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Preface

A meteoric scientific and technological revolution in biomedicine is underway and
is ruling by advanced biomaterials. A number of factors involved in biomaterials’
advancement complement each other. Science of materials, synthesis procedures,
and analytical contrivance are some of the major factors that have transformed over
a period of time, thus popularizing the biomaterials for their advanced biomedical
applications. Much of revolution in biomaterials is fundamental in nature; however,
advances are often based on the new and extended understanding of basic principles
of biomaterials along with its applications.

Biomaterials are a class of materials that are intended for applications in the
biomedical field without being biologically vulnerable. Among many, metallic and
polymeric biomaterials have most widely been studied due to several advantages.
The growing number of publications and technology patents in this field has
encouraged us to provide a comprehensive outcome with future scope. We have
selectively chosen topics based on the latest and demanding areas of research in
biomedicine. Each chapter of this book has discussed distinct biomaterial types.
Many chapters begin with the basics followed by advancement and then application
of biomaterial. Overall, this book elaborates on the preparation process and mod-
ification of polymers, blends, composites, nanoclusters, and nanohybrids, including
advanced approaches such as bioprinting and plasma processing. These biomate-
rials have further been discussed in terms of their application as a carrier for drug
and gene delivery, imaging and sensing, and also as an adjuvant, which are espe-
cially elaborated in the field of cartilage regeneration therapy, cancer management,
and for the induction and treatment of autoimmunity, respectively. The use of
polymeric scaffolds for engineering tumor microenvironment and decellularized
extracellular matrix as the scaffolds for various tissue recreations has also indi-
vidually been discussed in separate chapters. The various nanohybrid systems such
as gold nanoclusters, graphene nanoclusters, and magnetic nanoparticles and var-
ious nanoantimicrobial biomaterials have also been elaborated as advanced thera-
nostics and developing antimicrobial biomaterials, respectively.

Arduous task of compiling recent ‘Advances in Biomaterials for Biomedical
Applications’ and succinct pretension about their future requires greater leisure and
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extensive reading. In this book, we have sought to bring together the expertise of
scientists involved in the materials chemistry and theranostics, with the aim of
providing overview on contemporary preparation and diversified applications of
biomaterials. This book is appropriate to advanced graduate, introductory-level
researchers, and also interdisciplinary and multidisciplinary scientists. It should also
serve as a source book for statuary authorities and legislators charged with ethical
monitoring and approving clinical applications.

We once again thank all the authors for the quality of their contributions that has
enabled us to make possible this book beyond our own limited experience.

Mumbai, India Anuj Tripathi
Jose Savio Melo
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Polymers, Blends and Nanocomposites
for Implants, Scaffolds and Controlled
Drug Release Applications

Kumar Abhinav Dubey, Chandrashekhar V. Chaudhari,
Yatendra Kumar Bhardwaj and Lalit Varshney

Abstract Polymer blends and nanocomposites are widely explored for different
biomedical applications such as biodegradable scaffolds, biosensors, implants and
controlled drug release. Both, synthetic and semi-synthetic polymers are used in
medical applications and have their inherent advantages and disadvantages.
Synthetic polymers offer flexibility of varying monomer unit, molecular weight,
branching and thus offer a diverse set of physico-mechanical properties, whereas
natural polymers offer superior biocompatibility and biodegradation profile.
Availability of polymer blending techniques adds another dimension to the property
set that polymers can offer, and therefore polymer blending is often used to tailor
biodegradability and physico-mechanical properties. Polymers, in general, have
poor mechanical properties when compared to metals and ceramics, putting a load
bearing limit on polymer-based medical implants. The addition of reinforcing/
functional filler is expected to overcome such disadvantages of polymers. Polymers
composites are heterogeneous systems wherein polymers are compounded with
micron or nano-size particles to render high strength, electrical conductivity or any
other functional attribute. This chapter describes the technological aspects of poly-
mer blends and nanocomposites with a specific reference to synthesis, characteristics
and applications of multi-phasic polymer systems as implants, scaffolds, and con-
trolled drug release matrices. A detailed account of synthetic and natural polymer
nanocomposites along with a brief discussion on important nano-fillers used in
medical applications and interface modification techniques is presented. Few
examples of recently explored novel polymer blends and composites that displayed
promising properties as implants, scaffolds, biosensors and control release matrices
have also been discussed.

Keywords Polymers � Implants � Tissue engineering � Drug delivery

K.A. Dubey (&) � C.V. Chaudhari � Y.K. Bhardwaj � L. Varshney
Radiation Technology Development Division, Bhabha Atomic Research Centre,
Trombay, Mumbai 400085, India
e-mail: abhinav@barc.gov.in; abhinav.barc@gmail.com

© Springer Nature Singapore Pte Ltd. 2017
A. Tripathi and J.S. Melo (eds.), Advances in Biomaterials
for Biomedical Applications, Advanced Structured Materials 66,
DOI 10.1007/978-981-10-3328-5_1

1



Abbreviations

ABS Acrylonitrile butadiene styrene
AFM Atomic force microscopy
Bi2O3 Bismuth oxide
BN Boron nitride
BNT Born nitride tubes
DMF Dimethyl formamide
CNTs Carbon nanotubes
CTAB Cetyl trimethylammonium bromide
CVD Chemical vapour deposition
EG Exfoliated graphene
EVA Ethylene-vinyl acetate
EPDM Ethylene propylene diene monomer
GIC Graphene intercalated compound
GO Graphene oxide
HDPE High-density polyethylene
HEMA 2-Hydroxyethyl methacrylate
HUVEC Human umbilical vein endothelial cells
LDPE Low density polyethylene
LDS Lauryl dodecyl sulfonate
MoS2 Molybdenum disulfide
MWNT Multi walled nanotube
NCB Nano carbon black
NP Nanoparticle
NCC Nanocrystalline cellulose
NMP N-Methylpyrrolidone
PC Polycarbonates
PCL Polycaprolactone
PDMS Polydimethylsiloxane
PET Polyethylene terephthalate
PEG Polyethylene glycol
PEEK Polyether ether ketone
PEI Polyethylenimine
pHEMA Polyhydroxyethylmethacrylate
PLA Polylactic acid
PLGA Poly(lactic-co-glycolic acid)
PMMA Poly methylmethacrylate
PTFE Polytetrafluoroethylene
PU Polyurethane
PVA Poly vinyl alcohol
PVC Polyvinyl chloride
PVDF Polyvinylidene fluoride
ROS Reactive oxygen species
SC Sodium cholate
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SDBS Sodium dodecylbenzenesulfonate
SDS Sodium dodecyl sulphonate
SEM Scanning electron microscopy
SPR Surface plasmon resonance
STM Scanning tunnelling microscopy
SWNT Single walled nanotube
TDOC Sodium taurodeoxycholate
TEOS Tetraethoxysilane
THF Tetrahydrofuran
TPU Thermoplastic polyurethane
TTAB Tetradecyltrimethylammonium bromide
UHMWPE Ultra-high-molecular-weight polyethylene
VEGF Vascular endothelial growth factor
WS2 Tungsten sulphide
XRD X-ray diffraction
Nd:YAG Neodymium-doped yttrium aluminium garnet

1 Introduction

Polymers are natural or synthetic macromolecules composed of many repeating
units. They offer a variety of properties that make them amicable to different
biomedical applications. The earliest use of polymers can be traced back to Mayan
civilization though the modern era is believed to be heralded with the discovery of
rubber vulcanization by Charles Goodyear in the nineteenth century (Bergström
2015). Today, polymers are among the most widely used materials, surpassing
steel, aluminum and ceramics. In medicine, natural polymers are used since long
time but synthetic polymers gained significance only in the last few decades. The
application domain of polymers is as wide as the property set they offer, ranging
from regenerative medicine to orthopedics (Aguilar 2013; Baran et al. 2014; Fabian
and Wulff 2014; Hall 2015; Han 2015; Ivanova et al. 2014; Pruitt and
Chakravartula 2011; Yang 2015).

Polymers are light, relatively inexpensive and closely mimic biological tissue.
Indeed, macromolecules of biological origin were among the first explored for
biological application such as sutures. Synthetic polymers though initially thought
to have issues of biocompatibility and biodegradability, now play a major role in
medicine, due to advancement in polymer synthesis, modification, blending and
composite formation techniques. Synthetic biodegradable and biocompatible
polymers are also now available and bio-functionalization techniques have been
developed to improve interaction between polymers and cells or tissue, through
surface modification. Such endeavor felicitates development of highly specialized
polymers that serve the desired function, stay in the body only as long as they are
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needed and then degrade, avoiding surgical intervention for the removal. Drug
delivery systems, orthopedic fixation, ligament augmentation, vascular stents are
among the most important medical functions of polymers.

Natural polymers are abundant in nature and are derived from plant or animal
resources. Animal horn, a natural thermoplastic protein that is primarily composed
of keratin, is reported to be used by medieval craftsmen to make lantern windows
and moulded impressions. Cellulose, the most abundant natural polymer was iso-
lated from plant cell wall and its chemical formula was determined in 1838.
Cellulose, because of its high crystallinity and strength, can be converted into fiber
and can be used for diverse set of applications. Oxidized cellulose suture was
patented in 1951, to replace sheep intestines derived absorbable sutures and are still
being explored for corporal body grafting and suture-less correction of severe penile
chordee (El-Assmy et al. 2007). Chitosan, the second most abundant natural
polymer has recently gained considerable attention due to its biodegradability,
biocompatibility, antibacterial activity, haemostatic properties and ability to bind
lipids. It is linear polysaccharide composed of randomly distributed b-(1-4)-linked
D-glucosamine and N-acetyl-D-glucosamine, derived from shrimp and other
crustacean shells. Alginate, carrageenan and pectin are other promising natural
polymers for different biomedical applications. Natural rubber, vulcanization of
which is considered an important step in the modern era, is also a plant based
polymer, and is used for many surgical and medical applications (Feneley et al.
2015; Teo et al. 2016).

Synthetic and semi-synthetic polymers have their own advantages. They offer
flexibility of varying monomer units, molecular weight, branching and thus offer a
diverse set of physico-mechanical properties. The first semi-synthetic polymer
synthesized was celluloid, a thermoplastic obtained by nitration of cellulose.
World’s first synthetic plastic claimed is Bakelite; today, a wide range of polymers
with extremely high stretchability and strength are available. These polymers can be
processed in different shapes, are light weight and meet structural and mechanical
characteristics demanded by several medical applications. Polymers are also being
extensively researched for the development of new applications, and many poly-
mers are currently used in drug delivery devices, vascular stents, sutures, plastic
surgery, orthopedics and orthodontic therapy.

Synthetic polymers can be broadly classified into biodegradable and
non-biodegradable polymers, considering the application profile for biomedical
applications. Non-biodegradable polymers are the one resistant to enzymatic,
microbial or hydrolytic degradation during their application life. Accordingly such
polymers are used as implants that are long lasting, in surgical applications or in
conditions where in vivo application is desired. For ligament and tendon defects,
polypropylene, ePTFE, PET/Dacron and nylon are preferred as they provide better
mechanical stability than mammalian collagen scaffolds. Mammalian scaffolds
contain type I collagen, type III collagen and elastin; though these biopolymers
offers good interaction with the host tissue, their mechanical properties are very
poor, leading to poor surgical outcome. Conversely, synthetic polymers mentioned
above are durable though they have issues of biocompatibility. Implants, especially
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orthopedic and regenerative surgery are increasing employing synthetic polymer
based procedures. Biodegradable polymers, as the name suggests, degrade in the
biological environment and are supposed to have good cyto-compatibility. Apart
from naturally occurring biopolymers mentioned above, synthetically produced
biodegradable polymers have also shown promising properties for medical appli-
cations. Poly lactic acid, polycaprolactone, poly (lactide-co-glycolide) and
polyurethane-urea are widely researched for medical applications including
implants and drug delivery (Teo et al. 2016; Ruys 2013).

Availability of polymer blending techniques provides another dimension to the
property set that polymers can offer. Polymer blends can be a homogeneous or
heterogeneous mixture of two or more polymers that can offer different combina-
torial or novel properties (Dubey et al. 2012). One of the major objectives of
polymer blending is overcoming the functional deficits of a polymer by adding
another polymer. If a polymer is very brittle, it can be made tough by mixing it with
a soft polymer; similarly, the biodegradability of polymer matrices can be tuned by
making a blend of biodegradable and non-biodegradable polymers and varying the
composition. pH stability, temperature stability and other properties can also be
tuned by polymer blending. However, the thermodynamics of the polymer blends is
generally unstable, leading to phase separation and poor physico-mechanical
properties. Efforts are therefore needed to stabilize the morphology of polymer
mixtures by tailoring the interface. A more recent development in the blending
technology is the stimuli sensitive switching by making shape memory polymers,
which are expected to be highly useful in medical applications. Examples of
polymer blending include the blending of HDPE and LDPE to achieve intermediate
flexibility, or nylon and urethane to achieve a balance of lubricity and elasticity.
Additionally, polymers for medical use may be blended with specialized additives
for enhancing properties to achieve specific functional requirements. Polymer
blends of PC/ABS have been used for housing surgical instruments, PC/PET in
surgical instruments and PVC/EVA bags and films for blood storage (Modjarrad
2014; McKeen 2014).

Polymers, in general, are insulators with mechanical properties poorer than
metals and ceramics, putting a load bearing limit for polymer based medical
implants. Polymers composites are heterogeneous systems wherein polymers are
compounded with micron to nanosize particles with high strength, electrical con-
ductivity or any other functional attribute. Nanosize particles have considerably
higher surface area than their micro counterparts and have markedly different
optical, magnetic and biological properties, allowing a profound increase in the
polymer-nanoparticle interfacial area and associated interactions and development
of formulations that are high strength, antibacterial or conducting can be realized.
Silver nanoparticles based composites are the most notable example wherein
antibacterial properties are imparted to the polymer matrices by nanofiller. Efficient
interactions between filler and polymer matrix facilitate efficient load transfer and
leads to high reinforcement at much lower filler loading. However, as the size of
filler decreases, the dispersion and distribution of filler in the polymer matrix
becomes difficult; moreover, intrinsic properties of polymer and of nanoparticle
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play a crucial role in limiting the micromechanics of the nanocomposites for
medical applications.

In following sections, properties of polymers, blends and fillers commonly used
in medical applications are discussed with reference to reinforcement, conductivity,
magnetic properties, biostability and other functional requirements. A brief intro-
duction to the theoretical aspects of polymer blending, composites, conductivity
and interface modification is also made. Finally, few recent examples of polymer
blends and composites in regenerative medicine, dentistry and drug release are
discussed.

2 Fillers for Reinforcement, Conduction, Antibacterial
and Other Functionalities

2.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon, having tubular structure with
exceptional mechanical and electrical properties. High surface area of nanotubes,
resistance to metabolism, aromatic structure, tubular geometry and nanosize
diameter offers an opportunity of delivering therapeutic or diagnostic molecules
drugs directly to targeted cells and tissues. CNTs diameters are of the order of few
nanometer and length can be up to several millimeter, translating in extremely high
aspect ratio. High intrinsic strength together with high aspect ratio makes CNTs as
one of the most promising material for structural applications. CNTs can be visu-
alized as seamlessly rolled graphene sheets. They are commonly categorized as
single walled, double walled and multiwalled carbon nanotubes. The mechanical
properties of CNTs are considerably higher than conventionally used structural
materials. Several theoretical and indirect experimental estimates have been made
for the mechanical characteristics of CNTs; however recently mechanical properties
of MWNTs were measured directly through stress-strain measurements using an
electron microscope. The elastic modulus was reported to be as 0.27–0.95 TPa,
strength 10–52 GPa, elongation at break *5% and toughness of *770 J/g.
Modulus of 1 TPa and strength of 100 GPa are now commonly accepted for
MWNTs. SWNTs have higher strength than MWNTs due to the shear induced
sliding of concentric cylinders present in the MWNTs. Though SWNTs have
superior mechanical properties, but their dispersion in polymers is generally more
difficult than the dispersion of MWNTs. Arc discharge, laser ablation and chemical
vapour deposition are frequently used for the synthesis of nanotubes. The arc
discharge procedure used for CNT synthesis is similar to the one used for fullerene
synthesis. The procedure involves production of arc discharge between two high
purity graphite electrodes in an inert atmosphere. After arc discharge for optimum
time, nanotubes get deposited on the cathode. This process generally leads to
formation of MWNTs but SWNT can also be produced if metal catalysts such as
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Fe, Co, Ni, Y or Mo are used. The characteristics of nanotubes formed depend on
various processing conditions such as the type of gas, catalyst used and system and
plasma configurations. In the laser ablation technique, a high power laser is used to
vaporize carbon from a graphite target at high temperature. Almost all lasers are
used for the ablation though Nd:YAG (Neodymium-doped yttrium aluminium
garnet) and CO2 are most common. Both MWNTs and SWNTs can be produced by
this technique. In order to generate SWNTs, metal particles as catalysts must be
added to the graphite targets. Carbon nanotubes produced by laser ablation are
purer, crystalline and have a narrow distribution of diameters. Chemical vapour
deposition (CVD) is presently considered to be the most economically viable
process for large scale synthesis of CNTs. In CVD, thermal decomposition of a
hydrocarbon vapour is achieved in the presence of a metal catalyst. The process is
easy to control and yields high purity nanotubes.

As CNTs can absorb or conjugate with variety of drugs, proteins and genes, they
were investigated for drug delivery, gene therapy, immunotherapy, tissue regen-
eration and bio-sensing in several medical conditions (Gulati and Gupta 2012;
Varkouhi et al. 2011; Foldvari and Bagonluri 2008). Functionalizing nanotube
surface with polar groups increases the potency of CNTs to deliver therapeutic
agents across the cytoplasmic membrane and nuclear membrane. The functional-
ization also improves CNTs chemical and biocompatibility with cellular compo-
nents and facilitates cellular interaction. Figure 1 demonstrates the intensity of the
free siRNA bands on the gel containing CNT-PEI reduced gradually with an
increase of the CNT-polymer ratios (Varkouhi et al. 2011). CNT based drug
delivery offers possibility of delivering drug directly inside the cells or tissue, via

Fig. 1 Complex formation of CNT-PEI 25 kDa and PEI with siRNA as function of CNT/polymer
ratio as studied by agarose gel electrophoresis (Varkouhi et al. 2011). Reproduced with the
permission from Elsevier
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endocytosis pathway or via the insertion and diffusion pathway (Maruyama et al.
2015). CNTs have also been reported to enhance the bone tissue regenerations and
neural differentiation in murine model (Newman et al. 2013; Park et al. 2013). It has
been proposed that CNT first adhere to the cells via cell adhesion mediators (Fig. 2)
(Newman et al. 2013). Notably, CNTs are also good free-radical scavengers and
therefore are envisaged in alleviating chronic ailments (Nymark et al. 2014; Galano
2008).

2.2 Graphene

Graphene is a two dimensional one atom thick (<1 nm) sheet of carbon with a
hexagonal conjugated structure. Due to presence of in plane d-bonds and out of
plane p-bonds, the graphene sheet has exceptionally high mechanical strength,
making it strongest material ever discovered. Single-layered graphene exhibits
Young’s modulus of � 1100 GPa and the tensile strength of 130 GPa. The pres-
ence of delocalized electrons in completely conjugated two dimensional network
makes the thermal and electrical in-plane conductivity of graphene remarkable.

Graphene can be synthesized both by top-down and bottom up approaches. CVD
and epitaxial growth have been extensively used to synthesize graphene; though
up-scalability and cost effectiveness of these processes are lower in comparison to
top down approach. The epitaxial growth of graphene has been used to grow
graphene films on a single-crystal substrate under ultrahigh vacuum at high tem-
perature. Unzipping of CNTs and arc discharge has also been explored extensively
for production of graphene. In top down approach, graphene is generated from
natural graphite through mechanical peeling, exfoliation or delamination. Graphene
intercalated compounds (GIC) or expandable graphene (EG) are also available; in
which graphite is intercalated using different reagents.

Fig. 2 Shows the adhesion of cells to CNTs. The adhesive properties of such substrates may have
an indirect mechanism, where binding between CNTs first adhere to cell adhesion mediators which
in turn adhere to cells (Newman et al. 2013). Reproduced with the permission from Elsevier

8 K.A. Dubey et al.



Graphene based biosensors for glucose, dopamine, DNA and proteins are
reported recently. Drug delivery, medical imaging and photo thermal therapy in
graphene based systems have also shown promising results. It was demonstrated
that graphene oxide (GO) sheets that are soluble in buffers and serum without
agglomeration. via p-stacking can be used for loading doxorubicin, a widely used
cancer drug onto GO functionalized with antibody for selective killing of cancer
cells in vitro (Fig. 3) (Sun et al. 2008). It was also established that dsDNA can bind
to GO forming complexes (dsDNA/GO) in the presence of salts, which protects
dsDNA from being enzymatically digested, by hindering the access of DNA
enzymes (Liu et al. 2008). Graphene has shown increased therapeutic efficacy in
phototherapy, as it has strong adsorption in the near-infrared region (Liu et al.
2015). It can be used not only for targeted delivery of molecules but also for
ablation of malignant tumours, combining benefits of chemotherapy and pho-
totherapy. The pH or other stimuli sensitive drug release behaviour has also been
demonstrated by graphene polymer composites (Karimi et al. 2016). Biosensing
applications of graphene and its polymer conjugates are enormous (Pumera 2011).
GO has also exhibited high gene transfection efficiency and graphene/chitosan
composites produced by solution casting method have also been investigated as
scaffold materials in tissue engineering (Fan et al. 2010; Yang et al. 2010).

2.3 Inorganic Fillers

Inorganic nanoparticles possess unique electronic, optical, magnetic and mechani-
cal properties and can be synthesized by physical or chemical methods. Physical
methods involve vapour deposition and mechanical milling whereas chemical
routes can be hydrothermal, sono-chemical, solvo-thermal, reverse-micelles,
sol-gel, flame spray pyrolysis, organometallic synthesis, microwave method, ther-
mal evaporation and mechano-chemical synthesis. In terms of mechanical rein-
forcement, silica, MoS2, boron nitride and nanoclays are of special importance.
Nanoclays are generally derived from naturally occurring clays such as montmo-
rillonite, bentonite, kaolinite, hectorite, and halloysite. Among them, plate-like
montmorillonite and tubular halloysite are the common nanoclays used for polymer
nanocomposite synthesis. Like graphene, montmorillonite nanoclays are also
nanosize sheets, having lateral dimensions varying from few nanometer to several
microns. Though unlike graphene, interlayer interaction is electrostatic. Isomorphic
substitution of an atom within the layer by other metal atom leads to generation of
negative charge that is counter balanced by hydrated alkali or alkaline earth cations.
Presence of week forces between clay layers makes their separation possible with
action of suitable surfactant or polymer. Halloysite is also a naturally occurring
aluminosilicate that is used for polymer nanocomposite synthesis. Boron nitride
nanotubes (BNTs) are also promising filler for polymer reinforcement owing to
their high elastic modulus that is comparable to CNT. BNTs are structural ana-
logues of CNTs where C atoms are substituted by alternating B and N atoms.
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Fig. 3 Nano-graphene for targeted NIR imaging of live cells. a A schematic drawing illustrating
the selective binding and cellular imaging of NGO–PEG conjugated with anti-CD20 antibody,
Rituxan. b NIR fluorescence image of CD20 positive Raji B-cells treated with the NGO–PEG–
Rituxan conjugate. The scale bar shows the intensity of total NIR emission (in the range 1100–
2200 nm). Images are false-colored green. c NIR fluorescence image of CD20 negative CEM
T-Cells treated with NGO–PEG-Rituxan conjugate. d Mean NIR fluorescence intensities in the
image area for the both the positive (Raji) and negative (CEM) cells treated by NGO–PEG–
Rituxan conjugate (Liu et al. 2008)
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MoS2 and the related WS2 nanotubes have also been explored and they offer
combination of strength and flexibility.

Metal oxides have been explored for diagnostic applications, and for imparting
antibacterial, antifungal properties to polymer matrices (Bhattacharyya et al. 2011;
McCarthy et al. 2007). Iron oxide nanoparticles show exceedingly good contrast in
MRI; they have high sensitivity and follow metabolic pathways of cellular iron,
making them very attractive for clinical applications (Liu et al. 2007). Gadolinium
(Gd) is used due to their strong and stable photoluminescence properties (Maalej
et al. 2015; McCarthy et al. 2007). Metal nanoparticle preparations have been
developed for angiogenesis, cancer staging, tracking of immune cells and cellular
targeting (Conniot et al. 2014; Sanna et al. 2014; Weissleder et al. 2014). Figure 4
presents organs and cell type distribution of injected nanomaterials (Weissleder
et al. 2014; Keliher et al. 2011). Gold nanoparticles can bind to many different
biological ligands as they have affinity for thiols, disulfides, phosphine, and amines
(Giljohann et al. 2010). PEG conjugated gold nanoparticle was demonstrated to
target the factor receptor (FR) on various cancer cells. The SPR band of the Au NPs
can be used to generate heat at the tumour site (El-Sayed et al. 2006). Fe3O4,

gamma phase nanoparticles can also used in hyperthermia treatment, due to their
magnetic properties (Gupta et al. 2007). Under magnetic field such nanoparticles
and their composites can produce, heat in a controlled fashion due to magnetic
hysteresis loss. Au-based nanoparticles are also used as sensitizer in photo-thermal

Fig. 4 Organ and cell type distribution of systemically injected nanomaterials. Most nanoparticles
for in-vivo use fall into the intermediate category (10–300 nm), where distribution to liver, spleen,
lymph nodes and bone marrow is common (Weissleder et al. 2014). Reproduced with the
permission from Nature Publishing Group
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therapies. Gd and CeO2 nanoparticles are reported to quench ROS and reduce of
mitochondrial damage (Yin et al. 2008). Antibacterial properties are reported in
different types of metallic nanoparticles and their oxides. Silver nanoparticles have
received highest attention as antimicrobial agent and their several commercial
applications have emerged. Silver nanoparticle/polymer based composites are also
extensively reported. Aluminium nanoparticles, Aluminium oxide NPs have
wide-range of applications in industrial and personal care products. TiO2

nanoparticles show accelerated antibacterial effect under UV light, via production
of hydroxyl radicals. Zinc oxide nanoparticles have been found to exert selective
toxicity to bacteria (Agren et al. 1991).

2.4 Natural Fillers

Flax, sisal, cotton, coir, ramie, jute and bamboo fibres are widely used in rein-
forcing polymer composites. Their availability, good mechanical properties, easy
processability, low cost, low density, and biodegradability make them attractive
choice. However, because of their natural origin their mechanical characteristics
and density varies significantly with the source of origin. These fibres are generally
of micro scale diameter, and therefore do not show high surface area effect on the
polymer reinforcement, as shown by nanosize fillers. Nanocrystalline cellulose
(NCC) is a recent development that possesses advantages because of nanoscale
dimensions. NCC is generally synthesized by acid hydrolysis of native cellulose
and the properties of final product markedly depend upon reaction time, temperature
and acid concentration (George and Sabapathi 2015). NCCs are rigid rod-like
crystals with diameter in the range of 10–20 nm and lengths of a few hundred
nanometres. It has high specific strength and modulus making it a promising
reinforcing agent for polymers. Furthermore, natural polymers are attractive for
biomedical applications since they are of natural origin, they offer better biocom-
patibility than synthetic fillers.

3 Polymers for Biomedical Applications

Polymers are considered to be exciting matrices for structural applications, by virtue
of their light weight, easy processability and long term stability. Large variety of
polymers is used for medical applications and can be broadly classified as elas-
tomers, thermoplastics and thermosets. An elastomeric polymer offers high
toughness and excellent elongation at break along with good tensile strength. Such
matrices are widely used in automobile, space, wire and cable, sports and nuclear
industry. Elastomers have high molecular weight, amorphous structure and weak
inter and intermolecular forces, translating in low elastic modulus but high elon-
gation. Their glass transition temperature is considerably below room temperature;
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therefore at room temperature segmental motions are possible, making them soft
and flexible. However, reversibility of deformation demands covalent or ionic
linkages between polymer chains. This can be achieved by using peroxides, metal
oxides, sulphur, and ionic moieties or by radiation crosslinking. Elastomers are
saturated or unsaturated and are used for variety of applications such as tyres,
conveyor belts, vibration dampeners and insulating structures. Due to weak inter-
molecular bonding, elastomers need further reinforcement even after crosslinking to
attain desired mechanical properties. Carbon black, fumed silica, clay, talc and mica
are commonly used fillers for elastomer reinforcement. However conventional fil-
lers demand high loading, increasing weight, hysteresis and processability.
Therefore, there has been considerable interest in using nanofillers for their rein-
forcement. Elastomers and their composites are used for several biomedical
applications. Natural rubber (poly isoprene), polyurethanes, silicones rubbers and
thermoplastic elastomers are among the most commonly used elastomers for
medical applications such as catheters, vascular access, prosthetic devices, trans-
dermal drug delivery patches and urological aids (Yoda 1998).

Thermoplastics polymers have unique virtue of reprocess ability. These poly-
mers become soft or melt over a specified temperature range and solidify again on
cooling. Unlike elastomers, these polymers do not require crosslinking due to the
presence of crystalline domain or polar intermolecular interactions. The presence of
crystalline and amorphous domains allows a wide range of thermal and mechanical
properties, opacity and permeability. The glass transition of thermoplastic can be
above or below room temperature. These polymers can be extruded, injection
moulded, compression moulded and transfer moulded reversibly. Nanoparticle
additions have been reported to significantly improve properties like flame retar-
dancy, durability and elastic modulus of thermoplastics such as acrylic ABS, nylon,
polybenzimidazole, polyethylene, polystyrene, polyvinyl chloride and Teflon.

Thermosetting polymers, are highly crosslinked polymers and cannot be recy-
cled or reprocessed. Prior to crosslinking they can be monomers/oligomer (liquid)
or molten polymer filled in a mould of predefined shape and size, where in situ
crosslinking takes place. Using suitable initiator, sensitizer or radiation,
monomers/oligomer (liquid)/molten polymer transform into a highly rigid three
dimensional structure. Epoxy, polyurethane and acrylate resins are widely used as
thermosetting polymers. They contain un-saturation or highly strained groups that
can be crosslinked at room temperature or at high temperature by aromatic/aliphatic
amines or anhydrides or by high energy or UV radiation. Generally, high tem-
perature cured thermosets have superior physico-mechanical properties than room
temperature cured systems. A variety of fillers are used to improve modulus of
thermosetting polymers. Glass fibre, carbon fibre, natural fibres are traditional
choice and several commercial applications have been developed using them.
Recently there has been a considerable interest in using nanofillers as reinforcing
agents for thermosets. Due to their high strength and flexibility thin, yet strong
structural objects can be made by using suitable thermosets-filler compositions.
However, unlike thermoplastic nanocomposites, thermosets nanocomposites cannot
be recycled, involves toxic solvents and are less chemical resistant. Corrosion
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resistance, structural integrity, low cost, thermal insulation, and dielectric strength
of thermosets make them useful for several medical applications such as medical
instrumentation, tools and prosthetics.

4 Common Polymers for Biomedical Applications

4.1 Synthetic Biodegradable and Non Biodegradable
Polymers

4.1.1 Polyolefins

Polyolefins are polymers made of repeating unit of olefin or alkenes. Polyethylene
(HDPE, LDPE, and UHMWPE) and polypropylene are two most commonly used
polyolefins. They are non biodegradable, hydrophobic, chemical and bacterial
resistant thermoplastics. Polyolefins offer different crystallinity, branching and
molecular weight options which in turns offers wide property domains to suit
different applications. They are low cost, have good environmental stress-cracking
resistance and are therefore used for wide range of medical applications including
dilators, disposable hypodermic syringes, suture materials, meshes, packaging,
medical vials, diagnostic devices, petridishes and surgical components. In cardio-
vascular applications, polyolefins are utilized as tubing and housings for blood
supply. They are also utilized in production of blood bags to store blood.
Metallocene PP is one of the polyolefins which has shown great potential in
medical applications; UHMWPE is another highly used polyolefin. It has very high
molecular weight (*2 M amu), abrasion resistance, impact strength and a low
coefficient of friction and has been used as sliding surfaces of artificial joints in total
joint arthroplasty. It is used as artificial hips, knees, as well as in shoulders, elbows,
wrists, ankles and spinal disks. The alterative material for such applications is
titanium, which offers disadvantages such as cytotoxicity, corrosion and release of
metal ions over long term use. UHMWPE is therefore usually used for the
replacement of total hip, knee, shoulder, ankle, elbows and spinal disk. It has good
stability in radiation field, and is often crosslinked by high energy radiation to
improve mechanical properties. UHMWPE based non absorbable sutures are also
used for surgical applications as it offers good knot security and precise knot
placement. Polyolefin elastomers are also gaining applications for medical appli-
cations. Propylene-based elastomers are reported to offer softness of elastomers and
drape ability and abrasion resistance of propylene. For outdoor applications
polyolefin-based elastomer showed better performance than thermoplastic poly-
urethane (TPU) material (Patel et al. 2009). In another interesting work, liquid
blowout force results demonstrated that polyolefin elastomer offers better properties
than silica filled PP (Brostow et al. 2007). In a recent review, titanized
polypropylene meshes were compared with polypropylene, polyester and ePTFE
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meshes for hernia surgery. For inguinal hernias, titanium-coated polypropylene
mesh was associated with less post-operative pain in the short term, lower analgesic
consumption and a quicker return to everyday activities (Kockerling and
Schug-Pass 2014).

4.1.2 Fluropolymers

PTFE and PVDF are two most common synthetic fluorocarbon polymers used in
medical applications. They are biocompatible, inert thermoplastic and have a low
coefficient of friction. PTFE is used in vascular grafts and heart valves and PTFE
sutures are used for repair of mitral valve for myxomatous implantable prosthetic
heart valve rings. Elongated-PTFE (e-PTFE) is used in smaller arteries. Another
type of PTFE, dense polytetrafluoroethylene (d-PTFE), results in lower levels of
early infection following surgical procedures. d-PTFE has been identified as barrier
membrane for guided tissue regeneration and guided bone regeneration around
teeth and implants. PTFE is also used to deliver coronary stents and other devices as
the guiding catheter. PTFE and PVDF membranes are used as filters for biological
fluids. Both PTFE and PVDF can be made hydrophilic or oliophilic by surface
modification. PTFE has been used in otorhinolaryngology, urology and in the
treatment of vesicorneal reflux (Laustriat et al. 1990). ePTFE valve patches/
conduits are recognized as excellent material for right ventricular outflow tract
reconstruction due to biocompatibility and low antigenicity of ePTFE, and also due
to the fluid dynamics of the valve. e-PTFE covered stents have significantly
improved two-year transjugular intrahepatic portosystemic shunt patency (Saad
2014). Prosthetic graft PTFE has also been used in above-knee femoropopliteal
arterial bypass.

4.1.3 Poly(Vinyl Chloride)

PVC is a polymer with an ethylene backbone with one covalently bound elec-
tronegative chlorine atom. It is among the most extensively used polymers for
biomedical applications. However, for better stability and processability, PVC needs
to be compounded with stabilizers and plasticizers, which raises medical concerns.
Stabilizers are added to avoid autocatalytic dehydrochlorination and thermal
degradation of the PVC chains during thermal processing. Plasticizers are used to
enhance the flexibility of PVC, making it suitable for applications such as extra-
corporeal tubings, sheets and blood storage bags. It has shown direct cytotoxicity
mainly due to the presence of stabilizers and plasticizers. Plasticizer di(2-ethylhexyl)
phthalate (DEHP) was found to release from the PVC matrix and diffuse into the
lipid bilayers of cells. Hormonal imbalance, birth defects and infertility have been
reported for DEHP in rodent models. It is however important to note that these toxic
effects are not reported upon parenteral administration. Blood storage bags are
mostly made of PVC and therefore any leaching of plasticizers or of stabilizers, may
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affect the blood component separation and storage. There are developments in the
area of DEHP-free PVC bags for platelet storage and plasma storage. However there
is no major breakthrough on the storage bags for RBC and still DEHP-plasticized
PVC are in use (Prowse et al. 2014; Sampson and de Korte 2011).

4.1.4 Silicones

Unlike most of the polymers, which have carbon backbone, silicone based polymers
consist of –Si–O– backbone. Silicone polymers are used as oils (oligomers) and
elastomers (high molecular weight) in medical applications. The most common
silicone polymer is PDMS which contains methyl as side group. Silicones are highly
flexible biostable elastomers which present biocompatible, adhesion, hydrophobic,
aesthetics, nonirritating and nonsensitizing behaviour. They are used in ophthal-
mology as tamponade, personal care, cosmetic surgery, topical/transdermal drug
delivery and implants (Aliyar and Schalau 2015). PDMS has low surface energy and
thus shows limited interfacial interactions with different substrates. Moreover,
PDMS do not require stabilizers or plasticizers because of their intrinsic flexibility
(low Tg) and stability, making them more hemo-compatibile and preferable over
PVC. To make PDMS medical grade, impurities, such as catalysts, oligomers can be
removed easily. Due to its low surface tension, minimal interfacial interaction,
softness and elasticity, PDMS is expected to be associated with low risk of trauma if
applied in biological applications. They are permeable to oxygen, carbon dioxide,
water vapor and various small molecules, making transdermal drug delivery and
wound management applications feasible. PDMS based subcutaneous contraceptive
implant based drug delivery systems are used in vaginal ring for treatment of
menopause associated urinary problems. PDMS based drug delivery systems are
explored for angina pectoris, hormone replacement and pain management. PDMS is
also very stable in terms of temperature and radiation sterilization.

4.1.5 Polyurethanes

Polyurethanes (PU) contain –NH–(C = O)–O– linkages and come in diverse variety
including elastomers, thermoplastics and thermosets. The synthetic chemistry of PU
allows offering variable hard and soft segments, aromatic or non aromatic or ester,
ether or carbonate based. They are typically synthesized by reacting polyisocyanate
with polyols (functionality greater or equal to 2). However non-isocynate based
polyurethanes have also been developed (Usman et al. 2016). Aromatic and silicone
based PUs shows better biostability, lower cost, high chemical resistance and more
toughness, and are promising for long-term implants. In general PUs are biocom-
patible and hemocompatible, moreover, they do not need plasticizers and have low
residual monomers impurities. Different extent of elasticities can be obtained by
varying the hard and soft segments ratio in PU. Hard PUs have better biostability

16 K.A. Dubey et al.



while, soft polyether based polyurethanes, provide better patient comfort due to
their soft feel. PUs are used in faecal incontinence as anal plugs (Deutekom and
Dobben 2015). Collagen/PU bio-composites have also been used to explore
biomedical applications (Zuber et al. 2015). PU is also used as biological adhesive
and sealant (Scognamiglio et al. 2016). Elastomeric PU is also used in spinal
surgery as disc replacement and stabilization of spinal movement to relieve nerve
root compression. The main advantage of PU in such applications is its efficacy in
closely matching the mechanical properties of spinal disk and maintaining motion
between spinal segments (St John 2014). In a recent study, comparison was made
between complications in silicone and polyurethane lines in peripherally inserted
central catheters (PICC) in cancer and other patients. It was found that both lines
have similar overall average post insertion complication rates; however poly-
urethane PICC lines were found to provide lower rates of infection, dislodgment,
and thrombus and rupture complications (Seckold et al. 2015). Polyurethane
coatings are also used in different medical applications, and can be used to impart
variety of attributes such as hydrophilicity, non-thrombogenicity, drug release, or
lubrication (Associates 2016). Polyurethanes are used in catheters; due to their
excellent mechanical properties, very low thickness can be maintained allowing the
maximum number of lumens at low outer diameter. PU building blocks can be
tailored to offer different property combinations in PU (Aslam and Darouiche
2010); however, the design of polyurethanes for catheter relies on biocompatibility,
toughness, good column strength and minimal kinking.

4.1.6 Poly Methylmethacrylate

PMMA is a hard polymer which is used in dentistry, ophthalmology, arthroplasty
and other orthopedic applications. Its monomer rapidly polymerizes allowing onsite
polymerization. It is biocompatible, tough and transparent. PMMA is harmless,
however, since in situ polymerization is often used, exposure to methylmethacrylate
(MMA) vapours puts a challenge to its use in medical applications (Leggat et al.
2009). In dental applications, use of PMMA is known since long time and was used
for fabrication of denture bases. In orthopedics, it is used as bone cements, filler for
bone cavities and defects, osteomyelitis and or vertebrae stabilization in osteoporosis
(Frazer et al. 2005). Antibacterial agents are often added to MMA based formula-
tions avoid implant related complications (Inzana et al. 2016). Figure 5 shows one
interesting applications of PMMA for control drug release applications, wherein
PMMA powder, carboxymethylcellulose hydrogel and PLGA microspheres com-
posites were loaded with colistin and demonstrated to show continuous colistin
release for 5 weeks (Shi et al. 2010). PMMA is used in non-metal clasp dentures;
though other thermoplastics are increasingly explored to avoid the MMA associated
complications, PMMA still offers better abrasion and functional properties (Fueki
et al. 2014). PMMA is also used as cosmetic filling agent in dentistry and for
orofacial medicine (Vargas et al. 2012). In orthopedics, PMMA can serve as a spacer
and as a delivery vehicle for antibiotics (Jaeblon 2010; Cancienne et al. 2015).
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Another common methacrylate in medical applications is poly-HEMA (pHEMA)
made of 2-hydroxyethyl methacrylate monomer. Because of presence of one
hydroxyl group per monomer unit, pHEMA is hydrophilic and shows good
anti-fouling properties and thus used in hemocompatible coatings or to coat contact
lenses (Kluin et al. 2013; Gautam et al. 2012).

4.1.7 Polyesters, Polycarbonates and Polyethers

Polyester as the name suggests contains ester linkage and can be of natural or of
synthetic origin. Synthetic polyesters are generally non biodegradable and can be
thermoplastic or thermosets. Aromatic polyesters are generally bio-stable and are
used in membranes, filaments and meshes. Two main synthetic biodegradable
polymers are poly (glycolic acid) and poly (lactic acid). The biodegradation of these

Fig. 5 Surface morphologies of PLGA microsphere-incorporating porous constructs character-
ized by a micro CT (size bars represent 2 mm); b SEM (lower magnification, size bars represent
500 lm); and c SEM (higher magnification, size bars represent 100 lm): surface porosity was
created by incorporation of CMC hydrogel, and higher percentages of CMC incorporation led to
greater surface roughness (Shi et al. 2010). Reproduced with the permission from Elsevier
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polyesters depends on the monomer, molecular weight and crystallinity. The main
driving force of using these biodegradable polymers in medical applications is that
their degradation involves natural metabolism. These polymers are thermoplastics
and can be converted into different shapes to suit different applications ranging from
coating to drug eluting stents. Modification of polyesters fibres have also been
extensively investigated to make them suitable for different biomedical applica-
tions. Sericin-treated polyester fabrics was recently used as medical textile for
potential applications in atopic dermatitis, pressure ulcers and rashes (Gupta et al.
2015). Polyesters contain ether linkages and polyacetal, polyether sulfone, poly-
ethylene oxide (PEO) and polyether ether ketone (PEEK) are three major examples
of such polymers. Polyether is used in orthopaedic bandages, plasters, in artificial
tendon and other implant applications. PEEK is one of the most extensively studied
polymer material for medical implants due to its superior biostability, creep resis-
tance and also mechanical and wear properties Polycarbonates are highly rigid
plastics; they have been explored for renal dialysis cartridge, heart-lung machine,
trocars, tubing interconnector; however, the presence of hazardous ingredients puts
a limit to the medical applications of polycarbonates.

