inspired nanoscale silica colloidal crys-
tals coated poly(dimethyl siloxane) (PDMS) nanosuckers adhesives, and tested the 
adhesion strength via both a normal direction tensile test and shear direction peel- 
off shearing test on glass surfaces under dry and wet conditions [194]. Among them, 
the normal direction adhesion force reached 3.0 N under dry conditions, and 2.8 N 
in wet conditions both on glass substrates with an adhesion area of 1 cm2, whereas 
the shear forces were 1.3 and 1.2 N on dry and wet glass slides, respectively. In 
addition, this PDMS nanosucker adhesive could glue a porcine heart with an area of 
10 cm2. The normal and shear adhesion forces are comparatively high; however, this 
adhesive also needs to be pressed before adhesion to produce negative air pressure 
on the nanosuckers, but they did not mention the value of this preload. It may glue 
the wounds on heart tissue and further in vivo evaluation may be needed; in addi-
tion, it could glue and fix the defects on skin tissues potentially relying on its adhe-
sion strength and materials.

Lee and co-workers fabricated another octopus-inspired thermo-responsive 
adhesive pad with the formation of pNIPAM hydrogel deposited nanoarrays pat-
terned on a PDMS film, and assessed the adhesion strength via normal adhesion 
force measurement with an adhesion tester [195]. At 35 °C, the normal adhesion 
strength could get to 46 kPa on a Si surface, and it could reach 81 kPa at 47 °C and 
94 kPa at 61 °C around 30 min, and the adhesion force would be down to 0.3 kPa at 
22 °C, which means releasing from target surfaces. This smart adhesive relies on 
temperature to produce negative pressure via structure changes and does not need 
the exterior preload before adhering, which may widely apply on skin wound clo-
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sures; but they have not completed enough wet adhesion tests, so it may not be 
considered for gluing viscera inside the body. Also, there is no shear adhesion test 
in this research, and the normal adhesion force increased with temperature, among 
them, 47 and 61 °C are too high for biological uses.

 Conclusion

Each non-covalent interaction derived bioadhesive has certain advantages and dis-
advantages, and these merits and demerit have been analyzed in detail after present-
ing the adhesive strength of every research example, as well as potential applications. 
As a conclusion, electrostatic interaction-based adhesives may have no waterproof 
ability even with significant adhesive strength, some of them express water resis-
tance and great hydrophobic surface adsorption, but the underwater adhesion 
strength is relative low because of the reversible non-covalent interactions; then, 
this bug is fixed with the help of DOPA mussel, which results in a long adhesion 
curing time. Hydrogen bonding derived adhesives gained higher adhesion strength 
but the synthesis procedure is complicated, some simple fabricated bioadhesives 
may need to be assisted by other types of non-covalent interactions or may reveal 
the limited applications for tissue wounds adhesion. In addition, van der Waals 
forces based adhesives have weak wet adhesion behavior or even dry adhesive 
strength, and need to receive the help from other kinds of physical interactions or 
covalent binding. Hydrophobic interaction-based adhesives reveal a versatile 
surface- adhesion ability and produce even higher adhesive strength than 3 M tapes, 
but the most severe issue is that the processing time is too long. Furthermore, as one 
special bioadhesive, mechanical structure based adhesives have excellent normal 
direction adhesion force, but they may not be ready to be widely applied on tissue 
wound closures or defect fixations due to the particular adhesion mechanism.

This review summarized the concepts of non-covalent interactions based adhe-
sives that have been researched in biomaterial and biomedical areas. Different adhe-
sion mechanisms, and composite materials for each type of bioadhesive are 
presented; concurrently, the adhesion strength analysis, advantages and disadvan-
tages, and potential applications of each particular adhesive example are also fully 
investigated in detail.

 Future Work

Concluding all the characteristics above, future work in the area of medical and 
biological adhesives is expected to develop non-harmful and degradable adhesives 
that exhibit better strength both in dry and wet conditions; and would not cause a 
strong tissue inflammatory response. Furthermore, those adhesives should glue well 
both on hydrophilic and hydrophobic surfaces. Extra features such as antibacterial, 
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scarless, accelerating wound healing, and adhesion strength can be introduced to the 
adhesive materials to enhance their performance for different biomedical uses. In 
addition, adhesives can combine all mechanism categories, including electrostatic 
interactions, hydrogen bonding interactions, van der Waals force, hydrophobic 
interactions, and negative pressure inspired suction cups, together to make super 
adhesive glues for both soft and hard tissue repair.
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 Tellurium, the Last Member of the Chalcogen Family

Tellurium (Te) is a metalloid element whose name is originated from “tellus” which 
means earth, whose properties are in between metals and nonmetals. It is a grayish 
white substance in appearance, with metallic brightness, that can conduct electricity 
like a metal. However, chemically it behaves as a nonmetal, with intermediate ion-
ization energy and with oxides that are amphoteric—able to react both as a base and 
as an acid—or weakly acid [1].

Tellurium has 52 protons in its nucleus, and an atomic weight of 127.6 grams per 
mole, becoming the fourth element in Group 16, the chalcogen family, also known 
as the oxygen (O) family, with this element, sulfur (S), selenium (Se), tellurium 
(Te), and the radioactive polonium (Po) belonging to it. Livermorium (Lv), chemi-
cally uncharacterized, is supposed to be a chalcogen as well.

Oxygen, sulfur, selenium, and tellurium are all essential compounds on earth, 
elemental forms that have existed in their current state since before the planet was 
formed, being present in the interstellar medium from which the solar system was 
generated. On the other hand, polonium is naturally generated after the decay of the 
other chalcogens, while livermorium does not occur naturally at all [2].

In terms of abundance, oxygen makes up 21% of the atmosphere, 89% of the 
water, and 46% of the earth’s crust, while sulfur makes up 0.035% of the planet’s 
crust and 0.25% of the human body. Selenium is the 67th most abundant element in 
the planet, while tellurium is found in amounts of 5 ppb in the earth’s crust and 
15 ppb in seawater, being one of the least abundant elements in the whole planet. On 
the other hand, polonium appears in trace amounts on earth, during processes of 
radioactive decay of uranium (U) and thorium (Th), whereas livermorium is always 
produced artificially in particle accelerators [1].

Chemically speaking, oxygen is often excluded from the chalcogenides as a con-
sequence of its distinct chemical behavior from the rest, while tellurium is chemi-
cally related to selenium and sulfur. All the chalcogens have six valence electrons, 
with −2, +2, +4, and +6 as common oxidation states. Overall, they have relatively 
low atomic radii, with the lighter chalcogens—O and S—being typically nontoxic 
in their elemental form and ligated to all life forms. However, the heavier ones—Se, 
Te, and Po—are toxic. Despite this, selenium is an essential nutrient and, although 
chemically related, tellurium often has unpleasant effects for all living organ-
isms [3, 4].

In terms of variability in their crystallographic form, S, O, Se, and Po have 20, 9, 
5, and 2 known allotropes, respectively, while tellurium has only one crystal struc-
ture with hexagonal crystallography. It is well known that the feasibility of an ele-
ment to bond to carbon will determine its bioavailability: starting from oxygen, the 
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tendency of forming compounds with carbon decreases, with less number of them 
belonging to organotellurium compounds [5].

Together with the abundance, feasibility to form compounds, and chemistry, it is 
possible to consider tellurium one of the least known elements, not only by research-
ers but also to all known life forms, hence becoming the forgotten element.

 Discovery: A Difficult Task

Franz-Joseph Müller von Reichenstein was born the first on June 1, 1740, in the city 
of Vienna (Austria), where his father worked as Thesauriatsrath–treasurer. Müller 
finished his law and philosophy degrees in Vienna and went to the School of Mines 
at Schemnitz (Slovakia). Back then, he started to become actively engaged in pro-
cesses involving mining, mineralogy, chemistry, and mechanics. Soon after, he was 
promoted as a surveyor for geological monitoring in Hungary and, under the com-
mand of the king Joseph II, he became chief inspector of all the mines, smelters, and 
salt-works in Transylvania (Romania).

One of Müller’s tasks was to analyze ore samples and occurrences of rock or 
sediments that contained economically important elements, typically metals that 
could be extracted from the deposit using different mechanical techniques. Mainly, 
he was working with gold ores from Kleinschlatten (today Zlatna, Romania). Müller 
described the samples as “Faczebajer weißes blättriges Golderz”—white leafy gold 
ore from Faczebaja—or antimonalischer Goldkies—antimonic gold pyrite. One of 
Müller’s duties involved quantifying and determining the composition of the ores. 
After some experiments, he concluded that these particular sediments did not con-
tain antimony as he guessed. However, bismuth sulfide could be present.

The following year, after the conclusion of some additional tests, Müller reported 
that his guessing was erroneous and that the ore contained a high concentration of 
gold and a non-identified metal, analogous to antimony. He wrote a paper entitled 
“An Experiment with the Regulus Thought to Be Metallic Antimony Occurring in the 
Mariahilf Mine on Mt. Fazebay near Salatna” [6], reporting the discovery and some 
of the experiments and findings developed.

The publication set the beginning of extensive research that brought Müller to 
conduct more than 50 tests to different samples of that particular ore. He determined 
the specific gravity of the mineral and recorded three properties of this compound. 
In his own words, the unknown element had a white smoke with a radish-like odor 
that suddenly passed off when heated. Besides, it was able to impart a red color 
when mixed with sulfuric acid (H2SO4), and the appearance of a black precipitate 
was noticed when mixed and diluted with water. Despite his enthusiasm and perse-
verance, Müller was not able to identify this metal. He tried to give it a name, and 
this was aurum paradoxium or metallum problematicum.

Consequently, Müller started sending samples of this metallum problematicum 
to different chemists, mineralogists, and scientists all over Europe, seeking answers. 
A small sample arrived at the hands of the Swedish chemist Torbern Olaf Bergman, 
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who was already considered one of the most important chemists in Europe due to 
his publication in 1775 of the Dissertation on Elective Attractions, containing the 
most extensive chemical affinity tables ever published. However, with such a small 
sample, Bergman could only prove that it was not antimony, and no further investi-
gations were made.

Müller’s discovery was overlooked for a long time, until on January 25, 1798, a 
German chemist, Martin Heinrich Klaproth, received a sample from Müller. 
Klaproth’s work was aimed to improve the contribution of analytical chemistry and 
mineralogy in Central Europe. Therefore, he is known as the discoverer of uranium 
and zirconium, though he did not obtain any of them in the pure metallic state.

Once the metallum problematicum sample arrived at Klaproth, he started to iso-
late the new element. Fortunately, the process that he followed was reported in his 
notes, which have survived to the present time. Briefly, the ore was pulverized with 
aqua regia, and the subsequent residue was filtered and slightly diluted with water. 
Then an alkaline solution made of potassium hydroxide (KOH) was incorporated to 
the solution and as a result a white precipitate was found. Nonetheless, the excess of 
alkali media dissolved it and finally left a brown flocculent deposit, which contained 
both gold and hydrous ferric oxide. Once the precipitate was removed by filtration, 
a solution of hydrochloric acid (HCl) was added until neutrality, then a copious 
precipitate appeared. Afterwards, the precipitate was washed and dried and finally 
stirred up with oil. The resultant paste was introduced into a glass retort, which was 
gradually heated until a red color appeared. When the apparatus was cooled down 
to room temperature, metallic globules of the element in the receiver and retort were 
found. The solid was named tellurium [7, 8].

In 1789, a Hungarian scientist, Pál Kitaibel (1757–1817), discovered the element 
independently in ore from his hometown Deutsch-Pilsen (Hungary). He sent his 
research reports to Klaproth for comment, getting a favorable answer. Unfortunately 
for him, his work was not mentioned in Klaproth’s later report, which claimed that 
existence of a new metal, since the discovery was attributed to Müller who found it 
7 years previously [9].

Years later, S, Se, and Te were involved in the discovery of periodicity, as they 
were selected by Johann Wolfgang Döbereiner as a trio of elements belonging to the 
same group and sharing similar properties. John Newlands published several papers 
around 1865 where the elements were posted on a list ordered by increasing atomic 
weight and similar physical and chemical properties, which had a recurrence in 
intervals of eight. Newlands’s version of the periodic table contained a “group b” 
composed of oxygen, sulfur, selenium, tellurium, and osmium [10].

It was not until 1869 when Dmitri Mendeleev proposed the known periodic table, 
in which one could find “group VI” formed by—from top to bottom—oxygen, sul-
fur, selenium, and tellurium. Other elements such as chromium, molybdenum, tung-
sten, and uranium were firstly part of the group, nonetheless they were regrouped 
and separately named “group VIB.” Some changes were made until 1988 when 
uranium was moved into the actinide series, and, therefore, group VIA comprised of 
oxygen, sulfur, selenium, tellurium, and polonium [5, 10].
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 Presence in the Universe and on the Earth: Occurrence 
and Sources

As it was stated before, the four lightest chalcogens—O, S, Se, and Te—are all 
essential elements. In our planet, while S and O occur as a constituent of copper 
ores, Se and Te can be found in small traces, actually so small that there are only 5 
parts per billion of Te in the earth’s crust and 15 parts per billion of the metalloid in 
seawater. Therefore, it is ranked as the 75th crust element by content, which shows 
that it is an extremely rare compound that represents 9 parts per billion of the uni-
verse by weight [11, 12].

The conditions present during the formation of the Earth are thought to be one of 
the causes of the rarity of this metalloid on the planet. During those times, there was 
an absence of water and oxygen, and therefore, the stable form of elements was 
controlled by the reductive power of free hydrogen. Under this scenario, certain ele-
ments like tellurium were found as volatile hydrides, which were severely depleted 
through an evaporation process.

However, it is possible to find the metalloid in many minerals in nature; some of 
them are listed in Table 1.

Tellurium is sometimes found in its native or elemental form; however, it is more 
commonly found forming tellurides of gold such as calaverite and krennerite, petz-
ite, and sylvanite. Interestingly, gold itself is usually an element which does not like 
to combine with anything—due to its behavior—but when it is present in forming a 
chemical compound, tellurium is the most common combination [14, 15].

Table 1 Tellurium ore found in nature

Compound Formula Structure Occurrence

Altaite PbTe Isometric crystal Central/East Asia
Hessite Ag2Te Monoclinic crystal USA
Sylvanite AuAgTe4 Monoclinic crystal Romania, Australia, Canada, USA
Calaverite AuTe2 Monoclinic crystalline Romania, Australia, USA
Tetradymite Bi2Te2S Trigonal crystal Slovakia
Coloradoite HgTe Cubic crystal Australia
Empressite AgTe Orthorhombic crystal USA
Kostovite AuCuTe4 Orthorhombic crystal USA, China, Russia, Bulgaria
Krennerite AuTe2/Au3AgTe8 Orthorhombic crystal Romania
Melonite NiTe2 Trigonal crystal USA
Petzite Ag3AuTe2 Isometric crystal Romania
Rickardite Cu7Te5 Orthorhombic crystal USA
Stützite Ag5−XTe3 Hexagonal crystal Romania
Tellurobismuthite Bi2Te3 Trigonal crystal USA
Temagamite Pd3HgTe3 Orthorhombic crystal USA
Vulcanite CuTe Orthorhombic crystal Japan, Russia, USA, Norway
Weissite Cu2−XTe Hexagonal crystal USA, Australia, Sweden

Source: From [13]
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The metalloid is also found combined as tellurides of more common metals. 
Natural tellurite and tellurate minerals are formed by oxidation of tellurides near the 
Earth’s surface. Because of the differences in their chemical behavior, tellurium 
does not normally substitute sulfur in minerals as selenium does. Consequently, a 
variety of common sulfide minerals contain high amounts of selenium, with only 
traces of tellurium [15].

Because of its low abundance and rare presence of the planet, tellurium is mostly 
produced as a by-product of milled copper, iron, and other base-metal rich ores. 
These mineral deposits contain trace amounts of tellurium, a reason why its produc-
tion is ligated to indirect mining. Therefore, the metalloid mainly comes from cop-
per refining as a by-product with the concentrations of 1–4%.

Large-tonnage, low-grade ores from copper and copper–gold porphyry-type 
deposits are the reported primary sources. In the Ural Mountains of Russia, massive 
ores with high concentrations of iron and copper have been found, proving that 
seafloor volcanogenic massive sulfide (VMS) deposits—a type of metal sulfide ore 
deposits created by volcanic-associated hydrothermal events—have the ability to 
produce extended quantities of tellurium as a by-product. Besides, tellurium is also 
dispersed as a trace element or as micro-inclusions of its minerals in pyrite ores, 
which can also yield copper and lead.

The most important sources of telluride minerals have been found around creeks 
in Colorado Springs (US), several dispersed locations in Western Australia, a few 
places in southwestern, such as Dashuigou—in the Sichuan province—and the 
northwest of China. Other pivotal locations for recovery of tellurium are associated 
with VMS, like the ones in the Kankverg gold–tellurium mine, in the Skellefte dis-
trict (Sweden), or a gold mining reservoir in the northern of Sonora (Mexico). All 
these sources provide important extraction points associated with gold deposits. 
However, the yield of tellurium extractions from these ores is low in comparison to 
other methodologies, such as anode sludge—a type of electrolytic metal recovery—
from milling of large base metal deposits.

China and Sweden are the two major tellurium producers of the world, rendering 
about 15% of global production. Globally speaking, 400–500 tons were produced in 
2017 from the sources mentioned above. Other countries, like Japan or Peru, are 
also significant tellurium producers. Europe was the dominating continent in the 
production of tellurium, reaching about 30% of the whole production (Fig. 1) [16]. 
In terms of the effect in the market, those countries that are producers have a signifi-
cant impact, with China, Japan, and Peru leading the market.

In the United States, Te demand is mainly focused on domestic supply and 
importation. Almost all domestic production is provided by ASARCO copper refin-
ery located in Amarillo, Texas. At this facility, tellurium is extracted as a by-product 
of copper anode slimes and skimming of lead refinery ores mined from deposits in 
the western United States. In the west of the country, some additional recovery spots 
supply tellurium from the skimming of lead. Nevertheless, supplies are also 
imported from China and Canada (about 75%), as well as the Philippines and 
Belgium [16] (Table 2).
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The metalloid value shows a progressive and descended trend (Fig. 2), reaching 
40$ per kilogram in 2017. Some factors that affect this trend are related to the cur-
rent production methods and the improvement that they are experiencing, leading to 
high efficiency in recovery. However, in future a more critical enhancement of this 
method is expected with the exploitation of subaquatic deposits. Figure 3 shows the 
variability of tellurium value. The price of the metalloid has fluctuated due to some 
external factors; however, it is generally going downwards. The continuous down-
ward trend of prices is due to the new mine, improved refining technology, and 
improved recovery efficiency.