4.1.8 Polyamides, PVA and EVOH

Polyamides are polymers that contain amide links therefore they represent a wide
class of natural and synthetic polymers. Common naturally occurring polyamides
are silk and wool whereas common synthetic amides are nylons, aramids, and
sodium poly (aspartate). Nylon non-allergenic and resistant to chemicals is used for
sutures in applications demanding high strength. Nylons are considered for balloon
of catheters for angioplasty and transfusion lines and fittings, due to their excellent
burst strength and flexibility.

PVA is derived from poly vinyl acetate by full hydroxylation. It has low protein
adsorption, biocompatibility and bio-stability. It is used in soft contact lenses, tissue
adhesion barriers, and as artificial cartilage (Baker et al. 2012). Ethylene vinyl
alcohol is a copolymer of ethylene and vinyl alcohol. It has exceptional barrier
properties making it highly suitable for stormy pouching system and dialysis bags.
It has also gain prominence in drug delivery devices and implants.

5 Natural Polymers and Their Derivatives for Medical Use

The varieties of chemical structures existing in the natural polymers present precise
molecular architecture and rationalize their numerous applications as biomaterials
in high technological and biomedical fields. In general, biopolymers are the
degradable class of polymers which are the part of or produced by living organisms.
In principal, biopolymers are safe materials which can be obtained by processing of
monomers or polymers found in nature following the good manufacturing practices
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(GMP) and relevant regulations. Presently, biopolymers are used in food, phar-
maceuticals, cosmetics, animal feed and other industrial applications. The inherited
properties of biopolymers attract its applications as a biomimetic component for
biomedical applications, however, some concerns are also associated like undesired
active components within natural polymers may provoke immune responses. The
most commonly used natural polymers in biomedical applications are described in
this section.

5.1 Collagen

Collagen is the most abundant structural animal protein accounting for 25–35% of
total body proteins in mammals. It is found in connective tissues, skin and in
extracellular space and is synthesized mostly by fibroblast cells. It has good tensile
strength, molecular weight *3000 D and tissue dependent rigidity. It has been
used in prosthetic heart valves and vascular prosthesis. Compared to the synthetic
analogues discussed above; collagen has lesser rejection rate and higher biocom-
patibility. Collagen based drug delivery systems have been explored to treat
infected corneal tissue or liver cancer and bone formation promotion, both as
injectable and as oral drug carrier (Khan and Khan 2013). Collagen sponges are
used in the severe burns and wound healing and collagen nanoparticles are also
used as a sustained release formulation. Collagen based implants have been widely
used as vehicles for transportation of cultured skin cells or drug carriers for skin
replacement and burn wounds. Collagen has been used as bone substitute due to its
osteoinductive activity. Collagen has been used as implantable carriers for bone
inducing proteins, such as bone morphogenetic protein 2 (rhBMP-2) (Barboza et al.
2004). Collagen achieves rapid coagulation of blood through its interaction with the
platelets providing temporary framework while the host cells regenerate their own
fibrous stroma (Yadav et al. 2015). The use of collagen based haemostats has been
proposed for reducing blood loss in generalized bleeding in a wide number of
tissues and management of wounds to cellular organs such as liver or spleen (Lewis
et al. 2016). The various types of collagen (so far 28 types are identified) are
different in their structures (Sherman et al. 2015). Due to various types of collagens
and their different immunological activity, its partial hydrolyzed form called
‘Gelatin’ has been extensively studied as a supportive biomaterial (Singh et al.
2011; Tripathi et al. 2009, 2013).

5.2 Cellulose, Hemicelluloses and Derivatives

Cellulose is the most abundant naturally occurring polymer. It is the main constituent
of plants and natural fibbers. It is a polysaccharide having a linear chain of several
hundred to over ten thousand b (1 ! 4) linked D-glucose units. Cellulose and its
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derivatives are extensively used for different medical applications since several
decades. Cellulose ether is used in drug delivery formulations which allow
swelling-driven release of drugs. The swelling behaviour can be designed to match
the release requirement, as swelling proceeds from the surface to the glassy core of
the tablet, the drug progressively dissolves in water and diffuses out from the
polymer network. Due to the excellent biocompatibility of cellulose and its good
mechanical properties the use of cellulose and its derivatives as biomaterials for the
design of tissue engineering scaffolds has been increasing (Müller et al. 2006).
Figure 6 represents different type of cellulose scaffolds seeded with primary bovine
chondrocytes (Müller et al. 2006). Bacterial cellulose has been widely investigated
for wound healing due to its purity and high water retention capacity. Hemicelluloses
are the second most abundant polysaccharide after cellulose. Xylans are the main
hemicelluloses in hardwood and they also predominate in annual plants and cereals
making up to 30% of the cell wall material and one of the major constituents (25–
35%) of lignocelluloses materials. Xylan has been considered as a suitable raw
material to produce colonic drug delivery systems as it is biodegraded by enzymes
produced by the colonic micro flora (Hamady 2013). It is known to induce faecal
bulking effect and lowering of blood cholesterol and decrease of postprandial glu-
cose and insulin responses. Some of xylans also show anti-phlogistic effect (Oliveira
et al. 2010). Xylan rich hemi-celluloses have been reported to inhibit the growth rate
of sarcoma 180 and other tumours, probably due to the indirect stimulation of the
non-specific immunological host defence (Zhuang et al. 1993).

5.3 Chitin and Chitosan

Chitin is the second most abundant biopolymer in the world. It is the main com-
ponent of the exoskeleton of crustaceans and insects, it also occurs, in nematodes
and in the cell wall of yeast and fungi. However it is difficult to process as it is not
soluble in most of the solvents under room conditions. Generally it is deacetylated
to chitosan for practical applications. Chitosan has excellent biocompatibility,
bioactivity and biodegradability. It has been known to have antibacterial and anti
acid effect (Raafat and Sahl 2009). Chitosan shows antimicrobial action in against
great variety of microorganisms, including algae, fungi and bacteria. It has also
been found to be a preventive material for dental caries (Chen and Chung 2012).
Chitosan has been explored as drug carrier for controlled release, bacterial plaque
formation inhibition, decalcification of dental enamel promoting osteogenesis, fat
absorbent action and the healing of ulcers and wounds. Chitosan has an in vivo
stimulatory effect on both nitric oxide production and modulates peroxide pro-
duction (Park and Kim 2010). Chitosan has potential to improve drug absorption
and stabilization of drug components to increase drug targeting (Ahmed and Aljaeid
2016). In addition, chitosan can protect DNA and increase the expression period of
genes (Bozkir and Saka 2004). Chitin or chitosan derivatives, which were conju-
gated with some kinds of anticancer agents, can execute better anticancer effects
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Fig. 6 Safranine-O staining
of cellulose scaffolds seeded
with primary bovine
chondrocytes, in-vitro
cultured for 6 weeks:
a untreated, b Ca(OH)2-
treated and c CaP-coated
samples (Müller et al. 2006).
Reproduced with the
permission from Elsevier
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with gradual release of free drug in the cancer tissues. Chitosan is confirmed to
partially inhibit the secretion of both interleukin-8 and tumornecrosis factor-a from
mast cells, demonstrating that water-soluble chitosan has the potential to reduce the
allergic inflammatory response (Kim et al. 2004). Chitosan promotes phagocytises
and production of osteopontin and leukotriene by polymorphnuclear leukocytes,
production of interleukin-1, transforming growth factor b1 and platelet-derived
growth factor by macrophages, and production of interleukin-8 by fibroblasts,
enhancing immune responses (Ueno et al. 2001). Chitosan and hydroxyapatite are
among the highly researched bioactive biomaterials in cartilage and bone tissue
engineering (Venkatesan and Kim 2010; Bhat et al. 2011; Kathuria et al. 2009).

5.4 Alginate and Carrageenan

Alginates are extracted from brown seaweed. Because of its biocompatibility,
biodegradability, non-antigenicity and chelating ability (Tripathi et al. 2013),
alginate is widely used in a variety of biomedical applications including tissue
engineering, drug delivery and in some formulations preventing gastric reflux (Lee
and Mooney 2012). Alginates are also widely used for impression making in the
dental clinic because of its ease in handling. Carrageenan is a generic name for a
family of gel-forming and viscosifying polysaccharides. Carrageenan is a sulphated
polygalactan with 15–40% of ester-sulfate content. The anticoagulant activity of
carrageenan makes it useful in anti-thrombic applications (Sokolova et al. 2014;
Dore et al. 2013). The mechanism underlying the anticoagulant activity of car-
rageenan involves thrombin inhibition. Carrageenan is a selective inhibitor of
several enveloped viruses, including such human pathogens as human immunod-
eficiency virus, herpes simplex virus (HSV), human cytomegalovirus, human rhi-
noviruses and others. Carrageenan acts primarily by preventing the binding or the
entry of viruses into cells (Grassauer et al. 2008).

5.5 Silk

Silk is a natural protein fiber. Silk has been considered biocompatible and used for
medical applications for centuries. It has been demonstrated that some of the wild
silks have unique properties and are preferred for medical applications. For example
spider silk has gained considerable attention in tissue engineering, regenerative
medicine and other medical applications due to good elasticity and tensile strength.
It showed good attachment and spreading of mouse fibroblast cells suggesting
potential for medical applications (Reddy et al. 2013a, b). Recent studies with
well-defined silkworm silk fibres and films suggest that the core silk fibroin fibre
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exhibits biocompatibility under in vitro and in vivo conditions comparable with
other commonly used biomaterials such as polylactic acid and collagen. The ability
to genetically tailor the protein in silk provides additional advantages of silk based
fibrous proteins. In scaffolds for tissue engineering of bone and ligaments, silk
based scaffolds have shown encouraging results (Altman et al. 2003).

6 Polymer Blends and Composites for Medical
Applications

6.1 Theory

6.1.1 Polymer Blending

Blending of two amorphous polymers can produce either a homogeneous mixture at
the molecular level or a heterogeneous phase-separated blend. Separation of
polymer chains produces two totally separated phases, and hence leads to macro-
phase separation in polymer blends. The miscible polymer blend is a blend of two
or more polymers that is homogeneous to the molecular level and fulfills the
thermodynamic conditions for a miscible multicomponent system. Whereas, an
immiscible polymer blend is the blend that does not comply with the thermody-
namic conditions of phase stability. Equilibrium phase behavior of polymer blends
complies with the general thermodynamic rules.

DGmix ¼ DHmix � TDSmix\0 ð1Þ

and

l
0
i ¼ l

00
i ð2Þ

where DGmix, DHmix, and DSmix are the Gibbs energy, enthalpy, and entropy of
mixing of a system consisting of i components, respectively, l′i and l″i are the
chemical potentials of the component i in the phase l′ and l″. Whether polymers
are miscible or not depends on a balance of interactions among all components in a
system.

6.1.2 Micromechanics of Composites

Mechanical properties of polymer micro, meso or nano composites mainly depend
on the polymer matrix, aspect ratio of filler, orientation and packaging density.
Polymer-filler interface plays a critical role in determining mechanical properties of
the composites. Due to the additive nature of the properties, several models have
been proposed to predict mechanical properties of polymer composites. Most of the
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work however is confined to fibre-reinforced composites, and the reinforcement
theory for nanofillers is not yet fully established. Still, it is proposed that established
micromechanical models can be applied to nanocomposites with a great deal of
success. Among several models, rule of mixture, Halpin-Tsai and Neilsen’s model
are most frequently used.

Elastic modulus of the polymer composites in the simplest form can be described
by following equation.

Ec ¼ EmVm þEf Vf ð3Þ

where Em and Ef are the modulus of the matrix and filler respectively and Vm and
Vf are their respective volume fractions. It is assumed that the filler distribution is
isotropic and the filler covers full length of the matrix. It is also assumed that the
bonding between filler and polymer matrix is strong and under applied stress, filler
and polymer are equally strained. However, in practice, most of the composites
depart from these ideal conditions and therefore different efficiency factors have
been incorporated in the above equation. If reinforcement length and orientation
efficiency factors are considered the Eq. (3) is modified as.

Ec ¼ EmVm þEf glgoVf ð4Þ

where ηl, ηo are length (for asymmetric fillers) and orientation efficiency factors.
ηl can be defined using Cox’s shear lag model as follows

gl ¼ 1� Tanhða � l=dÞ
a � l=d

� �
ð5Þ

where a is defined as

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�3Em

�
2Ef lnVf

q
ð6Þ

Another important concept in determining length efficiency factor is the critical
length of the filler which is essential for the stress transfer from the matrix to the
filler. Stress transfer is expected to increase as the length to diameter ratio (l/d) of
the filler increases, since the surface area is expected to increase with an increase in
the length for a fixed diameter. It is therefore possible that at a particular length,
transferred stress would be higher than the tensile strength of the filler and may lead
to the breakage of the filler. This length is generally defined as a critical length (lc)
for a matrix-filler system. Subcritical length will lead to inefficient stress transfer
and reinforcement and efficiency factor approaches to 1 as l/d increases. A porosity
and filler area (dimension) correction factor can also be introduced in the above
equation to take care of porosity generated during composite formation and to take
in consideration the fact that dimension of all fillers are not equal. The modified
equation can be presented as
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Ec ¼ ½EmVm þEf glgokVf � � ð1� VpÞ2 ð7Þ

where k and Vp are dimensional and porosity factors respectively.
Halpin-Tsai model predicts modulus of a polymer composite with oriented filler

using following relation (Affdl and Kardos 1976)

Ec ¼ Em
1þð2l=dÞgVf
� �

1� gVf
ð8Þ

where η is defined as

g ¼ Ef
�
Em � 1

Ef
�
Em þ 1

ð9Þ

For random orientation, the efficiency factors ηl and ηt are introduced. The
model can be further refined as

Ec ¼ Em
3
8
:
1þð2l=dÞglVf

1� glVf
þ 5

8
:
1þ 2gtVf

1� gtVf

� �
ð10Þ

where

gl ¼
Ef
�
Em � 1

Ef
�
Em þ 2l=d

ð11Þ

and

gt ¼
Ef
�
Em � 1

Ef
�
Em þ 2

ð12Þ

These models consider aspect ratio as well as filler volume fractions and predict
almost linear increase in the modulus whereas some models such as Guth have
power functions. In case of symmetrical particles Nielsen’s model is generally
employed, which has been described as

Ec

Em
¼ 1þABVf

1� wBVf
ð13Þ

A ¼ kE � 1 ð14Þ

B ¼
Ef

Em
� 1

Ef

Em
þA

ð15Þ
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w ffi 1þ 1� /m

/2
m

Vf ð16Þ

where Ef, EC and Em are the elastic modulus of the filler, polymer composite and
polymer matrix respectively, kE is the Einstein’s coefficient. The constant A takes
care of the aspect ratio and orientation of the filler and the factor B addresses
relative difference in the modulus of the two components. /m is related to the
packing density of the filler and w is associated with the filler volume fraction. In
case of binary polymer blends, the elastic modulus varies substantially with the
variation in the blend composition. Parallel and series model are often used to
predict the elastic modulus data of blends. Parallel model which represents the
upper bound of modulus values of a binary system can be described as

E ¼ E1/1 þE2/2 ð17Þ

where E is the modulus of blend predicted by the model and E1 and E2 are the
modulus of two polymers respectively and f1 and f2 are their respective volume
fraction (Dubey et al. 2011). Series model, on the other hand predicts the lower
boundary of modulus, as it assumes the components are arranged in series with the
applied stress. It can be described as

1
E
¼ /1

E1
þ /2

E2
ð18Þ

6.1.3 Electrical Conductivity of Composites

The conductivity behavior of the composites is often governed by a power law:

r ¼ rt Vf � Vcð Þt ð19Þ

where Vf is the volume fraction of the filler, Vc is the percolation threshold, rf is the
filler conductivity and t is the critical exponent. For different composites, t and Vc is
expected to have different values. To get further insight into the conductivity
behavior, additive model and modified Mamunya model can also be employed
(Mamunya et al. 1996; Via et al. 2011; McLachlan 1986, 1987, 1988; Michels
1992). Additive model can be described as

log rð Þ ¼ log rp
� 	þH Vf � VC

� 	 G

Vf �VCð Þn þE ð20Þ
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where r is the conductivity of the composite, rp is the conductivity of the polymer
and E, G, H and n are adjustable parameters related with the percolation, structure
of the filler and surface energy.

7 Preparation of Polymer Nanocomposites and Interfacial
Compatibility

Solvent mixing, melt mixing, shear mixing and in situ polymerization are some of
the most common routes for nanocomposite synthesis. In solvent mixing, fillers are
dispersed in a polymer solution and sonication assisted dispersion is generally used
to disaggregate fillers. In melt mixing, the fillers are incorporated into molten
polymer and distributive and dispersive mixing can be achieved. Another method of
nanocomposite synthesis is dispersing nanofiller in monomer and polymerizing the
dispersion. Polymer-filler interfacial interactions play an important role in
mechanical and electrical properties. Stress transfer from the matrix to filler is
necessary for reinforcement. A careful optimization of electrostatic interactions,
hydrogen bonding, van der Waals interactions is needed to achieve good dispersion.
Covalent or/and non covalent functionalization of the filler surface can be used to
improve the interaction between the filler and the surface. In covalent approaches, a
functional group or grafting of a suitable polymer is used; whereas, the
non-covalent functionalization involves surfactants. Non-covalent modification is
easier; though it leads to reduction in the yield strength. Physical modification
involving plasma, heat or mechanical treatment can also be used. Chemical treat-
ment using silanes and isocyanates is traditionally used to modify the filler surface.

8 Recent Research on Polymer Blends and Composites
for Medical Applications

Polymer blending is extensively used to tailor biodegradability, hydrophilicity,
mechanical properties, stimuli response, electrical and magnetic properties.
Polylactic acid, a biodegradable aliphatic polyester, is among the most promising
biomedical polymers; it has been blended with other polymers and reinforced with
fillers for different medical applications. Bamboo charcoal particles have been
recently used to reinforce PLA and reported 99% enhancement in the flexural
strength (Fig. 7) (Ho et al. 2015). On the other hand, blending technology was used
to develop PLA based shape polymer alloys which has potential of lifting 50 g of
weight and thus claimed to have potential applications in the development of
artificial muscles (Song et al. 2015). It has been recently reported that
PLA/chitosan/keratin composites have better hardness than pristine PLA and
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showed good viability/proliferation outcome in osteosarcoma cell line (Tanase and
Spiridon 2014). Large porous PLA/calcium phosphate composite scaffolds were
synthesized and cell seeding efficiencies of up to 50% have been reported (Koch
et al. 2010; Charles-Harris et al. 2008). Combinatorial advantages of polymer
composites were demonstrated in three dimensional porous composite of
polylactide-co-glycoside and 45s5 bioactive glass; these composites offer signifi-
cantly improved mechanical properties and osteointegrative potential than the
matrix polymer (Lu et al. 2003). PLGA/alginate composite microspheres have been
recently used for hydrophilic protein delivery (Zhai et al. 2015). Notably,
cartilage-like tissue formation was reported in PLGA/alginate blends and in algi-
nates, but not in PLGA, clearly indicating advantages of blending PLGA with
alginate (Jin et al. 2007). Ulvan, a polysaccharide from green seaweeds (Lahaye and
Robic 2007), was blended with polyethylene oxide and polycaprolactone; the
blends were able to be electrospun and were proposed for applications in tissue
engineering scaffolds, wound dressings, or drug delivery systems (Kikionis et al.
2015). Fucoidan/PCL composite mats were demonstrated to have more widely
distributed osteoblast-like cells compared with pure PCL mats (Lee et al. 2012).
Polymer blends are also used for the development of effective artificial nerve guide
conduit to connect detached peripheral nerve ends (Chiono et al. 2009a, b). PCL
guides have been shown to be successful in repairing small and medium size nerve
defects by bio-mimetic coatings (Chiono et al. 2009a). Chitosan/gelatin natural
blends combined the benefits of protein phase and polysaccharides phase; in in vitro
neuroblast adhesion tests. Chitosan/gelatin films showed promising results as arti-
ficial nerve guides for peripheral nerve regeneration (Ciardelli and Chiono 2006).
Chitosan/gelatin blends were found to show affinity towards neuroblastoma cells
adhesion and proliferation at 80 wt% gelatin (Pulieri et al. 2008).

Dental implants are used to support dental crowns and bridges; a ring like
implantable device was prepared from a composite of calcium-alginate

Fig. 7 a The porous structure of bamboo charcoal. b The tensile strength of pure PLA sample and
BC/PLA composite with different BC contents (Ho et al. 2015). Reproduced with the permission
from Elsevier
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hydrogels/polycaprolactone for the localized delivery of metronidazole at the
implant location to check bacterial growth (Lan et al. 2013). Hydrophilic
polysaccharide and hydrophobic polycaprolactone have been blended for several
applications (Garcia Cruz et al. 2008; Ciardelli et al. 2005). Composite polymeric
scaffold with topographical cues and sustained biochemical release were also pre-
pared and demonstrated to have synergistic effects on cell behaviour (Cutiongco
et al. 2015). Polyvinyl alcohol/dextran blends were used in acute myocardial
infarction model. These blends were used for the topical delivery of basic-fibroblast
growth factor to promote angiogenesis in ischemic heart disease (Fathi et al. 2013).
Polyurethane containing aniline pentamer (AP-PU) was blended with PCL to
develop a platform substrate for investigating the effect of electrical signals on cell
activities (Baheiraei et al. 2014). Poly(epsilon-caprolactone) scaffold modified by
chitosan PCL scaffold were used to explore applications in heart valve and blood
vessel tissue engineering (Mei et al. 2005). Figure 8 shows morphology of

Fig. 8 Morphology of endothelial cells lining micropatterned grafts. a–c Cells cultured inside
electrospun grafts patterned with microfibers. Overlays of fluorescently stained actin filaments
(red) and cell nuclei (blue) of BAECs or EA.hy926 endothelial cells (inset) at a 2 h, b day 3 and
c day 5 post-seeding. d, e Cells cultured inside hybrid grafts patterned with microgrooves.
d Overlaid fluorescence image of BAECs or EA.hy926 endothelial cells (inset) at day 3
post-seeding. e SEM image of a BAEC monolayer at confluence and overlaid fluorescence image
of a EA.hy926 endothelial cell monolayer (inset). f, g VE-cadherin staining (green) of (f) BAEC
and (g) EA.hy926 monolayers on microgrooves at day 7 post-seeding. Double-headed arrows
indicate the direction of microfibers and microgrooves (Uttayarat et al. 2010)

30 K.A. Dubey et al.



endothelial cells lining micro patterned grafts of three-dimensional electrospun
polyurethane vascular grafts (Uttayarat et al. 2010).

Polymer blends and composites are extensively explored for bone repair and
regeneration. Chitosan/calcium phosphate (CaP) composites were investigated as a
potential implant candidate for bone defect repair. The composite containing the
5 mass/vol.% CaP lasted 40 min in vitro fatigue test until failure occurred
(Ding 2006). Collagen/chitosan blend porous scaffolds were found to demonstrate
improved biostability for skin tissue engineering. In vivo animal tests of these blend
based scaffold revealed that they support and accelerate the fibroblasts infiltration
from the surrounding tissue (Ma et al. 2003). Chitosan hydrogels/nano ZnO
composite based bandages were prepared for wound dressing. These porous and
flexible blends showed enhanced swelling, blood clotting, and antibacterial activity.
In vivo evaluations of these bandages in Sprague–Dawley rats revealed faster
reepithelialization and collagen deposition, suggesting the use of these bandages for
burn wounds, chronic wounds, and diabetic foot ulcers (Sudheesh Kumar et al.
2012). Microspheres made of carboxymethyl chitosan, sodium alginate, and col-
lagen blends showed platelet adherence, platelet aggregation, and platelet activation
in vitro (Shi et al. 2016). Chitosan/gelatin blend based sponge has been show to
work as an absorbable surgical haemostatic agent with good blood-clotting index at
chitosan/gelatin sponge blend ratio of 5/5 (W/W). Blend based sponges showed
haemostatic effect in rabbit artery bleeding and liver model tests compared to the
two individual components (Fig. 9). No differences were observed in thrombin
generation and cell toxicity tests with L929 cells were negative. Most importantly,
on subcutaneous transplantation onto rabbits, a complete degradation of blends
based sponges was observed along with vascular generation and proliferation (Lan
et al. 2015). Chitosan-hyaluronic acid/VEGF loaded fibrin nanoparticles composite
sponges were also reported to promote angiogenesis; 60% of the loaded VEGF was
reported to be released in three days and Human umbilical vein endothelial cells
(HUVECs) seeded on VEGF containing sponges showed tubule formation
(Mohandas et al. 2015). Bioactive glass/chitosan/carboxymethyl cellulose blends
were also showed potential for bone regeneration and hemostasis in critical-sized
bone defects (Chen et al. 2015). Chitosan-hyaluronic acid/nano silver composite
porous sponges were developed for drug resistant bacteria infected diabetic wounds
and showed sliver nanoparticle dependent antibacterial activity against
Staphylococcus aureus (Anisha et al. 2013a). Chitosan/PVA composite sponges
showed higher haemostatic activity than pure chitosan sponges and erythrocytes
cells were found to bind first to the surface of chitosan polymer in the sponges and
then promote the binding with other cells in the solution (Chen et al. 2013).
Chitosan-hyaluronan/nano chondroitin sulfate ternary composite sponges showed
good cytocompatibility, proliferation and cell adhesion studies on human dermal
fibroblast (Anisha et al. 2013b). Tranexamic acid-loaded chitosan/alginate com-
posite microparticles were found to achieve hemostasis in 2.48 ± 0.88 min and
stopped the bleeding in 1.90 ± 0.75 min in a liver transfection bleeding model
(Li et al. 2012).
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Polymer/bioactive glass composite containing magnetic nanoparticles were
develop for potential applications in the magnetic hyperthermia treatment and drug
delivery (Jayalekshmi et al. 2013). Chitosan blended with heparin has shown lower
platelet adhesion, significant thromboresistivity and lower haemolysis rate (Wang
et al. 2012). Wet chemical synthesis of chitosan hydrogel-hydroxyapatite
(HAp) composite membranes was done and biocompatibility studies and cytotox-
icity studies on MG-63 osteosarcoma cells suggested that chitosan hydrogel-HAp
composite membranes can be useful for tissue-engineering applications
(Madhumathi et al. 2009). Chitosan dressings containing polyphosphate and silver
nanoparticles were developed for the treatment of haemorrhage and infectious

Fig. 9 (a) Blood loss in rabbit liver and ear artery injury; (b) Time to hemostasis in rabbit liver
and ear artery injury; (c) hemostasis for CG composite hemostatic material in rabbit ear artery and
liver hemostasis models. a Bleeding in freshly cut ear artery; b Using a CG composite hemostatic
material on ear artery bleeding; c Ear artery bleeding stopped by the CG composite hemostatic
material. d Bleeding when cutting the liver; e Using a CG composite hemostatic material on the
liver; f Liver bleeding stopped by the CG composite hemostatic material. *P < 0.05, **P < 0.01
compared to the negative control analyzed by one way ANOVA with post hoc Scheffe test, N = 6
(Lan et al. 2015). Reproduced with the permission from Elsevier
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complications. Procoagulant (polyphosphate) and an antimicrobial (silver) were
loaded onto different amount in chitosan; these blends were found to accelerate
blood clotting, increased platelet adhesion, generated thrombin faster, and absorbed
more blood than chitosan. These composites also exhibited significantly greater
bactericidal activity than chitosan (Ong et al. 2008).

Carbon nanotubes and graphene can be used to improve both, mechanical rein-
forcement and electrical conductivity of the polymers, therefore yielding biomate-
rials for a wide range of regenerative medicine applications. Dispersion of
nanofillers in a polymer matrix is a challenge and as mentioned in the earlier sec-
tions, various approaches can be used to improve the filler dispersions. In a recent
study, the dispersibility of MWCNTs in polyprolactone and polycarbonate poly-
urethane (PCU) with an incorporated polyhedral oligomeric silsesquioxane (POSS)
was investigated and a computational model that can visualise MWCNTs and pre-
dict the chemical concentration for ideal nanocomposites was developed
(Antoniadou et al. 2010). Nanocomposites based on poly L lactic acid (PLLA) and
MWCNTs showed electrical percolation threshold within a range of 0.21–0.33 wt%
MWCNTs and six orders of magnitude increase in conductivity of PLLA by optimal
loading of MWNTs. It was found that PLLA/MWCNTS nanocomposites could be
suitable substrates for primary stem cell culture (Lizundia et al. 2012). In an inter-
esting work, PLGA/MWCNTs nanocomposites were synthesized via solvent casting
technique and rat bone marrow-derived mesenchymal stem cells (MSCs) were
employed to assess the biocompatibility of the nanocomposites in vitro. It was
shown that the MWCNTs accelerated the hydrolytic degradation of PLGA and the
cells could adhere to and spread on composite films via cytoplasmic processes.
Furthermore, MSCs cultured onto PLGA/MWCNTS nanocomposites showed
improved adhesion, viability and higher production of alkaline phosphates. The
authors claimed that these results reflect the potential of thee composite matrices for
the development of 3-D scaffolds for bone tissue engineering (Lin et al. 2011).

Designing biodegradable scaffolds with bone-compatible mechanical properties
has been a significant challenge in the field of bone tissue engineering and
regenerative engineering. PLGA/MWNT composites containing pristine and
modified with hydroxyl (OH), carboxylic acid (COOH)) multi-walled carbon
nanotubes (MWCNTs), were synthesized as three-dimensional porous scaffolds. It
was shown that on adding just 3% MWCNTs, the compressive strength and
modulus were significantly increased compared to pure PLGA scaffolds. These
composites showed excellent cell adhesion, proliferation and mineralization. On
implantation for 12 weeks, carbon nanotube functionalization indicated differences
in inflammatory response, OH-modified MWCNTs showed the least response, and
COOH-modified CNT showed the highest response (Mikael et al. 2014).

Conducting polymer composites have special significance in context of con-
ducting tissues; however, the use of exogenous electrical stimulation to promote
nerve regeneration has achieved only limited success. The design of biocompatible
implants for neuron repair/regeneration ideally requires high cell adhesion as well
as good electrical conductivity. Conditions impeding optimized outgrowth may
arise from inadequate stimulus presentation due to differences in injury geometry or
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signal attenuation. Implantation of an electrically-conductive biomaterial may
mitigate this attenuation and provide a more reproducible signal. In a recent study,
SWNT was selected as one possible material to impart electrical conductivity to a
collagen type hydrogel. Neurite outgrowth within hydrogels increased 3.3 folds in
20-lg/mL SWCNT loaded biomaterials relative to the nanofiller-free control.
Notably, electrical stimulation promoted greater outgrowth within SWCNT-free
control; while combination of electrical stimulation and SWCNT-loading resulted
in a markedly enhanced increase in outgrowth (Fig. 10) (Koppes et al. 2016).
Recently, surface modified CNT and polymer composites have gained special
attention. It was shown that plasma-treated chitin carbon nanotube composite
scaffolds offers good neuron adhesion and supports of synaptic function and was
claimed to have potential applications as an implantable electrode for stimulation
and repair of neurons (Singh et al. 2016).

Magnetic field stimulation through polymer/magnetic filler composites can be
useful in several therapeutic and diagnostic applications. Compounding of magnetic
filler with a polymer matrix is a very common technique to achieve this. Core-shell
particles can be made wherein, the polymer outer layer will stabilize the magnetic
shell, that can add stimuli response or target the delivery and also tune the magnetic
properties (Rodriguez-Arco et al. 2016). The development of a soft and
multiple-environment-adaptive robotic platform with ferromagnetic particles
impregnated in silicon-based polymer was recently reported; this flexible platform
of human skin-like material was found to have controllability which can be oper-
ated like a human finger to manipulate biological objects (Gao et al. 2016). For
molecular imaging novel core-shell magnetic microsphere for dual modal magnetic
resonance imaging (MRI) and optical imaging was produced by one-pot
emulsifier-free emulsion polymerization, which could provide high resolution rate
of histologic structure information and realize high sensitive detection at the same
time. The synthesized magnetic microspheres composed of cores containing oleic
acid (OA) and sodium undecylenate (NaUA) modified Fe3O4 nanoparticles and
styrene (St), Glycidyl methacrylate (GMA), and polymerizable lanthanide com-
plexes (Gd(AA)3Phen and Eu(AA)3Phen) polymerized on the surface for outer
shells. In vitro and in vivo MRI studies exhibited high signal enhancement on both
T1- and T2-weighted MR images. These fascinating multifunctional properties
suggest that the polymer microspheres have large clinical potential as multi-modal
MRI/optical probes (Zhang et al. 2016). Chemically synthesized magnetic
nanoparticles containing polyethyleneglycol-lactate polymer (PEG-LAC), chitosan,
and polyethyleneimine were used as a gene delivery vehicle for enhanced siRNA
delivery into cells has been explored (Arami et al. 2016). Notably, a series of pH
and temperature-responsive polymer grafted iron oxide nanoparticles were prepared
in a recent study, by simple coupling of aminated iron oxide nanoparticle with poly
(N-isopropylacrylamide-ran-poly(ethylene glycol) methyl ether acryl ate)-
block-poly(acrylic acid) (Dutta et al. 2016).

Nano-hydroxyapatite/gelatin nanocomposite scaffold were demonstrated to
support cell adhesion and to heal the critical size bone defect created on rat
calvarium (Samadikuchaksaraei et al. 2016). Polyvinyl alcohol and
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polyvinylpyrrolidone blend containing different concentrations of bioactive
nanohydroxyapatite (nHAp) demonstrated higher effective conductivity and effec-
tive dielectric constant than those of PVA, PVP or nHAp. Enhancement of

Fig. 10 Electrical stimulation enhances neurite outgrowth in SWCNT composite hydrogels.
Neurite outgrowth is promoted by either electrical stimulation with 50 mV/mm (DC 8 h, 1 mA)
(b) or inclusion of 20 lg/mL SWCNT within hydrogels (c) compared to control (0 lg/mL)
hydrogels (a) with significant increases in outgrowth (e) and neurite length (f). When SWCNT are
combined with 50 mV/mm, a robust increase of neurite outgrowth is observed compared to either
singular cue alone (d) and significant increases are observed in both total neurite outgrowth (e) and
neurite persistence length (f). Green = b-III-Tubulin neurites, Red = Phalloidin actin,
Blue = DAPI nuclei, Bar = 500 lm, 20 �. � = p < 0.05 compared to all conditions, n = 3,
standard error shown (Koppes et al. 2016). Reproduced with the permission from Elsevier
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electrical conductivity was reported to result in the increased biocompatibility of the
fibrous scaffold (Chaudhuri et al. 2016). As stated above, the addition of graphene
and graphene oxide nanosheets to bioactive polymers could enhance their electrical
conductivity. Polyaniline and polyacrylonitrile composites with graphene and
graphene oxide nanosheets were demonstrated to have a higher proliferation and
differentiation of satellite cells (Mahmoudifard et al. 2016). Li et al. recently,
reported three-dimensional nanocomposite scaffolds by mixing type I collagen
extracted from porcine skin and polyvinyl pyrrolidone coated titanium dioxide
(TiO2) nanoparticles. These PVP-containing scaffolds have four times higher
strength than that of scaffold without PVP, therefore degradation resistance was
enhanced however, ultimate percentage of elongation decreased (Li et al. 2016). In
general, for bionics and tissue engineering applications, the nano-composite films
with highest electrical conductivity and moderate roughness showed highest cell
attachment and proliferation (Gopinathan et al. 2016).

9 Future Scenario

Polymer nanocomposites and blends offer tremendous opportunity and their
applications covers almost entire domain of medicine and surgery. Tissue culture,
biosensing, surgical implants, drug delivery are among major areas wherein poly-
mers are extensively used. Polymers can be biodegradable or non-biodegradable
and hence can be used for diverse set of medical applications, depending on the
functional requirement. With the advent of conducting fillers, a new era has
emerged for the development of conducting scaffolds for applications such as nerve
cell regeneration. Plastic and reconstructive surgery is increasingly using polymer
nanocomposites and blends, for wound healing and regeneration. Many polymer
based drug delivery systems have achieved commercial success and many are in
developmental stage. However, the concerns related to toxicity of plasticizers and
residual monomers in polymers used for medical use still needs to be further
addressed. Efforts are needed to produce medical grade polymers with high relia-
bility. In case of hybrid systems, especially for nanofiller based composites; a
careful cytotoxicity analysis is needed to weigh all possible risks. Feasibility of
sterilization of the polymer based formulations should also be kept in mind for the
products to be used for medical applications.
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Polyelectrolyte Complexes (PECs)
for Biomedical Applications

Manisha Buriuli and Devendra Verma

Abstract Polyelectrolytes are a class of macromolecules which spontaneously
acquire a net positive or negative charge when dissolved in an appropriate polar
solvent such as water. Polyelectrolytes can co-react in aqueous solutions and form
polyelectrolyte complexes (PECs) or polysalts, which resemble general
self-assembly processes. It is believed that PECs are formed due to increase in
entropy, caused by the liberation of low-molecular-weight counter ions. PECs can
be classified into three types: soluble, colloidally stable, and coacervate complexes.
Depending on the compatibility between the reacting polyelectrolytes, the elec-
trostatic interaction between the anionic and cationic groups is stronger than most
secondary interactions. Hence, this avoids the use of various chemical cross-linking
agents, which reduces the possibilities of toxicity and other harmful effects that may
be caused by the agents. PECs combine unique physicochemical properties, which
are different from those of the individual components. These find a wide range of
applications, such as membranes, as coatings on films and fibers, and as micro-
capsules for drug delivery, to name a few. PECs have immense potential uses in the
field of ecology, biotechnology, medicine, and pharmaceutical technology.
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ASC Adipose-derived stem cell
BMP Bone morphogenetic protein
cCD 6-carboxymethylthio-b-cyclodextrin
cDNA Complimentary deoxyribonucleic acid
CH Chitosan
CLSM Confocal laser scanning microscopy
CMC Carboxymethyl cellulose
CPP Chitosan-polyphosphate
CS Chondroitin sulfate
CTPP Chitosan-tripolyphosphate
DE Degree of esterification
DEP Dielectrophoresis
DHEA Dehydroepiandrosterone
DOPA 3,4-dihydroxyphenylalanine
DNA Deoxyribonucleic acid
DTT 1,4-dithiothreitol
ECM Extracellular matrix
EDC 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride
EGFP Enhanced green fluorescent protein
FE-SEM Field-emission scanning electron microscopy
FGF Fibroblast growth factor
FTIR Fourier transform infrared spectroscopy
GAG Glycosaminoglycan
GI Gastrointestinal
HA Hyaluronic acid or hyaluronan
HAp Hydroxyapatite
HBPO Hyper-branched polyether
HMC Hydroxymethyl cellulose
HPMA N-(2-hydroxypropyl) methacrylamide
HPMC Hydroxypropyl methyl cellulose
HS Heparan sulfate
iCMBA Injectable citrate-based mussel-inspired bioadhesive
IPC Interfacial polyelectrolyte complexation
LbL Layer-by-layer
LPS Lipopolysaccharide
MAP Mussel adhesive protein
MSC Mesenchymal stem cell
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
NiTi Nickel-titanium
OREC Organic rectorite
PAA Poly(acrylic acid)
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PAH Poly(allylamine hydrochloride)
PAMAM Poly(amidoamine)
PBS Phosphate-buffered saline
PDL Poly-D-lysine
pDNA Plasmid deoxyribonucleic acid
PEC Polyelectrolyte complex
PEG Poly(ethylene glycol)
PEI Polyethylenimine
PEMU Polyelectrolyte multilayers
PGA Poly(glutamic acid)
PgA Poly(galacturonic acid)
PLGA Poly-L-glutamic acid
PLL Poly-L-lysine
PNiPAM Poly-N-isopropylacrylamide
PP Polyphosphate
PTA Transactivator of transcription-based polypeptide
PU Polyurethane
Px Piroxicam
RGD Arginylglycylaspartic acid
SCID Severe combined immunodeficiency
SDS-PAGE Sodium dodecyl sulfate poly-acrylamide gel electrophoresis
SEM Scanning electron microscopy
TAT Transactivator of transcription
TEM Transmission electron microscopy
TNF Tumor necrosis factor
TPP Tripolyphosphate
UV-Vis Ultraviolet-visible
VEGF Vascular endothelial growth factor
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

1 Introduction

Polyelectrolyte complexes (PECs) or polysalts are precipitates formed when two
oppositely charged polyelectrolytes are allowed to co-react in aqueous solution.
These PECs have been shown to display unique physical and chemical properties
due to the considerably stronger electrostatic interactions compared to most other
secondary binding interactions (Lee et al. 2002). The main driving force of PEC
formation is the increase in entropy due to the release of the low molecular counter
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ions. Hydrogen bonding and hydrophobic interaction are also known to play a part
(Chelmecka 2004).

Interest in PECs was fueled after it was discovered that PECs are naturally
produced by some marine organisms such as the sandcastle worm (Phragmatopoma
californica) (Stewart et al. 2004). The PEC functions as a proteinaceous cement to
join and construct their mineralized tubes. When removed about 1 cm from their
tubes and placed on a bed of 0.5 mm diameter glass beads, the worms worked
extensively to rebuild their tubes by cementing the available glass beads. The
cement was found to consist of polyelectrolytes having net opposite charges at
physiological pH. The robust nature of adhesive to prevail in underwater conditions
and adhesion to various substrates suggest its many possible biomedical applica-
tions such as in bone cement and fixation.

1.1 Formation of PECs

The formation of a PEC takes place in three sequential steps (Fig. 1):
Step 1: Primary complex formation. There is random bond formation between the
polyelectrolytes.
Step 2: Secondary complex formation. Here, intracomplex correction and rear-
rangement of the bonds take place which results in the formation of an orderly
secondary complex.

Fig. 1 Schematic representation of PEC formation
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Step 3: Intercomplex aggregation. The hydrophobic interactions between the sec-
ondary complexes cause their aggregation. These complex aggregates may be in the
form of large fibrils, entangles or networks.

1.2 Structure of PECs

PEC formation results in various structures, depending on the properties of indi-
vidual polyelectrolytes and the external conditions provided during the reaction. As
reported in the literature, the structure of any resultant PEC can be grouped into two
models: ladder-like or scrambled egg (Michaels and Miekka 1961).

1.2.1 Ladder-like Structure

The ladder-like structure (Fig. 2a) is formed when a single-stranded hydrophilic
segment interacts with a double-stranded hydrophobic segment. This phenomenon
results from the intermixing of polyelectrolytes that have weak ionic entities and
major differences in molecular dimensions (Hartig et al. 2007). The ladder-like
structure is formed due to the “zippering action”, as the ionic site which has reacted
first will most likely result in the reaction of the ionic site immediately next to it,
giving rise to the zippering effect.

1.2.2 Scrambled Egg Structure

The scrambled egg structure (Fig. 2b) is generally formed when a polymer contains
a high number of chains. This model signifies complexes that arise due to inter-
mixing of polyions with strong ionic entities and corresponding molar masses.
These yield insoluble and extremely aggregated complexes under a stringent 1:1
stoichiometry.

Fig. 2 Structural models of
PEC: a Ladder-like, and
b Scrambled egg
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1.3 Types of PECs

PECs are generally classified based on their structure; the other classification being
based on the main interaction forces acting during PEC formation (such as
Coulomb’s forces and van der Waal’s forces).

Based on their structure, PECs are classified as, water-soluble, colloidally stable,
and coacervate complexes.

1.3.1 Water-Soluble PECs

Intermixing of polyelectrolytes having large differences in molecular weights,
containing weak ionic entities, and addition in non-stoichiometric proportions under
certain salt conditions, results in water-soluble PECs. Water-soluble PECs have a
long host chain with some small guest chains (Kabanov 2003). These PECs assume
a conformation which is similar to that of the ladder-like structure.

1.3.2 Colloidally Stable PECs

PECs give rise to different types of colloidal systems depending on the compati-
bility between the polyelectrolytes. Polyelectrolytes with compatible charge den-
sities give rise to very compact colloidal structures. On the other hand,
polyelectrolytes with unsuitable charge densities result in colloidal particles with a
high degree of swelling.

1.3.3 Coacervate PECs

A coacervate (spherical aggregate of colloidal droplets held together by
hydrophobic forces) is formed when the interactive binding between the oppositely
charged polyelectrolytes is mild due to low charge densities. They are known to
exhibit viscoelastic nature (Spruijt et al. 2013).

1.4 Factors Influencing PEC Formation

There are numerous factors underlying PEC formation. Since the complexation
results in a conformational loss, it has to be counter-balanced in order for the
complexation to occur. The formation and stability of PECs depend on the fol-
lowing factors:

• Concentration of the polyelectrolytes
• Molecular weight of the polyelectrolytes
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• pH of the medium
• Temperature of the medium
• Mixing order
• Mixing ratio
• Degree of ionization of each polyelectrolyte
• Charge density on the polyelectrolytes
• Position of ionic group on the polymeric chain.

1.5 Methods of Preparation of PECs

The simplest and the most widely used method of PEC formation is the poly-
electrolyte titration, also called the drop-by-drop method. In this method, one
polyelectrolyte is slowly added to a beaker containing the oppositely charged
polyelectrolyte, under stirring conditions.

Though this method is the predominant method of PEC formation, it has certain
disadvantages:

• The solvent which is present in the titrant dilutes the solution, and
• The polyelectrolyte (in the beaker) to which the titrant is added is continuously

consumed in the complexation process.

As a result, the polyelectrolyte which is present in the beaker undergoes a
gradual decrease in its concentration during the complexation process. To overcome
this problem, many times the concentration of the polyelectrolyte in the beaker in
taken 2–10 times higher than the other polyelectrolyte (Gärdlund et al. 2003).

The PEC solution can be easily cast into films by pouring in a container followed
by air drying (Verma et al. 2012). Porous scaffolds can be fabricated using freeze
drying and porogen leaching (Verma et al. 2009). PEC capsules are prepared by
dropwise addition of one polyelectrolyte solution into another complementary
charged polyelectrolyte solution (Amaike et al. 1998). This results in a core-shell
structure where the first polyelectrolyte occupies the core. The shell consists of PEC
of both the polyelectrolytes. The structure of these capsules depended on the order
of addition of the polymer solutions. For example, spherical droplets were formed
in the gellan solution when cationic chitosan solution was added to anionic gellan
solution. The capsules had PEC as a shell with chitosan at the core. The capsules
were found to be stable after washing with water and 80% ethanol. They were also
strong enough for pinching and magnetic stirring in distilled water and resistant to
acid, alkali, and boiling water. When gellan solution was added to chitosan
solution, hemispherical droplets were formed at the air-chitosan solution interface
(Wan et al. 2004).

For the preparation of PEC fibers, two methods have been described in the
literature: (1) self-propelling by gravity in air, and (2) wet spinning technique
(Amaike et al. 1998). The wet spinning technique with a roll-up apparatus is widely
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preferred for formation of fibers, as it gives longer length fibers and ability to orient
the fibers in a specific direction. The scaffolds generated by wet spinning technique
followed by lyophilization do not cause any cytotoxicity and maintain cell growth
(Shao and Hunter 2007).

As proposed by researchers, the fiber formation mechanism by interfacial
polyelectrolyte complexation (IPC) includes four steps which are: (a) formation of
PEC film (b) scattering of the complex (c) growth of nuclear fibers, and (d) coa-
lescence of nuclear fibers (Wan et al. 2006). As the fiber is pulled off from the
interface, the PEC at the interface is broken down into many individual domains.
These domains act as nucleation sites for further complexation. As the nuclear fiber
increases in size, the viscosity of the free excess components outside the fibers
decreases, due to a decrease in concentration of the polyelectrolytes.
Simultaneously, an increase in the ionic strength of the medium is observed, which
results from the release of salt counter ions. The nuclear fiber eventually merges
together. Regularly spaced gel droplets are observed along the fiber axis, which is
formed by the excess polyelectrolytes. It was inferred that continuous fiber for-
mation was related to the stability of the interface and the precipitation of a PEC in
the solution. The dimensions of the fibers were found to be directly related to the
area of contact between the two solutions. Also, it was seen that the draw rate
affects the formation of fiber with beads. Lower the rate, lesser the beads in fiber.
The bead formation is slow for viscous solutions. Lesser draw rates are required to
form fibers at higher viscosities (Tuzlakoglu et al. 2004; Xu et al. 2015).

The layer-by-layer (LbL) self-assembly of polyelectrolytes has been widely used
to prepare tailored ultrathin membranes with defined thickness, composition, and
structure (Lvov et al. 1993; Shiratori and Rubner 2000). These membranes find
their applications in bio-sensing, catalysis, filtration, and optics. For the preparation
of membranes using LbL method, the substrate is alternatively dipped in comple-
mentarily charged polyelectrolytes. Strong electrostatic interaction at the interface
of each layer stabilizes the structure. One advantage of the LbL method is that it
allows nanometer-level control over the thickness and composition of the mem-
branes. The thickness of the films can be controlled either through the number of
layers that are deposited or by increasing the concentration of the polyelectrolyte in
the solutions from which the films are formed.

A study reported the fabrication of PEC microfibers (Verma et al. 2011).
The PEC microfibers were made from chitosan and alginate. PECs generally form
nanoparticles when mixed at low concentrations (*0.1% w/v). The PEC micro-
fibers were made at concentrations of about 1% w/v of each constituent. The fibers
were around 1 lm in thickness. The homogeneous mixing of polyelectrolytes at
this concentration was facilitated by sonication process. One of the important
parameter, which affects final structure of the PECs is pH of the solutions.
Sonication of polymer mixture at pH around 8 results in nanoparticles, whereas
sonication at around pH 4 results in the formation of microfibers.
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2 Applications of PECs

Morphologies of associated polyelectrolytes differ widely, depending on the bal-
ance of water, polymer, and salt ions within the complex (Porcel and Schlenoff
2009). The mixing of polycation and polyanion solutions results in dense precip-
itates. Once the bound water is removed (Porcel and Schlenoff 2009), the wet
complexes are stiff or rubbery depending on their salt content (Michaels 1965).
Most of the applications of PECs arise from their solid-like properties. Ionically
bonded polymeric network structures, readily synthesized from linear polyelec-
trolytes, possess unusual physical and chemical properties not found in conven-
tional polymers (Michaels 1965). PEC hydrogels, sponges, nanofibers, films,
structure micro/nanoparticles, and coatings find various applications in
biomedicine.

2.1 Wound Healing

2.1.1 Wound

Skin is the largest organ of the adult body which has a major role in protection from
pathogens. A wound can be defined as an injury to the skin. This injury can be a
cut, tear, puncture, burn, or even a bruise. The sources of the wound are many, but
they relatively have the same effect. Injury to the skin can be fatal as it may act as
an easy passage for the microorganisms which might be of pathogenic nature and
can cause dreadful diseases. Wounds can be classified into various types.
Depending on the source causing the wound, they can be of following types:

• Incision
• Lacerations
• Abrasions
• Avulsions
• Puncture wounds
• Penetration wounds
• Gun-shot wounds

Besides these, the wound can be open if cut by a sharp-edged object or closed if
caused due to trauma by a blunt object. Wounds can have a profound effect on a
specific region. Due to high regeneration capacity, skin wound heals quickly
depending upon the degree of injury. However, sometimes it leads to serious
consequences like infections, inflammations, scarring, and loss of function.
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2.1.2 Phases of Wound Healing

Healing of wound is a spontaneous process which takes place by itself. Proper and
faster wound healing is essential as it protects an individual from various kinds of
pathogenic organisms and air-borne fungal infections. It is a complex and dynamic
process in which the missing cells or tissue gets replaced by new cells. The healing
process takes place in the following phases: hemostasis, inflammatory phase,
proliferative or fibroblastic phase, and maturation or remodeling phase.

(i) Hemostasis

This is the first phase of wound healing which starts within few minutes from the
time the person gets injured. After the injury, the sub-endothelium of the skin gets
exposed, which is rich in collagen and certain tissue factors. Collagen and tissue
factors are responsible for aggregation of platelets over the wounded area and form
a plug to prevent further bleeding. The platelets get activated as soon as they get
attached to the collagen of the exposed wound. The activated platelets start to
degranulate, releasing many chemotactic factors which result in clot formation,
leading to the conversion of soluble fibrinogen to insoluble fibrin and forms a mesh
over the wound. Also, many growth factors (e.g. platelet derived growth factor) and
vasoactive agents are also secreted at the wound site. These factors released by the
platelets, result in attraction of inflammatory cells switching to next phase of wound
healing.

(ii) Inflammatory phase

The cellular aspect of wound healing involves cells like neutrophils, macrophages,
and lymphocytes which occurs within hours of injury. Neutrophils do not play a
role in wound healing but are responsible for cleaning the wound site. They are
responsible for engulfing bacteria and other infection-causing microorganisms.
Macrophages are the most important cells responsible for wound healing. The
major roles of macrophages in wound healing are:

• Phagocytose bacteria
• Secrete collagenases and elastases, which disintegrate the injured tissue and

liberate cytokines
• Release cytokines that are responsible for growth and movement of fibroblasts

and smooth muscle cells
• The release of compounds that attract endothelial cells to the wound site. This

triggers their proliferation, which in turn promotes angiogenesis.

T-lymphocytes start to act within 72 h of injury. They release various lym-
phokines (e.g. basic fibroblast growth factor) which are responsible for promoting
wound healing.
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(iii) Proliferative or fibroblastic phase

In proliferative phase, the fibroblasts play a major role. Within 48–72 h of injury,
the fibroblasts start to migrate towards the wound, marking the onset of proliferative
phase and this migration may even start before the inflammatory phase ends. The
proliferative phase consists of many steps which are not necessarily in a sequential
manner: epithelialization, fibroplasia, angiogenesis, and contraction. A new net-
work of blood vessels is built in the wound which comprises of collagen and
extracellular matrix (ECM) (angiogenesis). The new granulation tissue formation is
dependent upon fibroblasts. A healthy granulation tissue formation takes place
when the fibroblasts have sufficient oxygen and nutrient supply from the blood
vessels. There is a formation of an epithelial layer over the cut wound to protect it
from the external environment (epithelialization).

(iv) Maturation or remodeling phase

This phase is initiated when collagen formation and degradation reaches an equi-
librium state. In this phase, newly deposited type III collagen is converted to type I
collagen. Rearrangement of collagen fibers takes place and lead to an increase in
wound tensile strength. The actual tensile strength of the skin is not achieved.
However, the newly replaced skin achieves a maximum of about 80% of its original
tensile strength. Maturation phase can vary widely depending on the type of wound,
from 3 days to 3 weeks, and in some cases even a year or longer.

2.1.3 Wound Dressings

Wound dressings are used beneath compression bandages in order to promote quick
healing and to prevent the contact of the crude wound and the bandage. The range
of dressings is becoming broader day by day. Modern dressings also have bio-
logical activities appended because microbial biofilm is believed to play a role in
wound healing. There are four major functions a wound dressing should perform.
They involve cleaning, absorbing, regulating, and adding medication. The choice of
dressing mainly depends on the amount of wound exudate and the type of wound.
The eight main categories of wound dressings are discussed below.

• Gauze dressings

These dressings are made of either woven or non-woven gauze. Gauze is
non-occlusive and permeable and is the most readily available wound dressing. The
drawback is that these types of dressings may promote desiccation in wounds with
less exudate. Hence, under such conditions, they must be used along with a topical
agent. They are inexpensive and are good for short term use. They come in different
designs based on the comfort of the user.
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• Film dressings

Film dressings, as the name suggests, are thin and flexible. They are made of clear
polyurethane (PU) with an adhesive coating that adheres to the skin. The exudate
and adhesive react and prevent the adhesion to wound bed while allowing the film
to adhere to the dry skin around the wound. They can be used either as a primary or
a secondary dressing. They are elastic in nature and adjust to body contours.
Visualization of the wounds is possible with these types of transparent dressings.

• Hydrogel dressings

Hydrogels are gels that comprise of 80–90% water. Glycerin-based hydrogels are
also available. Though they can absorb only less amount of fluid, they can keep the
dry wounds moist because of the presence of ample amount of water in their
structure. They cool the applied area and elevate pain. They are permeable to gas
and water. Hence, they are not effective bacterial barriers. These are mostly
non-adhesive and require a secondary dressing.

• Foam dressings

Foamed polymer solutions like PU contain small cells which can hold fluids and are
used as dressings. They can be either layered in combination with other materials or
they can be impregnated alone. They are non-adhesive to the wound and can easily
be removed. They can be made with adhesive border and a transparent coating
which can act as a bacterial barrier.

• Alginate dressings

Alginate is a polymer made from seaweeds. Alginate beads react with serum and
wound exudate and convert it to a gel. The gel is moist and traps bacteria. The
bacteria are washed off while changing the dressings. Alginate gels are
non-occlusive and highly permeable. Hence, there must be a secondary dressing
like gauze. Alginates are available as sheets, ropes, and alginate-tipped applicators.
Hydrofiber dressings are prepared with carboxymethyl cellulose (CMC) sodium salt
which is similar to alginates.

• Composite dressings

As the name suggests, composites are multilayer dressings. They are mostly made of
three layers. The innermost layer is non-adherent and prevents trauma to the wound
bed during a change of dressings. The middle layer prevents maceration by absorbing
moisture and wicking it away from the wound bed. It also maintains a moist wound
environment. The middle layer may be a hydrogel, foam, hydrocolloid or alginate.
The outer layer acts as a bacterial barrier. It is made of a semipermeable film.

• Hydrocolloid dressings

Hydrocolloids contain hydrophilic colloidal compounds like gelatin, cellulose, and
pectin. They have a strong film and foam adhesive back. They absorb surrounding
exudate slowly and swell into a gel. Removal of hydrocolloid dressing may leave

56 M. Buriuli and D. Verma



some residue that gives foul odor. They insulate the wound thermally and have the
least permeability to water, oxygen, and bacteria. These dressings have lower
infection rates than other dressings.

• Interactive dressings

Wound dressings are classified as active, passive, and interactive. Passive dressings
just have protective functions. Active dressings promote healing by creating a moist
environment around the wound. Interactive wound dressings create a moist envi-
ronment and also interact with the wound bed to enhance wound healing.

2.1.4 PEC-Based Wound Dressings

Alginate (or alginic acid) is an anionic biopolymer that is derived from acids
obtained from brown seaweeds. Dressings made from alginate are not only
biodegradable, they also have high absorbency rate (up to 20 times their weight).
Depending on the type of seaweed species from which the alginate is made, the
dressing may either gel or swell in the wound after absorption of wound fluid. To
accelerate gel formation, an alginate dressing is incorporated with a mix of both
sodium and calcium alginates. Calcium alginates tend to swell, whereas sodium
alginates tend to dissolve or gel in the wound bed (Kent 2009). Alginate dressings
promote new skin growth by keeping the wound moist, remove exudates, and
promote hemostasis.

Chitosan and alginate dressings have been widely researched for wound healing
applications. Chitosan, which is derived from deacetylation of chitin present in
shrimps and other crustaceans, is extensively applied in biomedicine due to its low
toxicity and high biocompatibility (Kathuria et al. 2009; Tripathi and Melo 2015).
Alginates, when combined with a cationic biopolymer such as chitosan, can be
made into a PEC-based wound dressing. PECs from alginate and chitosan can be
prepared by adding chitosan solution dropwise to alginate solution. It can also be
prepared by using a two-step process where calcium alginate beads are first formed,
and then the gel beads are dropped into chitosan solution to form the PEC on the
surface (Gåserød et al. 1998). Alginates have also been combined with silver, zinc,
and CMC to improve the antimicrobial efficacy of the dressings.

Hydrogels are made up of three-dimensional hydrophilic material and contain
about 90% water (Kumar and Tripathi 2012). Due to this, hydrogel dressings help
control the exchange of fluids within the wound site. These dressings exhibit
excellent biocompatibility because their surfaces produce low interfacial free
energy when in contact with bodily fluids (Tsao et al. 2010, 2011). Hydrogels do
not dissolve in water when crosslinkers are present, but these crosslinkers possess
the significant risk of toxicity. Moreover, chemical crosslinkers form weak ionic
interactions between various polymer chains. A PEC hydrogel can overcome these
limitations.

Polyelectrolyte Complexes (PECs) for Biomedical Applications 57



A PEC membrane made from chitosan and c-poly(glutamic acid) (c-PGA),
when tested for wound healing efficacy showed that the PEC provided an appro-
priate moisture content and exhibited good mechanical properties (Tsao et al.
2011). Since both these conditions were prevalent, the dressing could be easily
removed from the wound without causing any damage to the newly regenerated
tissue. The use of this dressing promoted more than 50% of re-epithelialization and
regeneration of the wound, as revealed by histological examinations conducted on
the newly regenerated tissue.

Chitosan and c-PGA PEC matrices exhibit greater hydrophilicity, more favor-
able cytocompatibility, and a more extensive mechanical structure, compared with
that of chitosan alone (Hsieh et al. 2005). Chitosan-c-PGA hydrogel dressings have
been reported to promote early new bone formation in the alveolar socket following
tooth extraction (Chang et al. 2014). These dressings adhered better to wound
surfaces than neat chitosan and were found to promote earlier as well as greater
amounts of new bone formation than treatment with chitosan and gelatin sponge
alone.

Chitosan-hyaluronic acid (HA) PEC hydrogel dressings were used to treat burn
wounds (Vasile et al. 2012). HA is an anionic, non-sulphated glycosaminoglycan
(GAG) found in the connective, neural, and epithelial tissues. It has very high
molecular weight in the range of millions. It is known to have good biocompati-
bility, biodegradability, and gel-forming properties. Chitosan-HA PEC hydrogels
are suitable for wounds healing applications as they combine and enhance the
antimicrobial activity, prevent wound damage, and subsequently promote wound
healing.

Chitosan and sodium alginate PEC sponge dressings impregnated with the drug,
silver sulfadiazine (AgSD) as an antibacterial were used as a potential wound
dressing material (Kim et al. 1999). The release of AgSD from the dressings was
controlled by the number of repeated in situ PEC reactions between chitosan and
sodium alginate. The dressing could protect the wound from bacterial invasion and
the extent of cellular damage was found to reduce by the controlled release of
AgSD from the sponge dressings. Granulation tissue formation and wound con-
traction were observed to be very fast in dressings containing AgSD and dehy-
droepiandrosterone (DHEA).

Chitosan-alginate PEC sponges have also been formed by incorporating cur-
cumin (diferuloylmethane) found in turmeric to deter wound infection and accel-
erated healing (Dai et al. 2009). Curcumin is well known to have natural wound
healing properties. In vivo animal testing revealed that adding curcumin into the
sponge enhanced its therapeutic healing effect.

Wound dressings in the form of films were made from PECs of chitosan and
alginate coacervates with calcium chloride (Wang et al. 2002). These dressings
were found to increase incisional wound healing in model rats when compared to
conventional gauze dressings. Post-operative observations showed the closing of
the wound on day 14, extremely good remodeling on day 21 with thick collagen
deposition and presence of mature fibroblast cells. Good biocompatibility and
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wound-healing efficiency indicated that chitosan-alginate PEC film dressings have
potential applications in wound healing.

Dressings were made by incorporating chitosan with polyphosphate (PP) to act
as a procoagulant, and silver nanoparticles to act as an antimicrobial agent (Ong
et al. 2008). Chitosan dressings were fabricated with different amounts and lengths
of PP chains (45 or 65 phosphate units per chain). The PP-silver containing chitosan
dressings were found to have superior hemostatic properties when compared to
chitosan dressings. The PP present in the dressings was responsible for the accel-
erated production of sufficient amounts of thrombin to support earlier fibrin gen-
eration. Moreover, the presence of chitosan engaged RBCs to expand and solidify
the growing thrombus, leading to the formation of a stable blood clot.

2.2 Drug Delivery

Drugs are constantly being developed to treat various diseases and abnormalities. In
most cases, though the drugs perform very well in in vitro conditions, their per-
formance in vivo is rather suppressed. This is due to deposition of the drug in
non-specific locations in the system. Hence, drug delivery is considered to be one of
the most challenging tasks in pharmacology. There are various methods that
effectively deliver drugs in their respective locations, some of which include nano
delivery vehicles like micelles and liposomes. One such delivery mechanism that
has attracted recent interests involves encapsulation of the drug within PECs. These
PECs act as reservoirs for drugs which are stored in the central region referred to as
the core. The solid drug core is then surrounded by a capsule that consists of shells
made of alternating anionic and cationic polyelectrolytes. The drug core can also be
located in the shell region in some cases. The shells are designed such that they
dissolve in specific locations in the system where the drug is deployed, depending
on the local conditions prevailing there. Thus, multiple barriers that hinder drug
delivery can be overcome by careful selection of layers that contribute to the shell.

Initially, studies were based on only strong polyelectrolytes in their fully charged
states like polystyrene sulfonate, dextran sulfate, heparin, and polydimethyl diallyl
ammonium chloride, with their pH maintained below 7. Later, the significance of
weak polyelectrolytes such as poly(acrylic acid) (PAA), poly(galacturonic acid)
(PgA), and alginate became known, since their charge densities can be controlled
by adjusting the solution pH. The thickness of the layer in weak polyelectrolytes is
the highest near the solution pKa of the polyelectrolytes.

Two oppositely charged polyelectrolytes can be crosslinked (to form a PEC)
through electrostatic interactions. Polyelectrolytes can also make a complex with
surfactants and even biologically active micelles via electrostatic interactions.
Hence, they find their use in various biomedical and pharmaceutical applications.
PECs are ionic in nature with a hydrogel structure. They can also permeate body
fluids. They possess many characteristics of proteins and this feature enables them
to be less toxic. They are mostly hydrophilic with good mechanical strength and
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have the ability to bind oppositely charged molecules. Thus, they are used for target
specific applications.

PECs are formed by various techniques that involve mixing of solutions con-
taining oppositely charged polymers. One such technique for preparing PECs is
layer-by-layer (LbL) assembly technique. It involves the alternate deposition of
ionic polyelectrolytes on a layer with opposite charge. The chemical composition
and structure of the film are controlled to a better extent than other ultrathin film
forming technologies and the polyelectrolyte is deposited in a predesigned
layer-by-layer fashion. LbL is suitable for fabrication of films on flat surfaces with
larger areas. Films with a thickness less than 100 nm are possible using LbL, and
when many layers are formed to increase the thickness to micrometer levels, the
loading capacity is increased to a greater extent. The increase in thickness also
increases the mechanical robustness, which helps when nano-scaled hierarchical
structures with integrated functions to be tailored. Various LbL assemblies like spin
LbL, spray LbL, and exponential LbL has been developed to accelerate the LbL
process. LbL methods offer flexibility and freedom to satisfy the needs of drug
delivery systems with complex design considerations.

A study showed that crosslinking can be induced by varying the temperature to
prepare non-detachable hydrogels (Khutoryanskaya et al. 2010). The hydrogels
exhibited pH-dependent swelling properties. Another research prepared stable,
single component multilayered PEC with cationic and anionic forms of the same
polymer, chitosan (Bulwan et al. 2009). It exhibited good biocompatibility with
bacteriostatic properties. The LbL technique can deposit polyelectrolytes on any
substrate provided that the substrate does not dissolve in the coating solution, and
the substrate has a charge in the coating solution.

2.2.1 Drug Loading

Loading and controlled release of small molecular weight drugs and small mole-
cules are challenging goals that are required to be reached when it comes to drug
delivery. LbL deposition of polyelectrolytes can elevate the efficiency of drug
loading and targeting.

Ibuprofen, which is used for wound healing, incorporated in a PEC of poly
(allylamine hydrochloride) (PAH) and dextran with hyaloplasm acid was formu-
lated (Wang et al. 2009). This helped in the sustainable release of ibuprofen
incorporated in surgical sutures. The quantity and release kinetics of the loaded
drug can be adjusted by altering the parameters of LbL deposition without affecting
the properties of the suture. Fibroblast growth factor (FGF) and heparin were loaded
in aortic valves of porcine heart (De Cock et al. 2010). The growth factor activity
was preserved and sustainable release of growth factor was also achieved. When
prodrugs were loaded with thin LbL films, the desired anti-inflammatory effect was
observed (Cao and He 2010).
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Loading of hydrophobic drugs requires a hydrophobic core that can act as a
reservoir for the drug to be loaded. A study synthesized a heparin-like sulfonated
hyperbranched polyether (HBPO-SO3) with an HBPO hydrophobic core and nega-
tively charged sulfonic acid terminal groups (Hu and Ji 2010). This could
self-assemble in aqueous media to form stable micelles with low cytotoxicity. These
complexes with hydrophobic cores can be used as nano-reservoirs for hydrophobic
guest molecules. The PEC could serve as a multifunctional coating that could help in
anticoagulation and local drug delivery. The release rate of drugs depends on the size
and solubility of the drug, the number of layers of polyelectrolyte deposition and
thereby, the thickness of the shell and the types of polyions used for the LbL process.
A study concluded that the shells act as a barrier between the core and the release
conditions (Antipov and Sukhorukov 2004). When proper target conditions are
achieved, the core dissolves and the shell becomes stable. A drug delivery assembly
was described for dexamethasone in a reservoir-type control system with a
semipermeable rate controlling membrane (Pargaonkar et al. 2005). The release
profiles followed almost zero order kinetics. Hence, it the provided necessary proofs
that drug release is a diffusion-controlled mechanism.

The release of drugs like dexamethasone involves two processes: initially, the
bulk solution diffuses into the capsules to dissolve drug crystals and then the
dissolved drug molecules diffuse out of the capsules. The dissolution of the crystal
cores proceeds from the surface towards the crystal center. The smaller crystals
dissolve faster than the larger crystals.

Drugs can also be loaded by the use of salts. Salts affect the polyelectrolyte
multilayer assembly and also affect the preformed multilayers. Salt ions will screen
electrostatic charges and induce swelling of the multilayers. This increases the
permeability (Radtchenko et al. 2002). The permeation is blocked at low ionic
strength and if the salt concentration is increased further, the drug is released.

2.2.2 Drug Release Triggers

The release of the drug normally takes place through diffusion, a non-specific
process. Specific drug release is carried out with chemical and biological triggers.
pH is one of the most common triggers for the release of drugs specific to organs.
The pH gradient ranges from 1 in the stomach to 7.5 in the small intestine, when it
comes to the gastrointestinal (GI) tract. Neutral and anionic polymers do not
respond at low pH. However, cationic polymers like chitosan are responsive even at
very low pH values. Polymers and polyelectrolytes are chosen according to their pI
values. Swelling occurs due to charge imbalance inside the hydrogel structure,
thereby decreasing the charge density to balance the surrounding pH. When the
charge density becomes low such that the polyelectrolyte cannot hold the complex,
swelling or dissolution occurs.

PECs like N-succinyl chitosan/alginate hydrogels and chitosan-acrylamide
grafted hydroxymethyl cellulose (HMC) find potential drug release applications in
the GI tract. PECs like poly (N-isopropylacrylamide) (PNiPAM)-chitosan show
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thermo-responsive behavior and hence, the drug release is affected by temperature
(Gandhi et al. 2015). In certain cases, drug release can be controlled by enzymes
that are specific to a particular locus being targeted. For example, the bacteria in GI
tract produce enzymes such as amylase, pectinase, xylanase, etc. The polysaccha-
rides that could be substrates for these enzymes can be complexed with polyelec-
trolytes for drug release in these areas. Enzymes also cause local pH deviations in
the hydrogel microenvironment that can affect drug release. A study described that
HA and poly-L-lysine (PLL) planar films are invaded by living cells which grad-
ually digest them with the release of enzymes (Picart et al. 2005). This can help in
the intracellular release of encapsulated therapeutics. Drug release can also be
initiated by applying external electric field when PECs are used. The field is
removed when the required amount of drug is released. This type of release is
suitable for drugs in the dermal, epidermal, and subcutanial regions.

Drug release can also be done by taking control of the swelling pressure. At
elevated pH and temperature, the gels explode to release the drug. These are called
self-exploding capsules (De Geest and De Smedt 2012). The microgels were syn-
thesized with diameters larger than 100 lm to reduce the pressure required to
overcome the capsule’s tensile strength. Chitosan can form ionic complexes with
multivalent counter ions like tripolyphosphate (TPP) and polyphosphate (PP),
denoted as CTPP and CPP, respectively, that can be used to release acidic and water
insoluble drugs. Drugs like 6-mercaptopurine were dispersed in a solution of chi-
tosan in acetic acid and dropped into solutions of multivalent counter ions to obtain
drug-loaded polyelectrolyte beads. The pH of the counter ion solutions was kept at
extremes in order to prevent coacervation of the chitosan beads (Mi et al. 1999a, b).
The pH of the medium was maintained below 6 so that the gelation was completely
ionic. This increased the release rate of 6-mercaptopurine from CTPP and CPP gel
beads in simulated intestinal fluid. Decreasing the pH increased the rate of release
of drug from the complex. At simulated gastric fluid (pH 1.2), CTPP had slower
release rates than CPP. Thus, by modifying the pH of the medium and the gelation,
the release profiles of drugs from PECs can be controlled.

A study evaluated the drug release capabilities of matrix-based chitosan-alginate
and chitosan-carrageenan systems (Tapia et al. 2004). The chitosan solution was
prepared in 1% acetic acid solution, alginate in water, and carrageenan in 5.7%
sodium chloride solution. The PEC was prepared by heating different ratios of the
respective solutions at about 80 °C. It was then washed with distilled water and
centrifuged at 10,000 rpm for 30 min. The PECwas then suspended in water at 9 °C,
followed by vacuum drying, milling, and sieving. The PEC tablets were made by dry
mixing the polymers with diltiazem hydrochloride, lactose, and magnesium stearate
and were compressed by tableting machines to obtain 500 mg tablets. On testing the
various ratios of polymers in PEC, it was found that the optimum ratio was the one in
which the solution’s viscosity and the supernatant’s viscosity after centrifugation was
the same. This was obtained with 30–40% chitosan in the mixture. The degree of
swelling of the PECmade of chitosan-carrageenan was found to be higher than that of
the normal polymer mixture in 0.1 N HCl, pH 1.2 (gastric pH) because of complete
protonation of chitosan and electrostatic repulsions. However, the degree of swelling
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of chitosan-alginate was very low, which is attributed to the presence of unionized
alginate at a pH as low as 1.2. Thus, swelling in solution depended on the number of
ionized groups present in the mixture of polymers. The drug release was character-
ized by dissolution studies. It showed that chitosan-carrageenan complexes had a low
retardant capacity of drug release since carrageenan has the ability to promote entry
of water into the tablet. When the concentration of carrageenan was increased to 70%
v/v, the drug release was slowed down. Chitosan-alginate tablets had a high retardant
capacity of drug release. This was due to the low degree of swelling of alginate gels.
Thus, the swelling rate was found to affect the release of drugs in PECs. Thus,
chitosan-alginate PECs were found to be better than chitosan-carrageenan PECs for
drug release as lower concentrations of the former can result in a better-controlled
drug release.

Nanoscale chitosan-carrageenan drug carriers were prepared by adding drops of
diluted carrageenan into chitosan solution (Grenha et al. 2010). These nanocarriers
had no cytotoxicity till 3 mg/mL of drug and had better resuspension in water. The
electrical and mechanical properties of electrospun chitosan-carrageenan fibers
were found to be enhanced by spinning them along with carbon nanotubes (Granero
et al. 2010).

Hyaluronic acid (HA) is a high molecular weight GAG found throughout all
tissues in living organisms. It is an ionic polysaccharide and can extensively form
PECs with cationic biopolymers like chitosan. A study discussed the use of
chitosan-HA PECs crosslinked with genipin for the controlled release of bone
morphogenetic protein-2 (BMP-2) (Nath et al. 2015). BMP-2 along with BMP-7
has a strong capacity to induce bone formation. The chitosan-HA PECs were used
to improve the half-life of BMP-2 and reduce the rapid clearance of BMP-2 from
the body. Chitosan-HA PEC acted as a carrier by immobilizing BMP-2 for sus-
tained and controlled drug delivery. Since chitosan-HA had both anionic and
cationic biopolymers, they also provided better attachment and proliferation of
pre-osteoblasts. The PEC solution was prepared by dissolving chitosan (1%) and
HA (0.1–0.5%) in 1% acetic acid. To this solution, different amounts (1–4 mg per
50 mL chitosan-HA) of genipin (a gardenia fruit extract) was added. Genipin is a
natural, non-toxic crosslinker, unlike glutaraldehyde which is toxic. The gelation
was continued and the gel formed was freeze-dried to obtain porous PEC scaffolds.
The degree of crosslinking increased with increasing genipin concentration, which
in turn affected the in vitro swelling of the scaffold. In the absence of crosslinking,
the degradation was high in the scaffolds. Scaffolds loaded with the highest amount
of BMP-2 had the lowest initial burst release. BMP-2 release was gradual and
sustained only after 3 days of drug loading. 1 µg of BMP-2 was released for
4 weeks by the scaffolds. Also, the protein absorption was found to be higher in the
scaffolds, which was due to the cooperative nature of HA in chitosan-protein
interactions.

Another study showed that the stability of chitosan/TPP nanoparticles can be
increased markedly by coating them with HA (Almalik et al. 2013). It also reduced
the toxicity of negatively charged chitosan/TPP nanoparticles. Chitosan/HA
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delivery system was found to be useful in drug delivery to the corneal epithelium
and the ocular surface (de la Fuente et al. 2008).

Pectin is a natural biopolymer and has a characteristic high stability in the GI
tract, but easily degrades in the colon. Hence, pectin based systems are mostly used
in colon drug delivery. A study briefly discussed chitosan-pectin PEC-based carrier
systems for colon drug delivery (Pandey et al. 2013). Theophylline was studied as
the drug. Chitosan was dissolved in 1% acetic acid and pectin was dissolved in
water. They were then homogenized by mixing with gentle agitation, and dried
under vacuum to yield a powder. The final composition of chitosan:pectin was 1:5.
The tablet was made of 100 mg theophylline with 4% sodium starch glycolate,
magnesium stearate, and lactose monohydrate. The tablet was then coated with a
solution of Eudragit S100 in isopropyl alcohol. The ex vivo release studies were
carried out by dissolution in solutions of pH 1.2–7.4. Chitosan-pectin tablets
showed pH-dependent swelling behavior in all the solutions. The release profile of
theophylline depended on factors like the type of anionic and cationic polymer, the
percentage of coating, and swelling behavior. Drug release was not found below a
pH of 4.6 due to the coating. However, at pH 6.8, there was a maximum of 90.9%
drug release at the colon site. This was related to the reduction in the ionic inter-
actions between chitosan and pectin at the colon site.

Water-insoluble coatings like hydroxypropyl methyl cellulose (HPMC) on
chitosan-pectin PECs can reduce their swelling properties, thereby retarding the
release of drugs (Macleod et al. 1999). Use of physical crosslinkers like calcium
and covalent crosslinkers like EDC/NHS reduced the water uptake of the PECs and
improved the tensile strength and degradation profile of the composites (Chen et al.
2010). Physical crosslinkers are more acceptable than covalent crosslinkers because
of their biocompatibility.

A few other examples of drug delivery using PECs are tabulated in Table 1.

2.3 Gene Delivery

Gene delivery refers to the process of introducing a foreign gene into a host
organism for the treatment of many genetic disorders such as sickle cell disease,
severe combined immunodeficiency (SCID), and adenosine deaminase
(ADA) deficiency. The ‘vehicles’ that carry the foreign genes are called vectors.
The traditionally used vectors for gene delivery are viral or non-viral such as
plasmids and liposomes. Viral vectors can carry only a limited amount of
deoxyribonucleic acid (DNA) material and are known to cause immune reactions in
patients. Though non-viral vectors do not trigger immune responses in the host,
they have low-efficiency rates.

Researchers are looking for alternative methods of gene delivery to combine the
carrying capacity and immune advantages of plasmids, and the efficiency rates of
the viral vector. One such method is the use of ‘virosomes’. Virosomes are lipo-
somes having an outer covering of viral surface proteins. The viral proteins interact
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with the surface proteins of the target cell and this leads to the release of foreign
gene contents into the host.

In the recent years, polymer-based advancements in gene delivery have gained
momentum. The goal is to deliver the desired gene into the target cell in such a
manner that it results in successful expression of the protein encoded by the DNA.
The desired gene must be combined with a ‘transfection agent’ such as a cationic
polymer, to facilitate entry into the cell and overcome cell-based hindrances in the
processing of DNA (Luo and Saltzman 2000; Pack et al. 2005) (Fig. 3). An ideal
transfection agent should possess the following properties:

• The complex it forms with DNA should be small enough to be taken up by the
cells

• It should facilitate internalization of DNA into the cells by active transport
processes such as endocytosis

• It should protect the DNA from degradation by intracellular enzymes, and
• It should release the DNA payload at the right time and location so that it is

accessible for subsequent processing.

Fig. 3 A schematic depicting a new drug delivery system comprising of nanoparticles coated with
multilayer shells. The shell is constructed in a stepwise manner using the layer-by-layer
(LbL) polyelectrolyte multilayer (PEM) assembly method. The internal layers are divided into two
compartments: Internal layer 1 (yellow) and red Internal layer 2 (red), indicating that different
functionalities can be integrated into different layers. The Internal layer 1 is to serve as to
compatible mediator between the core and the external layers. Both the internal layers can
incorporate drugs, radionuclide for radiotherapy, proteins/nucleotides for bioactivity, or contrast
agents for detection. The external layers carry functionalities such as enzymatically cleavable
drugs or ligands for receptor mediated targeting, both of which must be accessible on the outside
(Reprinted with permission from Schneider et al. (2009). Copyright 2009 American Chemical
Society)
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DNA itself is an anionic polyelectrolyte due to the presence of negatively
charged sugar-phosphate backbone. Hence, the cationic polymers interact with
negatively charged DNA readily and form PEC through electrostatic interactions.
The formation of this PEC gives rise to complex coacervates nanoparticles in the
order of 100–200 nm in size, which is ideal for size dependent internalization by
cells. Also, if the proportions of cationic polymer and DNA are met aptly, they can
form PECs with positive zeta potentials (Pack et al. 2005). Once it undergoes
internalization through endocytosis, the PECs get packed inside tiny vesicles called
endosomes. These endosomes are transported to other vesicles through lysosomes.
Since the microenvironment inside endosomes and lysosomes are acidic, there are
chances of DNA degradation. Moreover, lysosomes even contain enzymes that are
capable of degrading DNA. In such cases, the success of an effective gene delivery
depends on the ability of the polymer to deliver the DNA to the cytoplasm
unharmed (Fig. 4).

Polyethylenimine (PEI) is a polymer having the highest cationic charge density
potential. Once brought into the cytoplasm via endocytosis, protonation of PEI
amines causes an influx of counter ions. This results in osmotic swelling, ultimately
leading to polymer-DNA complex rupture and content release into the cytoplasm.
A study successfully demonstrated that PEI caused luciferase gene transfection,
indicating that its buffering capacity to pH changes inside endosomes and lyso-
somes (from pH 7–5) protected the DNA from nuclease degradation (Boussif et al.
1995). PEI was found to be highly efficient as a transfection agent.

Poly-L-lysine (PLL) was used for receptor-mediated gene transfer (Zauner et al.
1998). To promote internalization by receptor-mediated endocytosis, many cell

Fig. 4 Schematic drawing of DNA delivery pathways with three major barriers: low uptake
across the plasma membrane, inadequate release of DNA molecules with limited stability, and lack
of nuclear targeting: (A) DNA–complex formation (B) Uptake (C) Endocytosis (endosome)
(D) Escape from endosome (E) Degradation (endosome) (F) Intracellular release (G) Degradation
(cytosol) (H) Nuclear targeting (I) Nuclear entry and expression (Reprinted by permission from
Macmillan Publishers Ltd: Nature Biotechnology, Luo and Saltzman, 18, 33–37, copyright 2000)
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binding ligands for hepatocytes, T-cells, and transferrin were attached to PLL
through covalent bonding. The addition of lysosomotropic agents (glycerol) and
endosmolytic agents (membrane active peptides) to the transfection medium pro-
moted the release of particles from internal vesicles. PLL-based gene transfer
provided flexibility regarding the size of DNA and also facilitated receptor-ligand
incorporation.

Nanospheres made from PECs of complimentary DNA (cDNA) and cationic
biopolymers such as gelatin and chitosan were evaluated as non-viral gene delivery
vehicles (Leong et al. 1998). Although these carriers showed lower transfection
efficiency as compared to the two controls, lipofectamine and calcium phosphate,
they showed increased expression of b-galactosidase. This gene delivery system
possessed the following advantages: (1) conjugation of ligands to the nanosphere
for receptor-mediated endocytosis was possible; (2) degradation of DNA in
endosomes and lysosomes can be reduced by incorporating lysososmolytic agents;
(3) nanospheres can encapsulate bioactive agents, apart from DNA (such as plas-
mids); (4) improved bioavailability of DNA due to shelter from degradation by
serum nuclease; and (5) storage using lyophilization.