China
19%

Europe
29%

Japan
16%

Other Asia
16%

North America
7%

La�n America
2%

Commonwealth of
Independent States

11%

Fig. 1 Percentage of estimated world tellurium refinery production

Table 2 World refinery production of tellurium

Year/Country 2010 (tons) 2011 2012 2013 2014 2015 2016 2017

China – – – – – – 280 280
Canada 8 10 11 10 9 10 18 20
Japan 51 40 45 45 32 35 33 38
Peru 30 30 – – 36 36 – –
Russia 34 34 35 40 32 35 35 35
Sweden – – 7 – 31 40 39 40
USA W W W W W W W W

W avoid giving company proprietary data
Source: Minerals Yearbook 2011–2018
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Fig. 2 Economic value of tellurium over time

Fig. 3 (A) Different applications of tellurium. The proposed mechanism for the direct production 
of H2O2 over Pd–Te/TiO2 catalysts (in blue and brown, spheres of Pd and Te atoms, respectively) 
[17]; Scanning electron micrograph (SEM) of chalcogenide microlens array, with the cross- 
sectional image of the molded chalcogenide microlens array (B) and the appearance of molded 
chalcogenide microlens array (C) [18]; SEM image and schematic of the cross-section of a CdTe 
solar cell in the conventional superstrate configuration (D) and the substrate configuration (E) 
which permits the use of opaque substrates such as metal foils. The scale bars represent 1 μm. The 
yellow arrows show the direction of illumination; (F) Photograph of a sample with several CdTe 
solar cells on the flexible metal foil [19]; and the chemical structure of the tellurium-based com-
pound AS101 (G) [20]
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 Physicochemical Properties of Tellurium

 Physical Properties

Tellurium can be found in two forms in nature: a crystalline structure and an amor-
phous powder—this later is not considered an allotrope for many authors. 
Amorphous tellurium is a brownish-black powder usually obtained by precipitation 
methodologies—for instance, the reduction of a solution of tellurium dioxide (TeO2) 
with sulfurous acid (H2SO3). When heated, it is thermodynamically prompt to trans-
form into crystalline tellurium, releasing around 2500 calories of heat. The transfor-
mation is undergone with a strong influence of the features of the element, such as 
the finesses of division when powdered [21].

On the other hand, crystalline tellurium is a brittle, silvery crystalline mass that 
is facile to convert into powder. This structure can be obtained by sublimation of 
tellurium or by its slow formation using a decomposition reaction—such as the one 
observed in hydrogen telluride (H2Te). Moreover, crystalline tellurium can be origi-
nated by oxidation of an aqueous solution of an alkali telluride at atmospheric pres-
sure. The shape of the crystals obtained is found to be prismatic in most of the cases 
[22, 23], and regarding the crystalline structure, some sources say hexagonal [24, 
25], some others orthorhombic [26] or even trigonal (rhombohedral) [25].

In general, tellurium can be defined with normal physical parameters, and some 
of them are reviewed in Table 3—it is important to mention that there is an influence 
of the metalloid allotrope structure on these parameters, with variations if one allo-
trope is studied compared to other one.

The density of crystalline tellurium shows variability depending on the structure 
and the production method: 6.0 g/cm3 for the amorphous, whereas for the crystal 
ranges from 6.24 g/cm3 after fusion to 6.15 g/cm3 after precipitation. Therefore, this 
density is altered under the influence of heat and related to the presence of the two 
dynamic forms [27]. Tellurium shows a low resistance to scratch in the Mohs scale, 
with a value close to calcite. Besides, it shows poor elastic behavior when placed 
under pressure.

Tellurium melts at 449.5 °C in the amorphous phase or at 452 °C in the crystal-
line one, and boils at nearly 990 °C for the amorphous but at 1390 °C for the crystal 
under atmospheric pressure. However, it volatilizes at temperatures close to 430 °C 
in a cathode ray vacuum producing a yellowish vapor [28]. Similar to density, the 
specific heat of the solid is variable. It can take values from 0.0475 cal/(g.K) for the 
distilled element to 0.0524 cal/(g.K) for the precipitated amorphous substance. It 
has been reported that it can increase by around 8% due to the exposure to X-rays, 
consequently inducing a possible change of the internal structure [29].

In solid form, tellurium is a deficient heat and electricity conductor. Although the 
metalloid has many metal-like properties, it breaks apart rather quickly and does not 
conduct electric current very well. However, depending on the specific direction of 
the atomic alignment of its structure, it can be considered an excellent electrical 
semiconductor. This conductivity may be increased slightly when exposed to light, 
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showing a photoconductor behavior that will be used for some of its most important 
applications as will be discussed later [30]. At elevate temperatures, higher than 
360 °C, there is a negative dependence between the specific resistance and tempera-
ture, the higher the temperature the lower the specific resistance [31]. Nevertheless, 
tellurium in liquid state is considered a relatively good electrical conductor. Also, at 
the freezing point, the specific conductance is about 15 times that of the solid, while 
at 500 °C it is equal to 1/6 of that of mercury (Hg) at the ordinary temperature [32].

It has been observed that tellurium presents less resistance toward direct current 
than to an alternating current of high frequency. As it was stated before, a small 
increase in electrical conductivity can be observed when the material is exposed to 
light, this effect is significantly more visible in other chalcogens such as selenium. 
Therefore, tellurium can be considered as a photothermal material [33].

The “Hall effect”—the shifting of the equipotential lines that takes place when 
the current flows along a thin strip of metal located between the poles of a magnetic 
field—is more significant for tellurium than any other metal. Therefore, this metal-
loid is diamagnetic with a susceptibility which varies slightly with the temperature, 
however, have a sharp decrease at the melting point [33].

The linear coefficient of thermal expansion of tellurium is 17 × 10−6 °C−1, so at 
room temperature (RT) the linear expansion is 3.4 × 10−4 [34]. For the range of 
wavelengths between 3000 and 5000 Å and for different positions relative to the 
plane of incidence, various optical constants including the refractive index, reflect-

Table 3 Tellurium physical properties and values I

Physical parameter Value

Density (when solid at RT) 6.0 (amorphous) to 6.25 (crystal) g/cm3

Density (when liquid) 5.70 g/cm3

Molar volume 2.05 × 10−5

Mohs hardness 2.25
Bulk modulus 64 GPa
Shear modulus 16 GPa
Young modulus 43 GPa
Refractive index 1.002495 at λ = 589 nm (vapor)

1.26 at 260 nm–4.5 at 720 nm (thin film)
Melting point 449.5 °C (amorphous)–452 °C (crystal)
Boiling point 988 °C (amorphous)

1390 °C (crystalline)
Heat of fusion 17.5 kJ/mol
Heat of vaporization 48 kJ/mol
Specific heat 199–219 J/(kg. K)
Thermal conductivity 1–3.4 W/(m·K) in single crystal; polycrystalline: about 6 W/m·K
Electrical Resistivity 1–50 mΩ·m
Magnetic susceptibility Between −4 × 10−8 m3/kg and −3 × 10−10 m3/kg
Atomic radius 123 pm
Covalent radius 138 pm
Van der Waals radius 206 pm
Crystal structure Trigonal or hexagonal or orthorhombic
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ing power and absorption constant, have been determined for the isolated crystals. 
Light absorption by this metal in vapor phase approaches a maximum at 1200 °C [35].

Vapor density determinations enable to see that the rare element at elevate tem-
peratures (around 1500 °C) can be found in diatomic form, while at temperatures of 
2100 °C the dissociation into single atoms starts to occur. However, some research-
ers showed that tellurium element is monatomic at 357 °C. Similar to sulfur and 
selenium, at lower temperatures, complex formulations of the molecule can be 
observed [36, 37].

When crystalline, tellurium shows a crystal structure made up of spiral chains of 
bonded atoms packed in a hexagonal array. The crystalline structure leads to a high 
grade of symmetry which allows the presence of enantiomorphic forms—a couple 
of configurations related to each other as left and right hand, therefore considered as 
mirror images that can never be identical although any reorientation is achieved—
containing spirals of opposite handedness. The standard processes of crystal struc-
ture determination do not have the ability to discriminate between the enantiomorphs, 
nor is this feasible using anomalous dispersion unless there is sufficient sphericity 
in the tellurium electron density due to bonding. Besides, this sphericity allows the 
observation of tiny but measurable dissimilarities from unity in the flipping ratios 
for polarized neutron scattering due to the polarization dependence of the Schwinger 
scattering—proportional to the difference between the nuclear charge and the X-ray 
scattering factor [38, 39].

Besides crystalline and amorphous tellurium, the colloidal version of the metal-
loid is also known. On reduction of dilute solutions of telluric acid (TeO2) using an 
active reducing agent—such as hydrazine, hydroxylamine, sulfurous acid, or salts 
of these compounds—brown or blue colloidal solutions can be obtained, with nega-
tively charged particles [40, 41].

Different methodologies for preparing colloidal tellurium have been reported. 
Tellurium can be obtained in a colloidal solution when a brief amount of the metal-
loid is dissolved in a boiling solution of KOH and then—with energetic stirring—
poured into cold water.

Other processes to obtain colloidal aqueous suspensions are by the cathodic pul-
verization of the element underwater and by the electrolysis of an aqueous solution 
of telluric acid containing either potassium cyanide or ammonium oxalate [42, 43]. 
When added to glass, colloidal tellurium produces a change in coloration, from blue 
to brown depending on the size of the particles: the blue glass containing more mas-
sive particles, while the brown formed in the presence of small ones. Polytellurides 
can be added to glass, and when they are present, color can be imparted, which is 
red or violet-red [44].

 Chemical Properties

According to the aforementioned physical properties, Te has semiconductor behav-
ior tendencies, and its chemical properties are considered similar to sulfur and sele-
nium. Nonetheless, the compounds formed are less stable than sulfur and selenium 
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analogs [45], which explains why the number of known compounds with tellurium 
in nature is smaller than those for its family members on top of the periodic table.

In this section, some of the most stable, abundant, and natural forms, in which 
tellurium can be found are explained, with some of the primary reactions that they 
can undergo, giving rise to other different compounds. Before starting, it is recom-
mendable to state the difference between telluride and tellurite/tellurate. While the 
first one is referred to the anion Te2− and its derivatives, tellurite/tellurate is referred 
to the anions TeO3

2− and TeO4
− and their derivatives.

Tellurides Tellurium shows the ability to combine with other metals to form tellu-
rides, chemical species with properties similar to sulfides and with a metallic 
appearance. When alkali metals—lithium, sodium, potassium, rubidium, and 
cesium—are found together with the metalloid, they have a high solubility in water, 
rendering Te2− and HTe− ions that are dissolved in the aqueous media.

As it was stated before, one of the most common ways of finding tellurium in 
nature is in association with gold, and remarkable examples of these tellurides are 
found in minerals such as krennerite (AuTe2) and sylvanite (AgAuTe4), among oth-
ers explained in a previous section, which shows a covalent bond. Nevertheless, 
most of these minerals do not have a great economic impact in industry, except 
combination with cadmium and lead, which are widely used in industry as thermo-
electric materials [46].

Sodium and potassium combine with tellurium with huge heat production. The 
reaction might be controlled by dissolving the alkali metal in liquid ammonia (NH3), 
producing Na2Te, K2Te, and the polytelluride Na4Te3. These compounds are easily 
oxidized, and they have to be protected from atmospheric oxygen [47]. Moreover, 
concentrated solutions of alkali hydroxides—such as NaOH and KOH—may be 
used to produce red-colored solutions of a mixture of telluride and tellurite. If water 
is added, the mixture undergoes decomposition, releasing tellurium. However, if 
sodium hyposulfite (Na2S2O3) is used, crystalline Na2Te will be obtained as a unique 
product [48].

Noble metals other than gold, such as silver (Ag) and, to less extent, copper (Cu), 
are displaced by tellurium from solutions of their salts, showing a metal-like behav-
ior. However, its true metalloid nature is shown when, in the form of electrodes 
embedded in an alkaline solution, it is dissolved at both electrodes, as positive Te4+ 
ions in the anode and as negative Te− ions in the cathode. If any of the electrodes 
containing tellurium is replaced by one made of platinum (Pt), the metalloid will be 
separated at the platinum electrode [49].

Hydrogen telluride Tellurium can react with hydrogen at high temperatures to 
form hydrogen telluride (H2Te). The action of strong acids on several tellurides will 
derive in the generation of this compound, a gas at room temperature, with a strong 
smell. Hydrogen telluride behaves as hydrogen compounds of sulfur and selenium, 
decomposing by an oxygenated atmosphere in aqueous solution [50].

 2 2 22 2 2H O H OTe Te� � �  
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At room temperature, it degrades into their constituent elements in a photocatalytic 
reaction.

 H H2 2Te Te� �  

It also reacts with many metals, producing tellurides. If finely divided, the element 
is not affected by oxygen in the atmosphere; however, it burns with a blue flame 
producing tellurium dioxide (TeO2) at temperatures higher than its melting point, 
even in the driest oxygen atmosphere [51, 52].

Tellurium dioxide When tellurium is heated in an open atmosphere, it burns pro-
ducing TeO2, a white compound that is volatile if heated. This oxide is found in two 
different structures in nature: β-TeO2, with orthorhombic crystallographic 
 structure—three unequal axes at right angles—and yellow color, and α-TeO2, with 
tetragonal structure—three axes at right angles, two of them equal. α-TeO2 will 
slowly convert to β-TeO2 under pressure. Both the structures contain four coordi-
nated Te atoms with the oxygen atom at the corners of a trigonal bipyramid. Mainly, 
in the α-form, all the vertices are shared to give a rutile-like structure—tetragonal 
unit cell—where the O-Te-O bond angle is 140° [50].

The dioxide shows poor solubility in water, while readily soluble in strong acids 
and alkali metal hydroxides, such as NaOH. Amphoteric in nature, it can react with 
acids to produce tellurium salts, and with bases to give rise to some tellurides. 
Besides, it can be easily oxidized to telluric acid (Te(OH)6) [53].

Tellurium acids Tellurous acid, H2TeO3, is produced by the oxidation of the metal-
loid with nitric acid (HNO3). White in appearance, it is slightly soluble in water, and 
it shows poor acid properties. In the presence of strong acids, it will behave as a 
base, generating extremely unstable salts with water. As it could not be easily 
expected, it behaves different from selenous acid (H2SeO3), being a metastable com-
pound with also no similitudes with sulfuric acid (H2SO4). If mixed with water, 
crystals with an octahedral structure are formed, with a defined composition, 
Te(OH)6 that, after heating, will form telluric acid, H2TeO4, to finally produce tel-
lurium trioxide (TeO3) in anhydrous form, with indifference toward water and a 
yellowish color [50].

Telluric acid may be generated from the oxidation of Te or TeO2 with strong 
oxidizing agents such as hydrogen peroxide (H2O2) or chromium trioxide (CrO3).

 TeO Te OH2 2 2 2 6
2� � � � �H O H O  

If crystallized, telluric acid solutions give Te(OH)6·4H2O at temperatures below or 
close to 10 °C. Although technically being oxidizing compounds, it is slow in reac-
tions. When anhydrous in the form of TeO3, the acid is stable in air at high tempera-
tures; however, above 100 °C it will generate polymetatelluric acid [(H2TeO4)10], a 
white powder with an amorphous structure, and allotelluric acid, with unknown 
structure. If heated above 300 °C, it will produce the α-TeO3, with a closed crystal-
line configuration [54].
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Te chemistry in water It is well known that, as occurs with many other elements, 
water has a pivotal role in the tellurium chemistry. Te combined with water (H2O) 
and ozone (O3) will produce telluric acid at RT, while peroxides will react with the 
element, with a strong dependence on the physical state of the element; colloidal 
tellurium is readily oxidized in a short time in the presence of water, while crystal-
line tellurium is not readily attacked [55].

Tellurium nitrides Tellurium is oxidized by HNO3 to produce TeO2. However, 
under certain conditions, and using a lot of materials and a high column of liquid, 
tellurium nitride might be produced as a flesh-colored precipitate that can be dried 
without decomposition. This compound has been isolated. However, tellurium 
nitrides are instable. For instance, tetratellurium tetranitride (Te4N4) has an uncon-
firmed structure, while a well-defined tellurium nitride [Te6N8(TeCl2)4(THF)4] can 
be obtained when TeCl4 is reacted with a THF solution of N(SiMe3)3 [56, 57].

Tellurium sulfates The metalloid is easily dissolved in H2SO4 to produce a red 
solution, with a subsequent generation of tellurium and sulfur dioxide (SO2). If 
extremely hot and concentrated, the sulfuric acid will produce the same red solu-
tion. However, if boiled, white rhombic crystals of pyrotelluryl sulfate, TeO2‧SO3 
will be produced, a basic tellurium sulfate. The crystals decompose by heating in 
the presence of water and are soluble in HCl [58, 59].

Tellurium halides Crystalline tellurium can be inflamed by fluorine and chlorine, 
producing the consequent halogen species. Under carefully controlled conditions in 
a sealed tube, tellurium reacts with chloride to form Te3Cl2. With bromine, the ele-
ment will produce dibromide, while iodine reacts only at high temperatures, pro-
ducing a tetraiodide compound. Nevertheless, HCl does not have any effect on the 
metalloid [60].

Tellurium iodine (TeI) is a gray solid formed by the hydrothermal reaction of Te 
and I in hydroiodic acid (HI). When this reaction is conducted near 270 °C, it gives 
the α-TeI, with a triclinic phase. When the same mixture is heated to 150 °C, it is 
possible to obtain the metastable monoclinic phase β-TeI [61]. Nevertheless, the 
diiodine formulation (TeI2) has not been isolated yet [62].

Tellurium tetrabromide (TeBr4) has a similar tetrameric structure to TeCl4. The 
bromide is a good conductor [63], while the chloride is a volatile compound that can 
sublimate at 200 °C, being prepared merely by the chlorination of tellurium powder 
by the addition of heat, isolating the product through distillation. The chloride is 
especially useful in organic synthesis since when added to alkenes, it can give Cl-C- 
C-TeCl3 derivatives [64]. Tellurium tetrafluoride (TeF4) is a stable and hygroscopic 
crystalline solid that can give rise to tellurium oxide after reaction with water or 
silica [65].

Organic compounds of tellurium Tellurium forms organic compounds, but with 
less efficiency and number that selenium and sulfur, due to its metalloid nature. 
However, it may exert both bi- and tetra-valency in these compounds. The tellurium 
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analogs of common organosulfur functional groups are known, with diorganomono- 
and ditellurides being the most common organotellurium compounds.