The layer-by-layer (LbL) assembly technique makes use of attractive electro-
static forces existing between oppositely charged polymers. When iterative dipping
of a substance is carried alternately in cationic and anionic polymers, it gives rise to
thin, multilayered polyelectrolyte films. This technique offers several advantages,
such as control over film composition and thickness. Another practical advantage is
the direct incorporation of DNA as an anionic layer, offering control over loading of
DNA at the surface. Also, LbL allows incorporation of multiple layers of different
types of DNA. This creates additional opportunities for internalization and uptake
of the DNA by the cells.

The first report that applied multilayered polyelectrolyte thin films for gene
delivery made use of alternate layers of anionic DNA and cationic poly(allylamine)
(Lvov et al. 1993). Another study demonstrated that it is possible to develop
DNA-containing multilayer polyelectrolyte films that offer controlled release of
transcriptionally active DNA from surfaces (Zhang et al. 2004). Sustained release of
functional plasmid (pDNA) under physiological conditions was promoted by
deposition of alternating multilayers of anionic pDNA encoding for enhanced green
fluorescent protein (EGFP) and a cationic synthetic degradable polyamine on planar
silicon and quartz substrates using the LbL technique. The layers eroded gradually
within 30 h when incubated in phosphate-buffered saline (PBS) at 37 °C.
Characterization studies revealed that the DNA released had open circular topology
and successfully promoted expression of EGFP.

A study described the erosion of multilayered films in a reducing environment
(Blacklock et al. 2007). LbL films were made from DNA and transactivator of
transcription (TAT)-based polypeptide (PTAT) having disulfide linkages in the
backbone. Controlled disassembly of the multilayers was activated by
1,4-dithiothreitol (DTT) reduction of the disulfide bonds present in the PTAT
backbone. When the study was carried out by replacing PTAT with PLL, the films
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showed stability against DTT reduction. Hence, it was deduced that the presence of
reducing condition is necessary to trigger DNA release from LbL films.

Ultrathin multilayered films with prolonged release of DNA were developed
from pDNA and a cationic polymer having side chains capable of charge-shifting
(Zhang and Lynn 2007). The erosion of pDNA-polymer films was due to the
gradual hydrolysis of these side-chains. The assemblies were capable of releasing
intact DNA up to a period of 3 months in PBS and promoted efficient transgene
expression. This LbL assembly approach serves as an alternative to rapidly eroding
thin films which incorporate polyamines that degrade hydrolytically or
enzymatically.

Gene delivery systems have also been developed with ternary complexes.
Initially, a binary complex of pDNA and protamine showed slight toxicity due to
the presence of overall cationic charge (Kanda et al. 2013). A ternary complex of
pDNA, protamine, and c-poly(glutamic acid) (c-PGA) when used as a transfection
system not only showed no cytotoxicity, it also displayed a transfection efficiency
as high as that of the binary pDNA-protamine system, although they possessed
different zeta potentials. The endocytosis mechanism of both the complexes was
also found to be different. The pDNA-protamine system was absorbed by
caveolae-mediated endocytosis and the pDNA-protamine-c-PGA system by
clathrin-mediated endocytosis. Another ternary complex comprising of pDNA
electrostatically assembled with a cationic polymer, polyamidoamine (PAMAM)
dendrimers and an anionic polymer, chondroitin sulfate (CS) was developed for
efficient gene delivery (Imamura et al. 2014). pDNA-PAMAM-CS ternary complex
formed nanoparticles with negative zeta potential, expressed no cytotoxicity and
agglutination, and showed high gene expression in the spleen of mice when injected
intravenously.

2.4 Bioadhesives

A bioadhesive is a natural polymer that is produced or derived from living
organisms and acts as an adhesive. Traditionally, starch and gelatin have been used
as adhesives for general purposes, but these natural adhesives have well-known
limitations such as low stability at higher temperatures. To overcome these dis-
advantages, natural adhesives were replaced with synthetic sealants like poly-
urethane (PU), epoxy, cyanoacrylate, and acrylic polymers. However, synthetic
polymers pose biocompatibility issues. In the recent years, the bioadhesive market
has expanded rapidly to the growing demands of bioadhesives in biomedical and
other sectors. These bioadhesives are biocompatible, capable of retaining on the
surface for a long period of time, and have fewer environmental concerns.
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Bioadhesives are broadly classified into the following five categories:

(i) Natural adhesives

Natural adhesives are the oldest known adhesives to humankind. These adhesives
are partially or fully synthesized from bio-based raw materials and are not sub-
stances used by biological systems as glues. Natural adhesives are easily available,
cheap, easily degradable, non-toxic, and environmentally friendly. Examples of
natural adhesives include rubber, gums, casein, bitumen, and animal-based adhe-
sives such as collagen.

(ii) Biological adhesives

This type of bioadhesives are those which are naturally secreted by marine, water,
and land organisms. Mollusks, worms, bacteria, fungi, spiders, insects, etc. are
known to produce adhesives that adhere to various surfaces. One common example
of biological adhesives is biofilm formation. Biofilms are groups of microorganisms
that stick to each other and also adhere to a surface. The microorganisms attach via
secretion of certain proteins and polysaccharides, and self-produce an extracellular
matrix (ECM) within which the cells are embedded. Biofilm formation is the major
cause of biofouling, which leads to corrosion of ship hulls and other major
industrial systems.

(iii) Biocompatible adhesives

Biocompatible adhesives are specially designed for biomedical applications wherein
interaction with living tissues takes place. This category can include both natural as
well as synthetic adhesives. There is an increasing need of biocompatible adhesives
for drug delivery and surgical (such as sutures) applications. Pectin, acacia gum,
tragacanth, poly(vinyl alcohol) etc. are widely used biocompatible adhesives.

(iv) Biomimetic adhesives

Biomimetic adhesives are designed to closely resemble the biological structure and
environment of a particular natural adhesive.

(v) Bio-inspired adhesives

These adhesives are designed by taking inspiration from nature’s mechanisms and
functions of adhesion.

This chapter will be focussing mainly only on the biocompatible, biomimetic,
and bio-inspired adhesives used for biomedical applications.

2.4.1 Bioadhesives in Biomedical Applications

In the field of biomedicine, the most important application of bioadhesives is for the
closure of surgical wounds. Among the various method applied for closing a wound,
the most widely used ones are stitches (or sutures), surgical staples, and tapes.
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In suturing, the doctor simply “sews” the ends of the skin for wound closure and
secures a knot. The closure of wound promotes natural healing which may other-
wise not happen. This method can be used for almost all types of internal and
external wounds. The sutures used for this purpose may be absorbable or
non-absorbable. The absorbable sutures are ones which start losing their strength as
they are slowly broken down by the body with the passage of time and do not need
a removal process afterward. Non-absorbable sutures require removal once the
wound has healed. Sutures are often associated with wound infection and scar
formation, not to mention the pain associated with it. Hence, the recent years have
seen a rise in the use of bioadhesives for wound closure. These bioadhesives are
biocompatible, low cost, easy to handle, firm, and avoid pain to the patient.

Tissue adhesives or sealants refer to a liquid or semi-liquid compounds which
can be applied to tissue incisions to promote wound closure, hemostasis or
adherence to soft tissues. An ideal tissue bioadhesive should possess the following
properties:

• Non-toxic, sterilizable, easy to produce, affordable, cost-effective
• Possess flow properties for easy and precise application
• Exhibit rapid solidification under physiological conditions
• Should possess adhesiveness for sufficient period of time to allow tissue healing,

and
• Possess mechanical properties throughout healing period.

The sandcastle worm, Phragmatopoma californica, is a marine polychaete worm
which forms reefs. This worm forms a glue to build a protective tube by sticking bits
of sand grains and broken seashells together underwater. The underwater glue ismade
up of different proteins having opposite charges, called as polyphenolic proteins
(Stewart et al. 2004). This complex coacervate (or PEC) can be used to repair frac-
tured bones instead of placingmetal pins and screws. It can also be used as sealants for
skin cuts and wound closure. The precursor proteins for the glue, Pc1, and Pc2, when
isolated from the worm were found to contain repeated sequences of motifs which
were rich in glycine, lysine, and 3,4-dihydroxyphenyl-L-alanine (L-DOPA) residues.
The protein side chains possess phosphate and amine groups whose presence are
known to promote adhesion under wet conditions.

Internal surgeries require strong wet tissue adhesion for sutureless closure.
A study developed a citrate-based bioadhesive for sutureless wound closure,
inspired from mussels (Mehdizadeh et al. 2012). The injectable citrate-based
mussel-inspired bioadhesive (iCMBA) pre-polymer was developed using citric acid
and polyethylene glycol (PEG), functionalized with catechol-containing com-
pounds, dopamine, and L-DOPA through a polycondensation reaction. The
developed PEC-based iCMBAs were found to be superior to the traditionally used
tissue bioadhesive, fibrin glue. It possessed controlled biodegradability and good
elastomeric mechanical properties that closely resembled that of tissues. More
importantly, they did not elicit any inflammatory response and facilitated wound
healing.
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Another mussel-inspired PEC-based bioadhesive was developed using poly
(acrylic acid) (PAA) and DOPA (Wang et al. 2015). The PAA-DOPA, when metal
chelated with ‘weak’ crosslinker Zn2+ at pH 4, imparted superior adhesion as well
as good mechanical properties to the bioadhesive under both dry and wet condi-
tions. However, when chelated with ‘strong’ metal crosslinker Fe3+, the results were
poor. It was proposed that zinc chelated DOPA through electrostatic interactions
with anionic carboxylic groups of PAA. This resulted in the spontaneous generation
of PEC coacervate. Moreover, injection at low pH and then the presence of higher
pH contributed to gelation of the bioadhesive. This system can prove to be an ideal
material for tissue adhesion and other medical purposes.

A recombinant hybrid mussel adhesive was developed from mussel adhesive
proteins (MAPs) and hyaluronic acid (HA) (Lim et al. 2010). Since pure natural
MAPs are difficult to obtain, a recombinant hybrid of MAPs (fp-151 or fp-131) and
HA was produced by mixing in the ratio of 8:2. PEC was formed between the
cationic fp-151 or fp-131 and anionic HA. The resulting coacervation process
increased the adhesive strength in both dry and wet environments and showed
viscoelastic properties. Oil microencapsulation of the fp-151/HA and fp-131/HA
coacervates further indicated superior adhesive properties. This demonstrated the
possible uses of recombinant MAPs as bioadhesive and self-adhesive drug carriers
in tissue engineering applications.

Barnacles are often found clinging to ship hulls, nuclear submarines and even
other animals. Scientists studying barnacles’ ability to stick to objects submerged in
water found that in the final larval stage, the larvae (called cyprids) attach to
different surfaces and undergo metamorphosis to become adult barnacles (Gohad
et al. 2014). The adhesive plaques that are responsible for initial cyprid attachment
contain proteins and peptides along with lipids. The adhesive system is essentially
biphasic, having both a protein phase and a lipid phase. The presence of this
biphasic system results in strong adhesion that can attach to virtually anything. This
adhesive can be potentially used for various biomedical applications.

2.5 Tissue Engineering

A number of natural and synthetic polymers such as collagen, gelatin, fibrin, silk
fibroin, alginate, chitosan, hyaluronic acid (HA), poly(glycolic acid), etc. are cur-
rently being employed for making scaffolds for tissue engineering applications
(Kim and Lee 2016; Mousa et al. 2016; Yadav et al. 2015). Biological polymers
contain functional groups which can be linked with cell adhesive proteins and
growth factors, but they lack mechanical properties. On the other hand, synthetic
polymers have superior mechanical properties and their structures can be controlled.
However, it is a difficult task to link them with cell signaling molecules because of
lack of functional groups. The binary blends of polymers have been explored for
tissue engineering application because it is a cost-effective way of preparing new
materials with the desired physicochemical and mechanical properties, as well as
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coveted biological responses. Blends with synthetic and natural polymers can
combine with the wide range of physicochemical properties of synthetic polymers
as well as the biocompatibility and biological functionality of biopolymers (Costa
and Mano 2014). Blends of complementary charged polymers, i.e., polyelectrolyte
complexes (PECs) have also been investigated for tissue engineering application.
Generally, PECs are prepared in combination with chitosan, a polycation.
Poly-L-lysine (PLL) has also been explored as a polycationic polymer. As
polyanionic polymers, various polymers have been explored such as gelatin, silk,
poly(glutamic acid) (PGA), alginate, pectin, poly(galacturonic acid) (PgA), and
hyaluronic acid (HA).

2.5.1 Alginate-Chitosan

Chitosan is the deacetylated derivative of chitin, composed of b-(1-4)-linked
D-glucosamine units and a small amount of N-acetyl-D-glucosamine residues.
Chitosan has been shown to exhibit excellent antimicrobial activity, biocompati-
bility, biodegradability, and accelerated wound healing property. Therefore, it is
considered as a promising scaffold material in the regeneration of various tissues
such as skin, bone, cartilage, liver, nerve, and cardiovascular tissue (Di Martino
et al. 2005). The presence of amine groups imparts cationic nature to chitosan.
Alginate is also a polysaccharide which has been extensively investigated for
fabrication of scaffolds for tissue engineering. With its gelling property, biocom-
patibility, hydrophilicity and biodegradability under normal physiological condi-
tions, it is an excellent polymer for tissue engineering. The carboxylate ions of
alginate and amine groups of chitosan can bind together to form a PEC.

Both chitosan and alginate are highly hygroscopic and absorb the excess amount of
fluid. This leads to a drastic decrease in mechanical properties of scaffolds made of
only chitosan or alginate. A PEC of chitosan and alginate absorbs less amount of
water as compared to the individual components and hence, shows the superior
mechanical property. The fabrication of PEC scaffold is conducted at physiological
conditions. Therefore, they can be easily incorporated with growth factors and cells.
A porous scaffold made from chitosan and alginate polymers showed significantly
better mechanical and biological properties compared to chitosan scaffolds (Li et al.
2005). Enhanced mechanical properties were attributed to the complex formation
between chitosan and alginate. In vitro studies using osteoblasts showed that the
scaffolds favored cell attachment, proliferation, and deposition of calcified matrix. In
vivo study was conducted by implanting scaffolds in the muscles of rats. The results
suggested that the alginate-chitosan scaffold does not cause a fibrotic response.

PEC can also be fabricated in fiber form. PEC fibers were prepared from alginate
and chitosan by spinning highly concentrated alginate solution in diluted chitosan
solution (Majima et al. 2005). Chitosan solution was used as a crosslinker.
Mechanical tests showed that the prepared fibers displayed a good mechanical
strength of above 200 MPa. Cell studies revealed superior adhesion of fibroblast
cells and deposition of dense type I collagen on the fibers.
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Mechanical properties and bioactivity of PEC scaffolds can be further enhanced
by incorporation of hydroxyapatite (HAp) in the scaffolds. A study reported the
fabrication of alginate-chitosan PEC scaffolds with and without the inclusion of
HAp (Han et al. 2010). X-ray diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS) results revealed the formation of PEC scaffold by ionic interaction
between NH3

+ of chitosan and COO− of alginate. Alginate-chitosan PEC scaffold
exhibited significantly higher compressive strength compared to uncrosslinked
alginate scaffold and Ca2+ crosslinked alginate scaffold. Considering the good
biocompatibility of the PEC scaffold and better mechanical strength,
alginate-chitosan scaffolds have the potential to be used for tissue engineering
application.

To mimic ECM structure, PEC fibers have been synthesized and used for tissue
engineering applications. PEC fiber formation was first reported in 1998 by Amaike
and co-workers for the manufacturing of textile fibers (Amaike et al. 1998). In this
fiber formation process, a fiber was drawn from the interface of two oppositely
charged polymers. During this process, water-soluble polymers become insoluble in
the form of PEC fibers at the interface. Another research further elucidated fiber
formation mechanism. They found out that the PEC fibers coalescence in the
100 nm range and they combine to form a thicker fiber (Wan et al. 2006). This
method of fiber formation has significant potential in tissue engineering because it is
simple, toxic solvent-free, water-based method, and does not require high tem-
perature. To avoid clumping of wet fibers, inorganic silica components were
incorporated into the PEC fibers as crosslinkers.

In a study, a composite scaffold made of alginate, chitosan, collagen, and HAp
was fabricated by electrospinning technique (Yu et al. 2013). In this method,
alginate fibers were electrospun in a coagulation bath containing chitosan. These
fibers were then dispersed in collagen and HAp solutions to coat fibers with the
respective solutions. The distribution of each component was confirmed by con-
focal laser scanning microscope (CLSM) using fluorescent labeling of polymers.
The distribution of different phases was also investigated using field-emission
scanning electron microscopy (FE-SEM) and transmission electron microscopy
(TEM). This new composite fiber showed better stability in collagenase solution in
comparison to collagen films.

Since PEC preparation is done at room temperature and it does not require any
toxic solvent, cells can be easily encapsulated within the PEC biomaterials. A PEC
of alginate-chitosan with microencapsulated mouse osteoblast MC3T3-E1 cells
combined with calcium phosphate cement was prepared (Qiao et al. 2013). The
resultant construct was implanted subcutaneously in a nude mouse. The MC3T3-E1
cells were labeled with a fluorescent dye and traced in vivo. The encapsulated cells
survived in the in vivo conditions for at least two weeks. Implanted construct
promoted lamellar bone-like mineralization, deposition of new collagen, and
showed angiogenesis after 4 weeks. At 8 weeks, the absorption of the bone cement
and further deposition of collagen was observed.

Nano-ranged bioactive silica particles can form a tighter interface with the
polymer matrix and enhance the mechanical strength of the composites.
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Additionally, it can also improve biomineralization of the composite scaffolds. The
synthesis and characterization of biocomposite scaffolds containing chitosan,
alginate, and nano-silica for bone tissue engineering application was reported
(Sowjanya et al. 2013). The scaffolds were fabricated using the freeze-drying
(lyophilization) method. These nanocomposite scaffolds had a pore size of about
20–100 lm. The presence of nano SiO2 in the scaffolds enhanced protein
adsorption. The incorporation of nano silica did not affect biodegradability of the
scaffolds but improved apatite deposition on these scaffolds. In vitro studies indi-
cated no significant loss of cell viability of osteoprogenitor cells.

Chitosan/alginate-based PEC scaffolds were investigated for tissue regeneration
after acute myocardial infarction (Deng et al. 2015). Scaffolds having different
alginate to chitosan ratios were prepared by lyophilization. The prepared scaffolds
showed high porosity and highly interconnected pores. In vitro evaluation using
mesenchymal stem cells (MSCs) demonstrated biocompatibility, and ability to
proliferate and maintain the paracrine activity of the MSCs. In vivo performance of
seeded 3D PEC scaffolds with a polymeric ratio of 40/60 was evaluated in acute
myocardial infarction model in rats. The results showed that the PEC scaffolds
promoted a significant increase in the ejection fraction, improved neovasculariza-
tion, attenuated fibrosis, and less left ventricular dilatation when compared to the
control group.

Adhesions are abnormal fibrous connections between tissues and can occur fol-
lowing virtually any type of surgery. Adhesions develop after an injury to the normal
peritoneal tissue. This injury can result from surgery, trauma, inflammation, infection,
or foreign body placement in the peritoneal cavity. Post-operative adhesions develop
due to inflammation, which is a part of body’s normal healing process. Adhesions
often require subsequent surgeries to remove them which is complicated process, not
to mention time-consuming too. The most widely used method to prevent
post-operative adhesions is to insert physical barriers.Most physical barriers have low
success rates. A PECmembrane composed of chitosan and alginate was developed to
prevent post-surgical adhesions in neurosurgery (Verma et al. 2012). The membranes
were hygroscopic, possessed good mechanical properties, and controlled the release
of the model drug, albumin. As fibroblast cells play an important role in adhesion
formation, the adhesion andmigration study using fibroblast andmixed neuronal cells
were carried out. Keeping the concentration of alginate higher to impart the PEC an
overall negative charge, the adhesion, and migration offibroblasts and neuronal cells
was stopped in vitro. Both fibroblasts cells and neuronal cells neither adhered nor
migrated onto the PEC material after 5 days in vitro. Aqueous absorption study
showed that PEC films were extremely hygroscopic and absorbed a significant
amount of water. The amount of complex formed was dependent on the ratio of
polyelectrolyte and it was found to be highest in films containing an equal amount of
each polymer. Degradation study in lysozyme solution revealed that films were stable
even after 1 month.
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2.5.2 Silk-Chitosan

Silk is a natural polymeric biomaterial produced by silkworm. It has excellent
mechanical properties, biocompatibility, and biodegradability. Silk consists of two
protein layers: a hydrophobic fibroin inner layer and a hydrophilic sericin outer layer.
Silk fibroin is known to be biocompatible and hence, it has been extensively inves-
tigated for many biomedical applications (Mandal et al. 2012; Mandal and Kundu
2008; Mobini et al. 2013). It is used in both native fiber form as well as in regenerated
forms such as films, electrospun fibers, wet-spun fibers, hydrogels, and scaffolds.

The PEC formation between silk fibroin and chitosan is due to the ionic inter-
actions between carboxylate moieties on silk fibroin and protonated amines on
chitosan. In one study, researchers examined porous PEC scaffolds of silk fibroin
and chitosan (Bhardwaj and Kundu 2011). The fabricated scaffolds showed pore
sizes in the range of 100–160 lm, good interconnectivity, and high porosity. The
scaffolds also exhibited reduced degradation rate in lysozyme when compared to
pure chitosan scaffolds. Moreover, they also showed a higher compressive strength
and modulus than scaffolds made from the individual components. Chitosan pre-
served its antibacterial effect when incorporated at the higher amounts in the blends.
In vitro cytocompatibility tests demonstrated that the PEC scaffolds supported
growth and adhesion of fibroblast cells.

In another study, silk fibroin-chitosan scaffolds were fabricated and investigated
for cartilage tissue engineering (Bhardwaj et al. 2011). The researchers seeded
bovine chondrocytes in the silk-chitosan scaffolds and cultured in vitro for 2 weeks.
The constructs were analyzed for cell viability, histology, ECM components
(GAG) and collagen types I and II, and biomechanical properties. The study
demonstrated that silk fibroin-chitosan scaffolds support chondrocyte attachment
and their growth. The chondrogenic phenotype was indicated by Alcian Blue his-
tochemistry and showed relative expression of type II versus type I collagen.
Fibroin-chitosan scaffolds with 1:1 ratio showed best results as they demonstrated
the highest accumulation of GAG and collagen.

PEC-based scaffolds can also be loaded with growth factors for bone tissue
engineering (Tong et al. 2016). In this study, vascular endothelial growth factor
(VEGF) was directly added to silk fibroin-chitosan scaffolds. VEGF-containing
scaffolds promoted significant human fetal osteoblast 1.19 cell growth and prolif-
eration in the scaffolds.

Various studies have shown that mimicking nanofibrous structure of ECM has
positive effects on cellular morphology and cellular activities including cell
attachment, proliferation, and differentiation. Alignment of 3D nanofibrous silk
fibroin-chitosan scaffolds was achieved using dielectrophoresis (DEP) (Dunne et al.
2014). DEP is a non-destructive electrokinetic mechanism which can be used to
manipulate micro or nanoparticles such as DNA, proteins, nanotubes, and
nanoparticles in aqueous solutions. The researchers studied effects of alternating
current frequency, the presence of ions, silk fibroin to chitosan ratio, and post-DEP
freezing temperature on fiber alignment. Highest alignment was achieved in silk
fibroin-chitosan 50:50 samples prepared at 10 MHz with sodium chloride.
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2.5.3 Pectin-Chitosan

Pectins are a family of polysaccharides rich in D-galacturonic acid, present in the
primary cell walls of plants. Pectin is extractedmainly from apple pomace and peels of
citrus fruits by means of an acidic aqueous extraction (Munarin et al. 2012).
Commercial pectin consists predominantly of linear chains of a-(1-4)-D-galacturonic
acid residues, partially methyl esterified. Pectin is classified depending on the degree
of substitution of D-galacturonic carboxyl groups by methoxyl groups (–OCH3),
defined as the degree of esterification (DE). Pectins are either highly esterified
(DE > 50%) or low-esterified (DE < 50%). Pectin has been investigated for
colon-specific drug delivery systems because it can be degraded by enzymes produced
by a large number of microorganisms present in the colon (Liu et al. 2003). Pectin has
also been reported to exhibit anti-inflammatory and anti-carcinogenic properties
(Tazawa et al. 1997).

A study reported the fabrication of pectin-chitosan porous scaffolds for bone
tissue engineering (Coimbra et al. 2011). Elemental analysis showed that the final
scaffolds were composed of approximately 30% w/w chitosan and 70% w/w pectin,
irrespective of their initial proportions. Degradation studies conducted in PBS at pH
7.4 showed that the scaffolds lose approximately half of their weight after one
month of study. SEM study revealed highly porous and irregular structure of the
scaffolds. Assessment of its biocompatibility conducted on human osteoblast cells
showed that the pectin-chitosan scaffolds supported cell adhesion and proliferation.
MTT assay corroborated these findings.

Poly(galacturonic acid) (PgA), also known as pectic acid, is produced after
degradation of pectin. PgA forms gels in the presence of calcium ions, similar to
that of alginate. Porous, fiber-containing scaffolds comprising of PgA and chitosan
were fabricated by optimizing freezing temperature and PEC concentration (Verma
et al. 2009). At higher freezing temperature and concentration, scaffolds had
sheet-like structure. It was inferred that the fiber formation occurred due to the
assembly of PEC particles during the freezing process. The fiber formation occurred
at 0.1 g/100 ml solution and −196 °C freezing temperature. PgA-chitosan con-
taining HAp was also prepared. In vitro studies on human osteoblast cells showed
that PgA-chitosan scaffolds did not support cell adhesion. However, the addition of
HAp significantly improved cell adhesion.

In another study, nanocomposite scaffolds consisting of HAp, chitosan, and PgA
was reported (Verma 2008; Verma et al. 2010). HAp was synthesized in the
presence of PgA and chitosan in solution These biopolymers in solution acted as
nucleating agents for crystallization of HAp. This method is similar to the way
minerals deposit in living systems and hence, it is a biomimetic method of HAp
synthesis. AFM images revealed the uniform distribution of HAp in the polymer
matrix. There was nearly 100% improvement in elastic modulus of the
chitosan-PgA-HAp nanocomposite in comparison to chitosan-HAp and PgA-HAP
nanocomposite. Fourier transform analysis indicated that the increase in mechanical
properties was attributed to the interfacial interactions between chitosan and PgA
present in the nanocomposite. In vitro studies were conducted on human osteoblast
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cells by culturing on both 2D and 3D structures of the nanocomposites. 2D
structures were created simply coating on culture dishes and 3D scaffolds were
prepared using lyophilization. The adhesion of osteoblast cells was found to be
dependent on the amount of HAp present in the nanocomposite. Higher amounts of
HAp favored better cell adhesion and proliferation. After few days of cell culture,
osteoblast cells separated into colonies and subsequently into nodules. The for-
mation of bone-like nodules was observed after 7 days of culture. The nodule size
continued to increase with time and after 10 days of culture, nodules were in the
range of 250–500 lm. Later, these nodules detached from the surface and coalesced
together. SEM images showed the fibrous protein-like structure in the nodules.

A study reported nanocomposites made of chitosan, PgA, HAp, and sodium
montmorillonite clay (Katti et al. 2010). The clay was first modified with three
different unnatural amino acids before incorporating into the composite. XRD
results showed an increase in the d-spacing as an indication of intercalation of
amino acids into the d-spacing of the clay after being modified with the three
unnatural amino acids. Cell culture experiments showed that the sodium mont-
morillonite clay modified with the three amino acids and the nanocomposite were
biocompatible.

2.5.4 Gelatin-Chitosan

Porous scaffolds of chitosan and gelatin for dermal tissue engineering were fabri-
cated by lyophilization (Tseng et al. 2013). These scaffolds were crosslinked using
various crosslinking agents including glutaraldehyde, 1-(3-dimethylaminopropyl)-
3-ethyl-carbodiimide hydrochloride (EDC), and genipin. Biocompatibility studies
conducted on human fibroblast cells indicated that EDC-crosslinked scaffolds
exhibited least cell toxicity as was evident from the highest number of cells that
survived in the scaffold after four days of culture. EDC-crosslinked chitosan-gelatin
scaffolds also showed superior mechanical properties in both dry and wet state.
Moreover, the elastic modulus of EDC-crosslinked scaffolds was similar to that of
commercial collagen wound dressings.

In another study, chitosan-gelatin porous scaffolds containing hyaluronic acid
(HA) and heparan sulfate (HS) were fabricated using lyophilization technique.
These scaffolds were prepared for neural tissue engineering (Guan et al. 2013).
Electron microscopic images displayed that the chitosan-gelatin-HA-HS composite
scaffolds had above 96% porosity and average pore size ranging from 90–140 lm.
Cell viability assay and fluorescence microscopy observation revealed positive
effects of HA and HS present in the scaffolds on adhesion and proliferation of
neural stem and progenitor cells. Chitosan-gelatin-HA-HS composite scaffolds also
promoted multilineage differentiation potentials of the cells with enhanced neuronal
differentiation upon induction in comparison to chitosan-gelatin scaffolds without
HA and HS.

One of the major challenges in tissue engineering is to mimic complex 3D
structure of the native tissue. Bioprinting uses 3D printing technology that is used to
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simultaneously deposit multiple types of cells and biomaterials to replicate complex
tissue structures. Collagen has been primarily used for bioprinting purposes, but it
suffers from poor printability and long crosslinking time. It becomes challenging to
create a tissue construct with precise shape and configuration. To overcome this
problem, chitosan/gelatin-based PEC was utilized for functional 3D bioprinting (Ng
et al. 2016). Chitosan was complexed with the oppositely charged gelatin at a
specific pH of 6.5 to form PECs. The fabricated polyelectrolyte blends were
evaluated for their chemical interactions within the polymer blend, rheological
properties, printing efficiency, and biocompatibility. The printed polyelectrolyte
gels exhibited better shape fidelity and biocompatibility.

2.5.5 Poly(Glutamic Acid)-Chitosan

PEC of c-poly(glutamic acid) (c-PGA), a non-toxic, hydrophilic, and biodegradable
polymer, with chitosan is widely used to enhance the hydrophilicity and cyto-
compatibility of chitosan-based biomaterials. c-PGA contains carboxylate groups
which form PEC with chitosan and has been successfully used in bio-glue and drug
delivery systems (Hsieh et al. 2005). The authors used the powdered form of
chitosan and added it to the c-PGA solution to get a homogeneous solution, as
mixing non-powdered chitosan and c-PGA solution produced large aggregates at
the interface. This study showed that the pores in the scaffolds were interconnected
and the pore sizes were in the range of 30–100 lm. The addition of c-PGA made
the scaffolds more hydrophilic, cytocompatible and enhanced their load bearing
capacity.

Porous poly-L-glutamic acid (PLGA)-chitosan PEC microspheres were devel-
oped through electrostatic interaction between the two polymers (Fang et al. 2014).
Firstly, chitosan microspheres were prepared and then these microspheres were
impregnated PLGA solution to form PEC microspheres at 37 °C. PEC micro-
spheres showed better structural stability. The pore size of the microspheres was
controlled by varying the solid content and freezing temperature. Chitosan micro-
spheres with a concentration of 2% (w/v) and a freezing temperature of −20 °C
exhibited an average pore size of 47.5 ± 5.4 lm. Due to strong electrostatic
interaction, a large amount of PLGA (110.3 lg/mg) was homogeneously absorbed
within the chitosan microspheres. These PEC microspheres retained their original
size, pore diameter, and interconnected porous structure. They also promoted better
chondrocyte attachment and proliferation when compared to chitosan microspheres.
Chondrocytes containing PEC microspheres were injected into nude mice and
found to produce significantly more cartilaginous matrix than on injection with
chitosan microspheres.

Another study developed porous PEC-based scaffolds of PLGA and chitosan
using lyophilization method (Yan et al. 2013). PLGA-chitosan scaffolds containing
2% polymer content and at a freezing temperature of −20 °C exhibited an inter-
connected porous structure with an average pore size of 150–200 lm. The scaffolds
showed a swelling ratio of 700%. Resistance to degradation increased with increase
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in chitosan concentration. The scaffolds exhibited gel-like behavior in both dry and
wet state. In vitro culture conducted on rabbit adipose-derived stem cells (ASCs)
indicated that the scaffolds supported cell attachment and growth. In vivo study was
performed in rabbit articular cartilage repair model and indicated successful repair
of articular cartilage defects after 12 weeks of implantation.

2.6 Cell-Based Therapy

Rejection of foreign cells by the immune system is a major hurdle in cell-based
therapies and regenerative technologies. New technologies are emerging to prevent
the rejection of transplanted cells by the immune system. These technologies
involve placing the desired cells within a biocompatible material in an attempt to
protect the cells from the host immune attack and prolong their function in vivo
(Hennink and van Nostrum 2012; Nicodemus and Bryant 2008). Major functions of
delivery materials are to provide structural support and proper environment for cells
to function. Delivery of cells can be achieved using injectable matrices, soft scaf-
folds, membranes, and solid load-bearing scaffolds.

Articular cartilage has a limited regenerative capacity and this complicates the
treatment of joint injuries and osteoarthritis. Newer strategies based on biomaterials
and cells are being developed for the treatment of damaged cartilage. PECs-based on
chondroitin sulfate (CS) and chitosan (CH) were used to encapsulate mesenchymal
stem cells (MSCs) (Daley et al. 2015). MSCs were encapsulated in the PECs by the
either of the following ways: using water-in-oil emulsification process, direct
embedment of MSCs in PEC, or by co-embedding MSCs with PEC in agarose-based
microbeads. Direct embedding of MSCs in PEC resulted in large particles. However,
co-embedding of PEC particles with MSCs in agarose resulted in uniform
microbeads of 80–90 lm in diameter. Cell viability was reported to be high irre-
spective of the embedding method. Both high and low CS:CH ratios resulted in more
homogeneous microbeads than 1:1 formulation. Effect of PEC on chondrogenesis
was evident from the higher expression of sulfated GAG and collagen type II in 10:1
CS:CH PEC-agarose microbeads compared to pure agarose beads.

In a recent study, series of polycations with different molecular weights of N-
(3-aminopropyl) methacrylamide hydrochloride (APMA) and N-(2-hydroxypropyl)
methacrylamide (HPMA) were prepared by reversible addition-fragmentation chain
transfer (RAFT) copolymerization (Kleinberger et al. 2016). These polycations
were complexed with alginate for cell encapsulation. Hydrogels with lower cationic
charge density and lower molecular weight showed less cytotoxicity and cell
adhesion. However, cells were found to be more mobile within alginate gels. This
study suggests that cellular behavior also depends on the composition and molec-
ular weights of the polyelectrolytes.
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Cell-encapsulated spiral-shaped alginate fibers were produced through a com-
bination of ionotropic gelation and a perfusion-based (LbL) technique (Sher et al.
2015). The spiral shape was achieved by reeling alginate fibers on cylindrical molds
having different geometries and sizes. Chelation between alginate and chitosan
altered the internal microenvironment of the 3D construct from solid to the liquefied
state, while preserving the external geometry. Cell viability of encapsulated L929
cells by MTS cell proliferation and double-stranded DNA quantification assays
suggested that liquefied 3D constructs favored survival of cells more than
non-liquefied ones.

Besides mammalian cells, probiotic bacteria have also been encapsulated for
biomedical applications. Lactobacillus acidophilus has beneficial effects on the
health of the host. However, they must be protected from the acidic environment of
the stomach and the bile in the small intestine. Microencapsulation of probiotics is a
smart way to protect probiotic organisms against an unfavorable environment and
maintain their metabolic active state. L. acidophilus was immobilized with
xanthan-chitosan gel using extrusion method (Chen et al. 2015). The impact of
various factors such as pH, concentration, and cell suspension-xanthan ratio on
microencapsulation of L. acidophilus was investigated. Optimum pH and concen-
tration of chitosan solution for L. acidophilus were 5.5 and 0.9%, respectively.
Optimum xanthan concentration and cell suspension-xanthan ratio were 0.7% and
1:10, respectively. The optimum mixed bacteria glue liquid-chitosan ratio was 1:3.

In another study, hollow polymer microspheres were prepared to encapsulate
Escherichia coli (Flemke et al. 2013). Hollow microspheres were based on porous
calcium carbonate cores with an average size of 5 lm. The outer layer was prepared
by LbL deposition of different polyelectrolytes and proteins onto the porous cal-
cium carbonate cores. CLSM and microtiter plate fluorescence tests were used to
investigate the effect of encapsulation process as well as polyelectrolytes on the
survival rate of the cells. These studies indicated that approximately 40% of the
cells survived the encapsulation process. The lag phase of cells treated with
polyelectrolytes increased and the encapsulated E. coli cells were able to produce
green fluorescent protein inside the microcapsules.

2.7 Coatings

Biomedical implants are coated with a variety of materials to improve their bio-
compatibility, tissue integration, and protection from body immune system. These
coating can also be used as drug delivery systems.

Two types of multilayered coatings onto titanium were fabricated by electrostatic
self-assembly (van den Beucken et al. 2006). In one of the coatings, DNA was used
as the anionic polyelectrolyte and poly-D-lysine (PDL) was used as a polycationic
polyelectrolyte. In the other coating, DNA was used as anionic polyelectrolyte and
poly(allylamine hydrochloride) (PAH) was used as the cationic polyelectrolyte. The
characterization of the coatings was done using ultraviolet-visible (UV-Vis)
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spectrophotometry, AFM, XPS, contact angle measurement, and FTIR. Cell culture
experiments were performed on titanium substrates with and without multilayered
DNA-coatings to study cell proliferation, viability, and cell morphology. There was
a progressive and uniform development of both the types of coatings on titanium,
but the coating was more uniform on PDL/DNA when compared to PAH/DNA.
The presence of DNA did not cause any mutagenic effect on cells and cell viability
was not affected. However, an increase in proliferation of the cell was observed on
both types of multilayered DNA-coatings compared to non-coated controls.

Preparation of biomaterial coatings based on polypeptides, poly-L-lysine and
poly-L-glutamic acid multilayers possessing anti-inflammatory properties was
reported (Benkirane-Jessel et al. 2004). In this study, piroxicam (Px), was incor-
porated into the coatings as an anti-inflammatory agent. In order to maximize the
loading capacity, the drug was incorporated into the films in the form of complexes
with a charged 6-carboxymethylthio-b-cyclodextrin (cCD). The anti-inflammatory
properties of the multilayer construct with the drug were evaluated by determining
the inhibition of tumor necrosis factor-a (TNF-a) production by human monocytic
THP-1 cells. These cells were stimulated with lipopolysaccharide (LPS) bacterial
endotoxin before the test. The results indicated that the drug maintained its
anti-inflammatory property and its effect can be controlled by changing the film
structure.

Highly uniform microporous thin films based on weak polyelectrolytes were
assembled onto silicon substrates by sequential adsorption of an aqueous solution
of poly(acrylic acid) and poly(allylamine) (Mendelsohn et al. 2000). These multi-
layers were then immersed briefly into acidic solution (pH � 2.4), resulting in
microporous structures. These porous structures were stable against further rear-
rangement under ambient conditions. The authors proposed that these transforma-
tions are based on interchain ionic bond breakage and reformation in the highly
protonating environment, leading to an insoluble precipitate on the substrate. This
mechanism of change in the structure of the film was studied by FTIR, AFM, in situ
ellipsometry, and SEM for monitoring the morphological changes. These types of
porous films have applications in biomedical areas such a peritoneal dialysis.

PEC coatings based on hyaluronic acid (HA) and a recombinant fusion protein
consisting of mussel adhesive motifs and the arginylglycylaspartic acid
(RGD) peptide (fp-151-RGD) were coated on titanium (Hwang et al. 2010). HA and
fp-151-RGD were effectively distributed over the titanium surfaces. The coatings
supported the proliferation of osteoblast cells (MC-3T3) on complex-coated titanium
and exhibited over 5 times greater cell proliferation than titanium coated with only
HA or fp-151-RGD.

HA and chitosan were deposited using LbL assembly process to engineer
bioactive coatings for endovascular stent application (Thierry et al. 2003).
Polyethyleneimine (PEI) primer layer was adsorbed on nickel-titanium (NiTi) disks
to initiate the sequential adsorption of the HA and chitosan. Multilayer-coated NiTi
disks exhibited enhanced antifouling properties compared to unmodified NiTi
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disks, as demonstrated by a decrease of platelet adhesion by in vitro assay.
However, ex vivo assay revealed that the coated disks failed to prevent fouling by
neutrophils in a porcine model. Sodium nitroprusside-doped multilayers were
shown to further reduce platelet adhesion compared to standard multilayers.

Bacterial fouling of implants is a major clinical issue. Innovative technologies
are being developed to counter bacterial infection through surface modification and
surface treatment (Campoccia et al. 2013). One of the strategies is to prevent protein
adsorption. In a study, adsorption of proteins was investigated on polyelectrolyte
multilayers (PEMUs) consisting of synthetic polyelectrolytes and proteins,
including serum albumin, fibrinogen, and lysozyme (Salloum and Schlenoff 2004).
Effects of surface and protein charge, polymer hydrophobicity, and hydrophilic
repulsion on the mechanism of protein charge were investigated. It was found that
electrostatic interaction was the dominant interaction in protein adsorption, as
proteins having a complementary charge to the PEMUs were adsorbed. Adsorption
of proteins having the same charge as PEMUs occurred to a much lower extent and
driven by non-electrostatic forces. The introduction of a diblock copolymer con-
taining poly(ethylene oxide) further minimized protein adsorption. However, none
of the samples completely prevented protein adsorption.

2.8 Other Applications

It is necessary that the surface of contact lenses must be hydrophilic in order to be
wet by tears to facilitate unblurred vision. Traditionally, contact lenses were pre-
pared from neutral monomers and/or polymers. Soft and hard contact lenses having
ionic charges on their surface were treated with lens solution consisting of a
polymer having opposite charges (Ellis and Salamone 1979). This resulted in the
formation of a hydrophilic PEC hydrogel at the lens surface, which cannot be
dissolved easily by the fluids present in the eye. Both cationic and anionic surfaces
can be developed on the lens surface by incorporation of respective cationic (di-
alkylaminoethyl acrylate or methacrylate, vinylpyridine, etc.) and anionic (acrylic
and methacrylic acid, vinylsulfonic acid, etc.) monomer repeat units. Since the PEC
hydrogel developed will be thin, lubricating, and oxygen-permeable, it provides a
‘cushioning’ effect between the eye and the lens. Also, it causes no irritation and
avoids punctate staining. Therefore, the contact lens can be worn for up to 24 h.

PEC-based bandages have not only been developed for wound healing, but also
for hemorrhage control. Uncontrolled hemorrhage is the leading cause of death in
military combat and second leading cause of death of civilians. A study reported
preparation of hemostatic bandage based on chitosan and organic rectorite
(OREC)/sodium alginate (Zhang et al. 2015). The sponge was fabricated by solu-
tion intercalation and chemical crosslinking techniques. The structural and com-
positional analysis of the sponges showed uniform pore distribution and highly
crosslinked sponges using both the methods, with and without the addition of
OREC into them. They also exhibited biocompatibility and antibacterial properties.
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The hemostatic performance of the sponges was evaluated in ear-artery, ear-vein,
and liver injuries of rabbit model. Hemorrhage control study showed that addition
of OREC into the chitosan-sodium alginate composite sponge significantly
improved the hemostatic efficiency.

Electrospinning technique was employed to develop a pure chitosan nanofibrous
mat to be used as a hemostatic material in combat settings (Gu et al. 2013). Since
acidic chitosan is water-soluble, various alkaline solutions, namely Na2CO3, NH3,
and NaOH were used as neutralizing agents to avert their dissolution in aqueous
conditions. The porosity of the nanofibrous mats was controlled by subjecting them
to ultrasonication treatment for varying time duration. It was observed that the
porosity of the chitosan mat increased with increase in ultrasonication time, and the
water absorption time was found to reduce from 110 to 9 s. Various aspects of the
chitosan mat such as hemoglobin binding efficiency, mechanical strength, contact
angle measurement, and adsorption time of water droplets were also assessed. The
nanofibrous chitosan mats thus developed proved to be an effective hemostatic
wound dressing material for tissue engineering applications.

To develop biocompatible composite microspheres for novel hemostatic use,
microspheres consisting of carboxymethyl chitosan, sodium alginate, and collagen
were synthesized (Shi et al. 2016). In hemostatic function experiment, it was found
that the composite could facilitate platelet adherence, platelet aggregation, and
platelet activation in vitro. Moreover, the maximum swelling capacity of the
composite submerged in PBS for 50 min was over 300% of that exhibited by
commercial hemostatic compound microporous polysaccharide hemostatic powder.
In addition, it also exhibited good biodegradability and non-cytotoxicity.

Hydraulic fracturing is a process used in gas wells to create fractures in the
deep-rock formations to promote the easier flow of petroleum, natural gas, and brine.
This is done by pumping millions of gallons of pressurised fluid underground to
fragment the rocks and release the gas. The fracturing fluid is a slurry of water,
proppant materials, and chemical additives. Their role is to increase the fracture and
maintain the fracture after formation. Water-based polymer gels are usually
employed in hydraulic fracturing to increase the viscosity of the fracturing fluid to
maintain the fracture. However, after the fracturing process, the gel has to be
degraded by various enzymes or gel breakers to a lower viscosity to facilitate its clean
up. For this purpose, enzymes are either directly added to the hydraulic fluid or
encapsulated in beads. It is necessary that the bursting and release of the enzymes is
delayed enough to allow complete hydraulic fracturing. As PECs are widely used to
delay drug release in pharmaceutics, a study made use of PEI-dextran sulfate PEC to
encapsulate the degrading enzyme, pectinase (Barati et al. 2011). The nanoparticle-
encapsulated pectinase enzyme was able to successfully degrade borate-crosslinked
guar and hydroxypropyl guar gels with delayed breaking. Not only was the encap-
sulated gel-breaking enzyme uniformly distributed throughout the gel, the delayed
breakage allowed sufficient time for gelation of the gels to occur. This was supported
by comparing the results of SDS-PAGE and viscosity measurements of the gels
degraded with unentrapped pectinase given sufficient time.
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PECs have also been used as biocontrol agent carriers. In a study, Trichoderma
viride spores were immobilized in a water-insoluble PEC of chitosan and poly
(acrylic acid-co-maleic acid) as novel carriers of biocontrol agents (Gicheva et al.
2012). Three types of carriers were developed: PEC-coated chitosan beads,
genipin-crosslinked chitosan beads, and PEC-coated crosslinked chitosan beads. T.
viride spores were immobilized either in the bulk or on the surface of the beads. The
spores were able to maintain their viability after immobilization and the microbi-
ological tests showed that they successfully inhibited the growth of the plant
pathogens Alternaria and Fusarium.

There is an increasing need to develop highly conducting fuel cells with reduced
Ohmic losses and high efficiency. Proton exchange membranes were developed for
direct methanol fuel cells from a nanostructured PEC hybrid of N-p-carboxy benzyl
chitosan-silica-poly(vinyl alcohol) by sol-gel method (Tripathi and Shahi 2008). By
crosslinking and the grafting of strong proton conducting –SO3H groups on inor-
ganic segments and weak protonating –COOH groups on the organic segments,
high proton conductivity and stability was achieved. The crosslinking density and
the amount of N-p-carboxy benzyl chitosan-silica were varied. It was found that
optimization N-p-carboxy benzyl chitosan-silica content is necessary to control the
chemical and mechanical stabilities as well as proton and fuel transport properties.
The developed membranes were tested under direct methanol fuel cell operating
conditions and found to be stable, flexible, had good water retention capacities, and
low methanol permeability. A great advantage of these membranes was their
capacity to be functional under high-temperature conditions.
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Plasma Surface Modification
of Biomaterials for Biomedical
Applications

Ajinkya M. Trimukhe, Krishnasamy N. Pandiyaraj, Anuj Tripathi,
Jose Savio Melo and Rajendra R. Deshmukh

Abstract Application oriented selection of a material depends on the bulk properties
of that material. However, afirst encountering feature of anymaterial in an application
is its surface and thus material’s surface is one of the foremost parameter that decides
the fate of material performance. Modulating the surface properties is considered as a
potential approach to meet the application requirement. In past, various techniques
(like, chemical, c-irradiation, mechanical abrasion) have been developed for the
surface modification of materials. These methods have certain disadvantages, like
chemical treatment involve the disposal of polluted solvents/water in the environ-
ment, whereas other techniques may affect bulk properties of the material. Since three
decades, plasma surface modification technique has attracted attention of scientists
and technologists for creating new surfaces for various end-use applications such as
textiles, food packaging, coatings, medical devices etc. Especially, low temperature
plasma (low pressure and atmospheric pressure glow discharge) has attracted for its
potential application in the new biomedical devices and biomaterials development.
Plasma processing has proved itself a very promising and potent technology for
modification of surface properties in an effective, environment friendly and
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economical way for converting low cost materials into a value added materials. The
surface properties and biocompatibility can be enhanced selectively and precisely
without affecting material’s bulk properties by the use of plasma surface modification
technique. This chapter is providing a brief overview of low temperature plasma as a
versatile technology for surface modification and its application pertaining to
biomedical materials research. Various inferences are also drawn from the types of
plasma used in the biomedical applications.

Keywords Plasma � Surface modification � Biomaterials � Antimicrobial �
Sterilization � Tissue engineering

Abbreviations

3D Three dimensional
AAc Acrylic acid
AC Alternate current
ACP Amorphous calcium phosphate
APGD Atmospheric pressure glow discharge
APPJ Atmospheric pressure plasma jet
APPS Atmospheric pressure plasma system
APTT Activated partial thromboplastin time
Ar Argon
BMA Butyl methacrylate
BSA Bovine serum albumin
CAP Competitive ablation and polymerization
CG Cationized gelatin
CHI Chitosan
CN Carbon nitride
DBD Dielectric barrier discharge
DC Direct current
DDSs Drug delivery systems
DLC Diamond like coating
EC Endothelial cell
ECM Extra cellular matrix
ePTFE Expanded polytetrafluoroethylene
EtO Ethylene oxide
EVA Polyethylene-co-vinyl acetate
FAK Focal adhesion kinase
FDA Food and drug administration
FEP Poly (tetrafluoroethylene-co-tetrafluoropropylene)
Fn Fibronectin
FTIR Fourier transform infrared
HA Hydroxyapatite
HAEC Human aortic endothelial cells
HMDSO Hexamethyldisiloxane
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HUVEC Human vascular endothelial cell
IOLs Intraocular lens
KDR Kinase-insert domain-containing receptor
LDPE Low density polyethylene
LPPS Low pressure plasma system
LTE Local thermodynamic equilibrium
LTP Low temperature plasma
NF Nanofibers
NVP N-vinyl-2-pyrrolidone
PAECs Pig aorta endothelial cells
PCL Poly caprolactone
pdAA Plasma deposited acrylic acid
PDC Pulsed-DC
PE Polyethylene
PECVD Plasma enhanced chemical vapour deposition
PEEK Polyether-ether-ketone
PEG Poly (ethylene glycol)
PEN Polyethylene naphthalate
PEO Poly ethyleneoxide
PET Polyethylene terephthalate
PIII Plasma immersion ion implantation
PIIID PIII-deposition
PLA Poly (D,L-lactic acid)
PLGA Poly (D,L-lactic acid-co-glycolic acid)
PLLA Poly (L-Lactic acid)
PMMA Poly methyl methacrylate
PP Polypropylene
ppAA Plasma polymerized acrylic acid
ppAAm Plasma polymerized allylamine
pPEO Plasma polyethyleneoxide
ppHMDS Plasma polymerized hexamethyldisiloxane
ppPEO Plasma polymerized polyethyleneoxide
ppTEOS Plasma polymerized tetraethyl orthosilicate
pPTFE Plasmapolytetrafluoroethylene
PS Polystyrene
PSF Polysulfone
PSP Polystyrene plate
PTFE Polytetrafluoroethylene
PU Polyurethane
PVC Poly vinyl chloride
RbMVEC Rabbit microvascular endothelial cell
RER Remote exposure reactor
RF Radio frequency
RFGD Radio frequency glow discharge
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ROS Reactive oxygen species
SBF Simulated body fluid
SDBD Surface-DBD
SE Surface energy
SF6 Sulphur hexafluoride
TCP Tissue cultured plates
TE Tissue engineering
TEM Transmission electron microscope
TEOS Tetra ethyl orthosilicate
TMOS Tetra methyl orthosilicate
VDBD Volume-DBD
VOC Volatile organic compound
VSMC Vascular smooth muscle cell
WBCT Whole blood clotting time
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

1 Introduction

Materials from synthetic, semi-synthetic or natural origin are in growing demand
for various biomedical applications. However, a material gets devalued in its
functionality in an intended application if it does not comply with the desired
properties. Technological advancements provide flexibility to modulate the material
properties as per the choice of application. Materials which are intended for use in
biomedical applications should have suitable surface properties so that they are
accepted by the human body. In this regard, surface hydrophilicity/wettability and
surface energy play a vital role in addition to the surface morphology. Various
surface modification techniques such as exposure to plasma, flame, chemicals,
enzymes etc. have been used to enhance wettability and adhesion of polymers/films.
Surface wettability can also be tailored by altering the chemical composition of the
outermost layer of the material. In addition, surface roughness also has a significant
role in enhancing the adhesion and wettability. A material’s wettability is governed
by molecular interaction of the angstrom size units present on their outermost
surface layer (Deshmukh and Bhat 2011; Deshmukh and Shetty 2008). Therefore,
the wettability of material surfaces does not originate from the organic molecule as
a whole, but depends on the morphology and functional moieties present on the
outermost surface. Further rearrangement of molecules takes place at the interface
for minimization of surface energy and therefore only the low energy portions come
in contact with surrounding phase. As a result, wettability is governed by the
chemical nature of energetically preferred functional groups and the extent to which
they are exposed to the surrounding. In the past few decades the downsides of the
material have been overwhelmed by tailoring the surface properties of the materials
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using various advanced surface modification techniques such as chemical etching,
ozone treatment, laser treatment, UV radiation, electron beam, corona discharge,
ion beam, and plasma based surface treatments (Sprang et al. 1995; Abenojar et al.
2009; Encinas et al. 2010; Gogolewski et al. 1996; Martin et al. 2007; Kaczmarek
et al. 2002; Kim et al. 2004; Arenholz et al. 1991; Svorcík et al. 1997, 1998;
Walachova et al. 2002). Moreover, differing on the relevance, the modification
effect has to be cost effective and has to overcome the limitations due to uses of
solvents, emission of volatile organic compounds (VOC), time consumption and
lack of reproducibility. Various types of plasma surface modification technologies
are being used to improve the surface energy, wettability, adhesion and other
surface related properties of the material by incorporating variety of reactive
functional moieties. The plasma processing pertains to various biomedical appli-
cations; for example, scaffolds for tissue engineering, artificial implants,
cyto-compatibility, blood contacting devices, prostheses, ophthalmic devices,
antimicrobial and anti-inflammatory surfaces, enteric coatings and functionalization
of drugs for targeted drug delivery.

Plasma (ionized gas) the fourth state of matter consists of highly excited atoms,
molecules, electrons, ions, UV-Vis radiations, radical species and neutrals. When a
sufficient electric field is imposed, gaseous molecules are excited into energetic
states and a glow discharge is generated. The high-density of energetically favoured
reactive species in the plasma can alter the surface properties of any complex object.
The tailoring/functionalization of the surfaces are limited to few tens of nanometers
and hence bulk properties remain intact. Plasma surface modification is usually a
reliable, reproducible and relatively inexpensive technique which is applicable to
different sample structures and can be used practically for all types of materials like
metals, polymers, textiles, ceramics, and composite (Sioshansi and Tobin 1996;
Ratner 1993; Picraux and Pope 1984; Bhat et al. 2011; Deshmukh and Bhat 2011;
Bhat and Deshmukh 2014; Mendhe et al. 2016). By controlling plasma parameters, a
precise control and reproducibility in surface properties can be obtained. This can be
achieved quite perfectly using in situ plasma diagnostic devices. By selecting suit-
able gases and/or monomer vapours, hydrophobic surfaces can be rendered to
hydrophilic one and vice versa. One can adjust degree of hydrophilicity by selecting
proper precursor gas and monomer. A change in surface energy is responsible for the
change in wettability of the surfaces. Plasma deposition can result in uniform,
conformal and pinhole free coatings with excellent adhesion to the substrate
(Szycher and Sioshansi 1990; Arolkar et al. 2016). Plasma processing can provide
sterile surfaces (Moreira et al. 2004; Mrad et al. 2013) and can be scaled up easily for
industrial production. On the other hand, the applicability of non-plasma techniques
for modifying surfaces of materials is limited (Ohl and Schroder 1999); as a result,
plasma-surface modification technique is gaining importance in the biomedical field.
It is therefore possible to change in continuum the chemical composition and
properties such as surface energy, wettability, dyeability, adhesion, hardness,
chemical inertness, lubricity, refractive index, and biocompatibility of materials
surfaces. Importantly, the degree of modification of a surface by plasma treatment
depends on several parameters such as reactor geometry, system pressure, power

Plasma Surface Modification of Biomaterials for Biomedical Applications 99



applied, duty cycle, electrode geometry and the distance between them, time of
treatment, type of gases/monomers and their flow rate, and also the type of polymer
used. Regardless of the complexities of these factors, several effects can be broadly
identified. Plasma cleaning or etching of substrate surface is one of them. This
process involves removal of adsorbed species, contaminant, process aids etc. Hence
cleaning of the surface is considered as the first step of plasma processing followed
by actual etching/deposition of the material starts. This results in changes in
chemical composition of outermost layer, surface morphology, surface properties
and wetting behaviour. Surface engineering plays a vital role in biomedical appli-
cations. Biomedical material should possess both bio-compatibility and bioactive
response. The interaction of surface of materials with living (blood, cells and bac-
teria) systems is a complex phenomenon and depends on numerous factors such as
chemical composition of the surface, morphology and tribological properties etc.
(Gupta and Gupta 2005; Jayagopal et al. 2008). This renders the pursuit of distinct
material which meets the necessity of biocompatibility, cell adhesion, growth,
proliferation and longlasting in vivo stability. To a great extent non-thermal (low
temperature) plasma technology has proved that it can dramatically change the
surface properties of the polymeric materials without altering their bulk properties
(Dixon and Meenan 2012; Sanchis et al. 2006; Deynse et al. 2014; Noeske et al.
2004; Khorasani et al. 2008; Li and Chen 2006; Chen et al. 2008; Deshmukh and
Shetty 2007a; Pandiyaraj et al. 2009; Bhowmik et al. 2004; Ou et al. 2010; Pappas
et al. 2008; Sarani et al. 2011) and improve blood compatibility.

Plasma treatment of biomaterials requires less energy than equivalent conven-
tional treatments. Chemical wet processing have drawbacks that thus require an
additional step of effluent water treatment before it is discharged and the chemical
treatment is non uniform. Secondly, remaining traces of used chemicals may be
unsafe in respect of their application in bio-medical industry. Gaseous plasma
treatment is highly surface specific and it does not affect the bulk properties of the
material. Since no wet chemistry is involved, it is considered as an environment
friendly approach that does not produce any waste/load on the environment. At
present various types of biomaterials including metals, polymers, composites and
ceramics are employed for biomedical engineering applications. In tissue engi-
neering, biomaterials with suitable surface properties are required for better inter-
action of cells followed by tissue regeneration. The biological response of the living
tissues towards biomaterials is governed by the surface properties like chemical
composition, texture and surface energy. These materials entail unique methods of
surface modification and impersonate tissue-microenvironment. Bio-integration is
an ideal outcome expected from any artificial implant, scaffolds, and tissue culture
surfaces. This implies the phenomena that occur at the interface between the implant
and host tissues which do not generate harmful effects such as formation of unusual
tissue, chronic inflammatory response and toxicity. Hence, it is very important to
design and fabricate biomaterials used in implants with the specific surface prop-
erties. In addition, these biomaterials must possess suitable bulk properties in order
to function properly in a bio-environment. A suitable approach is to fabricate bio-
materials with desired bulk properties followed by a preferential treatment to
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enhance the surface properties. In a way, we can create an ideal biomaterial with
selective surface properties that are decoupled from the original/innate bulk prop-
erties. For instance, by modifying the surface functionality using thin film deposi-
tion, an optimal surface with physical, morphological and chemical properties can be
attained. This technology is growing by leaps and bound to improve biocompati-
bility, multifunctionality and tribological properties of artificial devices. This averts
the needs of high costs and long span to develop totally new material. In the
biomedical context, ‘good biocompatibility’ refers to a prosthesis or biomaterial
device that is non-inflammatory, non-toxic, does all the functions properly for which
they have been made for, and should posses reasonable lifetime. For example,
orthopaedic prostheses are made harder and more wear and tear resistant by
exposing them to ion implantation. Orthodontic appliances, venous catheters and
surgical instruments are treated to enhance friction and fretting resistance and also
biocompatibility. To make wear-resistant biomedical components, they require
coatings that should be exceptionally hard, which provide low friction and should be
biocompatible. Diamond like carbon (DLC) coatings have improved these properties
and prevent leaching of metallic ions into the body (Dearnaley and Arps 2005).
There are several ways to offer such coatings from carbonaceous precursors, and also
other elements such as titanium or silver nano-particles for imparting antimicrobial
properties. Ion implantation of Ca+ on the Ti alloy surface for bone adhesion control
is carried out on orthopaedic hip and dental implants. Also an artificial blood vessel
requires ion implantation on polymeric surface for non-thrombogenicity of
endothelial cell adhesion (Inoue et al. 1997). Plasma processing has also gained
importance in sterilization of biomaterials as it operates near room temperature and
comparatively faster than autoclaving and ethylene oxide based treatments. Plasma
processing showed its potential application in enteric coating (Timmons et al. 2011),
functionalization of drug for targeted delivery and controlled release (Kwok et al.
1999; Yoshida et al. 2013; Tanaka et al. 2006), fabrication of antimicrobial surfaces
(Marciano et al. 2009; Matthes et al. 2013; Weltmann et al. 2008; Pankaj et al. 2014;
Zhang et al. 2006a; Ehlbeck et al. 2011; Fricke et al. 2012), and in fabrication of
functional polymeric substrate for tissue engineering (Schnabelrauch et al. 2014;
Djordjevic et al. 2008; Chen and Su 2011). Some recent reports have described
comprehensively the use of atmospheric pressure plasma processing (Park et al.
2012), gas discharge plasma (Bogaerts et al. 2002; Selwyn et al. 2001) and various
other types of plasma based surface modification techniques for bio-medical
applications (Chu et al. 2002; Geyter et al. 2014).

Low temperature plasma treatments are set to revolutionize biomedical materials
industries. Currently low temperature plasma technology has found its way in
biomedical field as a proven technique for surface modification of biomaterials.
Gaseous plasma has been known for several decades, although, the commercial
interest was begun only after the introduction of equipment’s to produce plasmas on
an industrial scale. This chapter deals with the potentiality and applicability of
plasma assisted techniques to improve the bioactivity of polymeric surfaces by
appropriate surface treatment using non-thermal plasma methods.
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2 Classification of Plasma

Classification of plasma can be done on the basis of temperature, pressure and the
source used. When the temperature of entire gas is high it is termed as “hot plasma”.
Due to incessant collisions, the temperature of electrons and ions/molecules gets
raised and thus the whole system is in local thermodynamic equilibrium (LTE). Hot
plasmas have thermal equilibrium with temperature in the order of 1000 K.
Therefore, hot plasmas are not suitable for surface modification of biomaterials
particularly, polymers. Such plasma is used for cutting, welding, fusion, etc. On the
other hand, “cold plasma” is in non-equilibrium state and although the temperature of
electrons is high, the system remains cold (Roth 2001a). The electrons in the cold
plasma have energies in the range of 0.1–10 eV which is much higher than the
energies of ions andmolecules in their non-equilibrium state. The temperature of cold
plasma is near room temperature, and hence it can be used for the surface modifi-
cation of biomaterials. Low temperature plasma (LTP) has an advantage over thermal
plasma as it can be applied to heat sensitive materials like polymers. Such cold
plasma is commonly used in neon sign boards and fluorescent lamps. LTP can also be
used in applications of textiles and plastic industries. Plasma can be induced by
applying electric field of low frequency (50–500 kHz), radiofrequency
(RF) (13.56 MHz) or microwave (915 MHz or 2450 MHz). Wherein, the electric
field may be applied in the form of direct current (DC) or pulsed-DC (PDC). Plasma
can also be classified on the basis of pressure of the system. When a system is
evacuated the gaseous atoms at low pressure can be ionised easily and uniform glow
discharge plasma can be created. However creating and maintaining vacuum con-
ditions for large volumes become difficult. Working at atmospheric pressure is
advantageous for continuous process at high speeds.

2.1 Atmospheric Pressure Plasmas

Atmospheric pressure plasmas can be classified into three categories: (a) Corona
Discharge, (b) Dielectric Barrier Discharge (DBD) and (c) Atmospheric Pressure
Glow Discharge (APGD).

(a) Corona Discharge It is the oldest type of plasma treatment employed in indus-
tries for the modification of polymeric surfaces. It consists of two parallel
electrodes with narrow gap (*1 mm). One of the electrode is cylindrical in
shape while other one is a knife shaped. The schematic diagram of a typical
corona discharge system is shown in Fig. 1. In this system, a high voltage of 10–
15kV is applied between the two electrodes. The intensity of corona discharges
is weak which causes inhomogeneous plasma treatments of surface. Thus, it is
not preferred for modification of polymer surfaces for biomedical applications. In
this case, the density of the plasma species falls drastically from the point of
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generation to the targeted surface. Therefore, thicker samples cannot be pro-
cessed by corona discharge.

(b) Dielectric Barrier Discharge (DBD) DBD is also known as silent discharge
which is driven either via a high frequency alternate current (AC) or radio
frequency (RF) source. The main advantage of DBD over other systems is that
it can be operated at high pressure operating range (5–105 Pa) (Conrads and
Schmidt 2000; Schutze et al. 1998). The first DBD system was used by
Siemens in 1857 to generate ozone and till date it remains one of the significant
industrial applications of DBD (Kogelschatz et al. 1999). In DBD systems,
a high potential difference is applied between two parallel plate electrodes
which are separated by a narrow gap. In DBD, a sufficiently high AC voltage is
applied to the electrodes (*8 to 20 kV, 500 Hz–500 kHz). DBD cannot be
generated by DC voltages due to the requirement of capacitive coupling which
needs AC voltage. For preventing the short circuit and arcing between the
oppositely charged electrodes, either one or both the electrodes are coated with
appropriate dielectric material such as ceramic or glass. Due to this, it is called
‘dielectric barrier discharge’. This dielectric layer also prevents electrodes from
etching and corrosion. Additionally, the dielectric material also regulates the
discharge current, thereby giving rise to a large number of short-lived
(nanoseconds) micro-discharges that are dispersed uniformly throughout the
electrode (Herbert 2009), thus attaining non-equilibrium plasma conditions.
One can achieve a homogeneous treatment condition similar to a typical glow
discharge regime by avoiding the streamers (Tendero et al. 2006). DBD is
homogeneous as compared to the corona discharge. Depending upon the
geometry, generation of DBD can be classified into volume-DBD (VDBD) and

Knife edged 
posi ve electrode

Plasma corona
discharges

Ground electrode

Power
supply

Fig. 1 Schematic representation of corona discharge system
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surface-DBD (SDBD). In VDBD, the plasma is generated in volume between
two parallel plate electrodes with a dielectric barrier. However, in SDBD, the
microdischarge is generated on the surface of the dielectric. This causes more
homogenous plasma in SDBD. Moreover, the microdischarge is higher on the
surface in SDBD, therefore, the density of plasma is also higher as compared to
VDBD. DBD system has one major advantage over other systems, which is the
elimination of expensive vacuum systems, thus making it suitable for operation
at higher pressure. This leads to lower operating cost and less time consump-
tion, thus, allowing their execution in industrial surface modification process.
The low heat generation at higher pressures concedes for a wide range of
applications such as grafting, plasma polymerization, etching, cleaning etc.
A typical dielectric barrier discharge (DBD) operating at atmospheric pressure
reactor system is shown in Fig. 2.

In particular, DBDs have received more attention as compared to other cold
atmospheric pressure plasma (CAP) systems, which is mainly due to easier
ignition of stable plasmas and the ease of scaling up of the process
(Kogelschatz 2003; Borcia and Brown 2007; Geyter et al. 2009). Considering
the advantages of non-equilibrium plasma systems in atmospheric operational
mode, DBD process is found to be suitable in biomedical research
(Sarra-Bournet et al. 2006). It has been recently shown that it is possible to
deposit a thin layer coating with embedded biomolecules using DBD plasma
fed with aerosol of biomolecule solutions (Heyse et al. 2008; Ponte et al. 2011).
Ponte et al. (2011) deposited organic films using DBD plasma for bio-medical
applications. The degree of surface modification by plasma treatments are
significantly influenced by the power fed, distance between electrodes and their
geometry, working pressure, types of gas/monomer and their flow rate, process

Fig. 2 Schematic of cold atmospheric plasma assisted dielectric barrier discharge (DBD) system.
(Reproduce with permission from Pandiyaraj et al. 2016c)
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time, and type of plasma. For example, the argon-plasma treatment shows
effective etching than the air-plasma treatment.

(c) Atmospheric Pressure Glow Discharge (APGD) APGD is generated by
applying relatively low voltages across symmetrical electrodes at high fre-
quency (MHz) as compared with DBD. Electrodes are bare in APGD which
gives higher electron densities (*1012). However, sometimes in APGD sys-
tem, one of the electrodes is covered with a dielectric barrier to prevent arcing.
Plasma is homogenous across the electrodes and gives one current pulse for
every half cycle. Two parallel plate electrodes are connected with an RF power
supply, separated by few millimetres. Hence, APGD is relatively uniform and
stable as compared with DBD plasma. APGD has many advantages over DBD.
Helium (He) is the preferred gas in APGD (Roth 2001b; Alexandrov 2009).
Therefore, use of helium for commercial scale processing makes it costly,
unless helium is significantly recovered. Roth et al. (2000) have developed a
remote exposure reactor (RER) operating at atmospheric pressure using radio
frequency source with electrode spacing of 2 mm. They have used He and air
gases for sterilizing polypropylene (PP) fabric samples. Medical plastics treated
with atmospheric-pressure plasma of He + O2 showed increased surface oxy-
gen moeties and hydrophilic polar groups onto the surface. This led to
increased surface energy and improved bonding strength as a function of
plasma treatment time (Guschl et al. 2008).

(d) Atmospheric Pressure Plasma Jet (APPJ) In general, plasma processing has
advantages over other techniques to induce physico-chemical changes on the
surface, however at times there are circumstances where it would be more
appropriate if the plasma could be free of any restrictions. In this background,
atmospheric pressure plasma jet (APPJ) is a very novel approach for surface
modification, wherein plasma flux is expelled from the nozzle on to the sub-
strate surface as shown in Fig. 3.

This technique provides flexibility of plasma modification to any object irre-
spective of its geometrical shape and size. In APPJ, the electron temperature is
much higher than the gas temperature and therefore it has gained special interest in
biomedical applications. The surface chemistry of a material is modified due to the
electrons at high temperature, while the low gas temperature makes it suitable for
thermally unstable materials. APPJ can produce uniform plasma plumes in the
ambient air without the need of expensive vacuum system. APPJ can be operated
with any of the sources like direct current (Zhu and Lopez 2012; Bussiahn et al.
2010), pulse excitation (Liu et al. 2011; Walsh and Kong 2007; Joh et al. 2012;
Janda et al. 2011), radio frequency (Kim et al. 2007) and microwave (Arnoult et al.
2008). They could generate a desirable length of plasma plumes in the air.
Unfortunately, the mainstream of APPJ is too narrow. The plasma produced using
above sources has to deal with a common issue like, the transformation from glow
to arc. This can be attained by using the resistive barrier discharge or by employing
a hollow cathode discharge with sub-mm dimension in the case of DC sources. The
dielectric barrier itself is the key in the DBD systems driven by higher frequency

Plasma Surface Modification of Biomaterials for Biomedical Applications 105



AC sources as it inhibits the discharge current to increase at the point of arcing. The
DBDs can produce uniformly diffused plasma under specific circumstances which
is filament free. For APPJ systems powered with RF, either metal electrodes are left
bare or a set-up similar to the DBD can be used. In order to minimize the risk of
arcing (due to thermionic emission), the cooling of electrode is necessary and the
flow rate needs to be controlled too (Laroussi and Akan 2007). Conclusively, it is
possible to produce plasma plumes using microwave which were constrained using
a set of geometrical parameters and it has been explained by Park et al. (2003).

2.2 Low Pressure Plasma Processing

This method requires enclosed system connected to a suitable vacuum pump for
creating low pressures in the system. Therefore, it can be used for batch processing.
Low pressure plasma can be generated by applying A.C. or D.C. field. In A.C. high
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Plasma effluentSample
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Fig. 3 Schematic of
atmospheric pressure plasma
jet (APPJ)
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frequency R.F. (13.56 MHz) is widely used. The inactivation of bacterial spores on
stainless steel screws using low pressure plasma is given by Stapelmann et al. (2013).

(a) Radio Frequency and Microwave Discharges High frequency electromagnetic
fields are used to produce radiofrequency (RF) and microwave discharges
(Conrads and Schmidt 2000; Schutze et al. 1998; Hopwood 1992). RF dis-
charges can be produced moderately in a wide range of frequencies between 1–
100 MHz, but in most cases they are operated at a fixed frequency of
13.56 MHz. When compared to DC discharges, RF can be operated over a
wide range of pressures (1–103 Pa). It is the most liable applied discharge
systems that are commercially available and exclusively used for the surface
modification of biomedical materials. Microwave discharges are operated at
high frequency range, typically 2.45 GHz is fixed. When compared to RF and
DC discharges, the pressure is more versatile with a range between 1 and 105

Pa. Since, it is operated at high pressure which leads to an increase in tem-
perature of electrodes, the heat is inturn transferred to the substrate thus making
it less viable for the treatment of thermally unstable materials such as polymers.

(b) DC glow discharge DC glow discharge is one of the most significant methods
of producing low temperature (non-thermal) plasmas. In this type, DC dis-
charge is formed between two electrodes at very low pressures (10−1–10 Pa)
(Conrads and Schmidt 2000; Schutze et al. 1998). Various types of discharges
can be produced by suitable current amplification. When a proper glow dis-
charge is generated, current starts flowing through the ionized gas which results
in a voltage drop across the regime. Glow discharge is the preferred technique
for surface modification, since it assures a homogeneous treatment all over the
reactor. DC glow discharge is a well established technique with good control
over different operating parameters and the process. In this process, the DC
current can be applied either in a continuous or pulsed manner. Sometimes
water cooled electrodes are also used for heat dissipation to avoid thermal
damage of polymeric material during longer durations of plasma treatment. The
other way of avoiding heating of electrodes is to operate DC glow discharge in
pulsed mode. One of the major drawbacks of the DC driven systems is the
etching and corrosion of electrode when it is directly exposed to certain reactive
monomers under plasma environment. Figure 4 shows the schematic diagram
of DC glow discharge plasma system.

Low pressure and atmospheric pressure plasma treatments have their merits and
demerits. Therefore, final selection of the process is dictated by the extent of surface
modification and the requirement of the process speed. Low pressure plasma system
(LPPS) is equipped with a pumping unit, which consumes high electrical energy
than atmospheric pressure plasma system (APPS). However, LPPS require less
power to generate and sustain glow discharge in comparison to APPS. On the
contrary, LPPS consumes fewer amounts of gases/monomer(s), which is important
for the applications involving the use of expensive gases/monomers. The surface
modifications achieved by LPPS are more uniform and have better control as
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compared to APPS. The advantage of APPS is that it can be utilized as a part of
continuous process (preferred in industry), whereas LPPS is restricted by batch to
batch processing.

It has been found that the improvement in hydrophilicity/wettability obtained by
gaseous plasma treatment changes with storage time. This phenomenon is referred
as ageing, which takes place possibly due to surface contamination, blooming of
additives, orientation of polar groups and absorption of ubiquitous contaminants
(Deshmukh and Shetty 2007a). For various applications it is necessary to convert
hydrophobic polymer into hydrophilic one by suitable surface modification tech-
nique and in ambient storage conditions, a driving force exists to restore the original
structure or decrease the surface energy (SE) of the treated surface. This results in
loss of high energy polar functional groups. It is has been shown that the
hydrophobic recovery depends on treatment time and the type of polymer (Morra
et al. 1989). Thus ageing can be considered as one of the steps of the treatment in
the sense that it influences the outcome as determined by the properties imparted to
the polymer surface. Though there is a decrease in surface energy because of
ageing, it is clear from our previous studies that the surface energy value of aged
samples is still adequately high as compared with the untreated one. Therefore such
treated polymer surfaces can be considered suitable for further applications
(Deshmukh and Shetty 2007a; Bhat et al. 2003). The optimum plasma parameters
(treatment time and power) should be decided on the basis of hydrophobic recovery

Fig. 4 Schematic experimental set up of DC glow discharge plasma system. (Reproduced with
permission from Pandiyaraj et al. 2014b)

108 A.M. Trimukhe et al.



(ageing) pattern of plasma processed material (Mendhe et al. 2016). In order to
avoid the adverse effect of ageing, it is advisable to use freshly prepared (gaseous
plasma processed) samples for better results. However, plasma surface grafted
polymers and plasma polymerized films do not show much decrease in SE values
and the modifications thus obtained are comparatively permanent. The processes of
plasma grafting and plasma polymerization are discussed in detailed in the
Sects. 3.4 and 3.5 of this chapter.

2.3 Plasma Immersion Ion Implantation

Plasma immersion ion implantation (PIII) process is useful and suitable for irregular
shaped target materials irrespective of processing or implantation time, biasing,
configurations and density of plasma. PIII system comprises of a vacuum chamber
with a stage, source and high-voltage pulse modulator as shown in Fig. 5. In PIII
processing, workpiece (sample) is kept in the plasma region. The sample is con-
nected to a pulsed high negative voltage. The negative ions are repelled from the
workpiece because the positive ions are directed towards it from plasma source that
induces a sheath around the workpiece (Anders 2000). In PIII, ions are accelerated
towards a target biomaterial surface using accelerating bias voltage in the range of
20–200 kV. The ion implantation creates significant changes on the surface,
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Sample stage
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Fig. 5 Schematic representation of plasma immersion ion implantation system
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although, modification is confined to the near-surface region due to limited pene-
tration power of the ions (*1 µm), this results in only the surface properties get-
ting modified.

The substrate biasing is done commonly on DC, Pulsing or RF modes. Thin film
structuring and rates of deposition by reactants can be controlled by varying biasing
and working pressure in the system (Harper et al. 1984; Bunshah 1994; Mattox
1989; Ensinger 1992). Ion implantation effect is different for different materials
such as metals, ceramics, and polymers (Dearnaley and Hartley 1978; Venkatesan
1985). The physical changes in metal and ceramic biomaterials, arises due to atomic
and nuclear collisions which often leads to the formation of highly disordered to
more amorphous structures at the surface. The chemical and physical changes due
to PIII process combine to create surfaces harder and more resistant to chemical
attack and wear without compromising the material bulk properties. Several effects
have been witnessed and in numerous ways they are analogous to those produced
by collective ionizing radiation. The limited depth of penetration in PIII process due
to large ion size results in pronounced effects confined to a very thin layer
underneath the surface. In spite of many complex effects, in PIII two major com-
peting processes occur: (1) chain scission, and (2) cross-linking. When the sample
is exposed to ion implantation process, it interact with the substrate polymer atoms
via electronic (ionization) and nuclear (recoil) interactions. Ionization leads to
cross-linking in adjacent polymer chains, whereas recoil leads to chain scission
(Lee et al. 1994). The cross-linking usually improves the polymer properties while
chain scission may cause polymer degradation. By adjusting implantation param-
eters suitably, a three dimensional (3D) cross-linked surface layer can be created
with hardness better that of steel along with improved wear resistance (Lee et al.
1993). Selective reduction or enhancement of chemical functional groups results in
changing the chemical interactions on the polymer surface, which changes critical
surface tension, degree of hydrophilicity/hydrophobicity.

Bioinertness in biomaterials such as titanium, silicons, etc. is another issue needed
to address and solve by using this process in increasing their bioavailability by
plasma ion implantation of elements like hydrogen, sodium, calcium, etc. Impinging
hydrogen on the surface of silicon and nano-TiO2 gives outstanding bioactivity
through PIII process. Hydroxyl groups are produced on the surface that makes them
more acceptable. The same can be done for excellent bioactivity of titanium through
Ca/Na plasma immersion ion implantation deposition (PIIID). In PIII process
energetic C, N, and O ions are embedded into the alloy surface to form a graded
surface barrier layer of carbide, nitride, or oxide. In PIIID process the stable Ti–C,
Ti–N, and Ti–O bonds are formed on alloy surface, which results in Ni depleted
surface region. The depletion in nickel results in improved mechanical properties.
Diamond like coating (DLC) and TiO2 thin films can be made possible for blood
compatible biomedical devices used in human body (Chen et al. 2002). PIIID process
makes it possible by doping its surface with elements like Ca or P. Likewise
antimicrobial properties can also be achieved through PIIID process by dual
implantation method of reagent plasma of Cu/N2 on polyethylene (PE) surfaces to
yield excellent release rates and prolonged antibacterial properties. After thorough

110 A.M. Trimukhe et al.



understanding of PIIID process and applications, it has established it as a very
promising and versatile technique in biomedical and biomaterials application.
Micro/nano structuring of surfaces has enabled us to refine our view in bio responses
to such surfaces.

3 Processes of Plasma Surface Modification

In order to use plasma for any applications, from surface engineering to biomedical,
it is essential to understand the interactions of plasma with the substrate.
Bombardment of ions, electrons and high energy neutrals take place on the surface
and interactions are very complex. This results in the alteration of surface chemistry
and topography, which provides various advantages in materials processing for
their applications (Table 1). In the case of plasma processing using
non-polymerising/polymerizing gases, mainly four types of phenomena takes place
(a) surface cleaning (removal of contaminants), (b) etching or ablation of surface,
(c) modification of surface chemical composition and (d) chemical functionalization
(crosslinking) of the surface (Yasuda 1985; Clark et al. 1978).

Table 1 Advantages of
plasma processes in
biomaterials applications

Advantages of plasma surface modification

Easy sample preparation

Generate unique surface chemistry

Coating on various substrates with excellent adhesion

Conformal and pin-hole free films

Excellent barrier properties with low level of leaching

Sterilization and decontamination upon processing

Increase surface charge

Micro/nano patterning of scaffolds for tissue engineering

Improve cytocompatibility and bioavailability

Superior wear and tear properties

Increase surface energy

Offers surface cross-linking

Specific functional groups can be incorporated

Change in degree of hydrophilicity or hydrophobicity

Improved bio-sensing
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3.1 Plasma Surface Cleaning

The first step of plasma processing is cleaning of surfaces. Interaction of energetic
plasma species causes removal of low molecular weight contaminants such as
oligomers, additives, loosely bound material, substrate residuals, ubiquitous con-
taminants, processing aids, adsorbed species, grease, and dirt which is also referred
as ‘‘plasma cleaning” (Deshmukh and Shetty 2007a). Biomaterials are prone to
attract various types of contaminants, solvents and volatile components during the
process of manufacturing and storage. Adsorbed contaminants can may get accu-
mulated on the material surfaces which resulting in altering the surface of the
material and reducing the product performance. Low temperature plasma can
remove any volatile surface contaminations in a few seconds when it is exposed to
it (Cools et al. 2014). However, when the material is exposed to plasma for a very
long time, plasma will not only remove the surface contaminants but also etches the
top layer of the material (Fracassi et al. 1996; Lee et al. 1996).

3.2 Plasma Etching/Ablation

After plasma cleaning, ablation or etching of the surface begins. Ablation is the
physical removal of material from the surface by the action of plasma. The surface
of polymer/textile under plasma treatment of reactive or non-reactive gases literally
etched or scraped out. Plasma etching comprises the interaction of high energetic
plasma species with the material surface to produce volatile products and the etched
material is then vapourized or pumped out of the plasma chamber as effluent gas.
The second possibility is that the ablated material may be re-deposited as plasma
polymer at different locations (Bhat and Wavhal 2000a). The etching can be
improved by biasing the substrate stage that can cause precise targeting to bombard
specific plasma species (ions/electrons) on the substrate surface. This is also useful
for customized patterning. Plasma ablation of materials takes place through two
principal processes i.e., physical sputtering and chemical etching. The removal of
materials from the surface by chemically non-reactive gaseous plasma, such as
argon (Ar) plasma, is a typical example of physical sputtering, which is essentially a
momentum-exchange process. The energy of the impinging Ar+ is transferred to
the colliding atom and the atom is knocked out from the structure and goes into the
vapour phase. On the other hand, gaseous plasma produced using chemically
reactive vapors/gases results in chemical etching. It involves chemical reaction of
impinging species with the substrate such as oxidation by O2 plasma. This type of
plasma gas includes organic and inorganic molecular gases, such as O2, N2 and
CF4. When reactive but non-polymerizable gases (like O2, N2, NH3, CF4) are used
to form plasma, functionalization of polymer surface takes place along with etching.
Argon is a preferred inert gas for plasma surface cleaning and etching of materials
because it is easily available, relatively low cost and gives a high etching yield.
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Argon plasma may be generated by RF glow discharge (RFGD) or atmospheric
pressure glow discharge (APGD). Applied electric field accelerates ions towards the
substrate. However, the energy of Ar ions is not very high and hence they cannot go
deep into the substrate. A major portion of their energy is transferred to the sub-
strate atoms via elastic and inelastic collisions. In this process some surface atoms
acquire sufficient energy to escape from the substrate into the vacuum chamber and
subsequently pumped out. This is how gradual etching (ablation) occurs.