Nonetheless, they do not have many applications. For instance, dimethyl tellu-
ride (Te(CH3)2) is used in the metalorganic vapor phase epitaxy as a volatile source 
of the metalloid, being the unique organotellurium compounds that have been quan-
tified in environmental samples. Also, diphenyl ditelluride (Te(Ph)2) is used as a 
source of PhTe− groups in organic synthesis—particularly in the reduction of alde-
hydes, alkenes, alkynes, or nitro compounds. Furthermore, certain telluroxides can 
give rise to alkenes upon heating for the formation of olefins [66, 67].

Despite these few applications, some exciting research is being conducted. For 
instance, Pradeep Mathur et al. reported an unusual shortening of metal–tellurium 
bonds and inter- and intramolecular X→Te secondary interactions in the coordina-
tion patterns of the aryltellurium halides (ArTeX; X  =  Br, I) in transition metal 
carbonyl complexes (Fe, Co, Mn, Re, Ru), which can have significant applications 
in catalysis [68]. Besides, and as it will be discussed in the next sections, organotel-
lurium compounds can show anticancer effect. Powis et al. reported water-soluble 
organotellurium compounds of the diaryl telluride, alkyl aryl telluride, and dialkyl 
telluride type, carrying sulfopropyl groups, were reported as the most efficient 
tellurium- based inhibitors of thioredoxin reductase ever tested [69]. The thiore-
doxin system (NADPH, thioredoxin reductase/thioredoxin) is essential for cancer 
cell growth and inhibition of apoptosis process; therefore, it is a suitable target for 
anticancer drug development.

 Isotopes of Tellurium

Tellurium has 8 stable (or nearly) isotopes, 31 unstable ones, and 17 isomers—the 
most important are summarized in Table 4. While both selenium and tellurium have 
similar decay tendencies, their isotopes do not produce proton emission. Indeed, 
some of the most neutron-starved isotopes of tellurium undergo alpha decay—the 
atomic nucleus emits an alpha particle and thereby transforms or ‘decays’ into a 
different atomic nucleus [70].

Table 4 The most important tellurium isotopes

Isotope Natural abundance (%) Chemical form Half-life

Te-120 0.09 Elemental Stable
Te-122 2.55 Elemental, oxide Stable
Te-123 0.89 Elemental, oxide 9.2 × 106 years
Te-124 4.74 Elemental, oxide Stable
Te-125 7.07 Elemental Stable
Te-126 18.84 Elemental, oxide Stable
Te-128 31.74 Elemental, oxide 2.41 × 1024 years
Te-130 34.08 Elemental, oxide 3.0 × 1024 years
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Tellurium naturally occurring on earth consists of eight nearly stable isotopes. 
Two of them are stable: 128Te and 130Te. They undergo double beta decay with half- 
lives of, respectively, 2.2 × 1024 years—the most extended half-life of all radioactive 
nuclides—and 8.2 × 1020 years. The longest-lived artificial radioisotope of tellurium 
is 121Te with a half-life of nearly 19 days. Many nuclear isomers have longer half- 
lives [71].

124Te can be used as a starting material in the production of radionuclides by a 
cyclotron or other particle accelerators. Except beryllium (Be), Te is found to be the 
lightest material observed to usually show alpha decay, commonly with isotopes 
104Te to 110Te [70].

While 120Te is used for the production of I-120, which has an application as a 
PET and beta emitting isotope, 122Te is used in the production of the radioisotope 
I-122, which is used in gamma imaging. 123Te is used for the production of radioac-
tive I-123, which is used in thyroid imaging, and 124Te is used for the synthesis of 
both I-123 and the PET isotope I-124. Finally, 130Te is used in the research into 
double beta decay [72].

 Bulk Tellurium: Applications

All the features of tellurium are applied for the development of a multitude of appli-
cations in the fields of metallurgy, semiconductors, biological, and other developing 
technologies. Currently, this rare metal is mostly involved in the field of metallurgy, 
for the production of useful alloys, and used in solar cells for photovoltaic effi-
ciency. Some biological applications are studied, but not extensively [73]. In this 
section, some of the most common applications are reviewed here, from metallurgy 
to biological activities that are present in the bulk form of the metalloid.

 Tellurium in Metallurgy

Metallurgy has been using tellurium for a long time as an additive, with the aim to 
improve several mechanical properties of materials with a high impact in society, 
such as steel or other ferrous alloys. Besides, tellurium can be mixed with copper 
and lead, with useful applications, and it can also be found as an additive for weld-
ing works.

Approximately 55% of the demand in the market for tellurium is for alloys, com-
bined with other materials. Generally, in steel, as a free machining additive, in cop-
per, to improve machinability—with no reduction of conductivity—in lead, to 
enhance resistance to vibration and fatigue, and in cast iron—iron–carbon alloys 
with more than 2% carbon—to help control the depth of chill. In addition, it is 
widely used in malleable iron as a carbide stabilizer: the addition of 0.04% Te to 
steel improves mechanical properties, such as bending, cutting, shaping, and  turning 
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that impact the final application of the materials. The metalloid is also added to lead 
to enhance its strength and durability, while decreasing the corrosiveness of 
acids [74].

Despite the use of tellurium as an alloying agent, the field of metallurgy involves 
many other applications of the metalloid. As described before, tellurium is a rela-
tively rare element [75]. Consequently, a considerable percentage of metallurgic 
activities are oriented to the recovery of the element, through several processes that 
will be described below [76].

Anode slimes comprise nearly 90% of tellurium production. Mainly pyrometal-
lurgical and hydrometallurgical operations are used to remove precious metals and 
recover tellurium by subsequent electrolysis. However, another important source of 
the metalloid can be found in the lead smelting processes, usually from metallurgi-
cal dust and alkaline skimming. The reductive smelting of tellurium-bearing materi-
als can convert tellurium to alkaline tellurides, such as Na2Te, which is readily 
amenable. However, it is also highly reactive at the open atmosphere [75].

Despite the aforementioned processes, the most popular approach and, probably, 
the most extended, for the recovery of tellurium, involve a hydrometallurgical 
method from electrolytic copper anode slimes, a process that is quite involved. 
Depending on the employed telluride—some of the most common ones are associ-
ated with gold and silver—phase and chemical composition, and associated metal 
content of the slime, different processes for tellurium recovery are used. These cop-
per slimes are hydrometallurgically treated through direct leaching of the slimes via 
sulfuric acid, pressure, aeration, or pressurized leaching in alkaline solution [77].

The most common method of leaching for decopperization in slime treatments is 
acid pressure leaching, which involves diluting sulfuric acid and leach, under oxy-
gen partial pressure conditions in an autoclave reactor. This acid pressure process 
leads to the dissolution of all copper and typically up to 80% of the tellurium that 
can be subsequently recovered [78, 79].

Alternatively, alkaline pressure leaching is primarily used for dissolving slimes 
that are not easily decopperized and contain high selenium and arsenic content. 
After dissolving Se and As, tellurium in the leach residue is solubilized with copper 
in an adapted sulfuric acid leach and recovered via a tellurium circuit. Following the 
leaching, precipitation of Te involves several steps for recovering the element and a 
subsequent filtering process that will render the metalloid [80].

 Tellurium in Catalysis

The use of tellurium as a chemical and catalyst makes around a 25% of the world 
market for the metalloid, commonly being employed as vulcanizing agent and 
accelerator in the synthesis of rubber, as well as a component of catalysts for syn-
thetic fiber fabrication. Heat resistance in rubbers can also be improved upon addi-
tion of a low concentration of the rare element. Tellurium catalysts are also utilized 
particularly for the oxidation of organic compounds. However, one of the most com-
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mon catalytic applications is related to chlorination, halogenation, and hydrogena-
tion reactions [17].

Giles et al. synthesized various structurally related organo-tellurium agents and 
proved that a mixture of electrochemical methods, in vitro assays, and cell culture 
tests can be utilized to rationalize the antioxidant activity of these catalytic 
agents [81].

 Tellurium in Chalcogenide Glasses

The metalloid is used in the formation of chalcogenide glasses, with applications in 
lenses or fibers. These glasses contain one or more chalcogens—not O or Po—in a 
covalent network of solids. These glasses behave differently from oxides, lowering 
the band gaps, contributing to unique electrical and optical properties. Tellurium has 
the lowest glass-forming ability compared to the other chalcogens since it has the 
highest molecular weight [18], but it is found to be useful as well due to its 
characteristics.

Consequently, materials such as AgInSbTe and GeSbTe are chalcogenide glass 
formers that are applied in rewritable optical disks and phase-change memory 
devices, as will be discussed in the next section. Nevertheless, they are fragile glass 
formers: by regulation of the temperature—heating and annealing (cooling)—they 
can change from amorphous (glassy) to crystalline state and vice versa, thereby 
switching their optical and electrical properties and making them suitable for the 
storage of information. Besides, the glasses are used in infrared detectors, moldable 
infrared optics lenses, and infrared optical fibers, transmitting across an extensive 
range of the infrared electromagnetic spectrum [82, 83]. Although not all chalco-
genide compositions existed in glassy form, some materials can be used to produce 
alloys in order to form glasses.

 Tellurium in Electronic Applications

High-purity tellurium is used in electronics applications, such as thermoelectric and 
photoelectric devices. Alloys such as Hg-Cd in telluride form can be used as thermal 
imaging, where this compound allows the conversion from raw image into a crisp 
picture on the screen [27].

Bismuth telluride (Bi2Te3) is a gray semiconductor powder that can be alloyed 
with antimony or selenium to work as an efficient thermoelectric material. Therefore, 
semiconductor materials made of bismuth telluride are widely known, mainly used 
as thermoelectric cooling devices in fields such as electronics or consumer products. 
These devices consist of a series of pairs of semiconducting materials that are con-
nected to a direct current that provokes that one side of the thermoelement cools, 
whereas the other produces heat. The application in consumer products are limited, 
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nonetheless, they are mainly utilized in military applications—such as the cooling 
of infrared detectors, integrated circuits, laser diodes, and medical instrumentation. 
However, they can be found in some sophisticated portable food coolers as well [84].

On the other hand, TeO2 is used in the media layer of different rewritable optical 
discs, including compact discs (CD-RW) and digital video discs (DVD-RW), 
although their use is starting to be limited. Cadmium zinc telluride (CdZnTe) or 
CZT, a direct bandgap semiconductor, is employed in solid-state X-ray detectors, 
semiconductor radiation detectors, photoreactive grafting, electro-optic modulators, 
and solar cells, among others, while mercury cadmium telluride (HgCdTe) or CMT 
is utilized as an infrared-sensitive semiconductor material [85]—the quantity of Cd 
in the compound can be tuned in order to modify the optical absorption of the mate-
rial so as to get the desired infrared wavelength.

The future of electronic applications of tellurium could be related to the next- 
generation computer chips, known as phase-change memory (PCM), that are based 
on the metalloid. PCM is a non-volatile random-access memory that exploited the 
unique behavior of chalcogenide glasses. The technological development of these 
devices has split in two directions. The first one is devoted to the enhancement of 
Ge2Sb2Te5 or GST, an interesting phase-change material, with a high heat of fusion 
that can melt and solidify at a certain temperature, being able to store and release 
large amounts of energy. This tellurium-based material can recrystallize in 20 ns, 
allowing bit rates—the number of bits that are processed per unit of time—of up to 
35 Mbit/s to be written and direct overwrite capability up to 106 cycles [86]. The 
second current of research is aimed to find alternatives to GST, working on the use 
of a GeTe-Sb2Te3 superlattice to accomplish nonthermal phase changes by slightly 
modifying—with the use of a laser pulse—the coordination state of the germa-
nium atoms.

Nevertheless, the most well-known application of the element is related to solar 
cells. Tellurium has led to the development of some of the most efficient solar cells 
in our society, as part of the synthesis of cadmium telluride (CdTe) semiconductors 
for solar panels. This alloy gives the highest electrical generation efficiency for 
photovoltaic solar cells and allows for low-cost power generation [27, 87]. Therefore, 
CdTe photovoltaics (PV) is the unique thin-film technology with less costs than 
conventional solar cells, composed of crystalline silicon. Considering one lifecycle, 
and in comparison, to all solar cell technologies, CdTe PV has the smallest carbon 
footprint and water usage as well as the lowest energy payback time—time that a 
PV system has to work to generate the same amount of energy that was utilized for 
its manufacturing and installation. Besides, it can be recycled, therefore attenuating 
the growing concern of environmental toxicity of Cd [27].

The most prominent manufacturer of CdTe PV, First Solar, manufactures over 3 
gigawatts in 2016, from just 25 megawatts in 2005. This massive commercial suc-
cess has driven the demand of tellurium to be dominated by the solar cell industry 
and could help for the environmental issue of renewable energy. Its low-cost tech-
nology has made CdTe PV a success, due to the combination of adequate efficiency 
with lower module area costs. Costs of CdTe PV modules can be divided into direct 
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costs, which reached $0.57 per watt in 2013, [88] and capital cost per new watt of 
capacity which is nearly $0.9 per watt—including land and buildings.

This, however, has put a limit on other researchable applications for such a rare 
metal [89], leading to many unknowns that should be addressed and whose applica-
tions will be discussed in the next section.

 Tellurium in Biological Applications

Sharing little with tellurium semiconductor technology, the organic applications of 
the metalloid are not fully defined and investigated, with many unknowns that 
should be addressed, especially related to the interaction between the element and 
some biological systems. What is known so far is that Te has exhibited a host of 
antibiotic properties and possible applications for anticancer drug design. 
Surprisingly, although tellurium belongs to a group of elements omnipresent in all 
life, its role in biology is limited. The metalloid has no apparent function in both 
prokaryotic and eukaryotic organisms [11].

Synthetic organo-tellurium compounds have demonstrated effectiveness as anti-
bacterial agents. The non-toxic immunomodulator ammonium 
trichloro(dioxyethylene-O,O′)tellurate, or AS101, has been demonstrated to be 
effective in septic mice and goldfish infection models, used for its beneficial immu-
nomodulating effects, and also exhibiting indirect antibacterial effects [20]. 
Nevertheless, the metalloid exhibits a certain degree of toxicity. Even in contact or 
taken internally, it can cause nausea, vomiting, and damage to the central nervous 
system. Humans metabolize tellurium into some dimethyl telluride Te(CH3)2, a gas 
that can be exhaled with an odor similar to odor in people exposed to or poisoned 
with tellurium [90].

 Tellurium in Other Applications

Tellurium and its compounds are used in many other applications beyond semicon-
ductors and in the field of biology, but to a lesser extent. For instance, organic tel-
lurides can be applied as initiators for living radical polymerization, and electron-rich 
mono- and di-tellurides are utilized as antioxidants in the polymer and plastics 
industry. Besides, it is also used for achieving low-temperature growth of CdHgTe 
by metalorganic vapor phase epitaxy processes (MOVPE) which in turn is a signifi-
cant process in the generation of optoelectronics [91].

Alternative and complex formulations containing the metalloid have also been 
studied. For instance, Shieh et al. prepared ternary Te-Fe-Cu chain polymers from 
the self-assembly of the precursors in tetrahydrofuran (THF) [92]. The chain poly-
mers showed semiconducting behaviors with low band gaps of 0.59 and 0.41 eV, 
respectively. Similarly, an efficient methodology for the production of 2′-tellurium- 
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modified phosphoramidite was explored [93]. The 2′-Te-nucleosides were trans-
formed into 3′-phosphoramidites, which are the building blocks for DNA/RNA 
synthesis.

Still, the potential applications of bulk tellurium are not fully developed, since 
just metallurgy and solar cells’ technology occupied the vast majority of the produc-
tion and activity of the element.

 Synthesis of Tellurium Nanostructures

 Traditional Synthesis of Nanomaterials

The synthesis of nanomaterials is a pivotal point in nanotechnology. Several con-
cerns have been appropriately addressed by researchers in order to elucidate and 
explain synthetic routes for a smooth, reproducible, and cost-effective production of 
these valuable materials. Physicochemical approaches—or traditional ways—for 
the synthesis of nanomaterials have been the unique answer for a long time, taking 
knowledge from both physics and chemistry for the development of efficient syn-
thetic mechanisms. Methods such as reduction-oxidation (redox) reactions, chemi-
cal vapor deposition, or sputtering techniques have been widely used for precise 
control of the nanomaterial characteristics, such as size, shape, and dimensionality 
[94]. Such characteristics define the optical, chemical, physical, electromagnetic, or 
mechanical properties of the nanostructures and, hence, their potential applications 
[95]. Traditional synthetic approaches are able to strictly control these features, the 
reason why they are consolidated in research. Also, the feasibility to scale up the 
processes allow them to have a place in the industry.

Synthesis of tellurium nanomaterials has been taking knowledge of these pro-
cesses, as other nanosystems do. The synthesis and features’ controls of Te nanoma-
terials have been extensively reported all over the years, establishing protocols for 
quick synthesis of nanomaterials with a large range of applications. Tellurium ions 
are easily reduced elemental tellurium structures showing different sizes, shapes, 
and dimensionality depending on the synthetic routes. The reducing agent, as well 
as the tellurium precursor, strongly influence the nucleation and posterior nanopar-
ticle generation [96].

In this section, the primary methods for the synthesis of tellurium nanomaterials 
will be revised in terms of the dimensionality of the newly generated products.

 Zero-Dimensional (O-D) Tellurium Nanostructures

Zero-dimensional nanomaterials have all the dimensions at the nanoscale. The most 
common representatives of these materials are nanoparticles that can be either 
amorphous or crystalline. If belonging to the latter group, nanoparticles can be 

Tellurium, the Forgotten Element: A Review of the Properties, Processes…



744

made of single crystals or show a polycrystalline structure. Besides, these nano-
structures can be composed of single- or multi-chemical elements exhibiting vari-
ous shapes and forms besides the conventional spherical shape. These nanoparticles 
(NP) are commonly found either individually, monodispersed in a solution, or 
incorporated in a matrix.

Nanoparticles have extraordinary potential as biomedical and industrial agents, 
due to the presence of properties that are not in the bulk materials and their rela-
tively small size. The synthesis of these materials is facile compared to other more 
complex structures; hence, many research articles reported the synthesis of tellu-
rium nanoparticles [97, 98].

As an example, Tsai et  al. reported an easy and quick synthesis of single- 
crystalline tellurium nanoparticles (TeNPs) with uniform size using H2Te gas as a 
precursor that was bubbled through a cylindrical polymer brush into an aqueous 
solution at standard conditions [99]. Alternatively, Weidong He’s group developed 
an easy approach for the synthesis of colloidal Te nanocrystals with a binary uni-
form size distribution at room temperature by using Na2Te as a precursor and oleic 
acid as an oxidizing agent through a one-step procedure, reporting a new platform 
for efficient synthesis and manipulation of Te nanostructures [97].