During etching weight loss of the material is observed which strongly depends
upon the type of polymer and the plasma energy. Therefore, ablation can be
monitored and reported in terms of weight loss of the material. Chain scission,
rupturing of bonds, removal of loosely bound (mostly amorphous) material takes
place during ablation. In general polymers are semicrystalline in nature where
crystalline zones (regions) are more compact and tightly bound as compared to
amorphous regions. Therefore, predominantly amorphous region gets degraded and
etched away in the initial stage of etching (Bhat and Deshmukh 2002; Thomas et al.
1998; Yoon et al. 1996). This results in relative increase in surface crystallinity to
some extent. This has been established by previous studies using Fourier transform
infrared (FTIR) and X-ray diffraction (XRD) for silk biomaterial (Bhat and Nadiger
1978). Pandiyaraj and Selvarajan (2008) have also confirmed that the effect of
plasma on the amorphous region is more as compared to the crystalline region of
the cotton fabrics. In general, polymers having oxygen groups in backbone or side
chains are more prone to etching than polyolefins. For example, under the same
plasma conditions of plasma treatment, polyethylene terephthalate (PET) is more
susceptible to etching than polypropylene (PP) (Radu et al. 2000).

Formation of free radicals and effective surface area increase during the ablation
process. It enhances certain properties of the materials like, wettability, surface
energy, surface roughness, biocompatibility and cytocompatibility (Deshmukh and
Bhat 2003; Yoshida et al. 2013; Ohl and Schroder 1999; Wintermantel et al. 1996).
Plasma etching can effectively increase the surface area for contact by roughening
the surface. The modification in surface morphology can have a positive effect, as it
can enhance the cell adhesion, growth and proliferation especially for in vitro and
in vivo applications (Washburn et al. 2004; Khorasani et al. 2008). In most of the
plasma surface modification techniques for bio-medical applications, argon plasma
treatment is considered as a pre-treatment for subsequent reactive gaseous plasma
treatment and deposition. Active species generated in the plasma cause etching to
form volatile products which create the desirable micro and macro-features on the
biomaterials surface to meet the desired biocompatibility in vivo.

3.3 Surface Functionalization Using Reactive Gases

After surface cleaning and limited etching by argon plasma treatment, a polymer is
subjected to a reactive gaseous plasma treatment. At this stage, oxygen, air,
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nitrogen, ammonia, or mixture of these gases with argon maybe used (Pandiyaraj
et al. 2016a, b, 2015). The reactive gaseous plasma treatment allows incorporation
of polar groups (e.g. oxygen containing moieties) onto the surface. These polar
groups are responsible for the enhancement in surface energy. Gupta et al. have
observed incorporation of oxygen containing polar functional groups on the surface
of PET when exposed to argon plasma treatment at 80 W for different durations up
to 100 s (Gupta et al. 2000). They have further showed that the post plasma
exposure of the sample to the oxygen/atmospheric air incorporates oxygen con-
taining functional groups. In this context, Pandiyaraj et al. have treated
polypropylene (PP) in APGD argon plasma and have observed incorporation of
polar functional groups on to the film surface (Pandiyaraj et al. 2016c). However,
argon plasma treatment followed by oxygen plasma treatment is preferred to
incorporate various functional groups such as OH, C=O, O–C=O, COOH etc., onto
the substrate polymer. Further such functionalized surfaces form covalent bonding
with the deposited layer (Pandiyaraj et al. 2015). These functional groups affect the
surface properties of the material such as wettability, surface free energy and also
the surface roughness (Cui and Brown 2002), and also enhance the material-
material and material-cell interactions (Pandiyaraj et al. 2016a). The increase in
hydrophilicity of the material can improve the performance. Besides, in specific
applications of biomaterial like artificial stents or heart valves, adhesion of cells and
proteins on the surface is very redundant, as it may lead to unwanted growth of
tissue resulting in blockage and failure of the device. Commonly, fluorine con-
taining monomers are used to make surface hydrophobic. Tanaka et al. (2006) have
used CF4 and C3F6 monomer precursors to make the surface of PLGA microcapsule
super hydrophobic for controlled release of drug by APGD treatment.

3.4 Plasma Polymerization/Deposition

Plasma processing of polymeric materials may be classified in three groups
(i) chemically non-reactive plasma, (ii) chemically reactive plasma and (iii) polymer
forming plasma. The first two types are explained in the Sects. 3.2 and 3.3 as they
are responsible for physical sputtering and chemical etching. The third type uses
energetic plasma species (like, ions, electrons and radicals), which cause the
transformation of monomers (low-molecular weight molecules) into polymers
(high-molecular weight molecules) on the material surface. Interestingly, it has been
found that most of the organic vapours, which do not polymerize by conventional
polymerization technique, can be polymerized using plasma. Conventionally non
polymerizable hydrocarbons such as benzene, acetylene, ethylene, ethane and
methane can be polymerized using plasma for the synthesis of hydrogenated carbon
films. In many cases, chemical and physical structures of plasma polymers are
different than those of the conventional polymers, even if the same precursor
monomers are used. Plasma can be generated using various organic or inorganic
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monomer vapours capable of polymerization. Deposition occurs when the
impinging species fails to bounce back from the colliding surface resulting in loss
of kinetic energy and formation of chemical bond with the substrate. There are
several factors affecting the deposition rate, for example, type of monomer, flow
rate of monomers/gases, spacing between the electrodes and their geometry, power,
working pressure and position of the substrate in the plasma chamber (Hollahan and
Bell 1984). Unlike conventional polymers, plasma polymers do not contain
repeating monomer units rather have complicated units that are highly cross-linked
and fragmented units. Plasma polymers strongly adhere to the substrate polymer
film due to covalent bonding and have higher elastic modulus. They do not show
distinct glass transition temperature (Tg).

Plasma polymerization is a complex and wild reaction; hence it is not well
understood. However, it is believed that the plasma polymerization involve two
simultaneous processes i.e. (a) ablation which leads to the removal of material from
the surface and (b) polymer formations due to the continuous deposition of
monomers on surface of substrate. When monomer vapours (polymerizable gases)
are passed into the plasma regime, competitive ablation and polymerization
(CAP) take place. If the deposition is predominant over etching/ablation, a weight
gain is observed (Bhat and Deshmukh 2014). The interaction of these two opposite
processes and their co-existence in plasma is well known (Yasuda and Hsu 1978).
Schematic representation of competitive ablation and polymerization, chain
scission, free radical formation is shown in Fig. 6.
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Fig. 6 Schematic representation of competitive ablation and polymerization (CAP) process in
plasma state
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Plasma induced polymerization and polymer-state polymerisation co-exists
during the treatment. The formation of polymer mainly occurs under the influence
of plasma i.e. via plasma-state polymerization. However, plasma-induced poly-
merization represents the polymerization of condensable monomer on the substrate.
Plasma ablation competes with the polymer formation (deposition) in almost all the
cases when plasma is used to treat the surfaces of solid materials (Shijian et al.
2002). Since etching and deposition occur simultaneously in plasma environment, it
is very challenging to determine the absolute deposition rate on the substrate
polymer. Deshmukh and Shetty (2007b) have studied the percentage weight gain of
plasma polymerized hexamethyldisiloxane (PPHMDS) and plasma polymerized
tetraethylorthosilicate (PPTEOS) deposited on PE films for various durations. They
have observed increase in percentage weight of material by increasing the pro-
cessing time, which suggested that the rate of deposition was higher than etching.

Several plasma polymers have been fabricated using organo-silicon monomers
like, tetra ethyl orthosilicate (TEOS), tetra methyl orthosilicate (TMOS) and
Hexamethyl disiloxane (HMDSO), which have shown excellent chemical and
thermal resistance and outstanding optical, electrical and biomedical applicability
(Boekema et al. 2013; Boekema et al. 2016; Hsu et al. 2012; Gubala et al. 2010;
Deshmukh and Shetty 2007a; Arolkar et al. 2016). Timmons and Griggs (2004)
have demonstrated that retention of specific functional groups from the monomer to
a large extent is possible by controlling duty cycle in pulsed plasma polymerization.
Bhattacharyya et al. (2010) and Xu et al. (2011) have demonstrated the applicability
of pulsed plasma polymerization technique for controlling film chemistry and have
found that it is very useful in biological applications. Dhayal et al. (2003) have
carried out after glow plasma polymerization, to avoid simultaneous etching or
ablation and fragmentation of monomer during polymerization. Ideally, modifica-
tion of the outermost molecular layer should be enough to minimize the functional
and mechanical properties of the materials and risks delamination. However, some
coatings inherently have a specific thickness (Ratner et al. 1996), which ensures
uniform coverage, protection against surface reversal and mechanical erosion.
Plasma processing has advantages over other coating technologies as one can
deposit a very thin (near to molecular level), uniform, conformal and pinhole free
layer that can strongly adhered covalently to the variety of substrates like polymer,
glass, ceramics, nanoparticles, alloys and metal surfaces (Arefi et al. 1992; Clark
et al. 1978; Bhat and Wavhal 2000b). High cohesive and adhesive properties make
them more resistant to leaching/delamination.

Dual plasma deposition is an extended approach that provides advantage of
producing thin films consisting multi-elements with desirable functional properties
(Chu et al. 2002). For example, nano composites of autocatalytic nature like tita-
nium oxide (TiO2), materials of optoelectronic nature like zinc oxide (ZnO),
electronic applications like aluminium nitride (AlN), hard coating using titanium
nitride (TiN) and metal doped with diamond like coating (DLC) have been syn-
thesized. In this technique, metal and gas plasmas are simultaneously generated
typically using a vacuum arc plasma source and a RF glow discharge source,
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respectively. Since a metal vacuum arc plasma source is generally operated in a
pulsing mode, the adatoms have sufficient time to diffuse and relax.

3.5 Plasma-Graft Polymerization

Tethering of functional moieties on to the material surface provide specific and
selective functionality, which can be used to make material attractive or resistive for
targeted application. In plasma-induced graft polymerisation, reactive and
non-reactive gaseous plasma induces bond abstraction (breaking) and chain scis-
sioning on the surface of material resulting in the formation of free radicals on the
surface (Bhat et al. 2003; Pandiyaraj et al. 2009). These radicals initiate polymer-
ization reactions when contacted with monomers in the liquid or vapour phase. As a
result, a thin layer of grafted polymer is formed on the substrate polymer. Plasma
induced graft polymerization is different from plasma polymerization; in the latter
the plasma gas itself is a monomer (Gomathi et al. 2008). Plasma-graft polymer-
ization is often used to alter the surface chemical composition by tethering the
desired biomolecules for biomedical applications. Frankenberg-Schwager and
Frankenberg (1990) have modified PET surface by plasma-induced graft polymer-
ization of acrylic acid. The use of oxygen plasma leads to the formation of polar
functionalities such as peroxide and hydroperoxide groups on PET surface and
initiated grafting of acrylic acid by decomposition of hydroperoxides at elevated
temperature. The result showed increase in grafting by increasing the concentration
of acrylic acid, which reaches a maximum and then tends to decrease. It is possible
that the higher exposure may lead to the loss of active centers that are otherwise
responsible for the peroxidation during exposure to oxygen. Although, the magni-
tude of peroxidation would depend on the nature of the polymer, availability of
adequate oxidative functional moieties for the initiation of the grafting of monomers
onto the surface (Nunez et al. 1996; Taucher-Scholz et al. 1995; Müller and Streffer
1991). Grafting of PEO (a non-toxic water-soluble polymer) is extensively used for
biomedical applications. PEO resists the adsorption of plasma proteins because of its
strong hydrophilicity, chain mobility and lack of ionic charge (Natarajan 2001). The
grafting of PEO on polymer surface would result in decreased protein adsorption and
platelet adhesion. This versatile nature of PEO has led to many studies not only on
the preparation of PEO derived surfaces but also on the subsequent uses of these
surfaces as biomaterials (Ritter et al. 1996; Scholz et al. 1998; Durante et al. 1998;
Nasonova et al. 2001). In situ and ex situ plasma grafting has been employed to
render hydrophobic surfaces into hydrophilic and vice versa, depending upon the
graft monomer. Song et al. (2000) used low-temperature plasma technique to graft
poly (ethylene glycol) (PEG) onto the hydrophobic polysulfone (PSF) membrane
surface to transform it into highly hydrophilic one. Further it was suggested that the
plasma-induced surface alteration can alter the performance of a membrane by
enhancing surface hydrophilicity and hemocompatibility.
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4 Biomaterials and Surface Modification

4.1 Biomaterials

Biomaterial is defined as a natural or synthetic substance that includes part or a
whole of living body or a biomedical unit that performs, augments or replaces
natural functions of the body tissue. Ratner et al. (1996) defined biomaterial as a
nonviable material used in a medical device, intended to interact with a biological
system. Biomaterials is an exciting field covering various aspects of chemistry,
materials science, biology and medicine that have been steadily and significantly
developed over the last five decades. At present, biomaterials are clinically used to
repair, reinforce or replace damaged functional parts of the human body, such as
bone cement, bone plates, dental implants for tooth fixation, joint replacements,
artificial ligaments and tendons, blood vessel prostheses, contact lenses, heart valves,
skin adhesives, artificial tissue, breast implants and cardiovascular tubes (Nair and
Laurencin 2006). As per the recent report of ‘Markets and Markets’ (Dec. 2015;
report code: BT 1556), the biomaterials market is assumed to reach USD 130.57
Billion by 2020, which is increasing at a compound annual growth rate of 16%
during the forecast period of 2015–2020. This report forcasting highest growth in the
biomaterials market is expected in the Asia-Pacific region, majorly in India, China,
and Japan. However, North America > Europe > Asia-Pacific > rest of the world,
are sequenced in order to share the global biomaterials market in descending order.
According to Hench (1998) and Leeuwenburgh et al. (2008) biomaterials are
expected to improve the regeneration of natural tissues, thereby helping the
restoration of functional, structural, metabolic and biomechanical performance as
well as biochemical behaviour. It is important that the processes used for production
of biomaterials should be simple to carry out, fast and affordable in view of the
increasing number of patients who need various implants. Currently many types of
biomaterials are used such as ceramics, metals, alloys, glasses, polymers and
composites. The design of the above mentioned biomaterials has its own challenges
based on their intended application at the biological site. Research in biomaterials is
interdisciplinary in nature and therefore, there must be close collaborations among
researchers from biochemistry, medicine, physics, materials science and other fields.
In spite of promising results, there is an urgent need to develop new kinds of
biomaterials with appropriate mechanical properties, durability and functionality
(Ratner et al. 1996; Hill 1998; Enderle et al. 1999). For instance, an artificial
heart-valve should flex for millions of cycles without failure and should have
anti-thrombotic properties; a hemodialyzer must have the required permeability and
a prosthetic hip joint should be able to with stand high stress (Enderle et al. 1999).
Most of the materials do have suitable bulk properties. However, the biological
responses are largely controlled by their surface properties such as surface chem-
istry, morphology and topography. Therefore we can say that the surface properties
play a very important role in the functioning of a biomaterial. Hence, by carrying out
suitable surface modification without affecting its mechanical properties and
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functionality of the device, the tissue-interface related biocompatibility can be
improved (Ratner et al. 1996).

4.2 Necessity of Surface Modification

The interactions of a biomaterial with biological components (like hard and soft
tissues, blood and body-fluid) take place at the surface of material, and the bio-
logical stimuli triggers from living tissues to these extrinsic biomaterials, depends
upon the surface attributes such as surface energy, chemical composition, surface
morphology, the tendency to denaturalize neighbouring proteins and corrosion
resistance (Pandiyaraj et al. 2016a; Pandiyaraj et al. 2014a; Liefeith et al. 1998;
Chen et al. 2000; Zhao et al. 1999). The interactions between the implant and
biological system at molecular level determine the biocompatibility of a material
(Ohl and Schroder 1999). Besides, the general requirements of biomaterials are
their stability, tissue compatibility, non-toxicity and reproducibility (Szycher and
Sioshansi 1990). As usual, no single material can have all the required properties
and therefore surface modification is usually carried out in order to improve the
surface properties of biomaterials.

Durability and longevity are the important parameters for medical implants (Cui
and Luo 1999). Metal implants are extensively used in bone replacements, espe-
cially for long bone and joint replacements. Metallic orthopaedic implants have
desired bulk properties such as wear resistance, strength and elasticity, but rela-
tively inferior poor surface properties. Therefore, it is limiting their application for
compromising between the surface and bulk properties. Due to an increasing
demand for biomaterials annually, many major medical device companies have
recognized plasma technology as one of the principle approach for the surface
engineering of biomaterials and the lucrative market (Table 2).

Table 2 General research areas and applications of plasma processing in biomaterials engineering
(Chu et al. 2002)

Biomedical areas Application of plasma processing

Blood-compatible surfaces Stents, catheters, membranes (e.g. for hemodialysis), Vascular
grafts, filters (e.g. for blood cell separation), heart-valves,
biomolecules immobilized on surfaces

Non-fouling surfaces Contact lenses, Intraocular lens (IOLs), catheters, wound
healing, biosensors

Tissue engineering and cell
culture

Cell growth, analytical assays, vascular grafts, implants,
antibody production

Sterilization of devices and
surgical tools

Tools of surgeon such as tweezers, scissors, gloves, syringes,
various joints and implants

Biosensors Immobilization of biomolecules on surfaces, protein adhesion

Barrier coatings Gas-exchange membranes, time sustained release of drugs, pH
sensitive drug release, reduction of leaches (e.g. plasticizers
catalysts, additives, etc.) corrosion protection, device protection
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Inventing totally new materials with desired properties is time consuming;
whereas surface modification of existing biomaterials could be more viable and can
be achieved in a much shorter time. For example, latest developments in bio-
compatible surface engineering for cell adhesion and growth are concentrating on
tethering the extracellular matrix (ECM) proteins like fibronectin and laminin or
amino acid sequences of these proteins on the surface (Ohl and Schroder 1999).
Generally, these bioactive molecules are covalently bonded, and plasma treatment
has a potential to create these covalent bonds (Moy et al. 1994; Okada and Yoshito
1992; Okada and Ikada 1995; Steele et al. 1994; Steele et al. 1995). In addition,
plasma treatment can make highly inert hydrophobic surfaces using fluorine con-
taining monomer/gas precursors. On such hydrophobic surfaces, the covalent bonds
of bioactive molecules inhibit cell attachment, whereas the covalent bonds of
hydrophilic surfaces can improve the biocompatibility (Beyer et al. 1997; Jansen
and Kohnen 1995; Thelen et al. 1995; Favia et al. 1996; Seifert et al. 1997).

5 Effects of Plasma-Surface Modification on Biomaterials

5.1 Tailoring of Surface Morphology

Plasma-induced micro-patterning technique achieved through etching/ablation
generates different patterns for different cell types. These microstructured bioma-
terials have the ability to control cell functions such as proliferation, differentiation
and apoptosis (Ito 1999). Kapur et al. (1996) have also indicated that selectively
patterned 3-D polymer substrates may be useful in the variety of biomaterial
applications. Ha et al. (1997) have modified the surface of polyether-ether-ketone
(PEEK) by oxygen plasma treatment or chemical etching. Results have shown that
oxygen plasma treatment or chemical etching causes incorporation of polar func-
tional groups (due to decreased contact angle) and increase in surface roughness
due to the spherulitic structure of PEEK. They have concluded that surface acti-
vation of PEEK by oxygen plasma for biomedical applications has an edge over
chemical etching. In other words, the biocompatibility of the PEEK surface is
improved due to increase in surface energy by oxygen plasma treatment. Hence, it
is suggested that inflammatory cell responses can be controlled to enhance the
biocompatibility of medical devices (DeFife et al. 1999).

5.2 Plasma Sterilization

Any process that eliminates all forms of microbial life, including transmissible
agents like viruses, bacteria, fungi, etc. from an object (biomaterial) is referred to as
sterilization (Marlowe 1997). Materials or devices introduced in vivo and/or used
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for in vitro experiments should be sterilized to avert subsequent infection that may
lead to morbidity or mortality in vivo and could causes experimental failure in vitro
(Andrews et al. 2007; Brígido-Diego et al. 2007). For safety, economical and
practical reasons, biomedical devices and surgical instruments are sterilized before
their clinical use. New approaches in low-temperature sterilization (especially for
thermally instable materials and polymer based devices) and high level disinfection
have emerged in the last two decades (Young 1997; Rutala et al. 1998). An
overview of low temperature plasma based sterilization is given by Laroussi (2005).
Plasma-based sterilization has a number of advantages over conventional steril-
ization processes. Plasma sterilization has advantages such as it is nontoxic, simple,
cost-effective, fast procedure and suitable for online treatment of 3-D
structures/workpieces/microstructures/medical instruments (Gadri et al. 2000;
Adler et al. 1998). Plasma sterilization has an edge over other traditional steril-
ization techniques when dealing with thermolabile and thermostable microsurgical
instruments, routine surgical instruments like, steel scissors, needles, microstripper,
forceps, spatula and trephination devices. Low-pressure radio frequency glow
discharge (RFGD) plasma operating normally below 1 Torr has been successfully
used to sterilize surfaces. Usually, low temperature low-pressure glow discharge
plasma is used in combination with working gas approved by healthcare and
medical authority such as hydrogen peroxide, ethylene oxide or para-acetic acid
vapour.

Points to be checked while plasma sterilization needs to be done;

1. The temperature of metallic (conducting) objects should not increase by electric
field.

2. Avoid the shadowing effect while objects are being sterilized in stacking
position (shadowing can reduce the intensity of field above the object closer to
the ground plate) which could cause poor exposure of plasma and can lead to
reduced or no sterilization of materials.

3. Since the penetration depth of UV radiation is very limited, UV biocide
approach for stacked microorganisms is not suitable for thick biofilms results in
plasma treatment is limited to surface sterilization.

US Food and Drug Administration (FDA) has approved plasma sterilization
systems using two working gases and is commercially available since the early 1990s
(Young 1997; Rutala et al. 1998; Vassal et al. 1998). It has been demonstrated that
radio frequency and microwave plasmas can annihilate wide range of microorgan-
isms, viruses, and bacteria (The et al. 1996; Gogolewski et al. 1996; Ayhan et al.
1998). It has been proved that plasma sterilization is a microbiologically safe pro-
cedure with adequate reduction factors of >6 log (Bialasiewicz et al. 1995). As
compared to the other sterilization methods (which uses formaldehyde and ethylene
oxide (EtO)), plasma sterilization not only kills the microorganisms, viruses and
bacteria but also pumps out the dead organisms from the surface of the materials as
this process is similar to plasma etching (Ayhan et al. 1998). Bathina et al. (1998)
have demonstrated commercial viability of sterilizing non-lumen electrophysiology
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catheters using hydrogen peroxide as a precursor gas for plasma sterilization without
the residuals of harmful chemical after treatment.

Lerouge et al. (2000a) have observed high sporicidal efficacy with the higher
concentration of reactive plasma species in microwave (MW) plasma sterilization.
The surface and bulk properties of plasma sterilized catheters were evaluated and
following observations were made: (i) limited oxidation at the surface due to plasma
based sterilization (ii) no change in molecular weight due to plasma-based steril-
ization on surfaces, (iii) plasma-based sterilization slightly changes hydrolytic
stability of catheters (iv) various plasma-based sterilization techniques induce dif-
ferent impacts on the catheters, such as a clear difference in coloration or the
degradation of an additive (Lerouge et al. 2000b). In low-temperature gas-plasma
sterilization, chemical modification (oxidation) is more responsible for sterilization,
rather than physical modification (etching) (Lerouge et al. 2000c). Holy et al.
(2001) compared three sterilization techniques ethylene oxide (EtO), RFGD plasma
sterilization and gamma-irradiation in relation to their short and long-term effects on
the molecular weight, morphology, degradation profile of the scaffolds and
dimensions. They have shown that the RFGD plasma sterilization is the most
suitable process for sterilizing polyester devices in tissue-engineering applications
as this process does not affect the 3-D structure of the scaffolds.

Several case studies have been reported in the recent past showing the potential
of plasma for biomaterials sterilization. For example, Miao and Yun (2011) have
carried out sterilization of Escherichia coli using air DBD plasma at atmospheric
pressure. They have observed that the germicidal efficiency depends on the time of
plasma treatment, electrode gap, original cell density and surface characteristics of
substrate material. The germicidal efficiency was found to be 99.999% under
specific plasma treatment parameters. The alteration in cell structure and observa-
tion of protein leakage as observed by TEM indicated etching of cell membrane by
active plasma species was the main reason of DBD air plasma sterilization. Korachi
et al. (2010) have observed radical formation due to high voltage plasma, which
results in physiological change in the microorganisms in water. Plasma creates
radicals such as hydroxyl, ozone, oxygen and nitrogen oxide, and these radicals
have direct impact on cell membrane. Changes in essential fatty acids disrupt or
damage the cell membrane resulting in cell death. Plasma sterilization affects fatty
acids in the cell membrane by producing radicals. However, another study suggests
that the effect of plasma doesn’t predominantly change pH and fatty acid profiles of
E. coli and S. aureus. Artemenko et al. (2012) have evaluated the properties of
selected plasma polymers that can be altered significantly by plasma parameters
(power applied, pressure, electrode gap, working gas/monomer composition, use of
pulsed or continuous plasma mode, etc.) used for a sterilization process. The
authors in this work compared the effects of autoclaving, dry heat and UV treatment
with plasma sterilization. The study effectively found physical changes by dry
heating, the thickness of plasma polymerized poly(ethylene oxide) was reduced, but
the highest reduction was found in sputtered nylon film by autoclaving and the
thickness of polytetrafluoroethylene films were unchanged in any of the methods.
Chemical changes exhibited chemical sensitivity in pPTFE and pSN films due to
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hydrolysis whereas pPEO thermal degradation/oxidation due to dry heat treatment.
Mrad et al. (2013) have found that the different duration of treatment of low
pressure SF6 plasma totally inactivate microorganism like, E. coli O157, Klibsella
pneumonia, Proteus spp., Enterobacter spp., Listeria monocytogene, S. aureus,
Streptococcus spp. and Bacillus cereus, on plasma treated PET, PVC and PE
substrates. Streptococcus spp., Bacillus cereus and Proteus spp. were completely
killed in 30 s. However, S. aureus, E. coli O157 and Enterobacter spp. took 1 min,
and Listeria monocytogene and Klibsella pneumonia took 3 min to become inac-
tive. RF plasma treatment of fluorine functionalization decreases C and O atoms on
the surface and develops non-polar sites (fluorine functionalities), which increases
surface hydrophobicity. After a long storage period, the effect of SF6 plasma
treatment was found stable and permanent due to the fluorine atoms which retained
on the surface and provide suitability for long term storage of material. Chau et al.
(1996) have observed that microwave plasma removed outer bacteria layer partially.
The bacterial cell bursts out due to osmotic pressure, or its internal structure was
annihilated by the reactive oxygen species (ROS) and the UV radiation. Most of the
time it has been observed that there are more than one layer of bacteria. The longer
duration of plasma treatment will continue to attack the next layer of bacteria and
the formation of carbon monoxide was detected which confirms the chemical
reaction of reactive oxygen species with the hydrocarbons of microorganisms. The
required duration for the complete annihilation of the spores of bacteria such as
Bacillus was relatively more because the bacteria has a special protective core.
Before reactive oxygen species (ROS) can strike and destroy the protective core of
the bacterial spore, the plasma etching process has to go through three layers: the
spore coat, the cortex and the germ cell wall. The outermost layer of the spore
consists of high concentration of calcium ions. This layer reduces the chances of
oxygen to react with the hydrocarbon bonds and thus etching rate is reduced.
Therefore longer time is required for complete sterilization. However, with suitable
gas composition, pressure and applied power, the etching rate can be enhanced to
expedite the killing of the bacterial spores. Besides the etching mechanism, UV
radiation present in the plasma has a lethal effect on bacteria. The UV radiation
penetrated in the cell wall of bacteria causes breaking of unsaturated bonds, par-
ticularly the purine and pyrimidine components of nucleoproteins. The reactive
oxygen species (ROS) and the UV radiation works as a powerful oxidizing agent.
This accounts for the rapid and colossal destruction of Escherichia coli bacteria in
the N2O plasma. Brétagnol et al. (2008) have developed PEO-like coating using
diethylene glycol dimethyl ether (DEGDME) having thickness of *20 nm and
showed the effect of sterilization on bio adhesive properties of plasma polymerized
polyethylene glycol (PEG) films. Autoclaving (121 °C for 12 min), ethylene oxide
(EtO) exposure (typically between 37 and 63 °C for 3–4 h) and gamma rays
treatment (up to 50 kGy) lead to a slight modification on the layer’s surface
chemistry, with reduction in oxygen content, PEO like character and some retic-
ulation in comparison to plasma sterilization. The Ar/H2 (90:10, 15 Pa, 100 sccm,
30 s) low pressure plasma treatments destroyed bacterial spores and inactivated
bacterial endotoxins. Levif et al. (2011) have sterilized a non porous polyolefin
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polymer packaging material (for example, BagLight™ PolySilk™ from
Interscience™) to study the effect of inactivation, damage caused by plasma species
and loosening of antimicrobial barrier. The packaging material neither interferes
with the plasma sterilization process nor gets damaged by plasma species after
exposure of N2–O2 flowing afterglow. They also showed non toxicity to human
cells when the packaging was performed under sterile conditions. The same was
done to evaluate and compare the characteristics towards the sterilization of
Bacillus atrophaeus endospores cultured on a petri dish which showed less increase
in surface energy as compared to the packaging material when exposed to N2–O2

afterglow. Along similar lines, Akitsu et al. (2005) examined the anti-bacterial
effect using atmospheric pressure glow (APG) device. They have used O2 and water
vapour along with helium as a carrier gas. In this work, 106 log reduction of
Bacillus atrophaeus and G. stearothermophilus was noticed. Important findings of
this work are: (i) antibacterial effect of atmospheric pressure plasma (of nontoxic
mixture of helium and water vapour or oxygen) generated using high power
RF-APG device does not require vacuum chamber thus it allows continuous
loading of objects. (ii) The oxygen/helium ratio is a decisive factor for relative
amount of oxygen radicals and atomic oxygen. For maximum sterilization, the
optimum ratio of oxygen/helium was found to be 0.06 and treatment time was
1 min. for S. aureus. (iii) Biological indicators were applied on to a non-woven
sheet to measure the disinfection time. Complete disinfection was achieved in
20 min for spore-forming bacteria: B. atrophaeus and G. stearothermophilus,
5 min for S. aureus, and 1 min for E. coli, S. enteritidis and C. albicans.

5.3 Antimicrobial Coatings

Bacterial formation and adhesion on to a material surface results in the production
of biofilm. Moreover, the reduced antibiotic susceptibility of a bacterial biofilm is a
major concern to replace or remove the infected devices. Therefore, suitable
pre-clinical processing of biomaterials is important for protection against
microorganism. The mechanisms of bacterial adhesion (An and Friedman 1997;
Hori and Matsumoto 2010) and biofilm formation can be avoided by coating the
surface with suitable antibacterial agent. Plasma surface treatment inhibits the initial
adhesion of bacteria to the material surface or destroys the bacteria when exposed to
plasma treated surface. Cold atmospheric pressure plasmas have outstanding bac-
tericidal properties and they are gentle to human skin. Since, silver nanoparticle is
well known for anti-microbial property, it has been used as bactericidal surface
coatings in various medical devices. Kumar et al. (2013) produced plasma poly-
merization of acrylic acid (PPAA) on the surface of PET mesh followed by
immobilization of Ag nanoparticles to enhance the antibacterial property of the
material. The results showed excellent antibacterial property of Ag containing
PPAA-PET meshes with decrease in bacterial concentration >99.7% as comparison
to untreated sample. Researchers have also used low temperature plasma for
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enhancing the hydrophilicity and surface roughness of the polymeric films in order
to increase the uptake of the Ag nanoparticles or a plasma polymer barrier coating
for controlled release. Antibacterial tests comprising of microorganisms such as
Escherichi coli and Staphylococcus aureus exhibit its efficiency more than 99.9%.
Katsikogianni et al. (2008) have demonstrated one-step plasma treatment to PET
films using Helium (He) and He/O2 plasmas, which showed reduced adhesion of S.
epidermidis in comparison with untreated PET film, even after 58 days of plasma
treatment. Pandiyaraj et al. (2014a) have used tubular plasma reactor with
radiofrequency glow discharge (RFGD) to modify the TiO2/PET films. The surface
of TiO2/PET was modified using oxygen plasma generated by RF source of fre-
quency 13.5 MHz at 0.15 mbar and varied time from 2 to 15 min. The adhesion of
Staphylococcus was found to be highly suppressed when TiO2/PET was exposed to
oxygen plasma, which was predicted due to the physico-chemical changes induced
by plasma treatment.

Some studies were also conducted on Pseudomonas aeruginosa clinical isolates,
along with specific mutants, for adhesion on untreated and chemically modified
poly (vinyl chloride) (PVC) surfaces of endotracheal intubation devices
(Triandafillu et al. 2003; Balazs et al. 2003). The grafting of poly (ethylene glycol)
has substantially reduced the adherence of Staphylococcus aureus (Harris et al.
2004). Oxygen plasma treatment make PVC surfaces hydrophilic surface which
causes reduction in the number of adhering bacterias up to 70%. This is due to the
introduction of oxygen containing functional groups onto the PVC substrate. In
another study, plasma immersion ion implantation (PIII) technique was employed
for modification of medical-grade PVC coated by triclosan or bronopol to improve
the antibacterial properties (Zhang et al. 2006b). The surface was pretreated with O2

plasma (30 min) to produce more wettable/hydrophilic surface so that antibacterial
reagents triclosan or bronopol could be coated more efficiently. Subsequently,
bombardment of argon (Ar) plasma ions was carried out to ensure the successful
attachment of antibacterial moieties with the PVC surface. Experimental results
showed that the plasma-modified PVC with bronopol exhibited good antibacterial
properties against S. aureus. However, the plasma-modified PVC with triclosan
showed better antibacterial performance against E. coli. But the antibacterial effect
was found to be decreased with time. The blend of a plasma treatment followed by
coating, deposition or grafting of a polymer or other molecules is quite familiar
technique. Degoutin et al. (2012) have used low pressure RF argon plasma to graft
acrylic acid on to a nonwoven Polypropylene, wherein the carboxyl moieties are
used to immobilize gentamicin. The results confirmed 99% of bactericidal activity
against E.coli. Plasma pre-treatment of poly (methyl methacrylate) (PMMA) fol-
lowed by TiO2 coating gives antibacterial properties due to the photocatalysis
nature of TiO2 (Su et al. 2010). Application of plasma treatment has also been
demonstrated for developing antibacterial packaging films (Paisoonsin et al. 2013).
A study showed the exposure of packaging grade polypropylene (PP) film to air
DBD plasma for enhancing its hydrophilicity. Further, these films were dipped into
the aqueous Zn (NO3)2 solution for the formation of ZnO nanoparticles using
alkaline precipitation method. These ZnO-coated PP films showed better
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antibacterial activities against both gram-negative E. coli and gram-positive S.
aureus suggesting its potential application in antibacterial packing. Collectively,
plasma assisted processes are suitable techniques for enhancing the material’s
antibacterial property.

5.4 Cell Interaction with Plasma Modified Surface

From last four decades, progress in tuning the surface properties of biomaterials for
cell culture has given tremendous output in understanding the physical, chemical
and biological cues that are involved in cell-material interaction. Plasma processing
has proven itself as one of the promising techniques to design micro/nano struc-
tures, suitable film deposition and protein conjugation on the surface of biomaterials
for effective cell culture. Positive charge, surface chemistry, wettability, surface
morphology and topography are important physico-chemical parameters for
understanding the adhesion and spreading of cells. Cell culture substrate surfaces
are designed to mimic in vivo microenvironments of typical living tissues and
organs. The desired grafting of hydrophobic or hydrophilic groups is a
well-established method to tailor the surface energy (SE) and wettability for cellular
and other biological interactions. Cell activation by interaction with biomaterial
could lead cell spreading, migration and proliferation, which is variable depending
upon cell types and surface composition. Since a cell interacts first with the material
surface, major research was conducted on increasing the wettability of the sub-
strates using plasma assisted techniques. Rearrangement of the grafted functional
groups and change in surface morphology can occur during plasma surface treat-
ment (Gupta et al. 2002). This reorganization is limited due to higher densities of
grafted polymers. The relationship between the material properties like charge,
composition, hydrophobicity, adhesion and growth of cells, micro/nano pattering of
surface, surface geometries, surface area, cytoskeleton stretching, protrusions and
migration of cells, will widen the understanding of researchers to design smart
biomaterials with predetermined responses like, vascularization, gene expression
and healing.

Plasma deposited acrylic acid (pdAA) and plasma deposited allylamine
(pdAAm) functionalized coatings are widely used on different substrates for cus-
tomized biomedical applications. Grafting of oxygen occurs during plasma depo-
sition or after-plasma deposition in the presence of atmospheric oxygen. The pdAA
functionalized surface has good wetting properties due to –COOH groups and have
good stability in water. The water-contact angle decreases with the incorporation of
oxygen groups onto the surface i.e. increase in wettability. The introduction of
carboxylic group can be increased by generating high vapours from the feed of
acrylic acid during plasma processing. Plasma polymerisation can be used to
control oxygen and carbon content on the surface of biomaterials by controlling
vapour flow rate of acrylic acid in plasma regime; however, it is impossible to
prepare oxygen free plasma copolymer surfaces (Daw et al. 1998). The plasma
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surface modification and plasma/protein combination increases oxygen content on
the surface through new functional groups, namely carbonyl groups (–C=O) and
carboxyl (–COOH), the oxygen is incorporated either in the form of alcohol or ether
moities. Less fragmentation of acrylic acid monomer results in carbonyl groups to
be attached on the surface. They are highly polar and resulting in increase of surface
polarity. Buttiglione et al. (2007) have used vapours of acrylic acid and allylamine
monomers along with Ar in the low pressure RF plasma system for the incorpo-
ration of –COOH groups onto the PET substrate. Their findings suggested that
carboxylic groups can resist the neurite elongation and promote neuronal matura-
tion of human nerve cells. Importantly, physical attributes on the surface can be
introduced by creating a pattern on the surface of scaffold; where as chemical
attributes on the surface can be obtained by introducing chemical groups
(Karakecili et al. 2007). However, synergetic effects of physical and chemical
attributes on various scaffolds increase differentiation and proliferation. Bretagnol
et al. (2006) have shown selective proliferation of L929 mouse fibroblast cells after
culture on a pulsed PEO-like/PAL micropatterned surface. Since the surface energy
increases with increased functionalization of surfaces with carboxyls, the role of
nitrogen functional groups becomes less important for cell viability and growth.
Dhayal and Cho (2006) deposited acrylic acid films on the glass substrates by
plasma polymerization and studied their interaction with leukemia cells in com-
parison to cell culture polystyrene. Results showed 60% reduction in cell growth on
plasma polymerized acrylic acid films due to the presence of hydroxyl and carbonyl
groups. Detomaso et al. (2005a) employed acrylic acid vapours as monomer pre-
cursor to deposit thin films using continuous and modulated glow discharges and
found that carboxyl group present in the acrylic acid have ability to enhance
fibroblasts adhesion. Vrekhem et al. (2015) developed two types of coatings to
enhance the adhesion using dielectric barrier discharge; first between polymer and
polymethylmethacrylate (PMMA) bone cement, and second between polymer and
osteoblast cells. The cell adhesion and proliferation were tested by means of an
MTS assay and live/dead staining after culturing osteoblast precursor cells
(MC3T3) on the plasma treated materials. Both the methods considerably enhanced
polymer adhesion to bone cement and plasma treated polymer surface to increase
the cell adhesion and proliferation. Pandiayaraj et al. (2010) have used dip coating
method to fabricate a thin layer of TiO2 on the air plasma treated PET substrate and
such TiO2/PET films were modified using DC glow discharge air plasma as a
function of was discharge potentials (350, 400 and 450 V). The biocompatibility of
the TiO2/PET films studied by measuring nucleation and growth of calcium and
phosphorous on the TiO2/PET film surfaces after immersion in simulated body
fluids (SBF) for different days and examined by scanning electron microscopy
(SEM). XPS results revealed that the air plasma treatment of TiO2/PET film can
enhance the proportion of Ti3+ in Ti2p and reduce carbaneous content on the
surface. The changes in chemical and surface topography stimulate the growth rate
of bone like apatite layers on the plasma modified TiO2/PET film surface as shown
in the Fig. 7.
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A study demonstrated the correlation between plasma and protein based surface
modification of polycaprolactone (PCL) scaffold using three approaches; (i) oxygen
plasma treatment, (ii) protein coating, and (iii) oxygen plasma treatment followed by
protein coating called as combined modification (for understanding the synergetic
effect of surface modification by plasma and protein) and studied the effect on cell
interactions (Yildirim et al. 2010). The significant increase in cells proliferation and
differentiation result in mature osteogenic cells on combined modified scaffolds was
achieved in comparison to other two types, which explained the combined effect of
improved surface roughness, change in surface chemical functionality and increased
protein adsorption on the surface of the scaffold. Increase in roughness enhanced
adherence and endothelialisation during cell growth on patterned surfaces.
Commonly, cells respond differently when they are cultured on any physically
gradient surface in comparison to a chemically uniform surface. Another study
demonstrates that plasma functionalized fluorocarbon based surfaces provide stim-
ulus to coronary endothelial cells resulting in improved endothelialisation of vascular
grafts (Pezzatini et al. 2008). It is attributed that fluorocarbon films enhance the
adhesion and spreading of cells by creating a defined roughness (pattern) of the
surface of substrate (Gristina et al. 2008). Authors have observed interaction of
protruding filopodia from the cell membrane with individual structure of the mate-
rial’s surface resulting in more cell spreading, viability and attachment. Adhesion,
growth and proliferation of endothelial cells as a function of duty cycles in plasma
treatment were evaluated by calculating the percent carboxylic groups and thickness
of coating on the material surface (Bhattacharyya et al. 2010; Xu et al. 2011). A study
on plasma treated polystyrene showed that treatment times do not significantly affect
the morphology of endothelial cell. However, the cell count was influenced by

Apatite layer

TiO2/PET Surfaces

Fig. 7 The cross-section SEM image of plasma-treated TiO2/PET exposed to SBF for 28 days.
(Reproduced with permission from ref. Pandiyaraj et al. 2010)
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treatment time in a continuous manner (Kooten et al. 2004). Unlike various cell lines,
human mesenchymal cells are very sensitive to small change in surface chemistry
that can ultimately affect the rate and quality of neo-tissue.

Nitrogen and ammonia plasmas can be used to functionalize surface of the
biomaterial. Finke et al. (2011) employed microwave/RF plasma discharges of
allylamine and ethylenediamine as monomer precursors, respectively, to coat
nitrogen on titanium alloy substrate. The adhesion and spreading of MG-63
osteoblastic cells was found to be improved on these positively charged surfaces.
However, authors’ findings suggested no direct correlation between the densities of
primary amino groups and an enhanced cell growth. In fact, other
nitrogen-functional groups like, acid amides or imides play a vital role for initial
cell behaviour. The amine functionalities present at the membrane surface can also
be used for covalent binding of ligands such as heparin for blood compatibility
applications. Nitrogen containing substrates improves cell adhesion, thus its surface
patterning can be useful for implant coating, guided cell growth in tissue engi-
neering, and also as cell capturing surfaces for biosensing and diagnostics. Zheng
et al. (2015) used low temperature ammonia plasma to modify the surface of PET
films, which showed improved cell affinity and it can be applicable in promoting
cell adhesion and growth on the material surface. When cells interact and attract to
the extracellular matrix (ECM) proteins, they are bound to retain their structure. For
example, plasma polymerized poly-lysine surfaces are very promising for their
properties such as attachment and growth of cells in nerve repair and also for other
tissue engineered materials (Feng et al. 2003).

Several studies have been conducted to examine the potential of plasma surface
modification in cell-culture for developing suitable tissue construct and devices.
Chen et al. (2013) have successfully grafted N-vinyl-2-pyrrolidone (NVP) on the
polystyrene films that was treated with gaseous (Ar, O2 and Ar + O2) plasma. Cell
culture experiments on L929 cells suggested better cell growth and proliferation on
the modified polystyrene surfaces. Additionally, Ar + O2 plasma treated polystyrene
film showed better cell distribution and growth rate in comparision to pure Ar or O2

treated polystyrene films. Hsu and Chen (2000) have exposed polyurethane film to Ar
plasma followed by L-lactide grafting and their cell compatibility against human
umbilical vein endothelial cell lines and 3T3 fibroblast. The in vitro cell analysis
revealed that the modified surface enhances the cellular adhesion and simultaneously
decreases the activation of the platelet. Jiao et al. (2012) have treated poly (L-lactic
acid) (PLLA) films using ammonia plasma as a function of power and treatment time
and examined cytocompatibility using rat osteoblast-like cells. The density of amino
functional group on the treated PLLA films increased initially and then decreased by
increasing the power and treatment time. The promotion of cell adhesion and pro-
liferation was considerably increased on the plasma treated PLLA film surfaces. Li
and Huang (2007) used O2 plasma to treat polyurethane (PU) films and also
immobilized type I collagen on the PU surface. The results showed superior cell
growth and adhesion of HeLa cells on collagen immobilized PU films and plasma
treated PU films in comparision to the untreated PU. Some cell lines require a specific
cell phenotype and that should remain throughout the culture for obtaining suitable
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cell function. For example, hepatocytes function by maintaining round morphology,
which could become fibroblastic in nature if these cells spread on the material sur-
face. Ding et al. (2004) have reported that chitosan immobilization on PLLA by
plasma coupling reaction showed that the morphology of hepatocyte cells tends to
become round, however the rate of proliferation similar to cell culture plate. Along
similar lines, Khorasani et al. (2008) reported the surface modification of poly
(L-lactic acid) (PLLA) and poly (D, L-lactic acid-coglycolic acid) (PLGA) using O2

plasma treatment. The cell affinity of O2 plasma treated film was assessed by nervous
tissue B65 cell culture. Results showed that the O2 plasma treatment increased the
hydrophilicity which thereby improved the cell adhesion in comparison to the pris-
tine films. Lee et al. (2014) employed APPJ treatment for immobilization of L929 cell
on polystyrene plate (PSP) without substantial change in surface roughness. This
study also showed formation of actin filament and expression of vinculin (focal
adhesion marker).

Pandiyaraj et al. (2016a) have used cold atmospheric pressure plasma technique
to tailor the surface of low density polyethylene (LDPE) films to improve their
adhesion and cytocompatibility at variable treatment parameters like, power, time
and gas (Ar, O2, air and Ar + O2). Cold atmospheric pressure plasma unit used in
this experiment is shown in Fig. 2. From XPS study it is clear that the incorporation
of oxygen containing polar functional groups onto the surface of LDPE films is in
the order of UT < Ar < O2 < Air < Ar + O2. LDPE films treated under higher
discharge potential (14 kV) and treatment time 60 s showed improved surface
roughness and functionalization. Plasma generated at 14 kV using Ar + O2 gas
incorporates polar functional groups such as C–O, C=O, –C=O, O–C=O etc. The
gas flow rate was seen to affect the formation of polar functional groups propor-
tional to the oxygen flow rate (0.2 < 0.4 > 0.6 liter per min (lpm)). The incorpo-
ration of polar functional groups with increase in surface roughness was found to be
higher for sample treated at 0.2–0.4 lpm flow rate of O2 gas in the Ar plasma
regime. The plasma effect was not that significant when oxygen flow rate was
increased to 0.6 lpm in Ar plasma regime which may be due to the decrease in
electron density in the plasma at higher concentration of oxygen. The decrease in
electron density is mainly due to smaller ionization cross section of oxygen, as
compared to argon. Moreover, the addition of oxygen increased the resistance of
plasma due to higher electron affinity of electronegative oxygen gas i.e. discharge in
oxygen have negative ions that causes reduction in electron density (Rhee et al.
2007; Mansour et al. 2013; Rudd et al. 1983). This oxygen gas flow in Ar plasma
regime thus affected NIH-3T3 (mouse embryonic fibroblast) cells adhesion and
proliferation respective to the degree of surface modification of LDPE. Ar + O2

treated LDPE films (treatment time of 30 s) showed increase in cell compatibility
and also confirmed their non-toxicity to cells. Figure 8 shows the fluorescence
microscopic images of NIH-3T3 cell adhesion and rate of proliferation on the
surface of LDPE films with respect to time.

LDPE films treated with Ar + O2 plasmashowed cell adhesion and proliferation
equivalently well without introducing any discrepancy in cell physiology and
morphology, in comparision to tissue culture plates (TCP). Hence, cold atmospheric
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pressure plasma treatment can be used to induce cyto-compatible properties on
LDPE films. This study is clearly indicating the importance of plasma processing
parameters and their optimum ratios for generating biocompatibility in the poly-
meric materials.

Polystyrene (PS) and poly(methyl methacrylate) (PMMA) films have also been
treated with atmospheric pressure DBD plasma for increasing the cell-material
interaction (Borges et al. 2013). The results indicated higher L929 cell proliferation
in PMMA films in comparision to PS film, which was predicted as a function of
higher surface roughness in PMMA films after plasma treatment. Rimpelov et al.
(2014) have also shown the potential use of argon plasma for the modification of

Fig. 8 Fluorescence microscopic images of NIH-3T3 cell adhesion on CAP plasma treated LDPE
film surfaces as a function of O2 gas flow rate in Ar plasma regime for different incubation times of
6, 12, 24 and 48 h (scale bar: 100 µm). (Reproduced with permission Ref. Pandiyaraj et al. 2016a)
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PLLA surface for improving the adhesion and proliferation activity of HaCaT cells.
Atmospheric pressure plasma was used to modify poly(D,L-lactic acid) (PLA) film
surfaces by depositing 1,2-diaminopropane and acrylic acid as precursors to
incorporate –NH2 and –COOH groups respectively on PLA surface (Reno et al.
2012). The in vitro analysis states that the surface modification influences the cell
adhesion and proliferation of 3T3 (mouse fibroblast), HaCaT cells (human ker-
atinocytes) and MC-3T3 E1 (mouse pre-osteoblast). Moreover, cell proliferation
assessed after 48 h by Tox-8 assay was found to be significantly higher for
osteoblast cells and keratinocytes seeded onto both PLA–NH2 and PLA–COOH
films in comparison with untreated PLA films. Neděla et al. (2016) have studied the
effect of argon plasma treatment on functionalized polyethylene naphthalate (PEN).
The plasma modified PEN has a positive effect on adhesion and proliferation of
vascular smooth muscle cell (VSMC).

Various biodegradable polymers such as poly(glycolic acid) (PGA), poly
(L-lactic acid) (PLLA), and PGA coated with PLLA are used in cell transplantation
and in vivo regeneration of vascular tissue. Chu et al. (1999) have employed RF
glow discharge ammonia plasma for modification PLLA substrates. Their findings
indicate that the modified PLLA and fibronectin (Fn)-coated modified PLLA
exhibit substantial enhancement in rabbit microvascular endothelial cell
(RbMVEC) and human vascular endothelial cell (HUVEC) as compared to PLLA
and Fn-coated PLLA. Ammonia plasma treatment suitably modifies prosthetic
biomaterials of various constructs with the subsequent transplantation of mam-
malian cells to be used in biological implants or tissue engineering. Bhattacharyya
et al. (2010) have studied the effect of surface chemistry and plasma deposited film
thickness effect on human aortic endothelial cells (HAEC) adhesion and prolifer-
ation. Adherence and growth rates of HAEC on pulsed plasma polymerized poly
(vinyl acetic acid) films were measured as the function of surface density of –

COOH groups. The duty cycle of the pulse was adjusted to produce films con-
taining 3.6–9% –COOH groups. The percentage of –COOH groups was estimated
from total carbon content as calculated from XPS data. HAEC exhibited enhanced
cell adhesion and proliferation with increase in –COOH surface densities. The
pulsed plasma polymerization time was varied to obtained films thickness varying
from 25 to 200 nm. Further it was found that the growth was also dependent on the
film thickness which was unexpected. Vascular grafts and stents made from
biodegradable material with improved biocompatibility are in demand, particularly
for pediatric patients. Poly(L-lactic acid) (PLLA) is a biodegradable polymer which
is FDA-approved and is promising material for such applications. However, due to
poor surface properties particularly hydrophobic nature of PLLA surface, tissue
culture studies have shown that the attachment of endothelial cells (ECs) and their
growth occurred relatively slow on PLLA surfaces. As a result, the slow EC
recovery on the luminal side of PLLA stents provides an increased risk of induced
thrombosis. In order to enhance surface properties of PLLA films, RF pulsed
plasma polymerization was carried out and poly(vinyl acetic acid) monomer was
used as a precursor (Xu et al. 2011). FTIR and XPS study revealed the incorpo-
ration of polar functional groups. Pulsed plasma polymerization was employed to
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introduce –COOH surface groups onto the surface to further conjugate fibronectin
(FN), followed by attachment of vascular endothelial growth factor to FN. Pig aorta
ECs (PAE) and kinase-insert domain-containing receptor (KDR) transfected PAE
showed increase in cell adhesion and proliferation, as well as significantly enhanced
cell retention under fluidic shear stress on surface-modified PLLA in comparision to
untreated PLLA. The results obtained clearly indicate that this combined surface
modification technique using poly(vinyl acetic acid) deposition, FN conjugation,
and vascular endothelial growth factor surface delivery can enhance endothelial-
ization on PLLA, particularly when employed in conjunction with the growth of
KDR-transfected ECs. The discussions in this section strongly support the idea that
plasma-modified surfaces represent a very promising tool to modulate material
surface and tune the complex cell behaviour for specific biomedical application.
Table 3 has summarized some of the studies presenting the surface modification of
materials using various plasmas and their effect on cell adhesion and growth.

5.5 Plasma-Surface Modification of Implants

The aging, genetic disorders and acute accidental skeletal injuries are prone to
degenerate or destruct human skeletal system that result in pain, inflammation and
joint stiffness. On an average, 90% of the population in their 40 s suffers from some
degree of degenerative joint disease (Long and Rack 1998). When natural bone and
joints no longer function adequately or the patient requires surgical support to
relieve pain and increase the mobility, replacement of such defective bone and joint
is required. Artificial materials such as metal, plastic or ceramic, are currently used
as a gold standard clinical applications like hip and knee joint surgeries. The first
knee replacement surgery was executed in 1968. Since then, advancements in
surgical procedures and designing of implants have made this surgery one of the
most successful clinical practices in biomedical field. Two decades back, more than
a million total joint replacement surgeries were carried out across the globe to cure
individuals suffering from severe arthritis and joint injury (Sioshansi and Tobin
1996). However, a recent report suggest that this number has increased worldwide,
where only in US more than 7 million bone replacement surgeries (2.5 million hip
replacement and 4.7 million knee replacement) were performed in 2010 (Kremers
et al. 2015). Natural synovial joints like shoulder joints, hip, and knee are intricate
and fragile structures that must function under stressed, adverse and complex
conditions. The optimal performance of a human joint is governed by the desired
combination of articular cartilage, a load-bearing connective tissue covering the
bones in the joint and synovial fluid (Mow and Soslowsky 1991; Park and Lakes
1992).

A decisive factor for metallic implants is their rapid human body-cell acceptance
and resistance to bacterial adhesion on their surfaces. Such anomalous events could
be triggered by surface properties. Most artificial joints are made up of metallic
component with a polymer. In order to improve the tribological properties as well as
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resistance to wear and tear of the metallic components in the artificial joints, various
surface modification techniques have been suggested including plasma-grafting,
plasma coating and ion implantation (Mckellop and Rostlund 1990; Rieu et al.
1991; Chengwei et al. 1995). As discussed in the earlier section, plasma surface
treatment is one of the potential techniques to modify the materials surface for the
improvement of cell compatibly. Moreover, latest developments of producing
non-thermal or so-called cold atmospheric pressure plasmas pave the way for wide
range of biomedical applications. Instead of understanding about fungicidal, bac-
tericidal, and virucidal properties of cold atmospheric pressure plasmas, information
about its effects on mammalian cells and tissues is still lacking. Functionlisation of
large volume 3-D (both surface and bulk) scaffolds is highly desirable without any
change in its structural properties. Chemical functionalisation of scaffolds can
provide desired conditions for immobilisation of signalling biomolecules over the
entire volume of the porous scaffolds.

Schröder et al. (2010) showed that antimicrobial properties can be imparted on
titanium surface by plasma-based copper implantation, which allowed the release
and generation of small concentrations of copper ions during contact with body
fluids leads to an antimicrobial effect. This titanium surface was also functionalized
with amino groups by the deposition of an ultra thin plasma polymer using a
precursor monomer allylamine. This coating improved the adhesion and spreading
of osteoblast cells without significantly reducing the generation of copper ions.
Titanium samples coated with the cell-adhesive plasma polymer implanted in
the intramuscular region in rats, showed a reduced inflammatory reaction as
compared to uncoated titanium. In another study, microwave plasma of allylamine
was used to coat a polymer film on titanium to boost the initial adhesion processes
(Finke et al. 2009). The deposited layer of PPAAm was very thin (<50 nm),
adherent, crosslinked, pinhole and additive free, and was found to be resistant to
delamination and hydrolysis. The functionalization of titanium surface was found to
be useful in osteoblastic focal adhesion formation and differentiated cell functions
in vitro. Plasma surface modification of PPAAm could be an alternative approach to
enhance the biocompatibility of titanium implants. Studies in cell culture investi-
gations and implantation in rats revealed positive effects in in vitro and an in vivo
performance compared to untreated samples. Titanium was also modified for
functionalizing with –OH, –COOH, and –NH2 using plasma polymerization of
acrylic acid, allylamine and allyl alcohol, respectively (Ko et al. 2012). They further
investigated the formation of bone like apatite on these functionalized titanium
surfaces, wherein –OH, –COOH, and –NH2 groups provided different behaviours to
titanium surfaces in terms of bone-like apatite formation. COOH/Ti was favourable
for bone-like apatite formation as compared to untreated Ti, OH/Ti and NH2/Ti.
Roy et al. (2011) reported synthesis of nano-hydroxyapatite (HA) coating on pure
titanium using inductively coupled RF plasma spray (using normal and supersonic
plasma nozzles) and their in vitro and in vivo biological response. The normal
plasma nozzle based coating lead to improved phase decomposition, high amor-
phous calcium phosphate (ACP) phase formation, and substantial dehydroxylation
of HA. On the other hand, coatings prepared by supersonic nozzle maintained the
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crystallanity and phase purity of HA owing to relatively short exposure time of HA
particles in the plasma. The microstructural analysis indicate that the coating is
made of multigrain HA particles having *200 nm, which consisted of recrystal-
lized HA grains in the size range of 15–20 nm. The type of nozzle and working
distance have a strong influence on HA coating properties while, plate power had
little influence. The histological response of HA coatings prepared with supersonic
nozzle were evaluated in vivo using the cortical defect model in rat femur. After
2 weeks of implantation in vivo, early implant-tissue integration was evident by the
formation of osteoid on the HA coated implant surface.

Besides, several polymeric materials are also used as an implant in reconstructive
surgery. Their surface modification in terms of better tissue-integrity is one of the
important areas of research to improvise their performance. Considering these
requirements, several studies have been conducted in the recent past. For example,
Nandakumar et al. (2012) have used electro-spinning to fabricate fibrous 3-D
scaffolds made of poly(ethylene oxide terephthalate)/poly (butylene terephthalate)
copolymer to replicate the physical microenvironment of ECM. RF oxygen plasma
exposure enhanced surface roughness of fibres at nano-scale with respect to plasma
treatment time. Noticeable adsorption of bovine serum albumin (BSA) was found
when scaffolds were subjected to plasma (for 15 and 30 min) in comparision with
control fibres. Poly(L-lactic acid) (PLLA) nanofibers (NF) were produced using
electrospinning technique and modified with cationized gelatin (CG) to enhance its
compatibility with chondrocytes and to show in vivo and in vitro possible appli-
cations of CG-grafted PLLA nanofibrous membranes (CG-PLLA NFM) as a carti-
lage tissue engineering scaffold (Shen et al. 2007). In order to introduce –COOH
groups on the surface of PLLA NF they were first exposed to oxygen plasma,
followed by covalent grafting of CG molecules using water-soluble carbodiimide as
the coupling agent. In vitro studies showed that CG-PLLA NFM could enhance
viability, proliferation and differentiation of rabbit articular chondrocytes as com-
pared to pristine PLLA NFM. The firm attachment of chondrocytes and in-growth of
cells into the interior of CG-PLLA NF membrane was observed in SEM and also
confirmed that cell morphology was unaltered. Enhanced cell differentiation in
CG-PLLANF membrane was affirmed by improved glycoaminoglycan and collagen
secretion. The in-growth cells maintained the expression of characteristic markers
like collagen II, aggregan and SOX 9 of chondrocytes. Further, cell–scaffold con-
structs were implanted subcutaneously using autologous chondrocytes. The histo-
logical examination and immunostaining confirmed the genesis of ectopic cartilage
tissues. These results indicate the potential of plasma surface modification followed
by grafting of CG molecules onto PLLA NF membrane to support chondrocyte
proliferation, differentiation and cartilaginous matrix biosynthesis. Poly
(L-lactide-co-D/L-lactide) based fiber meshes similar to structural features of the
native extracellular matrix (ECM) were produced by electro-spinning
(Schnabelrauch et al. 2014). Subsequently these fibres were coated with an ultra-
thin plasma polymerized allylamine (PPAAm) layer, to change its hydrophobic
nature into a hydrophilic polymer network (as evident from contact angle mea-
surements) and incorporated positively charged amino groups on the fiber surface so
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as to interact with negatively charged pericellular matrix (PCM) components. Thus,
the grafting of positively charged amino containing groups on PPAAm surfaces
favoured an improved cell spreading on human gingiva epithelial cells (Ca9-22) and
human uroepithelial cells (SV40-HUC-1). However in vivo study of a rat intra-
muscular implantation model indicated no change in local inflammatory tissue
response in PPAAm-coated versus untreated polylactide meshes, which validated
that the coating has no influence on the local inflammatory reaction. On the basis of
these inferences, incorporation of positively charged amino groups onto
biodegradable polymer mesh surfaces using plasma processing seems to be a
promising approach to enhance the cellular acceptance of these materials. A study
demonstrated the difference between wet chemical processing using ethylenedi-
amine and a plasma glow discharge method using precursors heptylamine for the
treatments of tissue engineering scaffold made of poly(lactide-co-glycolide)
(PLGA). The plasma treatment incorporated amide and protonated amine (NH+)
groups onto the surface and the bulk of the porous scaffold. Wet chemical processing
also incorporated these (NH+) groups but the structural and chemical integrity were
severely affected. Comparative examinations suggested that the RF glow discharge
plasma treatment was more effective and appropriate. Thus plasma treatment was
found to be useful in achieving functionalisation of 3-D objects without compro-
mising on the structure and chemical integrity of scaffolds, hence maintaining their
properties important for tissue engineering applications.

Welz et al. (2013) have focused on the interaction of cold atmospheric plasma
with healthy head and neck mucosal cells at molecular level. The initial finding
suggested no mutagenic effects after exposure to cold atmospheric plasma as
confirmed by Comet assay. The results for pharyngeal and nasal tissue showed that
cold atmospheric plasma treatment can reduce cell viability as a function of treat-
ment time without significant damage to DNA. The results therefore show that the
exposure of mucosal tissue cultures to cold atmospheric plasma does not have a
significant mutagenic effect for treatment times of up to 120 s. Boxhammer et al.
(2013) used the same plasma device (MiniFlatPlaSter), and found that the treatment
times up to 240 s did not induce any mutations in V79 lung fibroblast hamster cells.
On the other hand Arndt et al. (2013) showed that 120 s of cold atmospheric plasma
treatment using the MiniFlatPlaSter device induced phosphorylation of H2AX in
two melanoma cell lines. Nevertheless, a shorter duration of plasma treatment time
of 60 s did not show any DNA-DSBs in the same experimental setup. Similarly,
DNA damages were also reported as a function of plasma treatment time in different
cold atmospheric plasma devices and cell lines (Vandamme et al. 2012; Sensenig
et al. 2010; Kalghatgi et al. 2010). However, a comparison of various experimental
findings obtained using different cold atmospheric plasma devices is difficult
because of the variation in the production of their respective components. Kalghatgi
et al. (2010) have explained dose-dependent DNA damage using cold atmospheric
plasma by the formation of DNA crosslinks mediated by plasma induced intra-
cellular reactive oxygen species (ROS), which is potentially harmful for the cellular
metabolism. Cold atmospheric plasma induced intracellular ROS formation has
been reported by several researchers (Vandamme et al. 2012; Sensenig et al. 2010;
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Lupu and Georgescu 2010). It is well known that low doses of ROS have a positive
effect on cell proliferation but induces mutagenesis, whereas high doses of ROS
inhibit cell proliferation, induce cytotoxic effects which could lead to apoptosis of
cells (Dreher and Junod,1996; Iyer and Lehnert 2002). Understanding of plasma
treatments that directly affect cell behaviour are still in the initial stage and need
more attention to validate their suitable use in the development of advanced
biomedical devices and implants.

5.6 Plasma-Surface Modification for Blood Contacting
Devices

Biocompatibility is not an intrinsic property of a material. It is one of the essential
parameters of any material’s selection and application in biomedicine, which entails
it to have hydrophilicity and a low friction coefficient. The interactions between an
implant and the surrounding tissues are very complicated. Most classes of poly-
meric materials have good mechanical strength and stability but they suffer due to
the issues related to surface-induced thrombosis. When the device/implant comes in
contact with blood, the deposition of plasma proteins (like fibrin) leads to the
formation of thrombosis on the surface of implanted biomaterial followed by
adhesion of platelets. The adhesion, activation and spreading of platelets and
protein deposition are determined by the interaction between the plasma proteins
and the surface of the implant. The main problem associated with blood contacting
devices (like, artificial heart valves, catheters, various joints and implants) is that the
surface of the artificial organ is not recognized by blood. In general, urgent
replacement of artificial prostheses is indispensable for the patients who suffer with
heart-valve disease and arteriosclerosis. Unfortunately, most of the products do not
provide stable long term biofunctionality. Therefore, surface engineering is required
in the biohybrid organ systems, which should posses a blood-contacting side that
have an excellent hemocompatibility and a tissue-contacting side that should be
cytocompatible. Materials used for such implants may have excellent resistance to
wear, fatigue and degradation. However, the main problem of these materials is
thrombogenicity (Goodman et al. 1996). For example, vascular prostheses used to
replace large arteries works very well, but small-caliber artificial grafts having
internal diameter of less than 5 mm do not work well. This may happen due to the
localized constriction (stenosis) in the vascular graft, which eventually restricts the
blood flow through the affected vessel (Mustard and Packham 1975). Therefore, in
order to minimize the risk of thromboembolic complications in patients, antico-
agulation therapy is necessary. Hence, it is necessary to either find new biomaterials
with better blood compatibility or suitably modify the existing blood contacting
materials.
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Among the number of different surface treatment processes, plasma surface
modification technique is preferred due to its various advantages as discussed in the
Sect. 3. To make biomedical devices blood compatible, DLC and TiO thin films are
deposited using plasma assisted techniques. PIIID process makes it possible by
doping its surface with elements like calcium or phosphorous. The surface chemical
composition, texture and morphology play a vital role in longevity and performance
of such implants thus two major areas widely focused upon are; (1) basic problem
governing the bioactivity and the compatibility of the biomaterials and medical
implants with tissues, and (2) anticoagulation of blood on various artificial
cardio-vascular materials. The general procedure to make surfaces
anti-thrombogenic is grafting of specific functional groups using plasma/PECVD
followed by immobilization (covalent, ionic, adsorption) of anti-thrombotic mole-
cules on to the polymers. Polymeric materials have certain advantages such as light
weight, easy processability and moldability, excellent resistance to corrosion, good
mechanical properties etc. However, its poor surface properties particularly
hydrophobicity and low surface energy causes undesired coagulation, throm-
boembolism and variable response to natural tissues. Immobilization of the protein
is one of the ways of imparting anti-thrombogenic property in the blood-contacting
materials, since polymeric material can be tailored easily to meet the requirements
of tissue engineering. Previous study supports the use of synthetic polymers
application as the implants and devices such as artificial heart-valves and artificial
blood vessels (Favia and d’Agostino 1998). Application of plasma to improve the
anti-thrombogenic property of the polymers is detailed discussed in this section.

For blood contacting devices, minimal interactions with the biological envi-
ronment and non-fouling properties are important to obtain a good hemocompati-
bility and decrease the amount of thrombus formation. For example, blood bags
used for hemodialysis are made of polyvinylchloride (PVC) with plasticizer
membranes fabricated with polypropylene (PP). Polyethylene-therephtalate
(PET) and Polytetrafluoroethylene (PTFE) are the materials of which modern
vascular prostheses are made. Heart valves are made of PET or PTFE with metal
leaflets that have pyrolytic carbon coating. These polymeric materials have some
desirable bulk properties but have poor surface properties. For example, PTFE as a
biomaterial has following suitable bulk properties: (i) high chemical inertness,
(ii) low coefficient of friction and (iii) good thermal stability. However, due to low
surface energy, thrombogenic reaction gets induced on the surface of PTFE when it
comes in contact with blood resulting in poor performance as a small diameter,
synthetic arterial substitute (Formichi et al. 1988). Therefore, immobilization of
anti-thrombogenic molecules/moieties onto the polymeric surface provides means
to alter the chemical, physical, biological and morphological attributes of the
material’s surface. Surface modification techniques that have been used to enhance
cell seeding on blood contacting prostheses include immobilization of collagen,
laminin, fibronectin, and similar like proteins and peptides. The removal of fluorine
containing groups from the surface and introduction of desired functionality such as
hydroxyl, carbonyl, carboxyl and amino groups also enhances material’s compat-
ibility (Sodhi 1996). Plasma surface modification technique is suggested as the best
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choice for the modification of fluoropolymer surfaces. Clark and Hutton (1987)
have demonstrated the use of hydrogen plasma for rapid defluorination of
fluoropolymers up to a depth of 2 nm. Nitrogen plasma treatment to the surfaces of
PTFE and ePTFE vascular graft also revealed the improved endothelial cell
adhesion (Dekker et al. 1991; Griesser et al. 1994). PTFE and PET surface were
modified using argon plasma followed by series of coatings/grafts using collagen
and laminin, and subsequent immobilization of bioactive molecules like PEG,
heparin or phosphatidyl choline via carbodiimide crosslinking. Plasma induced
surface grafting and immobilization of biomolecules changes the surface conditions
of vascular grafts. In vitro studies indicated significant reduction in fibrinogen
adsorption and platelet adhesion on such modified surfaces which results in
improving the biocompatibility (Chandy et al. 2000).

Pandiyaraj and his group have contributed extensively to understand the phe-
nomena plasma surface modification of various polymeric materials and also
develop novel surface treatments, polymerization and biomolecules immobilization
approaches using various types of plasma for improving their biomedical appli-
cability (Pandiyaraj et al. 2009, 2010, 2014b, 2015, 2016a, b, c, d, e). Various
gaseous plasmas like, Ar, O2, Air and Ar + O2 have been used to modify the
surface of LDPE films by low temperature DC excited glow discharge plasma and
their in vitro blood compatibility has been studied (Pandiyaraj et al. 2014b).
Ar + O2 plasma treated LDPE film showed dramatic decrease in contact angle,
which indicate that the surface has become more hydrophilic. Such hydrophilic
surfaces cause the inhibition of platelet adhesion and protein adsorption. The whole
blood clotting time (WBCT) for untreated LDPE film was 220 s, whereas plasma
treated LDPE film exhibited improvement (i.e. WBCT was 475 s). Moreover,
plasma treated films also showed reduction (up to 64%) in the formation of
thrombus (Fig. 9).

Polyethylene glycol (PEG) is considered to be a suitable biocompatible polymer
which has been examined for various biomedical applications. Similarly, its
application for developing suitable biocompatible and hemocompatible surface

Fig. 9 Graph shows the
amount of whole blood
clotting time and formation of
thrombus on the untreated
(UT) and surface modified
(Ar + O2 and chitosan) LDPE
films. (Adopted with
permission from Pandiyaraj
et al. 2014b)
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preparation in combination with plasma processing have also been studied, some of
them are discussed here. A study demonstrated PEG grafting on LDPE films by
subjecting to DC glow discharge Ar plasma treatment (350 W, 5 min, 0.2 mbar)
followed by O2 purging in the absence of plasma for 20 min, which leads to the
incorporation of oxygen moieties that are able to initiate plasma grafting of acrylic
acid (AAc). Thereafter, plasma grafting of polyethylene glycol (PEG) was carried
out for further enhancement of bioactivity. In adition to this PEG grafted surface
acts as a spacer for immobilization of biomolecules like chitosan (CHI) (Pandiyaraj
et al. 2015). These modified LDPE films inhibit the adhesion of platelets,
adsorption of proteins and formation of thrombus in order of UT < Ar
plasma < AAc < PEG < CHI. Finally, the CHI immobilized LDPE film showed
improved biocompatibility measured in terms of WBCT (600 s),
anti-thrombogenesis, low protein adsorption and reduced platelet adhesion. The
chitosan modified LDPE film showed reduced thrombus formation up to 38% as
shown in Fig. 9. The C1 s XPS of the acrylic acid grafted on LDPE film is fitted
with three components centered at 285.0 (83%), 286.4 ± 0.1 (9%) and
288.7 ± 0.2 eV (9%) (Fig. 10a). The presence of ester and/or carboxylate group
clearly confirms the successful grafting of AAc on the surface of LDPE films.
However when PEG was grafted on such surface, it shows two predominant peaks
at 285.0 and 286.8 eV which is assigned to C–C/C–H and C–O groups respec-
tively. It also shows a very small peak at 288.5 eV corresponding to ester group
(O–C=O) of AAc film, probably due to a very thin layer or partial covering of AAc
grafted LDPE films by PEG. After CHI immobilization, the relative intensity of

Fig. 10 C1S XPS spectra of untreated (UT), AAc, PEG and CHI immobilized LDPE films. SEM
photograph of in vitro platelet adhesion tests: a untreated, b AAc grafted, c PEG immobilized and
d CHI immobilized LDPE films and (e). (Reproduced with permission from Pandiyaraj et al. 2015)
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peak at 285.0 eV decreased which corresponds to CH3 in the acetylated chitosan
moieties and also to aliphatic carbon from the underneath layer. The intensity of
second peak at 286.8 eV corresponding to C–O in polysaccharides such as cellu-
lose and chitosan is increased confirming the successful grafting of CHI molecules.
Nevertheless there could be some contribution to this peak from the lower PEG
layer. Understanding the effect of plasma surface modification, LDPE films were
also analyzed by scanning electron microscope (SEM) for monitoring the in vitro
platelet adhesion on the LDPE films (Fig. 10b–e). The untreated LDPE film shows
highly dense platelet adhesion and accumulation on the surface. On the other hand,
adhesion and accumulation of platelets was found to be further suppressed on AAc
and PEG grafted LDPE films, which was almost absent on the chitosan
(CHI) immobilized LDPE film surfaces. These results indicate that the surface
modification of a material using plasma can make the material more biocompatible
and provide flexibility to manufacture various biomedical devices.

A material’s biocompatibility can also be affected by their molecular weight,
which was demonstrated by Pandiyaraj et al. (2016e) by grafting of different
molecular weight PEG (MW: 400, 4000 and 6000) on PET substrate. PET films
were subjected to low pressure DC argon plasma followed by post plasma grafting
of AAc. Grafting of PEG with different molecular weights was then carried out and
their effect on in vitro hemocompatibility was studied. The in vitro analysis showed
that PEG grafted PET film extends the formation of thrombus and lowers the
adhesion of platelet. The molecular weight-4000 of PEG polymer was found to
be optimum. In another experiment, PET films were modified using argon plasma
for 10 min at discharge potential and working pressure of 400 V and 0.2 mbar,
respectively, to create free radicals and to alter surface morphology so that the post
plasma grafting of monomer would be successful (Pandiyaraj et al. 2009). Such
argon plasma treated PET films were then dipped in acrylic acid solution followed
by dipping in PEG solution. PEG provides reactive sites and acts as a spacer for
immobilization of biomolecules (i.e. heparin or insulin) onto the PET surface. The
result confirms that the platelet adhesion and protein-adsorptive resistance of
Hep/Ins-PET were significantly improved. The WBCT of the untreated PET was
258 s and was found to have increased to 715 and 708 s on the heparin and insulin
immobilized PET film, respectively. WBCT was seen to have increased approxi-
mately to 64% in surface modified PET film surfaces.

Cold atmospheric pressure (CAP) plasma assisted polymerization approach has
been used to successfully enhance the anti-thrombogenic property of the
polypropylene (PP) (Pandiyaraj et al. 2016c). In this study, PP films were first
subjected to Ar plasma for 60 s followed by passage of oxygen gas in the plasma
chamber in absence of plasma to incorporate oxygen moietes. Further, acrylic acid
(AAc) and polyethylene glycol (PEG) in vapor phase were used as precursors for
plasma grafting to develop biofunctional coatings on the surface of PP films.
Immobilization of biomolecules (insulin, heparin and chitosan) was carried out on
these functionalized PP films using wet chemistry. Incorporation of; (i) C–O, C=O
and O–C=O groups confirmed successful grafting of AAc and PEG, (ii) C–N, C–O,
C=O, O–C=O and C–Si groups confirmed immobilization of heparin and insulin,
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(iii) C–N, C–O and C=O groups confirmed immobilization of chitosan as evident
from XPS and FTIR. The contact angle of untreated PP film with respect to water
was 92.2°, which reduces to less than 20° for biomolecules immobilized films
indicating strong hydrophilic nature of the immobilized surface. The in vitro
analysis indicates that the adhesion and activation of platelets reduced dramatically
for AAc and PEG grafted PP films. Further, there is no evidence of adhesion and
activation of platelets on the surface of biomolecules immobilized PP films. The
quantitative reduction of platelets (90%) and their adhesion on the biomolecules
immobilized surfaces was observed in comparision to untreated PP films.

The grafting of PEG on to the allylamine film deposited on silicon wafers using
plasma polymerization prohibited the adsorption of horseradish peroxidase
enzymes and collagen (Cole et al. 2007). A considerable reduction of c-globulins
adsorption was achieved by successful immobilization of PEG on to poly (vinyli-
dene fluoride) membrane (Wang et al. 2002). Deposition of DLC coating using
plasma polymerization of acetylene followed by ammonia plasma treatment and
immobilization of heparin prolongs blood coagulation time by a factor of 10
(Steffen et al. 2000). Wang et al. (2006) have used acetylene plasma treatment on
PET to increase clotting time and reduce the platelet adhesion and activation. The
same author also reported the improvement of biocompatibility of PET by argon
plasma discharge and grafted by different molecular weight water soluble polymer
—PEG. In vitro studies showed that the PEG grafted PET films prolong the acti-
vated partial thromboplastin time (APTT) and reduce the platelet adhesion (Wang
et al. 2005). Gomathi et al. (2012) have used nitrogen plasma to modify the surface
of polypropylene and it was found that the modified PP exhibit reduced platelet
adhesion when compared to the untreated one and increased partial thromboplastin
time. Similarly, the effect of oxygen plasma treatment of PET was investigated. The
plasma treated PET was grafted with acrylic acid and further coupled with poly-
ethylene oxide, which finally reacted with insulin and/or heparin (Kim et al. 2000).
The percentage platelet adhesion was increased slightly by grafting of AAc and
decreased by coupling with PEO. However, further decrease was monitored in
heparin immobilized PET substrate. The modification of poly(dimethyl siloxane)
(PDMS) elastomer surface was achieved by Ar plasma treatment followed by
deposition of pluronic F-68 or poly(ethylene glycol) methacrylate (PEGMA)
grafting, the modified surface was found to be non-toxic and slightly hemolytic
(Pinto et al. 2010).

Just like organic materials, inorganic materials are also used in biomedical field.
Inorganic blood contacting materials/devices such as stents and artificial
heart-valves are used in medical field due to their superior bulk properties.
However, these have inferior surface properties resulting in poor blood compati-
bility. Therefore, surface modification of inorganic blood contacting
devices/materials is a promising area of research. Decrease in thrombus formation
was observed when ion implanted silicone rubber catheters were employed in the
blood streams of test animals (Suzuki et al. 1990; Suzuki et al. 1988). Ion implanted
hemodialysis catheters in over 150 patients showed significant decrease in throm-
bus formation (Uldall 1993). As a blood contacting material, DLC, carbon nitride
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(CN), titanium-based films are widely used. Titanium oxide coatings are generally
used in orthopaedic and dental prostheses. However, to enhance biocompatibility
surface modification is required. For e.g. the blood compatibility can be improved
significantly if a thin layer of rutile titanium oxide is formed on the surface of a
matrix (Huang et al. 1998). In vitro blood compatibility analysis indicated that the
TiO2 film has less amounts of adherent platelets, longer clotting time, lower
hemolytic rate, less aggregation and less pseudopodium of the adherent platelet
(Leng et al. 2001a, b). It was observed that plasma surface treatment further
improves these properties. Plasma processing seems to be a promising technology
for developing better blood contacting materials that exhibit reduced platelet
adhesion, decreased blood cell loss and enriched hemocompatibility.

5.7 Plasma-Surface Modification for Reducing Bio-Fouling

Silicone rubber is a well recognized material known for its biocompatibility and
superior flexibility which is used to make catheters. However, silicone surface is
susceptible to biofouling and thrombogenesis that may lead to catheter occlusion
and demands replacement. Ion implantation on silicone rubber is found to effi-
ciently reduce biofouling (Sioshansi and Tobin 1996). Silicone based gel implants
commonly used in various surgical procedures for restoring the natural look (for
example, breast reconstruction). The silicone rubber surface has very low surface
energy (14 dynes cm−1). If the critical surface tension is increased between 20 and
30 dyne cm−1, it will restrict biodeposits when exposed to body fluids (Baier 1970).
If the deposition rate of fibrinogen is equal to the removal rate, then no net thrombus
formation on ion implanted catheter tips can be observed. In general, the biofouling
is observed to reduce when the polymeric surfaces are transformed to a hydrophilic
one i.e. by enhancing surface energy. This can be achieved by plasma assisted
surface modification techniques. Plasma polymerization of acrylic acid (pp-AAc)
was carried out on the polypropylene (PP) membranes. PEG chains of different
lengths were covalently bonded onto the plasma modified PP surface and resulted
in antifouling properties which were confirmed by BSA and fibrinogen filtration
experiments. Such modified PP membranes lead to decreased protein adsorption
due to electrostatic repulsion between negatively charged deposited layer and
protein molecules (Zanini et al. 2007). In another study, microporous polypropy-
lene membranes coated with acrylic acid and allylamine were found to reduce the
fouling with bovine serum albumin (BSA) to less than 50%. The deposition of
plasma polymer on the porous membrane surface was confirmed by ATR-FTIR
spectra. The hydrophilicity of the surface played a role as important as that of the
micropore size. The BSA solution flux through the plasma-treated membranes was
found to be dependent on pH, whereas no significant effect of pH variation on the
untreated membrane was found. Plasma polymerization creates surface charges
which influences adsorption and removal of BSA (Kang et al. 2001).
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5.8 Plasma Polymer Modified Drug Delivery Systems

Biomaterials have been used in drug delivery systems (DDSs). As a suitable drug
carrier and its delivery, synthetic and natural polymers are emerged as potential
materials. An ideal drug delivery system should be able to deliver biologically
active molecule at the desired site with the proper delivery rate and duration, so as
to maintain optimum therapeutic concentrations of the drug level in the body with
minimum fluctuation (Nair and Laurencin 2006; Kumar et al. 2009). DDSs com-
prising of biodegradable polymers have received considerable attention, since they
need not be removed after implantation. Drug release rate from polymeric matrices
depends on various parameters such as the drug matrix interaction, drug properties,
initial drug loading, nature of the polymer matrix and matrix geometry (Kumar
et al. 2009). Biodegradable polymers such as PLA, PGA and their copolymer
(PLGA) are studied extensively for drug delivery applications (Nair and Laurencin
2006). The drug release profile of matrix polymer depends on its surface properties
and chain mobility of polymers. Crosslinking layer at the surface may strictly
restrict chain mobility. The lower the molecular chain mobility, the lower is the
drug release rate. Plasma processing can be used to crosslink surfaces of polymeric
matrix so as to control the drug release rate. Plasma treatment has attracted attention
of researchers as a potential polymer processing technique for applications in drug
delivery systems. Kuzuya et al. (2008) have reported that argon plasma treatment of
polymer encapsulated drug tablets suppress the rate of release of drug molecules
due to the formation of crosslinking layer on the surface of the tablet. Various types
of gaseous plasma treatments oxygen, nitrogen and argon have been successfully
used to control drug release from poly(ethylene-co-vinyl acetate) (EVA). Plasma
treatments are also effective to control the drug release rates from other types of
polymers (Hagiwara et al. 2013). To avoid the initial burst effect and achieve
sustained release from a drug-loaded polyurethane (PU), radio frequency (RF) glow
discharge plasma polymerization technique was used to deposit a thin layer of butyl
methacrylate (BMA) as the rate limiting coating (Kwok et al. 1999). The deposition
time and applied power were optimised to obtain an appropriate crosslinked coating
barrier for sustained release of drug ciprofloxacin. Tanaka et al. (2006) have used
atmospheric pressure plasma of CF4/He to offer hydrophobic coating on PLGA
microcapsule surface and observed no initial burst and the slow release of drug.