In an elegant study, Jiang’s group reported the synthesis of tellurium colloidal 
NP through laser ablation technique employing various protic and aprotic solvents, 
with the aim to understand the thermodynamic behavior and the kinetics related to 
the growth of colloidal nanoparticles, a pivotal milestone for understanding single- 
nanoparticle synthesis [100]. They showed that the unique growth kinetics related 
to the formation of nanochains that is strongly dependent on the polarity and dielec-
tric constant of solvent molecules. A size and structure dependency on the ability of 
chemical reduction was observed on the synthesized nanomaterials.

Ultrasonic irradiation in organic solvent was reported as an efficient way to gen-
erate pure Te and TeO2 nanoparticles [101], carrying thoughtful research of the 
dependence of the consequences of ultrasonic power, irradiation time, solvent, and 
surfactant on the morphology and particle dimensions of the nanostructures. Another 
sonochemical process was used by Mousavi-Kamazani et al. when they reported the 
generation of 0-D Te nanosystems with different morphologies such as spherical NP 
or rice-like structures with dimensions of 15–40 nm [102]. The efficiency and per-
formance of a variety of tellurium nanosystems in quantum dot-sensitized solar 
cells (QDSSCs) were also evaluated.

 One-Dimensional (1D) Tellurium Nanostructures: Nanowires, Nanotubes, 
Nanorods, and Nanobelts

Nanomaterials with one dimension outside the nanoscale are considered one- 
dimensional materials, showing needle, rod, tube, or wire-like-shaped structures. As 
with zero-dimensional materials, these structures can be either amorphous or crys-
talline (single crystalline or polycrystalline). Once synthesized, they can be stand-
alone materials or appear embedded within another medium or matrix. Nanowires 
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(NW), nanotubes (NT), nanorods (NR), and nanobelts (NB) are typically consid-
ered as one-dimensional structures, although other alternatives morphologies can be 
included in this classification [103].

Tellurium Nanowires

Nanowires are structures with a width and depth of a few nanometers or less, but a 
much longer length. Electron movements are different depending on the direction, 
while there is free motion in the direction along the wire, the other two dimensions 
are confined by quantum mechanics, radically changing the properties of the mate-
rial. Therefore, researchers are able to synthesize nanowires that have an outstand-
ing length-to-width ratio.

For instance, Xia et al. synthesized TeNW of the trigonal crystalline structure by 
a solution-phase, self-seeding method, which resembling the Ostwald repining pro-
cess. The product was formed by reducing TeO2 with hydrazine at different reflux 
temperatures. The homogeneous, relatively monodisperse one-dimensional nano-
structures could form stable dispersions in ethylene glycol or water and be utilized 
as building blocks or templates to produce more sophisticated nanostructures [104].

Alternatively, Qian et al. prepared uniform TeNW with 4–9 nm in diameter by a 
hydrothermal method assisted by polyvinyl alcohol pyrrolidone (PVP), which can 
achieve large-scale selective synthesis. It was observed a strong dependence on the 
formation of the nanowires with the temperature, the amount of PVP, and the reac-
tion time. The results concluded that the key to the selective synthesis of Te nanow-
ires is to control the growth rates of (100), (101), and (110) planes and precisely 
control the reaction kinetics. This method provided a simple and feasible way for 
the preparation of high-quality tellurium nanostructures and had excellent optical 
properties [105].

Tellurium Nanorods

Nanorods have a typical size between 1 and 100 nm with standard aspect ratios—
length divided by width—of 3–5. Synthetic pathways for the synthesis of these 
structures allow them to grow at different rates, producing an elongate nanomaterial 
with outstanding properties and different applications, such as display technologies 
or theragnostic. According to Komarneni’s group report, tellurium nanorods can be 
easily synthesized by a hydrothermal process using the reducing property of glu-
cose and Na2TeO3 as precursor. The glucose acted as both reducing agent and direc-
tional template [106].

Furthermore, Zhaoping Liu’s group described a surfactant-assisted approach for 
the synthesis of uniform NR of trigonal tellurium with size control. These NR were 
synthetized from an original colloidal suspension of amorphous tellurium and 
TeNPs at RT—first formed through the reduction of (NH4)2TeS4 by Na2SO3 in aque-
ous solution [43]. They demonstrated that by utilizing different surfactants during 
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the manufacturing, nanorods with well-controlled diameters and lengths could be 
reproducibly synthesized. W. Huang et al., in a similar study, reported an easy one- 
pot synthesis of tellurium nanorods functionalized with a polysaccharide-protein 
complex by using a hydrothermal approach [107]. The NR stayed stable in aqueous 
media and in phosphate-buffered saline, they also showed high hemocompatibility.

Tellurium Nanotubes

Nanotubes are nanomaterials that have a tube-like structure. Although the most 
famous ones are made of carbon, other materials are gaining interested in the field 
due to their properties. For example, Na2TeO4 and formamide were used to prepare 
TeNT via a simple hydrothermal reduction approach. The diameters of the nano-
tubes could variate from 200 to 600 nm and lengths from 4 to 15 nm [108]. A simple 
strategy of selective synthesis of tellurium nanotubes with an inclined and hexago-
nal section by surfactant-assisted solvent, thermal method under mild conditions 
was also presented by Song’s group. The NT were synthesized by ethanol reduction 
in the presence of cetyltrimethylammonium bromide (CTAB) with TeO2 as the pre-
cursor. They also found when the surfactant CTAB is replaced by cellulose acetate 
(CA), TeNT with hexagonal cross-sections can be generated as well [109].

In an independent study, T.  Liu et  al. developed an easy microwave-assisted 
monosaccharide-reducing approach for the preparation of nanotubes, showing the 
vital role of the reductant agent in the synthesis as a modulator of the final shape 
[110]. Similarly, single crystalline TeNT with triangular cross sections can be pre-
pared through a simple approach of vaporizing and condensation of the metallic 
tellurium in an inert atmosphere onto a substrate, with diverse morphologies being 
produced depending on the synthetic parameters [22]. The simple approach might 
provide some new applications and stimulate theoretical studies related to the stabil-
ity of the high-energy configuration.

Tellurium Nanobelts

Tellurium belt-shaped structures can be readily synthesized using traditional 
approaches. For example, Wang et al. prepared high-quality TeNB by thermal evap-
oration and deposition method in a vacuum system. According to the experimental 
data, the formation of TeNB followed the gas-solid mechanism mediated by agglom-
eration. In addition, it has been proved that TeNB evolve into helical bands when 
subjected to electron beam (EB) action [111].

Wan et al. group first reported the synthesis of lead tellurite nanobelts using com-
posite molten salts (KNO3/LiNO3) approach, which is an economic, one-step, easy 
to control, realized in conditions of low-temperature and ambient atmosphere [112]. 
A vacuum vapor deposition technique was followed by Qun Wang’s and colleagues 
to prepare high-quality ultrawide TeNB, reporting that helical structures were 
achieved when TeNB were in contact with electron beams [111] (Fig. 4).
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 Two-Dimensional Te Nanostructures: Tellurene

Since the discovery of graphene in 2004 [113], there has been a tremendous interest 
in the research of elementary two-dimensional (2D) materials, which often present 
differentiated physicochemical properties with respect to their bulk counterparts 
[114]. Examples of synthesized elementary 2D materials beyond graphene are 
silicene [115], germanene [116], stanene [117], borophene [118], antimonene [119], 
and black/blue phosphorene [120, 121]. The characteristic feature of these materials 
is that they belong to the groups III-V. More recently, theoretical and experimental 
investigations on group VI elemental 2D materials, such as selenene and tellurene 
has opened up the possibility to synthesize novel topological insulators [122], ther-
moelectric materials [123], and photodetectors [124]. For instance, Huang et  al. 
grew mono- and few-layer Te films on graphene by molecular beam epitaxy (MBE) 
[125]. They found that the band gap increases monotonically with decreasing Te 
film thickness, reaching the energy gap (Eg = 1.5 eV, near-infrared) for the mono-
layer Te nanostructure. Moreover, Wang et al. synthesized 2D Te using a hydrother-
mal method, in which Na2TeO3 was reduced by hydrazine in alkaline solution at 
160–180  °C [126]. The solution-grown Te nanomaterial was used to fabricate a 
tellurene-based field effect transistor that exhibited on/off ratios on the order of 106, 
field-effect mobilities of about 700 cm2 V−1s−1 and stability at normal conditions for 
over 2 months.

Fig. 4 Different tellurium nanostructures. SEM images of the synthesized TeO2 in the (A) absence 
of ultrasonic irradiation and (B) presence of ultrasonic irradiation [101]; TEM images of Te 
nanorods from a reaction mixture after an aging time of (C) 15 h, and (D) 20 h at room temperature 
[43]; SEM images of tellurium nanotubes synthesized on a Si (100) substrate (E) [22]; TEM 
images of the morphological evolution of the tellurium nanowires at 4 h (F), 6 h (G), and 12 h (H) 
[105]; and SEM images of Te nanobelts deposited on Si substrates at different magnifications 
(I, J) [105]
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 Complex Tellurium Nanostructures

Complex tellurium nanostructures often possess a nanocrystalline structure and 
involved the presence of features at the nanoscale, and are composed of multiple 
arrangements of nanosize crystals. They can also contain dispersions of nanoparti-
cles, bundles or nanowires, and nanotubes and multinanolayers.

The synthesis of these structures is not an easy task. However, some methods 
have been reported. For instance, a two-step hydrothermal method was studied for 
the preparation of a novel gold-modified tellurium hybrid with a trip-shaped planar 
microstructure [79]. Alternatively, the synthesis of a self-standing Bi2Te3 network of 
interconnected nanowires was reported [127]. The reaction was achieved in a three- 
dimensional porous anodic alumina template. They showed how the crystalline 
structure and composition of the 3D Bi–Te nanowire network were modified by 
changing the applied voltage and the relaxation time off without applying current 
density during the deposition. They observed as well that the templates in which the 
complex Te structures were grown could be dissolved and the network of intercon-
nected nanowires is self-standing without affecting its composition and orientation 
properties.

 Chiral Tellurium Nanostructures

Chiral structures are the ones that are non-superimposable with their mirror image. 
Chiral Te nanostructures can be synthesized by using chiral biomolecules as initia-
tors. For example, hydrazine can reduce the metalloid precursors in the presence of 
a large number of thio-chiral biomolecules. Consequently, Te nanostructures with 
different chiral shapes, such as small nanocrystals, large crystals, broken hexagonal 
tubes, and long hollow tubes, can be generated under different synthetic conditions. 
These different chiral nanostructures are generally characterized by high optical 
activity [128].

Once generated, they are useful in research, since semiconductors with chiral 
geometries at the nanoscale and mesoscale can provide a powerful material  substrate 
for polarization optics, photocatalysis, and biomimetics. The relationship between 
the geometry of the chiral semiconductors and their chiroptical properties is not 
clearly expressed, in comparison with metallic and organic optical materials. 
W. Feng et al. reported that semiconductor helices can be prepared with an absolute 
yield of ~0.1% and enantiomeric excess (e.e.) of 98% or above from cysteine- 
stabilized cadmium telluride nanoparticles dispersed in methanol [129].

 Tellurium-Based Alloys and Hetero-Nanostructures

Alloys and hetero-structural nanomaterials have been widely used in nanotechnol-
ogy. For instance, designing a large number of nanomaterials with heterojunctions 
at the interface between two different crystal regions is key in the development of 
advanced materials for emerging applications.
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As a consequence of its easily controlled morphology and bandgap, successfully 
synthesized tellurium-based alloys and heterostructures have attracted widespread 
attention. Single crystal Se0.5Te0.5 alloy nanorods can be synthesized in solution in 
dimensions of 50–250 nm. The morphology of the alloy was determined by the heli-
cal chains of Se or Te, because they have a similar lattice structure [130].

These alloys can have an important impact on the main applications of nanoscale 
tellurium. For instance, Y. Yang et al. noticed the challenge in the design and pro-
duction of one-dimensional metal chalcogenide nanostructured materials with con-
trollable components and properties [131]. Therefore, they reported a usual chemical 
transformation process for the synthesis of more than 45 types of one-dimensional 
nanostructures of alloyed or hybrid metal chalcogenide forms, all coming from a 
common template TeXSeY–Se core–shell nanowires with variable compositions. 
Nine different kinds of alloys—including just one chalcogen in the structure—NW 
(such as AgSeTe, HgSeTe, CuSeTe, BiSeTe, PbSeTe, CdSeTe, SbSeTe, NiSeTe, 
and CoSeTe) were synthesized, providing a new general route for the controllable 
synthesis of a new generation of one-dimensional metal chalcogenide 
nanostructures.

 Large-Scale Production of Tellurium Nanostructures

The scale-up of processes for the synthesis of nanomaterials is a challenge for 
research, due to problems related to reproducibility and feasibility for adaptation to 
industrial scale. However, some examples are gaining importance over time. 
Tellurium is an example of one of these materials whose scale-up deserves the 
investment, due to the increase of its use in the industrial sector.

A large-scale synthesis of tellurium nanoribbons in aquatic media was reported 
[132]. The super-long single-crystal nanoribbons were produced in tetraethylene 
pentamine aqueous solution at a temperature of 80 °C, the resulting structures pre-
sented a width of 200–300 nm and length of hundreds of micrometers. In a similar 
study, H. Zhu et al. reported in large scale utilizing an easy hydrothermal approach 
to synthesize various one-dimensional tellurium nanostructures such as nanotubes, 
nanowires, and nanorods on by the use of an NaOH solution [133]. The impact of 
reaction conditions like pH value, temperature, reducing agent, and reactant con-
centration over the dimensions and morphology of the nanostructures was studied 
as well as the relationship between the growth rate and structural modification on 
the systems.

Kim’s group successfully reported the large-scale synthesis of single crystalline 
TeNW by the process of vaporization and later deposition of the tellurium metal and 
above a Si substrate using an inert atmosphere [21]. The resulting structures pre-
sented a high degree of purity due to the unique use of tellurium metal in the vapor-
ization process. The industrial application of this material is easily facilitated due to 
the low temperature and high yield of the synthetic approach (Fig. 5).
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 Green Synthesis of Tellurium Nanomaterials

All the methodologies explained before for the synthesis of different dimensions are 
based on physicochemical approaches, known as traditional chemical or physical 
processes. These approaches work pretty well, with established and easy-to-follow 
methods for a quick and reproducible generation of nanomaterials. Nevertheless, 
they are not free of drawbacks, such as the use of hazardous materials, production 
of toxic by-products, often use of harsh conditions—such as very basic or acid con-
ditions or high temperatures—and expensive instruments.

Therefore, new approaches for the generation of nanomaterials are needed, and 
nature may have the answer. Green nanotechnology was born for the use of environ-
mentally friendly, cost-effective, and green approaches for the generation of nano-
materials. These green synthesis approaches involve the synthesis of nanomaterials 
using living organisms and biological compounds from different sources, such as 
bacteria, yeast, food, plants, and waste materials.

Fig. 5 Different 3D tellurium nanomaterials. Low-magnification SEM image of Au-decorated 
tripod-shaped tellurium hybrids (A, B) [134]; STEM tomography of R-helix assembled from d-
Cys CdTe nanoparticles (C) and L-helix assembled from l-Cys CdTe nanoparticles (D) [129]; and 
TEM image of AgSeTe nanowires (E) and HgSeTe nanowires (F) [131]. 3D illustration of the 
structure of tellurene (G) [126]
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Various applications take profit of the advantages of biological mediated synthe-
sis over chemical or physical nanoparticles syntheses, including lower capital and 
operating costs. In addition, they showed enhanced biocompatibility and stability of 
the nanomaterials, mainly due to the application of biosurfactants or capping agents 
on their surfaces. The size, morphology, and properties of nanoparticles can be con-
trolled by modifying parameters such as temperature, pH, reaction time, metal ion 
concentration, or quantity of organic matter present in the reaction.

Many microorganisms have shown the ability to reduce metallic ions to elemen-
tal nanoparticles as part of their natural detoxification processes. For instance, 
Zonaro et al. reported the use of the tellurite-reducing bacterial strain Ochrobactrum 
sp. MPV1 isolated from polluted sites [135]. They discovered that by regulating the 
culture conditions and exposure time to the tellurite oxyanions, differently sized 
zero-valent Te nanoparticles were produced. Besides, these nanoparticles showed 
antimicrobial and biofilm eradication activity against different bacterial strains. 
Similarly, Ramos-Ruiz et al. focused on the recovery of elemental tellurium (Te0) 
from aqueous streams with the presence of water-soluble oxyanions such as  tellurate 
(Te6+) and tellurite (Te4+) utilizing microorganisms like bacteria [77]. The study 
showed how a microbial culture composed of an anaerobic mix—present in metha-
nogenic granular sludge—had the ability to catalyze the reduction of the two oxy-
anions to generate Te0 nanoparticles (NPs) in a medium free of sulfur. They also 
found that the redox mediators and electron donors had an effect on the morpholo-
gies and locations of Te0 NPs, suggesting that NP production can be specifically 
designed for a particular application.

Fungi are another kind of microorganisms that are able to show resistance to tel-
lurium, whose behavior can be used by researchers to develop alternative synthetic 
ways. For instance, Abo Elsoud et al. used six fungal isolates with the ability to 
reduce potassium tellurite (K2TeO3) into elemental tellurium nanoparticles with 
potential biomedical applications [136].

Hydrothermal methods are also considered green pathways for the generation of 
nanoparticles, allowing a clean and water-based reaction. In this line of research, 
Medina Cruz et  al. developed an environmentally friendly approach for coating 
nanocolumnar titanium with Te nanorods with enhanced antibacterial properties 
against Gram-positive and -negative bacteria [137].

Despite these examples, many other green nanotechnologies, such as the use of 
waste material or natural biomolecules, should be tested as potential pathways for 
the synthesis of tellurium nanostructures, overcoming the main limitations of tradi-
tional physicochemical approaches.

 Nanoscale Tellurium: Applications Beyond Biomedicine

As it happens with many other metallic elements, the properties of tellurium nano-
materials changed and showed differences with the ones found in a bulk form. 
Tellurium nanomaterials, due to their large specific surface area and the effect of 
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quantum-confinement, exhibit specific physical and chemical properties, with a 
large array of applications. Therefore, in this section, some of the main applications 
of tellurium in nanomaterial form are presented and discussed, whereas its role in 
biology and medicine will be discussed in the following two sections.

 Tellurium Nanostructures as a Photoconductive Conversion 
Material

Several physicochemical studies show that nonmetal elements with a relatively high 
refractive index should be photoconductive materials [138]. Therefore, many ele-
ments have been checked for this property, with some successful discoveries. 
Intensive research has been done over the years in terms of electrical properties of 
tellurium by a group at Purdue University [139]. They discovered a powerful pho-
toconductive effect in tellurium films, while the conductivity of the metal was found 
unaltered by radiation [140].

After the discovery, one of the most intriguing potential applications for TeNP 
happens to be in renewable energy—in the use of nanophotonic materials for solar 
energy harvesting and photothermal conversion. Ma et al. found that the photother-
mal conversion utilizing TeNP surpassed that of plasmonic or all-dielectric nanopar-
ticles previously known, indicating a substantial potential utility for tellurium 
nanoparticles as an improved photothermal conversion material for solar-enabled 
water evaporation. This advanced photothermal conversion property of tellurium 
nanoparticles may provide utility in desalination plants and in hydroelectric power 
generation as less energy is required to convert water into steam for use in these 
applications [41].

Besides nanoparticles, other structures showed photoelectric properties, such as 
Te nanowires that are synthesized by layer-by-layer (LBL) strategy [141]. Carotenuto 
et al. prepared a material that was composed of hexagonal tellurium and α-phase of 
tellurium oxide, whose electrical properties were studied, demonstrating the linear 
functionality of the photoconductivity of the film—in sandwich contact configura-
tion—in relation to the light power density [74]. Besides, ultrathin TeNW can be 
synthetized by the Langmuir–Blodgett technique, showing reversibly switched pho-
toelectric properties in a range from the higher- and lower-conductivity states if 
function of the light was on or off respectively, and the influence on the photocur-
rent was due to the light intensity and the amount of monolayers of the nanowire. In 
a similar study, Hackney et al. studied the photoconductive and polarization proper-
ties of single CdTe nanowires [142]. These NW showed a power conversion effi-
ciency of 0.56%, a higher value in comparison with similar but more complex 
nanomaterials.
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 Nanoscale Tellurium as a Catalyst

Tellurium can be used as a catalyst as well when brought to the nanoscale, although 
its use is not really extended over the scientific community. Nevertheless, some 
examples can be found in the literature. For instance, with the aim to enhance the 
catalytic performance of platinum-based compounds in formic acid electro- 
oxidation, an electrochemical leaching process was used to prepare dealloyed 
PtXTeY/C catalysts [143]. Zhou et al. conducted studies, in which the Te-based cata-
lyst showed increased performance and stability in the electro-oxidation of formic 
acid with a mass activity at 0.25 V being 10.6 times higher and at 0.4 V being 16.5 
times higher than the commercially available Pt/C catalysts [143]. The improved 
electro-oxidation of formic acid may prove useful in the generation of formic acid 
fuel cells.

Alternatively, Tian et al. achieved a highly selective hydrogen peroxide synthesis 
directly from hydrogen and oxygen using a highly efficient palladium-tellurium 
(Pd-Te/TiO2) catalyst that showed selectivity of nearly 100% toward H2O2 under 
mild conditions [17]. They demonstrated that the Te-modified palladium surface 
could significantly weaken the dissociative activation of O2, leading to the non- 
dissociative hydrogenation of the molecule.

 Nanoscale Tellurium as a Chemical Transformation Template 
and Building Blocks

The use of prefabricated and nanostructured materials for influencing the placement 
of building blocks is the basis for the so-called templating techniques. These tech-
niques offer the possibility to prepare nanostructured materials with several applica-
tions. Depending on particular techniques, the templating material should have 
suitable properties. For instance, in a solution-based template synthesis, a proper 
template should have not only a uniform dispersion but also a high reactivity when 
used as a chemical template [144, 145].

Tellurium, in its nanostructure form, is a suitable material for templates. For 
instance, Te nanowires with a high surface-to-volume ratio are often used as tem-
plates in the synthesis of 1D functional nanowires, together with other metals, such 
as silver, cadmium, or lead. Various methodologies have been developed for the 
facile synthesis of different metal telluride nanowires by using a template made of 
Te nanowires [146]. Another example was reported by Samal and Pradeep, who 
reported a facile production of platinum telluride nanoparticles (Pt3Te4 NPs) in a 
solution phase at room temperature by the use of a template-assisted methodol-
ogy [147].

It is well established that elemental selenium and tellurium have similar anisotro-
pic and isomorphous crystal properties, leading to an epitaxial growth process that 
can be designed to achieve the production of complex and heterogeneous Te–Se 
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nanostructures. A method for the generation of TexSey and Se core–shell NW by 
epitaxial growth was recently reported. These nanostructures are used as templates 
for the formation of some kinds of monometallic chalcogenide alloys (MSeTe, 
M = Ag, Hg, Cu, Bi, Pb, Cd) with nanowire-like structure [131]. Alternatively, these 
hybrid metal chalcogenide nanowires could also be synthetized only by mixing two 
or more types of metal precursors in one batch, thus showing a quick and facile 
production.

Besides, tellurium compounds can be used as mediators for the synthesis of other 
nanomaterials. For instance, Fernández-Lodeiro et al. confronted the challenge of 
preserving the properties of gold nanoparticles during a long time period in both 
solution and dry powder form [148]. By using organotellurium derivatives, they 
were able to overcome this challenge when adding them as reducing and stabilizing 
agents in the process of developing the gold nanoparticles. Diphenyl ditelluride 
(Ph2Te2), which had never been exploited in the synthesis of gold nanoparticles, was 
the key component in the synthetic approach due to its photochemical and oxidative 
properties. Moreover, the same group reported the synthesis of novel PtTe2 through 
an annealing process using new nanostructured Pt–Te organometallic NPs as a 
single- source precursor, the resulting nanoparticles were multi-crystallite and in 
various sizes [149].

 Nanoscale Tellurium as a Piezoelectric Energy Harvester

A few tellurium nanostructures have been reported to show both a high work func-
tion and a narrow bandgap energy. These can be used as a single-component metal-
lic bonding-based piezoelectric materials [150]. Wang’s group developed an easy 
fabrication method for a high-power density piezoelectric energy device based on 
tellurium [151]. They used a trigonal Te nanowire that shows an asymmetric crystal 
structure in its radial direction. Therefore, the structure has a strong potential to 
serve as a raw material for ultrathin nanogenerator (NG).

New advances for the piezoelectric properties of tellurium have been recently 
developed. They introduced the fabrication of a flexible strain sensor based on a 
single tellurium wire [152]. These Te nanowires were synthesized using a simple 
solvothermal process, rendering ultralong wires with a diameter of 40 nm and length 
of about 3 mm [152]. Polydimethylsiloxane (PDMS) was used to cover the tellu-
rium wire—strain sensor—with the aim to improve the adhesion and prevent the Te 
wire from oxidization [152].

Alternatively, in similar work, Wen He’s group reported a novel strategy for the 
synthesis of Te nanoflakes via a hydrothermal process at low temperature [153]. 
Once created, the Te nanoflakes were used for the building of a nanogenerator 
device. This system was composed of a sandwich-like structure with PDMS-coated 
Te structures in the center. The device exhibits fully flexible mechanical perfor-
mance, reaching an open-circuit voltage and a closed-circuit current of 3 V and 
290 nA during periodic bending tests.
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 Nanoscale Tellurium in Ion Detection and Removal

Contamination of heavy metals is a serious concern that environment researchers 
are trying to solve. From all the heavy metals, probably mercury is the most danger-
ous element to human health. Different concentrations of this inorganic element can 
be found in rivers, potable water, and industrial effluents, leading to different 
degrees of toxicity [154]. Te and Hg have a strong hybridization and can undergo a 
galvanic replacement reaction that induces the dissolution and aggregation of Te in 
the presence of mercury ions. In line with this fact, Huang et al. reported a pure gel- 
based membrane composed of TeNT and agarose gel for the effective detection and 
removal of mercury ions [155]. They took profit of the high surface area of the Te 
nanostructure and the strong hybridization between both elements [155]. A detec-
tion limit of about 10 nM for the Hg2+ ion was found [155], which is the maximum 
allowable level of Hg in potable water. Moreover, compared with other metal ions, 
the Te-based membrane responds selectively toward Hg2+ by a factor of 100 
[155, 156].

 Nanoscale Tellurium in Batteries

Rechargeable Li-ion batteries consist of lithium ions going in the direction from 
negative to positive electrode during discharge and reverse when charging. They 
have applications in modern consumer electronics and even in electric vehicles. 
However, the quickly increasing demand and the need of advancement in the field 
has been shifting research efforts towards low cost energy storage cells for batteries, 
with enhanced energy/power density and a superior cycling with trustful stabil-
ity [157].

Lithium–chalcogen batteries with high theoretical specific energy are treated as 
the most promising candidates, but they still face challenges, such as the low elec-
trochemical performance and poor cycling stability. Compared with S or Se, Te has 
a higher material density (6.24 g cm−3) and higher rate capability due to its high 
electronic conductivity (200 S m−1), which turned it into a suitable candidate.

In 2017, He et al. used a nanoporous structure based on a metal-organic frame-
work (MOF) composed of cobalt and nitrogen codoped carbon polyhedra (C-Co-N) 
which was generated and applied as tellurium host for Li–Te batteries [158]. Results 
showed increasing cycling stability with superior capacity retention of 93.6% and 
∼99% coulombic efficiency after 800 cycles.

Besides, it is known that pure Te is reported to decay quickly without carbon 
support with a significant volume change [159]. The combination of Te nanostruc-
tures with carbon nanomaterials increases the reaction area due to the high aspect 
ratio. A superior mechanically reduced Te/C nanocomposite electrode material was 
created with elevated energy density, excellent cyclability, and quick rate capability. 
The nanocomposite electrodes could be properly used as both cathode or anode in 

Tellurium, the Forgotten Element: A Review of the Properties, Processes…



756

Li–Te secondary batteries or in rechargeable Li-ion batteries, respectively [160]. 
Besides, binder/collector free Te cathodes for high-energy Li–Te batteries have 
been prepared via a hydrothermal carbonization process [161].

 Nanoscale Tellurium for Gas Sensing

Elemental Te shows a significant gas response at room temperature, especially for 
nitrogen dioxide (NO2) [162], carbon monoxide (CO) [163], ammonia (NH3) [164], 
and hydrogen sulfide (H2S) [165], among others, which allows the fabrication of 
gas-sensitive devices of small size but with high sensitivity. The sensitivity to these 
gases depends mainly on the microstructure of tellurium, film thickness, and the 
environmental conditions.

Tsiulyanu’s group reported that the sensitivity of Te films strongly increases with 
a decrease in film thickness [166]. They also showed that there exists an inverse 
relationship between conductivity and film thickness, especially noticeable when 
the thickness is on the nanometer scale. The effect of the surface grain boundary at 
low thickness is the main reason for this behavior. As a consequence, they reported 
that when the thickness of the film is decreased, the film conductivity is decreased 
as well. Therefore, there will be a stronger sensitivity.

Park et al. reported a method of synthesis with controlled size, morphology, and 
crystallinity for large and hollow tellurium nanofibers, showing an outstanding per-
formance as NO2 sensor at room temperature [167]. Similarly, Kumar’s group 
reported the use of different tellurium nanostructures for NO gas sensing. TeNT on 
Ag templates were prepared, showing an enhanced detection of NO compared to 
other gases like H2S or NH3. There was a significant improvement in terms of selec-
tivity response to NO in comparison with previously known Te thin film sensors [168].

Sen’s group also reported the response of Te films toward H2S gas, which showed 
sensitivity toward 0.1 ppm of the gas at RT [165]. It was shown that the response 
time decreased with an increase in gas concentration and took nearly 5 min at a 
concentration of 1 ppm, while the recovery time showed the contrary tendency, tak-
ing nearly 20 min under the same conditions. This response allows for the potential 
development of H2S gas sensor. Sen’s group also reported a sensor based on Te film, 
produced through a vacuum evaporation process, which showed high sensitivity for 
NH3 [169]. The study showed an increase on the resistance of the Te films due to the 
exposure to NH3 and, at concentrations lower than 100 ppm, the response of the film 
is shown to be linear.

 Nanoscale Tellurium as a Doping Agent

Element doping is a technique in which an intentional introduction of impurities is 
done into another material of high purity with the purpose to modulate several of its 
properties. It is a usual technique in semiconductor production, with the aim to 
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change electrical, optical, and structural properties of the material [170]. Te has 
exhibited wide applications in the metallurgy industry, while nearly 80% of the 
metalloid was consumed for industrial use [171]. As it was discussed in a previous 
section, the addition of Te into steel and Cu produces an alloy with better machin-
ability and enhanced mechanical properties, while in Pb alloy, the addition of the 
metalloid improves its strength and durability, decreasing the corrosive action acids 
such as H2SO4 [172].

Therefore, tellurium is often selected as the dopant for the production of multi-
component materials for optimization properties. The reason behind it is that the 
metalloid has a large atomic radius, a heavy atomic mass, and a narrow band gap 
structure. As a consequence, the doping of Te mainly shows a great synergistic 
effect in applications in thermoelectric devices [173], photoconductive systems 
[174], and in the enhancement of conductive properties [175].

Zhang et al. showed the synthesis of single crystals of tellurium nanostructures 
doped with black phosphorus (Te-doped BP) with superior crystalline quality, gen-
erated by a process of chemical vapor transport [176]. They studied for the first time 
the properties of electrocatalytic oxygen evolution reaction (OER) of few-layer 
nanosheet made of Te-doped BP and synthetized by a process of liquid exfoliation.

The metalloid has also been used as doping in copper-silver-selenium-tellurium 
alloys for higher thermoelectric properties [177], while Te doping in amorphous 
selenium for increased photo-generation efficiency has been reported [178]. Tao 
et al. reported the use of tellurium as doping palladium; small concentration of the 
metalloid could selectively convert CO2 to CO with a low overpotential, improving 
the catalytic properties of the material [179] (Fig. 6).

 The Biological Role of Tellurium

Despite the previously described diversity and reactivity of tellurium compounds, 
the rare metalloid is having trouble to find its position as an essential agent in biol-
ogy. Living organisms and biomolecules try to avoid the presence of the metalloid 
in their mechanisms and actions with feasibility. However, a few examples of the 
interaction of the element and different organisms can be found in nature.

 Tellurium in Bacteria

Some microorganisms have the ability to proliferate in the presence of the main tel-
lurium salts in nature—tellurate and tellurite. These living microorganisms can gen-
erate elemental tellurium, insoluble Te0, which does not exhibit any risk for the 
biological activity of the organisms by a process of reduction of both anions [180]. 
Therefore, tellurium resistance can be commonly related to reductive processes. 
Interestingly, these metabolic transformations are related to existing mechanism 
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based on selenium metabolism. A remarkable example is H2Se, a compound that is 
naturally generated from SeO3

2− via selenodiglutathione (GSSeSG) enzyme. The 
hypothesis now came into action: there is an existing possibility that tellurium “sky-
jacks” the metabolic route related to selenium, and therefore, H2Te is produced in a 
similar manner. As a consequence, tellurodiglutathione (GSTeSG) might be found 
there, nonetheless has not yet been reported in the metalloid metabolism [181]. In 
line with this, Bajaj and Winter reported that selenite reducing heterotrophic non- 
halophilic aerobic bacteria could successfully reduce tellurite anion and, therefore, 
produce the elemental form, which do not present any toxicity associated, hence 
generate extracellular nanospheres during the detoxification process [182]. They 
also showed that small quantities of selenite in the medium, which has less toxicity 
than tellurite, favor the bioreduction of tellurite leading to the generation of extra-
cellular SeTe nanospheres.

Tellurate and tellurite anions play a key role in the metabolism of some microor-
ganisms, as they promote the growth of some specific bacteria by acting as electron 

Fig. 6 (A) Comparative relation between dark and illuminated (150 W halogen lamp) I–V curves. 
Top inset: SEM image of an Au-Cd0.42Te0.58-Au nanowire, EDS data showed the multi- 
component structure of the nanowires. Bottom inset: SEM image of a single Au-Cd0.42Te0.58-Au 
nanowire connected to microelectrodes via Pt-deposited films [142]; Energy profiles for the syn-
thesis of H2O2 on Pd3Te1/Pd(111) surface (B) and representation of the lower (green) pathway 
(C). Blue, brown, red, and white spheres are Pd, Te, O, and H atoms, respectively [17]; The sche-
matic diagrams of the fabrication process and general characterization of the TFNG device (D) and 
schematic of the process for fabricating the TFNG devices (E) [153]; (F) Schematic representation 
of crystallographic transformation during cycling (blue: Te atoms, red: Li atoms) [153]; TEM 
images of multi-crystallite PtTe2 NPs generated after the annealing process (G) [149]
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acceptors in the respiratory chain. Therefore, some of these bacterial species have 
been reported, including Bacillus selenitireducens, Sulfurospirillum barnesii, and 
Bacillus beveridgei sp. nov. [183], commonly extracted from deep ocean hydrother-
mal vent worms. The microorganisms showed the capacity to generate Te0 nanopar-
ticles with a uniform distribution of size, as a result of growing in a medium with 
the presence of hen grown with tellurate or tellurite anions, acting as terminal elec-
tron acceptors.

Ramos-Ruiz et al. reported how a mixture of anaerobic microbes present in a 
methanogenic granular sludge had the ability to catalyze the reduction of both Te 
oxyanions with the aim to synthetize Te0 nanoparticles without the presence of sul-
fur in the media [77]. They discovered that the redox mediators and electron donors 
play a key role in the morphologies and location of the metalloid NPs; hence, the 
synthesis of these structures can be modified for any particular application. 
Alternatively, Presentato et  al. reported the ability of the Gram-positive bacteria 
Rhodococcus aetherivorans BCP1 cells showed the capacity to generate Te nano-
structures as NR or NP through the bioconversion of TeO3

2− based on the oxyanion 
initial concentration and time of cellular incubation [184]. Pugin and colleagues 
used a common biochemical strategy to look for an innovative telluride reductase 
present on an Antarctic bacteria Pseudomonas sp. strain BNF22 with the aim to 
generate tellurium nanosystems [42]. They identified a new tellurate reductase as 
glutathione reductase, which was consequently produced in higher quantities by 
Escherichia coli. The characterization of this enzyme demonstrated that the tellurite 
reductase was NADPH-dependent.

 Tellurium in Fungi

In the case of fungi, biovolatisation—a process where a dissolved sample is vapor-
ized by a living organism—has a pivotal function in the elimination of tellurium. 
Analogous to selenium compounds present in nature, specific fungal species are 
capable of digesting tellurium structures by biomethylation, which results in 
(CH3)2Te, a highly toxic and volatile compound which is continuously eliminated 
from the system [185].

Recently, Abo Elsoud et al. studied tellurium myconanoparticles. Six fungal iso-
lates were analyzed for their capacity of reduction of tellurium from K2TeO3 to 
elemental NP [136]. They reported that the most likely fungal isolate was Aspergillus 
welwitschiae. Special conditions such as free-sulfur medium containing sodium tel-
lurite deposited in the soil, tellurium-containing amino acids (tellurocysteine, tel-
lurocystine, and telluromethionine) and also proteins are generated. These pathways 
are largely known for selenium, but the ability of incorporation of the metalloid to 
these mechanisms has just started to be documented. For instance, Ramadan and 
colleagues reported that Aspergillus fumigatus, Aspergillus terreus, and Penicillium 
chrysogenum can grow on a medium free of sulfur mended with 0.2% (w/v) tellurite 
[186]. Tellurium was incorporated into different kinds of proteins with low and high 
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molecular weight. These novel detected tellurium-containing proteins had a remark-
ably elevated level of tellurium, as well as telluro-cysteine, -cystine, -methionine, 
and -serine.

 Tellurium in Plants

For instance, plants show high variability in the levels of the metalloid that they can 
stand, depending on factors such as the presence of the element in the soil or the 
surrounding environment. Samples all over the world have shown that there is an 
extremely low abundance of the metal in the surface of the planet, estimated around 
0.027 ppm [11]. Cowgill et al. reported, after extensive research with more than a 
thousand samples from different locations in the USA, that plants that are recog-
nized to collect selenium were capable of doing the same with tellurium up to con-
centrations of nearly 1 ppm [187].

Anan et al. wanted to show the metabolism of Te in plants, and they decided to 
choose garlic as a plant model due to its recognized Se accumulation. Garlic was 
grown in aquatic media and exposed to sodium tellurate [188]. The use of HPLC 
coupled with inductively coupled plasma mass spectrometry (ICP-MS) allowed the 
identification of metabolites that contained tellurium in the aqueous extracts of gar-
lic leaves. They discovered two metabolites: Te-methyltellurocysteine oxide 
(MeTeCysO) and cysteine S-methyltellurosulfide. Therefore, it was shown that tel-
luroamino acid is synthesized in a higher plant for the first time.

Therefore, it was hypothesized that despite the unknown role of tellurium in the 
biochemistry and biology of these species, it could be detoxified using the normal 
routes of selenium, with the aim to remove it from polluted areas, allowing a proper 
development of the plant. These tellurium phytoremediation was stated to happen 
via different routes, such as phytoextraction, rhizofiltration, phytodegradation, phy-
tostabilization, or phytovolatilization [189].

 Tellurium in Human Biology

Tellurium-related metabolism and toxicity in humans has not been extensively stud-
ied; hence, there remain many unknowns that should be addressed. Probably, the 
lack of information and research around human toxicity is because tellurium has 
hardly been used on an industrial scale, hence with a low impact profile in society. 
Therefore, its toxicity and related concerns are related to the academic environment. 
Nevertheless, this is about to change, and rapidly. Tellurium is now present in daily 
goods, through both intentional application and contamination. Consequently, soci-
ety is becoming more and more exposed to the element.

A critical remark should be stated from the beginning: tellurium and its com-
pounds are rather known as toxic; therefore, they have largely been treated as not 
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suitable for drug development due to this early relationship with toxicity and differ-
ent undesired effects on humans. Certainly, researches until the nineteenth century 
showed that the ingestion of tellurium-containing compounds, such as TeO2 or tel-
lurite, generated breath with a “disagreeable garlic-like odor” associated with both 
humans and animals. More severe clinical manifestations may appear including a 
metallic flavor, sickness, and vomiting [90]. Clinical reports of two children with 
tellurium-containing solution ingestion were reported. Clinical features included 
vomiting, black discoloration of the oral mucosa, and a garlic odor breath. No 
sequelae were found on the patients, which is common on tellurium-associated 
toxicity.

No toxicity has been generally applied to tellurium. Nonetheless, there are effects 
specifically related to some tellurium compounds depending on the chemical struc-
ture in which the metalloid is present. For instance, inorganic and organic tellurium 
compounds do not behave the same inside the body. Besides, the oxidation state has 
a strong dependence on its biochemistry. Consequently, organotellurium com-
pounds with moderate degree stability on the Te-C bonds are usually treated as less 
toxic in comparison to inorganic Te compounds [190].

How can tellurium enter in the biology of a living human being? Direct oral 
intake of tellurium compounds has been reported to cause acute or chronic poison-
ing. Another way to consider is that the inhalation of Te-dust can penetrate the body 
through the lungs. Once tellurium compounds enter into the body, they can generate 
toxicity in different ways, mainly by strong interaction with proteins and enzymes 
that contain cysteine. Various in vivo studies performed in rats and mice utilizing 
compounds such as tellurite showed, for example, that intake of TeO3

2− provokes 
transient demyelination of peripheral nerves as a consequence of the repression of 
squalene epoxidase (squalene monooxygenase), an enzyme that uses NADPH and 
molecular oxygen to oxidize squalene to 2,3-oxidosqualene (squalene epoxide). 
Nogueira and colleagues realized that diphenyl ditelluride presented neurotoxicity 
in mice, which was in part related to the interaction of diphenyl ditelluride with the 
thiol groups of cysteine-containing proteins and enzyme [191]. The use of diphenyl 
ditelluride (DPDT) and tellurium tetrachloride (TeCl4) for toxicity in transformed 
(HT-29, Caco-2) and non-transformed colon cells (CCD-18Co) was evaluated as 
well [192]. Notable rise in caspase 3/7 and 9 performance was detected with DPDT 
leading to apoptosis. No meaningful increases in caspases were seen with TeCl4 
leading to necrosis. These caspases, cysteine-aspartic proteases, are a family of pro-
tease enzymes that play a pivotal role in programmed cell death and inflammation.

The chemistry of sulfur and tellurium might have an explanation for biological 
toxicity related to tellurium materials. Nonetheless, the high affinity of tellurium to 
selenium is related to some biochemical activities of the metalloid inside the body. 
Therefore, another motive of tellurium toxicity can be associated with the binding 
between tellurium compounds and selenium that can be found in some selenium 
proteins and enzymes, causing significant toxicity for human cells. As a conse-
quence, it has been hypothesized that tellurium compounds are more likely to bind 
with selenium than sulfur since it exhibits some specificity for cellular Se proteins 
[193]. Additionally, undesired interactions between Te compounds and S- and 
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Se-containing biomolecules may have severe consequences. Interestingly, tellurium 
compounds can weaken the cell’s antioxidant defense at the same time that actively 
produce reactive oxygen species (ROS). These ROS are related to different mole-
cules such as super-oxides, hydrogen peroxide, or ozone [194]. Tellurium—as simi-
lar metalloids and metals—induces the overproduction of these species that generate 
mitochondrial dysfunction, and as a consequence, the cells die due to a process of 
apoptosis—self-programmed death [195, 196]. For instance, the antibacterial activ-
ity presented in tellurium nanowires was explained due to the generation of ROS in 
a dose-dependent amount [197].

Despite all the mechanisms of tellurium toxicity, the human body is capable of 
digesting and eliminating tellurium. However, the specific metabolic pathway is not 
totally understood yet. Again, it seems to resemble selenium’s pathways. As previ-
ously stated, tellurium might “highjack” the metabolic routes that are commonly 
used for the other chalcogens. After the intake of tellurite and tellurate, the anions 
are transformed to telluride, probably via GSTeSG and Te(0), generally considering 
chemical processes rather than enzymatic ones. Once it reaches the liver, telluride is 
involved in a process of methylation, causing the generation of two compounds: 
dimethyltellurium ((CH3)2Te) and trimethyltellurium ((CH3)3Te+). These methyl-
ated species are possibly the most abundant forms of tellurium in circulation, gener-
ally found in the kidney and then recirculated to the spleen and the lungs. Finally, 
tellurium is eliminated through the urine (mostly as ionic, polar (CH3)3Te+) and also 
via the breath, mostly as volatile (CH3)2Te [198].

In line with these findings, Kron, Hansen, and Werner decided to investigate the 
metabolic behavior of tellurium in humans [199]. Therefore, tellurium in various 
structures was administered perorally to healthy male human volunteers in the form 
of sodium tellurate, sodium tellurite, metallic colloid, and intrinsically bound in 
cress. After the administration, the urinary excretion of tellurium was determined. 
From the cumulative tellurium elimination in the first 4 days after the administra-
tion, a percentage intestinal absorption of 25 ± 10% for soluble tellurium salts was 
calculated. They reported that renal tellurium excretion is faster after administration 
of hexavalent tellurium than after the tetravalent form. This can explain the higher 
toxicity of the tetravalent tellurium compounds found in animal experiments. Other 
species such as dimethyltellurium can also accumulate in red blood cells. This cir-
cumstance has been researched in rats, where (CH3)2Te bound to hemoglobin has 
been observed. Elevated concentrations in the spleen have been related to the accu-
mulation of such tellurium compounds in red blood cells.

Although different research into tellurium nanostructures have demonstrated the 
reduction of toxicity in comparison to the bulk material, these compounds can still 
have some problems associated to their nanometric size as they tend to accumulate 
in the body and cause cytotoxic effects that may compromise their effectivity as 
biomedical agents. Therefore, there is still a need to find a complete explanation of 
the different mechanisms and applications. This particular element may offer in the 
biological field.

D. Medina-Cruz et al.



763

 Tellurium Nanomaterials for Biomedical Applications

As primarily known, and previously commented, the biological role of Te bulk com-
pounds is relatively limited due to the high toxicity involved and the lack of study 
on the matter [200]. Nevertheless, in its nanoscale form, Te has shown promising 
applications in the biomedical field, such as antibacterial [29], antifungal [135], 
anticancer [201], and imaging [202] applications. Therefore, tellurium nanomateri-
als are presented as a new field of investigation for their use in biomedicine and as 
an alternative of other well-known metallic NP that have been present in the field for 
a long time, like Au or Ag [11].

 Nanoscale Tellurium as an Antimicrobial Agent

Tellurium has been largely known for its cytotoxic properties. Indeed, toxic tellu-
rium agents were already known at the beginning of the twentieth century. In the 
pre-antibiotic era, tellurite was used as an antibiotic, inhibiting the growth of many 
microorganisms [203]. Tellurite was used in the research field as an antibiotic none-
theless not used to treat infections in humans. It was on 1932, when Sir Alexander 
Fleming brought into comparison the antibacterial properties of penicillin and tel-
lurite and could be generally observed that penicillin-insensitive bacteria were also 
tellurite-sensitive and in the other way around. Fleming reported the antibacterial 
capacity of tellurite ions [204], and since then TeO3

2− has been utilized constantly to 
isolate tellurite-resistant strains as Escherichia coli O157 [205]. Nevertheless, in 
those days, issues like tellurium toxicity and possible selectivity were not 
contemplated.

With the rise of the antibiotic era, tellurite was not the most promising candidate, 
a trend that has persisted to today. Different synthetic tellurides have been found to 
be toxic when in contact with cells or animal models. Recently, antimicrobial resis-
tance (AMR) has become one of the main concerns in the healthcare system [206], 
leading us to the threat of a post-antibiotic era. New cases arise every day, as data 
from the Centers of Disease Control and Prevention (CDC) showed that there are 
more than 23,000 deaths/year as a consequence of antimicrobial resistance infec-
tions, thus situating AMR as one of the leading causes of death in the USA. Different 
metals, such as silver or zinc, have been largely recognized as powerful antibacterial 
agents in bulk toward both Gram-negative and -positive bacteria [207]. Moreover, 
and thanks to the use of nanotechnology—and the high surface-to-volume ratio that 
nanomaterials present—new materials present antimicrobial activity and therefore 
can be used as potential solutions to the AMR crisis [208].

Some tellurium bulk compounds showed antibacterial properties in a range of 
bacterial strains, for instance, Tellurium AS101—an organocompound—showed 
potential antibacterial activity against the species Enterobacter cloacae [20]. In 
addition, many other tellurite compounds were used during the twentieth century as 
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bactericidal agents. Nevertheless, the toxicity associated with metallic tellurium 
discourage their use. Notwithstanding that, as said beforehand, the application of 
nanotechnology allowed the employment of this material as a novel antimicrobial 
agent with low cytotoxicity associated [209].

Distinct structures—from nanocrystals to nanowires and nanoparticles—have 
been tested showing a common antibacterial behavior against a broad spectrum of 
bacteria [210]. For instance, tellurium nanostructures were synthesized using 
enzymes showing antibacterial activity against S. aureus and E. coli [42]. In a simi-
lar study, Zare’s group reported how Bacillus sp. BZ, extracted from the Caspian 
Sea in northern Iran, showed the capacity to generate elemental tellurium nanopar-
ticles. The nanorods demonstrated bactericidal effect over different bacteria such as 
Salmonella typhi and Pseudomonas aeruginosa [211]. Besides, TeNP produced by 
physicochemical approaches also presented antibacterial activity on E. coli, P. aeru-
ginosa, and Acinetobacter baumannii [212]. Similarly, TeNR obtained through an 
environmentally friendly hydrothermal approach showed antibacterial activity 
against antibiotic-resistant bacteria such as methicillin-resistant Staphylococcus 
aureus (MRSA) and multi-drug-resistant (MDR) Escherichia coli in a large variety 
of concentrations [201].

Although there is no strictly predetermined mechanism, it has been primarily 
hypothesized that the antimicrobial properties may be mainly related to the produc-
tion of ROS or metal—ion release mechanisms [213]. The metal—ion release 
mechanism is applied when nanoparticles are in solution, as it is known they tend to 
dissolve and release ions; these ions can interact with the bacteria and penetrate the 
walls, generating toxicity that ends in cell death [213, 214].

In summary, tellurium nanomaterials have proven to be powerful antimicrobial 
agents and an alternative solution to the widespread use of antibiotics in a number 
of different structures and mechanisms of synthesis. Nonetheless, the future pros-
pect of tellurium nanostructures as antimicrobial agents is largely undiscovered but 
is most likely to be focused on finding novel structures with low cytotoxic effects 
associated and establishing a common mechanism for the antibacterial behav-
ior [208].

 Nanoscale Tellurium as an Anticancer Agent

The American Cancer Society defines cancer as a conjunction of more than 100 
diseases that are characterized by the abnormal and overgrowth of cells in different 
parts of the body such as lungs, breasts, or blood. The number of cases reported 
each year lead to an ever-growing concern over this disease. Different studies sug-
gest that in 2018, more than 20 million people would suffer some variant of cancer 
and, as a consequence, approximately ten million people would die [215]. Due to 
poor lifestyles and environmental quality, cancer is estimated to be a rising problem 
in the future years [216].
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Nanomaterials have been suggested as an alternative to the well-established 
treatments for cancer such as chemotherapy [217], radiotherapy [218], and surgery 
[219] as a potential solution to overcome some significant drawbacks [220, 221] and 
the increasing resistance to chemotherapy drugs [222]. As a result, these traditional 
treatments would no longer be effective and will end in an increasing death in 
patients [223].

A variety of tellurium organo-compounds—such as AS101 or octa-O-bis-(R,R)-
tartrate ditellurane (SAS)—have been reported as potential anticancer agents [20, 
223] by their capability of inactivating enzymes that compromise tumor surveil-
lance [224]. In addition, and in order to enhance the performance of tellurium com-
pounds as anticancer agents, new nanomaterials have recently emerged in different 
sizes and morphologies, although still in a reduced number. In one such study, tel-
lurium nanorods synthesized using hydrothermal processes and coated with PVP 
showed in vitro anticancer properties on melanoma cells with low cytotoxicity for 
human dermal fibroblast cells [201].

Similar to the level of understanding existing of these nanostructures’ antimicro-
bial properties, the mechanisms of action of these nanostructures are not clearly 
defined or fully researched. At first sight, the process of oxidation and later repres-
sion of cysteine proteins and enzymes can be treated as a drawback, and it can pres-
ent diverse profits. The oxidation of cysteine residues in proteins is considered an 
effective and therefore selective mechanism, by which it can target successfully the 
majority of the reactive residues. This knowledge is the foundation for an innovative 
field in anticancer investigation of tellurium compounds. Redox modulators, also 
known as “sensor/effector” agents [225], are based on the mixture between high 
activity and chemical selectivity with the aim to detect cancerous cells above healthy 
ones and therefore and selectively end with these cells without causing severe dam-
age to healthy ones. Investigations done along the last two decades demonstrated 
that a high number of cancerous cells reproduce in conditions of oxidative stress 
(OS), i.e., in the presence of elevated levels of ROS and an impaired antioxidant 
defense. By further controlling this disturbed redox balance, the possibility to reach 
a critical level known as “redox threshold” exists, which unleashes an apoptotic 
signal cascade that finally ends with cancer cell death. The concentrations of ROS 
(and other stressors) are generally low in healthy cells, and they are less affected by 
these mechanisms [226]. Hence, it seems that the catalysts in question “identifies” 
or “sense” a particular “biochemical signature” of OS in cancer cells and generate 
their effects in consequence.

Therefore, tellurium-based catalysts with glutathione peroxidase (GPx)-like 
activity have a significant impact on the anticancer field. As an example, a fairly 
selective activity of 2,3-bis(phenyltellanyl)naphthoquinone studied in different can-
cer cell lines, such as HT29 and CT26 human colon cancer cells, that are particu-
larly more sensitive to tellurium compound in comparison with normal cultured 
NIH 3T3 fibroblast cells. Comparable effects were observed in a model of human 
chronic lymphocytic leukemia (CLL). Significant reduction of cell proliferation 
was observed when CLL B-cells were isolated from patient blood and were treated 
with 2,3-bis(phenyltellanyl)naphthoquinone. On the contrary, healthy B-cells 
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extracted from identical patients and control peripheral blood mononuclear cells 
(PBMC) were considerably less affected. More detailed studies exposed that redox 
modulation is the explanation for the observed results. As a consequence, com-
pounds such as 2,3-bis(phenyltellanyl)naphthoquinone have the ability to rise OS, 
with three possible mechanisms by producing ROS, by transforming less reactive 
ROS into more active species or by catalyzing the ROS-driven oxidation of proteins 
and enzymes [227, 228]. The catalysis can be performed on either tellurium site or 
using other sites, like the redox-active quinone.

With independence of the chemical and biochemical processes involving Te 
compounds, their cytotoxicity is considered more complicated and elaborated than 
thought beforehand. Late investigations suggest the feasibility of tellurium-agents 
to control the activity of particular apoptosis-inducing proteins in cancer cells and 
therefore trigger an antioxidant response in normal cells. The compound AS101 
shows the biochemical complexity related to different tellurium agents. This com-
pound particularly inactivates cysteine proteases by binding with and lately oxidiz-
ing the catalytic thiol to a disulfide. In addition, it participates in the inhibition of 
caspases and therefore down-regulating caspase-1 inflammatory products, such as 
interleukin-18 (IL-18) and IL-1b. The up-regulation of glial cell line-derived neuro-
trophic factor (GDNF) is produced by direct inhibition of anti-inflammatory cyto-
kine IL10, which at the same time provokes the associated cell survival 
pathways [229].

With time, different vinyl tellurium compounds have been applied as therapeutic 
agents, which in turn can inhibit cysteine proteases, alike AS101 [230]. The 
 compound RT-04, as an example, inhibits principally cathepsin B, and hence, it is 
capable of inducing apoptosis in HL60 cells without toxic effects observed in nor-
mal bone marrow cells. Materials surrounding these and comparable compounds 
offers as a huge field for future investigations so as to the production of further 
complex—tellurium agents.

Besides those mechanisms, hyperthermia—which describes the self-destruction 
of the cell if temperatures higher than 43 °C are applied—is also considered for 
developing powerful cancer treatment [231, 232]. For example, due to their optical 
properties, tellurium nanoparticles can be excited using near-infrared light with 
high throughput [41]. Thus they can be used as a target to induce hyperthermia in 
tumors. As an example, tellurium nanorods were tested on a variety of cancer 
lines—such as hepatocarcinoma and melanoma—as well as healthy vascular epi-
thelial cells; the results showed significant anticancer effect with low cytotoxicity 
and no modification on the morphology and size of the nanostructures after treat-
ment [233].

Future studies on anti-cancerous properties of tellurium nanoparticles are neces-
sary and should strive to elucidate the unknown mechanisms of cell interaction of 
these novel nanoparticles. Moreover, further research including the optimization of 
the sizes and morphologies of various created tellurium nanostructures is required 
for discovering potential applications. In addition, extensive in-depth cytotoxicity 
studies would allow us to comprehend the vast utility of these compounds in human 
therapeutic applications [234].
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 Nanoscale Tellurium as an Imaging Agent and a Biological 
Marker

The imaging of tissues and organs have become a vital tool for accurate medical 
diagnostics and research in the medical field [235]. Imaging comprehends different 
techniques such as computed tomography (CT) [236]—based on the use of X-ray—
and magnetic resonance imaging (MRI) [237]—based on the phenomenon of 
nuclear magnetic resonance (NMR)—both allowing for the visualization of compo-
nents in the body for further diagnosis of diseases. Even though these techniques 
have been well established, they suppose a high economic impact [238], and new 
materials for screening diseases have been found in the last years coming from the 
use of nanotechnology [239].

One of the advantages of using nanomaterials is that they could be novel contrast 
agents for the use in imaging techniques, as they are designed to interact with parts 
of the body selectively; consequently, they give accurate responses and improved 
images [240]. Their unique physical properties allow for tuning their characteristics 
and for adapting to the desired configuration in order to obtain a high throughput 
[241]. For instance, they can be used as multi-model imaging tools [242]—for 
doing more than one imaging technique at a time—or to target specific compounds 
such as macrophages [243]. Another important key to be used in vivo is their biodis-
tribution, related to the low cytotoxicity to human cells and the ability to be elimi-
nated using renal or hepatic ways [244]. Consequently, there is a vast variety of 
materials that provide imaging response [245], such as iron oxide nanoparticles 
(MIONs) used in MRI as powerful magnetic nanoparticles [246] or gold nanopar-
ticles for CT specifically for tumor-targeted imaging [247].

The different physical, chemical, and especially spectroscopic characteristics of 
the metalloid have brought into attention the chance to use it as a useful biological 
marker. It is well known that the chemistry of the element somewhat resembles that 
of sulfur, the reason why it might be possible to include it into amino acids like 
cysteine and methionine [248]. Intriguingly, the presence of compounds such as 
telluromethionine in the medium have resulted in the natural addition of tellurium 
into methionine and consequently into proteins and enzymes. The modification of 
light S for a heavier element such as Te have potential benefits, as an example in 
terms of protein structural studies using X-ray crystallography. It has been largely 
reported that selenium can be introduced biologically in the form of selenomethio-
nine nonetheless, it is only able to contribute to certain protein structure information 
by the multi-wavelength anomalous dispersion (MAD) methodology. On the other 
hand, as it is heavier than the other elements, tellurium is able to provide clear sig-
nals. The increasing benefits of using Te as labeling agent cover the suitableness of 
the labeling methodologies, selective labeling at the methionine sites, the stability 
of telluromethionine, elevated isomorphism with the parent molecule, and—from a 
crystallographic point of view—high phasing power, relative abundance, and mobil-
ity of target sites. Further investigations on the labeling field can lead to surprising 
discoveries.
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At the beginning of the 1980s, Knapp, Kirsch and collaborators produced a vari-
ety of fatty acids that contained different forms of tellurium, along with the radioac-
tive 123mTe isotope. These compounds were largely investigated in rats and dogs. 
The presence of tellurium in the fatty acids provoked their difficult metabolization, 
and the results showed they were “stopped” in the myocardium (heart muscle) 
[249]. Some possible applications of this technology can be in the field of nuclear 
imaging or medicine as the Te-containing fatty acids can accumulate in particular 
organs and therefore be used for diagnosis of heart and pancreatic diseases [250].

Nonetheless, quantum dots (QDs) are considered a reference for biomedical 
applications of nanomaterials. QDs are fluorescent semiconductor nanoparticles 
with size-dependent emission of light, with a broad absorption and narrow emission 
spectra band [251]. These novel materials are employed in bioimaging: they present 
a core and a shell structure composed by semiconductor materials, therefore, in here 
is where tellurium plays its major role [252]. Here, different fluorescent tellurium 
particles are formulated not only as CdTe but also like CdSeTe, CdHgTe, and CdTe/
ZnTe, each of them showing its own biological profile [253, 254].

P. Xu et al. researched innovative fluorescent nanocomposites based on gambogic 
acid (GA) and cadmium–tellurium (CdTe) QDs. The incorporation of cysteamine in 
the structure was designed with the aim of using them for cancer labeling and com-
bined treatment [255]. Furthermore, other structures of CdTe QDs allowed the direct 
imaging of human serum proteins. Alternatively, Peng and colleagues developed an 
easy one-pot approach for the synthesis of Gd-doped CdTe QDs in aquatic media as 
fluorescence and magnetic resonance imaging dual-modal agent, showing a close 
size distribution and average dimensions of about 5 nm [256]. Mason et al. config-
ured and prepared red CdTe and NIR CdHgTe QDs for fluorescent imaging [257]. 
They demonstrated the fluorescent imaging by utilizing CdTe and CdHgTe QDs as 
fluorescent probes both in vitro and in vivo. Their results gave sensitive detection 
over background autofluorescence in tissue biopsies and live mice, making them 
suitable probes for in vivo imaging for deep tissues or whole animals.

There is no report on the literature demonstrating TeNP with imaging properties 
in spite of the QDs structure. However, there is a strong belief that this metalloid can 
be used alone as a contrast agent due to the few reports on bulk tellurium materials 
such as Te-123m-labeled 23-(isopropyl telluro)-24-nor-5 alpha-cholan-3 beta-on 
[249] or tellurium-123m-labeled-9-telluraheptadecanoic acid [250] for adrenal 
gland and cardiac imaging agent, respectively (Fig. 7).

 Conclusions

Tellurium has been known since the eighteenth century as a rare element of severe 
isolation. Despite its properties, which allow finding it useful for photoconductive, 
photothermal, and electronic applications, among others, many of its potential appli-
cations remain surrounded by uncertainty, especially in terms of bio- interactions. 
Widely used in the industry for enhancement of the properties of other materials, the 
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research associated with the development of alternative ways to either produce or 
use it remains in a low profile. However, it seems like the future opens a broad range 
of possibilities to tellurium that, nowadays, remain as the forgotten element.
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Nanofiber scaffolds, 64
Nanofibers, 140
Nanofibrous hydroxyapatite/chitosan  

(nHAP/CTS) scaffold, 582
Nanoform (SeNPs), 15
Nanogels, 377
Nanomaterials

antimicrobial biomaterials, 208, 209
antimicrobial effect, 215
antimicrobial properties, 208
biomedical applications, 214
characteristics, 208
clinical applications, 208
CNT-based antimicrobial, 210
definition, 208

Nanomedicine
metallic nanoparticles, 398–400

Nanoparticle system (AgNPs), 9

Nanoparticles (NPs), 174
advantages, 40
AgNPs, 40
CAP, 40
drug and gene delivery, 40

Nanorods (NRs), 171
Nanoscale tellurium, 754

anticancer agent, 764–766
antimicrobial agent, 763–764
applications, 752
catalyst, 753
doping, 756
gas sensing, 756
H2S gas, 756
ion detection and removal, 755
metallic elements, 751
nanowires, 753
photothermal conversion, 752
physicochemical studies, 752
selenium, 753

Nanostructures, 398
Nanotechnology, 398, 551
Nanotopographies, 12
Natural biopolymers

cardiac TE, 609–613
Natural ceramic (nacre), 373, 374
Natural polymers, 297, 299, 581, 582
N-diazeniumdiolate (DETA), 190
Neural stem cells, 599
Neural TE

embryonic/neural stem cells, 599
natural and synthetic 

biopolymers, 601–605
neurotransmitter like unit 

(DMAEMAMPC), 600
PANI, 600
PEDOT, 600
PEG, 601
PLA, 600
PLGA, 600, 601
polymer polypyrrole (PPy)-coated 

electrospun PLGA nanofibers, 600
scaffolds, 599
treatment methods, 599

Neurons, 599
Neutrophils, 231
N-hexyl, methyl-PEI, 342
N-hydroxysuccinimide (NHS), 139
NiTi alloy, 366
Nitric oxide (NO), 185, 186, 341
Nitric oxide synthase (NOS), 185
NO synthase (NOS) system, 123
Noncollagenous matrix proteins, 478
Noncovalent binding of peptides, 140
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Non-covalent interactions
cation-π complexation, 703, 704
definition, 695
electrostatic interaction, 695–698
hydrogen bonding, 698–700
hydrophobic interactions, 702–703
identification, 695
metal coordination, 703, 704
π-π interactions, 703, 704
van der Waals force, 701

Nonsteroidal anti-inflammatory drugs 
(NSAIDs), 233, 234

Nonunion, 225, 226, 229, 231, 233–237
Nonunion model, 270, 278
Non-weight-bearing long bone segmental 

defect models, 258, 260–263
CDS, 258
issues and models, 258

NovaBone™, 565
NQEQVSP(L), 139
NT-AgSr, 52
Nuclear factor-kappa B (NFκB), 217
Nuclear imaging, 417
Nuclear Magnetic Resonance (NMR 1H, 13C 

or31P), 666

O
Octacalcium phosphate (OCP), 376
OGP10–14, 452
One-dimensional (1D) tellurium 

nanostructures
independent study, 746
nanobelts, 746–747
nanorods, 745
nanotubes, 746
nanowires, 745
PVP, 745

Optical microscopy, 666
OPTN (Organ Procurement and 

Transplantation Network)  
data, 648

Organ transplantation, 577
Organotellurium compounds, 737
Orthobiologics, 37
Orthopedic fixation methods, 225
Orthopedic implantation, 685–687
Orthopedic implants, 346–347, 677

biomedical applications, 76–77
outcomes

anti-infection efficacy, 83
biofilm formation, 82
bone regeneration, 83, 86
stainless steel surfaces, 82

surface chemistry, 81
water contact angle, 81

problems, 74, 75
setup and methods

chemistry and surface property, 78–79
coatings and surfaces 

characterization, 79
durability evaluation, 79, 80
fibrinogen and fibronectins role, 80
in vitro and in vivo models, 80

strategy, 75, 76
Orthopedic surgery

infections, 38
Orthopedic technologies, 225
Osseointegration, 74, 76, 77, 86, 116, 117, 

122, 356
Osseointegration enhancement/infection 

inhibition, see Implant surface 
coating technologies

Osteoarthritis, 621
Osteoblast cell proliferation

and osteoconductivity, 49
Osteoblasts, 316, 478, 479, 482, 536, 537, 

539, 545–547, 549, 550
cultures, 366
differentiation, 365, 366, 377
proliferation, 364, 368, 376

Osteoblast-specific transcription factor 
(osterix/OSX), 119

Osteocalcin (OCN), 119
Osteoclasts, 315, 316, 478, 479, 537, 539, 

548, 549
Osteoconductibility

CaPs, 545–547
Osteoconduction, 11, 19, 439

definition, 356
Osteoconductive bone substitute, 480
Osteoconductivity, 75–78, 83, 86, 440, 537, 

544, 545, 549, 551, 552
medical implants (see Medical implants)
and osteoblast cell proliferation, 49

Osteocytes, 478
Osteogenesis, 439, 479

biomaterials, 384
process, 382

Osteogenesis imperfecta, 363
Osteogenic differentiation

BM-MSCs, 140
BMP-2, 143
bone marrow stromal cells, 145
enhancement, 144
hADSCs, 144
hMSCs, 143, 146
MC3T3-E1 cell, 143

Index



801

MSCs, 146
progenitor cells, 141, 157

Osteogenic growth peptide (OGP), 20, 
139–144, 452

Osteogenic markers, 42
Osteogenic pathways, 226
Osteogenic peptides, 141, 142
Osteoinduction, 6, 11, 19, 439

BCSP™-1, 453
BMP-derived peptides, 451, 452
CB peptide, 453
CBM peptide, 453
CGRP, 452
CTC peptide, 454
definition, 356
ET-1, 453
OGP, 452
PTH1–34, 452
SP, 453
teriparatide, 452

Osteoinduction mechanism
biological activity, 359
biomaterials, 357
BMPs, 356

Osteoinductive behavior investigation
ALP activity, 178, 179
cytotoxicity, 177, 179
laser cladding method, 178
osteogenic ability, 179

Osteoinductive biomaterials
alternative approaches, 18
animal model (see Bone defect model)
BG, 18, 19
bone production, 19
bone repair/regeneration, 18
ECM interactions, 19
elements, 19
HCA, 19
OGP, 20
ROS, 19
VEGF promoted angiogenesis, 19

Osteoinductive bone substitutes, 480
Osteoinductive peptides

BMHP1, 146
BMP-2, 143–145
BMP-4, 145, 146
BMP-7, 144, 145
BMP-9, 145, 146
bone progenitor cells, 141
CBM, 146, 147
clinical use, 147
dentistry, 140
OGP, 141–143
orthopedics, 140

and osteogenic, 141, 142
P-15, 148
parathyroid hormone, 146
PTH1–34, 147
TP508, 147

Osteoinductivity, 440, 441, 537, 545, 549, 
551, 552

ALP, 119
BMPs, 120
BSP and OCN, 120
cell signalling in CaP, 545, 546
crystallinity, 549, 550
ECM, 119, 121
hedgehog signaling pathway, 120
infections, 38
MSCs, 119
Notch signaling pathway, 120
osteoblast differentiation, 120
osteogenic differentiation, 121
osteoinduction phenomenon, 118
phenotypic markers, 119
solubility, 550
surface charge, 550, 551
surface roughness, 550
WNT, 120

Osteomyelitis, 38, 236, 237
treatment, 43

Osteonectin-derived peptides, 450
Osteopontin-derived peptide (OPD), 448, 449
Osteopontin (OPN), 119
Osteoprogenitor cells, 232
Osteopromotive domain, 452
Osteoprotegerin (OPG), 229
Oxidation, 403
Oxygen evolution reaction (OER), 757

P
Palladium-platinum (Pd-Pt), 402
Parathyroid hormone (PTH1–34), 146, 452
Patient-related risk factors, 233–235
PBA2-1c, 451
pBMP-9, 451
pCB hydrogels

mechanism, 337
PEGS-FA, 344
PepGen (P-15), 20
Peptide-based biomaterial scaffolds,  

465–467
Peptide-based molecular linkers, 462
Peptides

advantages, 454
amino acids, 129, 130
in angiogenesis (see Angiogenesis)
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Peptides (cont.)
anti-biofilm (see Anti-biofilm peptides)
application, 141, 157
cathelicidins, 454
cell adhesion, 131, 132 (see also Cell 

adhesion)
cell-attracting/repelling moieties, 444
chemical properties, 455
coating materials (see Coating materials, 

peptides)
conjugation, 456
derived from proteins, 131–134
development, 157
diverse functions, 455, 456
extracellular matrix proteins, 444
fragments, 445
functionalization, 139–140
library screening, 134–136
non-native chemistries and functions, 455
in osteoinduction (see Osteoinduction)
osteoinductive (see Osteoinductive 

peptides)
proteins, 133
receptor-mediated signal transduction, 444
RGD, 131, 132
scaffold materials (see Scaffolds)
self-assembling, 131
synthesis (see Solid-phase peptide 

synthesis)
in tissue engineering, 140

Peptidomimetics, 157
Peripheral blood mononuclear cells 

(PBMC), 766
Periprosthetic joint infection (PJI)

AL, 93
biofilm, 94
hematogenous spreading, 94
implant infection, 94
Medicare population, 94
prophylactic systematic administration, 94
S. aureus, 94

Perivascular stem cells (PSCs), 454
Phage display, 134, 135, 146
Phase separation, 625
Phosphate buffered saline (PBS), 44, 667
Photothermal therapy (PTT), 420, 421
PHSRN, 447
Physical immobilization/adsorption, 458, 459
Physicochemical approaches

Ag–Ni bimetallic nanoparticles, 402
chemical reduction, 403, 404
ions, 404
laser ablation/pulsed laser deposition, 

401, 402

metal precursor, 403
nanocluster sources, 404, 405
oxidation, 403
Pd–Pt, 402
PEG, 405
single magnetron-based source, 405
sol-gel process, 404
sputtering process, 404
stabilizing agents, 403
synthesis, nanomaterials, 401, 403
thermal-induced diffusion, 405

Planktonic cells, 148
Plant extracts, 408, 409
α2-Plasmin inhibitor, 139
Plate readers, 138
Platelet-derived growth factor (PDGF), 

480, 536
PLGA/TCP composite (PT), 379
PLGA/TCP/Mg (PTM) scaffold, 379
Pluronic, 297
pNIPAM, 707
Poly (3,4-ethylenedioxythiopene) 

(PEDOT), 600
Poly (ethylene oxide) (PEO), 101
Poly (lactic-co-glycolic acid) (PLGA), 96, 

101, 106, 107, 379, 600, 601
Poly(2-hydroxyethyl-methacrylate) 

(PHEMA), 375
Poly(4-hydroxy-l-proline ester)  

(PHPE), 378
Poly(acrylic acid) (PAA), 97
Poly(allylamine hydrochloride) (PAH), 144
Poly(β-amino esters), 56
Poly(ε-caprolactone) (PCL), 300, 375
Poly(carboxybetaine) (PCB), 336–338, 340
Poly(dimethylsiloxane) (PDMS), 707
Poly(d,l-lactide) (PDLLA), 56
Poly(ethylene glycol) (PEG), 133, 139, 

299, 601
Poly(ethylene glycol) diacrylate 

(PEGDA), 299
Poly(glycerol sebacate acrylate) (PGSA), 701
Poly(glycolic acid) (PGA), 300
Poly(lactic acid) (PLA), 300, 339
Poly(lactic-co-glycolic acid) (PLGA), 17, 

41–42, 176, 300, 339
Poly(l-co-d,l) lactic acid (PLDLA), 662
Poly(l-glutamic acid)-capped silver 

nanoparticles (AgNPPGA), 42
Poly(N-isopropylacryl amide) (PNIPAm), 295
Poly(oligo ethylene glycol) (pOEG)-grafted 

glass surfaces, 336
Poly(sulfobetaine) (PSB), 336
Polyacrylamide (PAAm), 713
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Polyaniline (PANI), 600
Polycaprolactone (PCL), 20, 97, 104
Polycations, 117
Polydimethylsiloxane (PDMS), 754
Polydioxanone (PDS), 375
Polydopamine (PDA), 140, 171
Polyesters, 656
Polyethylene (PE), 375
Polyethylene glycol (PEG), 20, 297, 335, 336, 

349, 375, 405, 409, 413, 656
Polyethylene terephthalate (PET), 585
Polyethyleneimine (PEI), 342, 343
Polyhexamethylene biguanide 

(PHMB), 21, 122
Polyhydroxybutyrate (PHB), 375
Polylactide (PLA), 375
Polymer coatings

cationic antimicrobial peptide, 123
KLD, 123
NOS system, 123
PHMB, 122
polycations, 122–124
S. aureus, 123, 124

Polymer polypyrrole (PPy)-coated electrospun 
PLGA nanofibers, 600

Polymers, 40
AM, 323
AMPs, 17
carbon nanostructure, 17
cationic components, 16
chitosan mechanism, 16, 17
graphene, 17
material design, 16
OH groups, 18
PLGA, 17
polyphenols, 17
quaternary amine moiety, 16
SWCNT, 17

Polymers, orthopedic biomaterials
bioactivity/biodegradability, 375
biodegradable, 375, 378
BMSCs, 376
bone healing capacity, 376
bone tissue engineering, 375
digital light processing, 376
features, 375
generations, 375
hydrogels, 377, 378
molecular weight, 378
multi-layered PLLA nanosheets, 377
nanofiber membranes, 376
polymeric membrane, 376
3D scaffolds, 375

Polymethylmethacrylate (PMMA), 267, 375

Polymethylmethacrylate (PMMA) beads, 
338, 339

Polymyxin B, 156
Polymyxin E, 156
Polypropylene (PP), 375
Polysaccharide-based hydrogels, 596
Polysaccharides, 597
Polyurethane (PU), 343
Polyurethane-acrylate (s-PUA), 705
Polyurethanes (PU), 656
Polyvinyl alcohol (PVA), 105–107
Polyvinyl pyrrolidone (PVP), 97
Porous Ta trabecular metal (PTTM), 365
Positron emission tomography (PET), 400, 

415, 417
Posterolateral approach, 267
Powder-based technologies, 662
Powder bed fusion (PBF) principle, 326
Powders, 43
Pre-mineralized materials, 140
Primary callous, 38
Primary fracture healing, 229, 230
Primary ossification center (POC), 227
Printability, 292, 293, 297–300, 304
Pro-angiogenic peptides, 141
Proliferation, 76, 78, 83, 85
Prophylactic antibiotics, 39
Prophylaxis, 41
Prostaglandin E2 (PGE-2), 234
Proteins, 129

advantages, 454
amino acid sequences, 131
BTE, 443, 444
de novo, 131
hydrogen bonding, 131
structure, 131

Proteoglycans, 442, 443
PSB-grafted surface, 336
pSBMA, 347
PU catheters, 343
Pulsed laser deposition (PLD), 363, 401

Q
QK peptide, 450
Quantitative real-time polymerase chain 

reaction (qRT-PCR), 42
Quantitative structure–activity relationship 

(QSAR) model, 152
Quantum dots (QD), 422, 768
Quaternary ammonium compounds 

(QACs), 340
Quaternized chitosan-g-polyaniline 

(QCSP), 344
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R
RANK ligand (RANKL), 229
Rat femoral wedge bone defect model, 270
Reactive nitrogen species (RNS), 19
Reactive oxygen species (ROS), 14, 15, 

169, 400
Receptor activator of nuclear factor κB 

(RANK), 229
Recombinant human bone morphogenetic 

protein-2 (rhBMP-2), 95, 483, 
486, 583

Recombinant human bone morphogenetic 
protein-4 (rhBMP-4), 97

Recombinant human fibroblast growth factor-2 
(rhFGF-2), 377

Redox modulators, 765
Regenerative medicine, 44, 436, 536, 577, 

579, 585, 621, 648
Releasing-based anti-microbial biomaterials

antibiotics, 338–339
NO, 341
QACs, 340
silver NPs, 339–340

Resorbability, 10
Resorbable CAPs, 44
Reversed-phase HPLC-MS, 136
RGD, 131, 132, 139, 142, 144, 146
RGD peptides, 446
Rheumatoid arthritis (RA), 621
Risk factor

fracture-related, 235
patient-related, 233–235
trauma-related, 236–237

Rotary jet spinning, 661
RoY peptide, 450
Run related translation factor 2 (Runx2), 539
Runt-related transcription factor 2 (RUNX2), 

38, 44, 52, 62, 66, 119

S
Salmonella cells, 213
SBA-15, 346, 347
“Scaffold AND technique”, 649
Scaffolds, 481, 482

AgNP/BMP-2, 62
amoxicillin-loaded nanofiber, 64
annual growth of publications, 650
application, 663–665
bibliometric mapping, 649, 650
biomimetic process, 64
bone cavities, 61
bone formation, 61
bone regeneration, 59

CAP and Ag-CAP, 61
cell proliferation triangle, 648
characterization, 665–667
CORM, 194, 196
CS/nHA/CD, 63, 64
database and search strategy, 649
decellularization, 491
development, 649
donor system, 194
drug delivery, 185
ECM, 648
fabrication techniques, 658–663
fluid, 653
H2S, 194
H2S donor, 198
material selection (see Material selection)
nanofiber, 64
network visualization maps, 650, 651
NO donor, 198
osteoinductive, 62
PCL, 63
peptide-based biomaterial, 465–467
properties, 654, 655, 657
research, 193
RUNX2, 62
SBA-15 nanoparticles, 62
self-assembled peptides, 463, 465
SEM, 63
silica/hydroxypropyltrimethyl ammonium 

chloride CS/zein, 62
silk fibroin salt-leached, 194
solid, 653
and TE, 652
technologies, 59, 60
3D, 648, 649
tissue engineering, 194
types, 485, 652
X-ray photoelectron spectroscopy, 65
ZnO, 63

Scanning electron microscopy (SEM), 79, 102, 
104, 212, 363

Secondary fracture healing, 230–233
Secondary ossification center (SOC), 227
Secreted protein acidic and rich in cysteine 

(SPARC), 450
Selective laser melting (SLM), 326, 327
Selective laser sintering (SLS), 316, 326, 

327, 662
Self-assembled monolayer (SAM), 9, 142, 335
Self-assembled peptides, 463, 465
Sepsis, 561
Shorter MWCNTs (s-MWCNTs), 214
SIKVAV-conjugated chitosan hydrogels, 132
Silanization, 459
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Silanol (SiOH), 19
Silica-PVA adhesive hybrid film, 711
Silicic acid (Si(OH)4), 19
Silk fibroin, 583, 584, 597
Silver

antibacterial, 39
bactericidal activity, 39
bone healing, 41–43

Silver nanoparticle gentamicin  
(AgNP/GS), 52, 53

Silver nanoparticle/poly(DL-lactic-co-glycolic 
acid)(PLGA)-coated stainless steel 
alloy (SNPSA), 54

Silver nanoparticle-doped hydroxyapatite 
coatings with oriented block arrays 
(AgNP-BHAC), 50, 51

Silver-containing hydroxyapatite (Ag-HA), 46, 
48–50, 54

Silver-HA coating, 95
Silver nanoparticles (AgNPs), 40, 42, 53, 54, 

62, 339–340, 345
Simple anatomy approach, 267
Simple and accessible patterning 

approach, 291
Simple and robust approach, 295
Simulated body fluid (SBF), 374
Single-photon emission tomography 

(SPECT), 417
Single-walled CNTs (SWCNTs), 17, 208

antimicrobial properties, 210, 212, 213
toxicity, 214, 215

SIS-ECM, 502
Size exclusion chromatography  

(SEC), 666
Skeletal tissue, 535
Skin TE, 601–607
SMADs, 483
Smoking, 233–235
Smooth muscle cells, 132
Sodium hydrosulfide (NaHS), 190, 192
Soft callus, 232
Sol-gel method, 49, 50
Sol-gel process, 404
Solid-phase peptide synthesis, 156

advantages, 137
chemical ligation, 136
description, 136
design and characterization, 138
enzyme-catalyzed methods, 137
fluorescent dyes, 137, 138
Fmoc/Boc group, 136
kinetic parameters, 138
messenger RNA, 136
modifications, 137

reagents and by-products, 136
speed and quality, 136

Solid scaffolds, 653
Solvent casting/particle leaching, 625
Solvent casting/particulate leaching, 658, 660
Soy oil, 585
Sponges, 598
SR-PM-Ag, 43
SR-PM-Ag-HA, 42, 43
Stainless steel, 559
Staphylococcus aureus, 74, 76, 77, 80, 83, 116
Staphylococcus epidermidis, 74, 76, 77, 80, 83
Staphylococcus species, 39
Staples, 694
Steel

ASTM standards, 362
calcium-phosphate coatings, 362
medical-grade, 362
properties, 362
UNS S31254 grade, 363

Stem cell-based therapies, 592
Stem cells

culturing, 374
graphene, 381
immature and pluripotent, 356
microbeads, 378
microenvironment, 382

Stereolithography (SLA), 324, 325
Stereolithography (STL), 316
Stimuli-responsive polymers, 157
Strontium (Sr2+), 48, 106
Strontium-graphene oxide (Sr-GO), 381
Sual-function nanocoating, 76, 86
Substance P (SP), 453
Superparamagnetic iron oxide nanoparticles 

(SPION), 419
Surface charge, 550, 551
Surface chemistry, 81, 86
Surface functionalization

biomolecules, 457, 459
covalent immobilization, 458–461
MBPs, 461–465
physical immobilization/adsorption, 

458, 459
principle of immobilization strategies, 457

Surface-initiated atom transfer radical 
polymerization (SI-ATRP) 
strategy, 346

Surface modification, 142
Surface modified implantable 

technologies, 46, 47
Surface of carbon nanotubes/chitosan  

(CNT/CS), 170
Surface roughness, 550
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Surgical site infections, 39
Synthetic biopolymers, 584, 585

cardiac TE, 609, 613–616
Synthetic polymers, 297, 656

T
Tantalum (Ta)

definition, 365
LIF, 366
NiTi alloy, 366
osteoblast cultures, 366
PTTM, 365
TM and TSV, 366

Tellurium (Te), 724
amorphous phase, 731
applications, 730
bacteria, 757–759
biological applications, 742
biological toxicity, 761
biomedical applications, 763–768
catalysis, 739–740
chalcogenide glasses, 740
chemical properties, 733–737
chemistry, 736
colloidal, 733
compounds, 742
crystalline and amorphous, 733
crystalline tellurium, 731
crystalline, 733
density, 731
diagnosis, 767
discovery, 725–726
economic value, 730
electronic applications, 740, 741
elemental forms, 724
fungi, 759
human biology, 760–762
isotopes, 737
metalloid, 728
metallum problematicum, 725
metallurgy, 738
minerals, 728
ore, 727
organic compounds, 736
organotellurium compounds, 725
oxygen, 724
physical properties, 731–733
plants, 760
production, 739
refinery production, 729
ROS, 762
sodium and potassium, 734
solid form, 731

sulfur and tellurium, 761
tellurides, 734
thermal expansion, 732
vapor density, 733
variability, 729

Tellurium acids, 735
Tellurium chemistry, 736
Tellurium dioxide, 735
Tellurium halides, 736
Tellurium iodine (TeI), 736
Tellurium nanomaterials, 750–751, 764
Tellurium nanoribbons, 749
Tellurium nanostructures, 762

synthesis, 743
Tellurium nanowires, 745
Tellurium nitrides, 736
Tellurium-related metabolism, 760
Tellurium sulfates, 736
Tellurium tetrabromide (TeBr4), 736
Tellurium toxicity, 762
Templating techniques, 753
Teriparatide, 452
Thermally induced phase separation, 661
Three-dimensional (3D) biodegradable 

scaffolds, 648
3D Bi-Te nanowire network, 748
3D cell-derived ECM hybrid scaffolds, 504
3D modeling, 316
3D nanoyarn scaffold, 101
3D NFs collector

ALP, 103
corona discharge, 103
coronal charge effect, 102
electric field vectors, 102
electrospinning mechanism, 102
NF sheet thickness, 104
programmable, 104
programmed electrospun, 103

3D NFs fabrication
cryogenic electrospinning, 101
liquid bath, 101
micro-patterned collector, 102
nanoyarn scaffolds, 101
NF collector surface design, 101
PEO, 101
porogens, 101

3D printing, 290, 327, 520, 521, 651
3D scaffold, 100, 102, 481, 490

electrospinning, 625, 626
freeze-drying/lyophilization, 624
gas foaming, 626
phase separation, 625
solvent casting/particle leaching, 625

3D tellurium nanomaterials, 750
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Thrombin peptide 508 (TP508), 19, 147
Tigecycline, 343
Tissue bioadhesive

adhesives strength (see Adhesives strength)
advantage, 694
bone fractures, 694
glue, 694
mechanical structure based bioadhesives 

(see Mechanical structure based 
bioadhesives)

natural biological entities, 695
non-covalent interactions (see Non- 

covalent interactions)
physical interaction-based, 695
physiological environment, 694
research and utilization, 694
staples, 694
stress, 694
surgical operation, 693
suture, 693
trauma and scarring, 694
water resistance, 694

Tissue-derived ECM
ADSCs, 503
allogenic (donor/cadaver)/xenogenic 

(animals) tissues or organs, 495
application, 495–500
bone formation, 502
DBM, 501
decellularized bone ECM, 501
decellularized cartilage, 501, 502
growth factor cocktails, 495
SIS-ECM, 502

Tissue engineered vascular conduits (TEVC), 
619, 620

Tissue engineering (TE)
application, 343–348, 579
ASC, 579
barriers, 578
drug delivery, 40
biofabrication (see Biofabrication)
biomaterials, 580
bone regeneration, 59
BTE (see Bone tissue engineering (BTE))
cardiac (see Cardiac TE)
cartilage, 594–598
cartilage and skin tissue, 436, 437
cell signalling biomolecules, 579
cell source, 579
cell transplantation, 436
cellular/acellular strategies, 578
characteristics, 580
concept, 578
conduction, 436

ESC, 579
induction, 436
interfacial, 621–623
iPSC, 579
liver, 620, 621
MSC, 579
neural (see Neural TE)
regenerative medicine, 577
scaffolds, 624–626 (see also Scaffolds)
skin, 601–607
therapeutic approach, 490
therapeutic options, 436
vascular, 618–620

Tissue healing approaches, 39
Tissue regeneration, 536
Titania nanotubes (TNTs), 51, 170
Titanium (Ti), 38, 140, 141, 363

dip-coated or spin-coated CS layers, 53
by electrodeposition, 53
foils, 52
rods, 52, 55
substrates, 51, 52
substrate surfaces, 46
surfaces, 52
Ti6Al4V alloy, 55
Ti-6Al-4V Ti alloys, 50
wires, 56
with BMP/CS/Ag/HA, 55

Titanium binding peptides (TiBPs), 462
Titanium fiber mesh (TFM), 366
Titanium implants

ALD, 170–174
antibacterial behavior 

investigation, 174–177
cytotoxicity, 170
laser cladding method, 170
osteoinductive behavior 

investigation, 177–180
osteoinductive property, 180
self-antibacterial property, 180
synergistic antibacterial effect, 170

T lymphocytes, 231
Tobramycin, 39
Topography, orthopedic biomaterials

bone regeneration and repair, 382
nanocomposite, bone, 382
nanotopographical features, 382
small-scale technologies, 383

Total hip arthroplasties (THA), 92, 97
Total joint arthroplasty (TJA)

bioactive orthopedic implant, 92
cellular activities, 93
description, 92
infection, 93
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Total joint arthroplasty (TJA) (cont.)
orthopedic implants, 93, 108
osseointegration, 93, 94
PJI, 93, 94
secondary stability, 93
Ti alloy, 92–93
TKA, 92

Total knee arthroplasties (TKA), 92, 93, 97
Toxicity

CNTs, 218
MWCNTs, 208, 214, 215
SWCNTs, 208, 214, 215

Trabecular metal (Ti), 99
Trabecular Metal™ Dental Implants (TM), 366
Traditional synthetic approaches, 743
Transferable cell-derived ECM, 512
Transforming growth factor-β (TGF-β), 10, 

443, 480, 545, 546
Transglutaminase, 139
Transition metals, 400
Transmission electron microscopy (TEM), 666
Transport anti-tumor drugs, 601
Trauma-related risk factors, 236–237
Tricalcium phosphate (TCP), 64, 66, 440, 543
Tripolyphosphate (TPP), 419
Tsiulyanu’s group, 756
Tumor necrosis factor α (TNFα), 231
Tunable mechanical properties, 298
Two-dimensional Te nanostructures

characteristic feature, 747
hydrothermal method, 747
multinanolayers, 748

Type I collagen (COL I), 119
Type-I collagen-coated titanium (TiColl) 

screw, 97
Type-I collagen-derived peptides, 446, 447

U
Ultrasonic irradiation, 744
Ureido-4-pyrimidinone (UPy), 699
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