6 Conclusions and Future Scopes

Among the emerging technologies for functional coatings, considerable progress in
recent years is being witnessed in high-energy-content plasma processes, which
involve the application of atmospheric pressure plasma deposition, plasma-assisted
atomic layer deposition, pulsed plasma deposition and their hybrid systems.
Considering the importance of plasma and its use for developing high-end
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advanced biomaterials, this chapter has discussed the types of plasma used for the
surface modification of materials in order to introduce functional moieties,
micro/nano patterning, protective coatings and sterility for different biomedical
applications. Optimal efficiency and longevity of such surfaces make wide appli-
cability and acceptability of this process to create novel surfaces. Plasmas are
promising because they are safe, environment friendly, sustain viability,
shows precise control on the process and are commercially applicable.
Understanding of every single stage of the plasma processing and nature of material
to be processed is desirable for effective surface modification. Use of plasma sur-
face modification provide possibility to tailor the structures at molecular level and
to control the interfaces between layers and substrates for creating new
films/membranes. Generally, on the basis of the nature of plasma used for
biomedical applications, it is categorized as lethal-plasma and nonlethal-plasma.
High intensities of lethal-plasma causes cell death. This is why, most of the plasma
applications are based on lethal-plasma, for inactivation, bio-decontamination and
sterilization of biomaterials. However, a paradigm shift is now observed towards
the use of nonlethal-plasma based surface modification approach for controlling the
responses of biological cells. The non-lethal plasma is often referred to as
cold-plasma (low-temperature plasma). Due to the temperature susceptibility of
many biological materials, low-temperature plasmas has developed great interest in
the scientific community and presenting tremendous potential to be used in the
modification of biomaterials. Microplasmas generated using plasma jets and plasma
ejected from microdischarges finds applications in biomaterials as they contain high
concentrations of excited species and radicals at the target site. This chapter has
also summarised various operating parameters involved in plasma processing such
as discharge power, exposure time, gas flow rate and type of plasma forming gases
(air, argon, oxygen and mixed gases) which play a critical role for altering the
surface’s chemical functionality and physical morphology. Plasma treatment can
significantly enhances hydrophilicity and biocompatibility of a material through the
incorporation of polar functional groups and precised topographical changes.
Furthermore, these modified surfaces are also suitable for graft polymerization to
incorporate specific functional groups for the immobilization of biomolecules.
Recent outcomes in regenerative medicine and tissue engineering have created a
strong demand of biopolymeric materials those having specifically tailored surfaces
to improve existing therapeutic strategies, implants and bio-devices. The plasma
processing for modulating the surface chemical composition and morphology can
have a direct effect on the behaviour of biomolecules (like, cells and proteins) that
are intended to interact with it, which has been elaborated in the later sections of
this chapter. Another notable processing is plasma assisted deposition and poly-
merization that facilitates enrichment of the blood compatibility and cytocompati-
bility. The research path of plasma science may be extended further into
multidisciplinary areas, as we progress into the realm of nano and picometer-scale
materials for miniaturizing the devices and their applications.

Besides several advantages of plasma processing, researchers are focusing on
preventing the use of hazardous solvents in plasma-based strategies. The use of
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such solvents may create problems with regard to cytocompatibility of a material.
The use of cold-plasma for the surface modification is considered not to be an old
technique which requires further exploration to increase the understanding of sci-
entific community for developing novel biomaterials with desired properties. Until
now, plasma processing of surface modification has been carried out extensively on
two dimensional (2D) substrates (like, films or thin membranes). However, only
few studies have demonstrated the applicability of plasma processing for surface
modification of 3D porous scaffolds. Nevertheless, due to the customised needs of
tissue engineering, surface modification of 3D porous scaffolds is becoming
increasingly important and could be of future research interest in plasma science.
A patient-specific (desired shape, size and immunocompatible), interconnected
highly porous scaffold adapted with state-of-the-art plasma assisted surface modi-
fication technology can significantly improve the success of modern tissue engi-
neering. Importantly, the limited gap between the electrodes in case of atmospheric
pressure plasma is one of the major causes that restrict its applicability to modify
large size 3D implants and scaffolds. To overcome the above mentioned limitations,
development of non-thermal atmospheric pressure plasma torches may be the future
to develop biocompatible polymeric and hybrid coatings on the surface of 3D
substrates. Recent research findings suggest that plasma processing methods will
increase in importance in the advancement of biomedicine. We believe that dis-
coursing the technical aspects of various plasmas and their applications in
biomedical fields can be helpful to the scientists and technologists, who are inter-
ested in developing this fascinating technology for the benefit of mankind.
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Biomaterials for Induction and Treatment
of Autoimmunity

Akhilesh Kumar Shakya and Kutty Selva Nandakumar

Abstract Use of biomaterials in autoimmunity research is widely explored, as an
adjuvant to induce antigen specific immune responses, for facilitating induction of
experimental models to study disease pathogenesis and for designing novel thera-
peutic targets. Similarly, polymeric biomaterials are explored as a delivery vehicle
for sustained and specific release of auto-antigens/drugs to treat autoimmune dis-
orders. Although considered as biocompatible, implantation/injection of polymers
like silica and metallic implants are associated with development of chronic
inflammation and autoimmunity. Despite these compatibility concerns, biomaterials
are still considered as favorable materials for several applications in the autoim-
munity field.
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CS Chitosan
DCs Dendritic cells
EAE Experimental autoimmune encephalomyelitis
EAU Experimental autoimmune uveoretinitis
HA Hyaluronic acid
LSECs Liver sinusoidal endothelial cells
MS Multiple sclerosis
NGF Nerve growth factor
NPs Nanoparticles
PHCCC N-Phenyl-7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxamide
PLGA Poly(lactic-co-glycolic acid)
PNiPAAm Poly-N-isopropylacrylamide
Treqs T regulatory cells
TCR T cell receptor
VUR Vesicoureteral reflux

1 Introduction

Autoimmunity is a sign of imbalance between the regulatory and effector immune
responses, which mainly emerge as a result of either defective elimination or
improper control of self-reactive lymphocytes. This imbalance causes breakdown of
immunological tolerance against self-molecules or tissues resulting in autoimmune
disorders. In most of these clinical manifestations, the initiating events are
unknown. However, genetics, epigenetics and environmental factors are identified
as decisive factors in the establishment of autoimmunity. Prevalence of autoim-
mune disorders (multiple sclerosis, rheumatoid arthritis and type 1 diabetes) is
approximately 1% in the worldwide population (Cooper and Stroehla 2003). In
addition, inflammatory conditions like atherosclerosis (hardening and narrowing of
the arteries) (Hansson and Hermansson 2011; Ketelhuth and Hansson 2015) and
inflammatory bowel disease (inflammation in colon and small intestine) (Colia et al.
2016) may have autoimmune components (Ross 1990; Galperin and Gershwin
1997). Female preponderance in the development of chronic autoimmune diseases
is well documented with more than 75% autoimmune cases are reported in females.
Especially, young females at the age of or after puberty are ten times more sus-
ceptible for developing autoimmune diseases (Beeson 1994; Smith and Germolec
1999). Generally, these autoimmune disorders are characterized by systemic or
localized (tissue-specific) chronic inflammation, which leads to progressive
destruction of target tissues.

Autoimmune diseases are a major concern worldwide due to high economic
burden to the society and because of poor understanding of disease initiation and
pathogenic events. Patients usually visit the clinics at a later stage of the disease
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development, making it difficult to intervene at the disease initiation stage.
However, disease specific clinical manifestations start long time before the clinical
symptoms appear. For example, presence of anti-citrullinated protein/peptide
specific antibodies (ACPAs) is observed several years before the onset of
Rheumatoid arthritis (Rantapaa-Dahlqvist et al. 2003). To understand the patho-
genic pathways in autoimmune diseases, several animal models are used that can
either be induced or spontaneously developed (Kannan et al. 2005; Asquith et al.
2009). Conventional therapies for autoimmune disorders are based on
immuno-suppressive, antiviral or antibacterial treatments. Currently, patients are
treated with biologicals or drugs that can block the pro-inflammatory cytokines, B
and/or T cells. Moreover, oral medications like angiotensin and statins are also
being used in the clinics. Despite the effectiveness of these medications, specificity
of the treatments and side effects of the drugs are major concerns that should be
taken into consideration while developing future novel immunotherapies
(Fairweather 2007).

Biomaterials have been well explored in immunology for the development of
new vaccines, therapeutics, tissue regeneration and in the induction of diseases in
animal models to study the inflammatory pathogenic pathways. Biomaterials can be
used in different ways: as suppressors to inhibit the immune response against
therapeutics, as an adjuvant for sustained release and enhancing immunogenicity of
an antigen or as attenuators to modulate the immune responses. As an immune
system attenuator, they can reduce the immune responses against the delivered
drugs or therapeutic protein(s). For example, in blood transfusion studies, polymers
can minimize the chances of rejection. Covalent conjugation of monomethoxy
polyethylene glycol (mPEG) to the cells or tissues significantly reduced the pos-
sibility of rejection by inducing a state of tolerance (Scott et al. 1997; Scott and
Murad 1998). Moreover, attachment of PEG to the egg white lysozyme antigen also
reported to diminish T cell responses (So et al. 1996). As the immune system
suppressor, they can be an alternate to conventional immunosuppressive drugs like
cyclosporine, which is associated with undesirable side effects (Descotes 2004).
Similarly, multiwall carbon nanotubes (CNTs) suppressed the systemic immune
responses in mice (Mitchell et al. 2009). Inhibitory effect of polyhydroxy C60
(fullerene) was also reported on type 1 hypersensitive reactions (Ryan et al. 2007).
Others biomaterials like chitosan, PLGA particles and dendrosomes have also been
shown to have suppressive role in type I and III hypersensitive reactions (Balenga
et al. 2006; Gomez et al. 2008). Biomaterial polymers are well explored as a
delivery system and/or as an adjuvant in designing several methods of delivery
system for slow release of the antigen and for the induction of antigen-specific
immune responses. In this context, apart from sustained release, polymers can also
stabilize the antigen for eliciting an effective immune resonse. For example,
polymeric system based on 1,6-bis(pcarboxyphenoxy) hexane and 1, 8-bis
(p-carboxyphenoxy)- 3,6-dioxaoctane significantly stabilized the Bacillus anthra-
cis antigen (Petersen et al. 2012). Adjuvant property of polymers depends on the
charge, format, chemistry and the balance between their hydrophobicity and
hydrophilicity properties (Shakya and Nandakumar 2012a). Apart from being used
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for antigen delivery, during last decade, biomaterials are also tested in the
autoimmunity field as an adjuvant for induction of autoimmune responses and as
therapeutics for treatment of autoimmune diseases.

Failure of tolerance towards self-antigens is a crucial component in the induction
of autoimmunity. Both central and peripheral tolerance mechanisms that are
essential to control self-reactive immune cells are compromised. In healthy indi-
viduals, these tolerance mechanisms inhibit induction of autoimmune responses.
However, when tolerance is breached, immune cells become hyperactive towards
self-proteins leading to destruction of tissue organization and organ structure.
Hence, to design and develop protective strategies against development of
autoimmunity, to explore disease mechanisms and treat them successfully, bio-
materials have been widely explored. This chapter updates use of such biomaterials
in autoimmunity research.

2 Biomaterials for the Induction of Experimental
Autoimmunity

For dissecting the complexity of autoimmune diseases, validation of existing
therapies and identifying novel therapeutic targets, animal models (also called as
disease models) are a pre-requisite (Kannan et al. 2005; Asquith et al. 2009). These
disease models can be induced with a self-antigen and an appropriate adjuvant.
However, these models may reflect either part of the clinical disease or represent the
clinical spectrum of a sub-population of the patients. Hence, the induced models are
often chosen based on the scientific question and therapeutic targets. Nevertheless,
very few studies reported the use of biomaterials with an auto-antigen for induction
of autoimmunity.

2.1 Experimental Arthritis

Rheumatoid arthritis (RA) is an autoimmune disorder, characterized by chronic
inflammation of articular joints and associated with progressive depletion of extra-
cellular matrices, cartilage and bone. Various chronic and acute models have been
developed by immunization with joint-specific as well as ubiquitously expressed
antigens with an adjuvant. For example, collagen type II (CII) is a major protein
present in the articular cartilage, target for autoimmune attack in arthritis. When CII
is mixed with an adjuvant and immunized to susceptible animals having a permis-
sible genetic background, it induces polyarthritis so called collagen induced arthritis
(CIA), a classical model for arthritis. Commonly used adjuvants in the induction of
autoimmunity are Freund’s adjuvants, which are oil based with or without
mycobacterial derivatives. However, use of these type of adjuvants tend to induce a

170 A.K. Shakya and K.S. Nandakumar



biased immune response, especially by inducing a particular T helper (Th) cell
signaling pathways and thereby masking the actual response towards a particular
antigen (Petrovsky and Aguilar 2004; Shakya and Nandakumar et al. 2012b).
Moreover, they are also associated with localized and systemic toxicities. Therefore,
there is a need for biocompatible and immunologically inert adjuvant for the
development of an animal model to study the development of autoimmune diseases
in detail. Very recently, our group demonstrated the adjuvant potential of temper-
ature responsive poly-N-isopropylacrylamide (PNiPAAm) based polymers for the
development of collagen induced arthritis (CIA) in mice (Shakya et al. 2011; Shakya
and Nandakumar 2015). PNiPAAm in solution phase can easily be mixed with CII at
room temperature (25 °C) but above its lower critical solution temperature (LCST)
at 32 °C, PNiPAAm precipitates along with CII and act as a depot for slow release of
CII (Fig. 1). Thus, CII mixed with PNiPAAm induced arthritis that is independent of
any particular Th-type immune response. After mixing with PNiPAAm, CII retained
its native epitopes, an essential factor in arthritis development (Shakya et al. 2011)
because denatured CII did not induce disease development. Autoimmune responses
induced by PNiPAAm-CII mixture were found to be toll like receptors (TLRs)
independent. Presence of CII specific T cell receptor (TCR) or mutation in Ncf1
subunit of mitochondrial NADPH complex induced severe arthritis after
PNiPAAm-CII immunization (Shakya et al. 2011). Interestingly,
hydrophilic-hydrophobic balance of a polymer was found to be an important factor
in determining its adjuvant property (Shakya et al. 2016). Similar to this
homopolymer PNiPAAm, adjuvant property of copolymers poly-N-

>32.5°C <32.5°C)

Antigen release

Prolonged immune response

Polymer-antigen mixture
in solution form

Polymer-antigen mixture
in precipitation form

Fig. 1 Schematic representation of temperature dependent phase transition of stimuli-responsive
polymer, PNiPAAm with collagen type II (CII) molecules. Below the cloud point (*32.5 °C),
polymer and CII are in solution form however they precipitate at body temperature. Polymer
generates a depot effect and release CII slowly to get a prolonged immune response
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isopropylacrylamide-co-vinylphenylboronic acid (PNiPAAm-co-VPBA) and
poly-N-isopropylacrylamide-co-vinylphenylboronic acid-co-dimethylami-
noethylmethacrylate (PNiPAAm-co-VPBA-co-DMAEMA) were also demonstrated
with CII antigen. These copolymers were synthesized through free radical poly-
merization process and characterized by gel permeation chromatography to deter-
mine their molecular weights. These polymers were found to be biocompatible under
in vitro conditions and did not show any detectable systemic and localized toxicity
in vivo. Mice injected with these copolymers and CII developed significant level of
CII specific antibody response, which mainly consists of all IgG subtypes (Shakya
et al. 2013) (Fig. 2). Macrophages are the major infiltrating cells found at the
injection site of PNiAAm-CII mixture. Exacerbation of arthritis in the absence of
reactive oxygen species (ROS) in rodents was reported earlier (Holmdahl et al.
2016). In this context, it is of interest to note that ROS produced by macrophages
attenuated the autoimmune response and development of arthritis (Gelderman et al.
2007; Pizzolla et al. 2011; Shakya et al. 2016).

2.2 Experimental Autoimmune Encephalomyelitis

Multiple sclerosis (MS) is a well known chronic autoimmune neurological disorder,
associated with multiple patches of inflammation and demyelination of the central
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Fig. 2 Chemical structure of copolymers poly-N-isopropylacrylamide-co-vinylphenylboronic acid
(PNiPAAm-co-VPBA) (a) and poly-N-isopropylacrylamide-co-vinylphenylboronic acid-co-
dimethylaminoethylmethacrylate (PNiPAAm-co-VPBA-co-DMAEMA) (b). Histology analysis
of paws of arthritis mice received which injection of CII protein with CFA (c), PNiPAAm-co-
VPBA-co-DMAEMA–CII (d) and phosphate buffer saline alone (e). All the images were captured
at 20 � magnification (Reproduced from permission Shakya et al. 2013; Vaccine 31(35):3519–3527)
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nervous system. To understand the pathogenesis of MS, experimental autoimmune
encephalomyelitis (EAE) is the most commonly used animal model. EAE is T cell
driven autoimmune disorder, with a characteristic infiltration of mononuclear cells
like macrophages and B cells into the inflammatory site. EAE mimics several
clinical features of MS patients like demyelinating lesions of central nervous system
(CNS) white matter and foam like myelin debris in active lesions (Getts et al. 2012).
In mice, EAE can be induced either by immunization with myelin antigens or by
adoptive transfer of myelin specific T cells. Immunization with myelin antigens in
genetically susceptible rodents involves use of an adjuvant and characterized by
demyelination primarily in the spinal cord mediated by the immune system.
Immunization with myelin proteins breaks down the peripheral tolerance mecha-
nisms leading to activation and differentiation of myelin specific T cells in the
secondary lymphoid organs (Yednock et al. 1992). Then the activated T cells cross
the blood brain barrier where they get reactivated by CNS antigens presented by
tissue resident antigen presenting cells (Kawakami et al. 2004). This reactivation of
T cells induces expression of pro-inflammatory cytokines (TNF-a, IL-17 and
GM-CSF), which may cause nervous tissue injury either directly or by activating
immune cells present in the vicinity. Moreover, adjuvants used for such disease
development are also associated with toxicity problems. As an alternate, recently
organotypic slice culture based model was developed. For example, to understand
the role of pro-inflammatory cytokines in MS, a non viral polymer poly
(2-dimethylaminoethylmethacrylate) based gene delivery approach and an ex vivo
organotypic slice cultures were developed to transduce the cells with genes encoding
the pro-inflammatory cytokines. Polymer based biocompatible system has efficiently
transduced different cell types in organotypic brain slice system through delivery of
TNF and IFN-c genes. Expression and release of TNF and IFN-c cytokines induced
inflammation-mediated myelin loss in cerebellar slices, which represents an ex vivo
system for studying the pathogenesis of MS (Mathew et al. 2013).

3 Adjuvant Induced Autoimmune Syndrome

The concept of adjuvant induced autoimmune syndrome (ASIA) was first recog-
nized in 2011, although patients having diverse symptoms after treatment with
silicone or paraffin fillers were reported by Miyoshi in 1964 (Alijotas-Reig 2015).
According to ASIA concept, chronic systemic inflammation and autoimmune dis-
orders can develop by repeated exposure to biomaterials especially to the materials
used in plastic surgeries such as silicone implant used for breast augmentation
(Hajdu et al. 2011). Silicone is a polymer of dimethylsiloxane that has been
extensively explored in biomedical applications due to its variable degree of vis-
cosity, which depends on the length of polymer used. Silicone mainly gained its
popularity in breast implants despite its wide usage in other implantable products
like ventriculo-peritoneal and heart valves (Hajdu et al. 2011). Today breast, but-
tock and face augmentation by the use of liquid silicone is most commonly adopted
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plastic surgery method in USA and other countries. However, capsular fibrosis and
contracture, scleroderma, local adverse reactions and other autoimmune disorders
are associated with silicone implants despite its acceptable biocompatibility nature
(Gabriel et al. 1994; Sanchez-Guerrero et al. 1995; Hajdu et al. 2011; Franca et al.
2013). Association of silicone with autoimmune disorders was first reported in
1984, when a spectrum of autoimmune diseases like rheumatoid arthritis, systemic
lupus erythematosus (SLE), polymyositis and sclerosis were reported in 24 patients
who had received silicone injection (Kumagai et al. 1984). In another study, one out
of three silicone implanted patients developed RA symptoms, second patient
developed symptoms like SLE, and third one developed connective tissues
abnormality (van Nunen et al. 1982). During last few years many cases of con-
nective tissue disorders have been documented with silicone implants (Spiera et al.
1994; Holmich et al. 2007; Nesher et al. 2015; Singh et al. 2016). Besides silicone,
other biomaterials like alum and hyaluronic acid may also be responsible for ASIA
(Alijotas-Reig et al. 2012) (Alijotas-Reig 2015). Causative factors and symptoms
identified for ASIA syndrome include repeated biomaterials injection, development
of local chronic inflammation, systemic symptoms such as joint pain, fever, fatigue
and vasculitis. Risk factors for the development of ASIA include family history of
autoimmunity, autoimmune reaction against implants and allergic reaction against
the injected materials (Goren et al. 2015). Very recently a case of adjuvant induced
autoimmune syndrome was reported when dextranomer/hyaluronic acid copolymer
(Deflux) was used for the injection to treat vesicoureteral reflux (VUR). Deflux
injections cure about 85% primary VUR abnormalities in females however
0.6–0.7% of patients are refractory to the treatment. Suda et al., from Japan reported
occurrence of autoimmune disease in a female patient having ureteral obstruction,
who has received repeated injections of Deflux (Suda et al. 2016). Besides the
polymeric biomaterials, ASIA has also been reported with metallic implants. Most
common type of metals reported for induction of autoimmunity is nickel and
titanium. In a case study, 23 year old female had nickel titanium chain implant for
cosmetic purpose. After 1 year post implantation she developed autoimmune
symptoms like thrombocytopenia, anemia and neutropenia (Loyo et al. 2013).

4 Biomaterials for Delivery of Drug/Antigen(S)
for Treatment of Autoimmune Diseases

Generally treatments are often initiated either before or around the onset of disease to
block its development as well as revert an established disease by intervention therapy.
However, in many common autoimmune diseases in fact the disease starts many
years, maybe decades, before the clinical diagnosis. Hence, establishing tolerance
towards self-antigens by vaccination is needed and efforts are being made to develop
such vaccines for autoimmune diseases (Correale et al. 2008; Nicholas et al. 2011;
Lernmark and Larsson 2013; Rosenthal et al. 2015). In this context, use of
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well-defined, biodegradable materials as delivery vehicles for drugs and vaccines are
highly useful for optimized target delivery (Hunter et al. 2014).

4.1 Rheumatoid Arthritis

Administration of autoantigen through oral route is a well-known strategy to
achieve peripheral immune tolerance against autoimmune diseases like rheumatoid
arthritis, diabetes and experimental uveitis. Effectiveness of oral tolerance depends
on several factors such as the nature, dose, frequency of the administered antigen,
genetic background of the recipient and the degree of antigen uptake by antigen
presenting cells of gastrointestinal tract (GI). In the harsh environment of GI tract,
the amount of antigen delivered to the mucosa is extremely small. Therefore,
efficient antigen delivery systems are justified with a controlled release of antigens
at mucosal sites, while providing protection to the antigen against GI environment.
In this context, particulate systems in nano and micron size ranges have been
explored to achieve optimal level of peripheral immune tolerance. For example,
poly(lactide-co-glycolide) (PLGA) nanoparticles encapsulated with CII were syn-
thesized by water in oil in water emulsion (w/o/w) by a solvent evaporation method.
Mice fed with single dose of CII encapsulated PLGA particles, which contained
40 µg of CII, noticeably had reduced clinical symptoms of arthritis with low level
of anti-CII antibodies in the serum (Kim et al. 2002).

For RA, a delivery system that can deliver the drug at the effector site (articular
cartilage) is more beneficial than the systemic delivery. Most of the developed
systems do not have specificity to deliver the drug at the site of interest, therefore
significantly large amount of drugs are required, which cause severe toxicity
problems. Therefore to balance between effectiveness and minimizing the side
effects, several systems like liposome, soft gels, micro-emulsion, topical formula-
tions, nano-dispersions and pellets have been developed (Fig. 3). Among them,
liposome based delivery system is widely explored for targeted delivery of
anti-rheumatic drugs. These delivery systems are biocompatible, degradable,
immunologically inert and can encapsulate significant amount of drugs (Kapoor
et al. 2014).

Another strategy to enhance the bioavailability of drug/protein is PEGylation,
which is the covalent attachment of polyethylene glycol polymer to the
drug/antigen. This strategy has been successfully explored for increasing the
therapeutic potential of anti-rheumatic drugs like TNF-related apoptosis inducing
ligand (TRAIL). In a study, site specific N-terminal PEGylation of TRAIL induced
13-fold higher stability, however, this procedure has slightly reduced TRAIL
functionality. Therefore to improve the bioactivity of TRAIL in other study,
nano-sized complexes of PEGylated TRAIL protein were synthesized by using
negatively charged hyaluronic acid (HA). These nanocomplexes were shown
promising therapeutic potential to treat arthritis in mice, possibly due to sustained
release of TRAIL or good stability of proteins under in vivo system (Kim et al.
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2010). Furthermore, PEGylation enhances in vivo shelf life of the proteins by
reducing their renal clearance. PEG also improves drug solubility, stability and
minimizes immune reaction against the therapeutic proteins by shielding proteins
from water molecules (Fig. 4).

4.2 Multiple Sclerosis

Transplantation of cells is an attractive therapeutic approach to treat demyelinating
diseases like MS. Neuronal precursor cells have shown promising results in
remyelination due to their differentiation ability into neural cells. Various delivery
systems have been demonstrated for effective delivery of these precursor cells into
the central nervous system. For example, three dimensional nano-fiber based poly
(glycolic-co-lactide)/chitosan (PLGA/CS) scaffold was able to induce the precursor
cells (PC12) into neural cell differentiation in the presence of nerve growth factor
(NGF) and basic fibroblast growth factor (bFGF). Enhanced expression of nestin,
b-tubulin and microtubule associated protein were observed in PC12 cells seeded
on PLGA/CS scaffold. Moreover, PC12 seeded scaffolds transplanted into lateral
ventricles of EAE affected mice reduced the clinical signs of the disease signifi-
cantly (Hoveizi et al. 2015). Another vaccine controlled release system based on
colloidal gel containing the immunomodulating peptide was also demonstrated for
the treatment of EAE. Colloidal gel from alginate-chitosan and PLGA polymers
was able to deliver the Ac-PLP-BPI-NH2-2 peptide in a controlled manner. This
peptide was designed to bind the MHCII and intracellular adhesion molecule
(ICAM)-I simultaneously. Colloidal gel based vaccine, when administrated sub-
cutaneously into mice having encephalomyelitis, suppressed and delayed the
severity of EAE symptoms compared to the control group. Expression of IL-6 and
IL-17 was found to be lower in vaccinated mice than in control mice, which

Liposome Microsphere Polymeric Nanoparticles

Bioadhesive gelNanoemulsion

Water

Liquid 
lipid

Solid
lipid

Lipid Nanoparticles

Fig. 3 Different vehicle systems used for delivery of antigens or drugs used in immunotherapy
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demonstrates long term suppression of the disease (Buyuktimkin et al. 2012). In
another study, antigen loaded micron-sized PLGA particles were demonstrated to
deliver the encephalitogenic peptides through intravenous infusion to prevent the
onset of disease, thereby ameliorating the clinical symptoms of EAE. Peptide
loaded micron size particles (MPs) were taken up by marginal zone macrophages
expressing the MARCO receptors that modulate the activity of T regulatory cells
(Tregs) (Getts et al. 2012). In a different study, capability of PLGA nanoparticles has
been demonstrated to treat EAE in mice. Myelin antigen coupled nanoparticles
were able to prevent and treat the established experimental encephalomyelitis
(Hunter et al. 2014).

+

- - - - - -
-
-
-

---- ----
-
-
-

-

PEG-TRAIL Hyaluronic acid (HA)

PEG-TRAIL/HA 
nanocomplex

Addition of 1% HA

Network of PEG-TRAIL/HA 
nanocomplex

Fig. 4 Schematic representation of nanocomplex release system formation through ionic
interaction between PEG-TRAIL molecules and hyaluronic acid (HA). HA exist in anionic form
in biological fluids which formed the complex with cationic charged PEG-TRAIL molecules
(Reproduced from permission Kim et al. 2010 Biomaterials 31(34):9057–9064)
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Immune tolerance capacity of liver has also been utilized for the treatment of
autoimmune disorders. A recent study has shown that liver sinusoidal endothelial
cells (LSECs) can induce Tregs to achieve hepatic tolerance. Polymeric nanoparti-
cles encapsulated with auto-antigenic peptide can selectively deliver the peptide to
LSECs for the induction of Tregs. Thus, NPs based on auto-antigen peptide delivery
can effectively prevent the onset of clinical symptoms of EAE in mice.
Interestingly, a single dose of NP significantly improved the established EAE due to
the activation of Tregs (Carambia et al. 2015). Other than the vaccine approaches,
drugs encapsulated in polymeric NPs were tried to treat EAE. For example, N-
Phenyl-7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxamide (PHCCC) mole-
cule encapsulated PLGA NPs target the DCs to skew the inflammatory Th17
response towards protective Treg response. PHCCC molecules can easily be
encapsulated into NPs and 89% of the drug was found to be released within 3 days.
Moreover, DHCCC encapsulated NPs were 36 fold less cytotoxic compared to the
soluble drug. Treatment of EAE mice with DHCCC encapsulated NPs adminis-
trated at 3 days interval significantly delayed the onset of disease and improved the
clinical score compared to the soluble drug of same dose and frequency (Gammon
et al. 2015) (Table 1).

4.3 Type1 Diabetes

Type1 diabetes (T1D) is a chronic autoimmune disorder characterized by devas-
tation of insulin secreting beta cells by autoreactive T cells. Lack of insulin
secretion from beta cells leads to hyperglycemia and abnormal glucose metabolism
(Nicholas et al. 2011) (Fig. 5). Similar to most of the autoimmune diseases, both
genetic and environmental factors contribute to the development of type 1 diabetes.
Especially, contribution of autoreactive T lymphocytes is well recognized in the

Table 1 Delivery systems and administrative routes of anti-rheumatic drugs/biomolecules

Anti-rheumatic
drug/molecule

Delivery systems References

Ketoprofen Bioadhesive gels Transdermal delivery (Singh et al. 2009)

Eudragit based
microparticles

Oral delivery (El-Kamel et al. 2001)

Methotraxate Polylactic acid based
microspheres

Intra-articular
delivery

(Liang et al. 2004)

Solid in oil nano-carrier Transdermal delivery (Yang et al. 2012)

Prednisolone Cyclodextrins Intravenous (Hwang et al. 2008)

Diclofenac Solid lipid nanoparticles Transdermal delivery (Liu et al. 2010)

Indomethacin Liposomes Oral delivery (Soehngen et al. 1988)

Prostaglandin E1 Lipid microspheres Intravenous delivery (Moriuchi-Murakami
et al. 2000)

Collagen type II PLGA nanoparticles Oral delivery (Kim et al. 2002)
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establishment of T1D (van Belle et al. 2011). Therefore immunomodulation of
autoreactive T cell response is one of the major strategies to treat the disease. For a
successful immunotherapy, selection of suitable vaccine and its efficient delivery
are major concerns. Various biomaterials are explored for design and effective
delivery of drug/vaccine against T1D. For example, PLGA polymeric nanoparticles
(NPs) were used to encapsulate insulin as an autoantigen and CpG
oligodeoxynucleotides as an adjuvant. The antigen loaded NPs were embedded in
PuraMatrix peptide hydrogel for sustained release of the antigen. PuraMatrix is
biodegradable, biocompatible and self-assembling peptides based material, which
can form 3-D matrix in the presence of physiologic medium with 5–200 nm pore
size. Antigen loaded PuraMatrix based hydrogel was injected subcutaneously in
non-obese diabetic (NOD) mice in order to evaluate the vaccine efficacy. Although,
this vaccine has induced formation of temporary granuloma, which had huge fil-
tration of lymphocytes and macrophages, overall, this approach represents
promising immuno tolerance model for the treatment of T1D (Yoon et al. 2015).

Dendritic cell

Th cell

Insulin  secretion

β cell

T regulatory cell Th2 cell

Th1 cell

Cytotoxic T cell

autoantigen

Auto-antigen specific immunotherapy

In presence of exogenous 

Fig. 5 Mechanism of auto-antigen specific immunotherapy. During antigen specific immunother-
apy DCs process the antigen and present to naïve Th cells through secretion of IL-10 cytokine. In
this context, activated Th cells activate the Tregs and Th2 cells, which block the proliferation of
auto-reactive Th1 and CTL cells through secretion of IL-10. Activation of Tregs leads to the
prevention of beta cell death and this way immuno-tolerance is achieved against the auto-antigen
(Nicholas et al. 2011)
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Another strategy to control the development of autoimmune diabetes is by min-
imizing the autoimmune reactions by induction of immunological tolerance. In
steady state, beta cells, which undergoes apoptosis is recognized by antigen pre-
senting cells (efferocytosis) for the induction of immunological tolerance. However at
the time of abnormal efferocytosis, APCs are unable to recognize apoptotic beta cells,
which result in the induction of autoimmune T1D or other disorders. Therefore to
help APCs for better recognition, researchers have synthesized and usedmicron-sized
particles containing beta-cell antigens as an alternate source of apoptotic beta cells.
For example, phosphatidylserine-liposomes encapsulated with insulin peptides when
administrated into NOD mice induced tolerogenic dendritic cells and attenuated the
autoreactive immune responses. Liposomal-based immunotherapy minimized the
development of autoimmunity and thereby reduced the symptoms of diabetes. Using
liposomes for immunotherapy has several advantages in terms of easy preparation
methods and administering protocols compared to the existing immunotherapy
regimen. Liposomes are also able to protect the antigen from degradation under
in vivo conditions (Pujol-Autonell et al. 2015).

4.4 Autoimmune Uveitis

Uveitis is the most common autoimmune ocular disorder, which is one of the major
causes for blindness in developing countries. Currently, uveitis is treated by
repeated intraocular injection of corticosteroids, which are associated with side
effects and patient inconvenience. Alternatively immunosuppressive therapies are
also in use to treat chronic autoimmune uveoretinitis, which make patients more
susceptible for infections. Therefore, biodegradable polymers based delivery sys-
tems in the form of implants have been studied for effective and localized delivery
of the drugs (Gammon et al. 2015). For example, ability of polymeric nanoparticles
for slow release of drugs to treat autoimmune uveoretinitis has been demonstrated.
A single dose of poly(lactic) acid NPs encapsulated with betamethasone phosphate
drug administrated intravenously into Lewis rats was able to improve the clinical
score of EAU with significantly reduced infiltration of macrophages, auto-reactive
T cells and hypertrophic morphology of muller cells (Sakai et al. 2006).

5 Conclusion

In conclusion, biomaterials in autoimmunity are attractive resources for induction
and treatment of autoimmune disorders. However, their biocompatibility properties
should be studied in detail before their long-term use.
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Decellularized Tissue Engineering

Nana Shirakigawa and Hiroyuki Ijima

Abstract Tissue Engineering consists of cells, a scaffold and cytokines.
Decellularization represents the removal of cells from tissues or organs. Recently,
decellularized tissue has been investigated as a scaffold for tissue engineering, ter-
med decellularized tissue engineering. Importantly, the decellularized organ retains
its original structure, which is then used as a template for organ construction. The
decellularized organ also retains the tissue-specific extracellular matrix. Therefore,
decellularized tissue can be used as a matrix to provide a suitable microenvironment
for inoculated cells. Based on these concepts, the reconstruction of tissues/organs
with decellularized tissue/organ has been attempted using decellularized tissue
engineering. In this chapter, we introduce the typical methods used, history and
attainment level for the reconstruction of specific tissues/organs. First, the different
decellularized techniques and characteristics are introduced. Then, the commonly
used analysis methods and cautionary points during decellularization and recon-
struction with decellularized tissues/organs are explained. Next, the specific methods
and characteristics of decellularized tissue engineering for specific tissues/organs are
introduced. In these sections, the current conditions, problems and future work are
explained. Finally, we conclude with a summary of this chapter.
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ECM Extracellular matrix
ESRD End-stage renal disease
GA Glutaraldehyde
HCl Hydrochloric acid
MSCs Mesenchymal stem cells
PTFE Polytetrafluoroethylene
SDS Sodium dodecyl sulfate

1 Introduction

Tissue engineering was propounded by Langer and Vacanti (1993) about two
decades ago. The concept was to construct tissues by combining cells, scaffolds,
and cytokines. Recently, the use of decellularized (DC) tissues as a scaffold for
culturing cells or as a template for organs has been the focus of research. DC-tissues
are obtained by removing cells from tissues that consist of an organ-specific
extracellular matrix (ECM). Therefore, DC-tissues are expected to be an effective
scaffold that has suitable components for the construction of tissues. In addition,
DC-organs are also expected to be effective templates for the construction of organs
because they retain their original three-dimensional structure. The seeding of cells
to DC-tissues or DC-organs is termed “recellularization”. Currently, the recon-
struction of various tissues or organs by the recellularization of DC-tissues or
DC-organs is being investigated.

Decellularization techniques can be divided into two categories: chemical agents
and physical treatments. Table 1 shows the major agents/treatments of each
decellularization mechanism and their characteristics (derived from Crapo et al.
(2011) and summary of this chapter). Decellularization of tissues or organs is
performed by using one agent/treatment or combining agents/treatments. In addi-
tion, the procedures for using chemical agents follow a pattern, for example, per-
fusion via blood vessels, or soaking on orbital shaker. The procedure depends on
the structure or characteristics of each tissue/organ (Shirakigawa et al. 2012). The
important characteristics and behaviors that should remain after decellularization
depend on the target tissue/organ. Therefore, different methods of decellularization
are used for different tissues/organs.

To date, DC-blood vessels, heart (containing heart valves), cartilage, liver, lung,
adipose, dermal, kidney, tendon, nerve, and pancreas have been reported. The
search results with “PubMed” are shown in Fig. 1. “Decellularized” and each
organ/tissue name (such as “decellularized vascular/vessel” or “decellularized
heart”) were used as keywords for the search. Studies reporting decellularization are
shown in this distribution. Although decellularization can be performed in any
tissue/organ, the tissues/organs usually require reconstruction as a scaffold.
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Table 1 Variation of decellularization agents

Agent Mechanism Characteristics

Chemical agents

Acid and bases Denature proteins Used for solubilization of DC-tissue

Detergents Forms micelle with phospholipid
“cell membrane”

Difficult to remove from the tissue

Ionic
detergents
e.g. sodium
dodecyl sulfate
(SDS)

Widely used for decellularization
Most powerful detergent for
decellularization
Associated with ECM, difficult to
remove

Non-ionic
detergent
e.g. Triton
X-100

Widely used for decellularization,
but weaker than ionic detergents
Perfect decellularization by Triton
X-100 is difficult

Zwitterionic
detergent
e.g. CHAPS

Not commonly used
Low power detergent for
decellularization compared with
Triton X-100 or SDS

Organic
solvents
e.g. Acetone
e.g. Alcohols
(ethanol)

Affinity for lipids Usually used for adipose
decellularization
Sometimes used for sterilization

Enzymes
e.g. Nuclease
(DNase,
RNase)
e.g. Trypsin

Catalyzes the hydrolysis of
ribonucleotide and
deoxyribonucleotide chains
Severs peptide bonds

Nuclease is a poor decellularization
agent
Usually used with other detergents
Trypsin is a poor decellularization
agent
Damages the ECM

Physical treatments

Freezing and
thawing

Ice crystals disrupt cell
membranes

Ice crystal formation may disrupt
ECM structure

High pressure Bursts cells and removes the cells Can disrupt ECM structure

Derived from Crapo et al. (2011) and a summary of this chapter

29%

27%
7%

7%

7%

5%

5%

4%
4%

3%

1% 1%
Vascular or Vessel
Heart 
Cartilage
Liver 
Lung 
Adipose 
Dermal 
Kidney
Tendon
Nerve
Pancreas
Solbilized

Fig. 1 Distribution of papers
studying DC-tissues or organs
(based on a PubMed search;
date of search: 23 August
2016). The key words were
“decellularized” and each
organ/tissue name. The total
number of papers was 1657
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Each organ has a unique structure that performs a specific function, and this is
important when evaluating which methods should be used for each tissue/organ.
However, some basic methods of decellularization are common. First, this review
will describe the common analysis methods and important points of decellular-
ization and recellularization. Then, we focus on each tissue and organ in order and
important points regarding each tissue/organ will be explained.

2 Common Analysis Methods and Cautionary Points
During Decellularization and Recellularization

The method of decellularization depends on the target tissue/organ characteristics.
However, some basic methods are common to all tissue/organ decellularization.
These methods can be divided into three categories.

• Perfect cell removal
• Remaining tissue/organ-specific three-dimensional structure
• Remaining tissue/organ-specific ECM components.

Here, we introduce the widely used methods. First, histological evaluation,
especially hematoxylin and eosin staining, is usually performed in most studies of
DC-tissue/organs. Hematoxylin and eosin stains cell nuclei and other cell compo-
nents purple and pink, respectively. Therefore, the above three points can be
evaluated qualitatively by comparing the staining tissue/organ before and after
decellularization.

Second, DNA content as an index of cell removal is widely used for quantitative
analysis. The ideal value of DNA content of DC tissue was reported to be <50 ng
dsDNA per mg ECM dry weight (Crapo et al. 2011), although, evidence for this
was not shown. However, another study reported that DNA content should be
evaluated based on wet weight (Mazza et al. 2015). If the dry weight is used, the
value will be affected by the weight of cells because the tissue/organ weight is
changed by cell removal during decellularization. We have measured the wet and
dry weight of rat native/DC-liver right lobe and evaluated the water content ratios
from these values. The water content of native liver was about 70%. However, the
water content of DC-liver was greater than 99%. These results suggested that the
dry cell weight was about 30% of the wet weight and the dry ECM weight was less
than 1% of the wet weight. Therefore, the weight of cells can affect the dry weight
of the target tissue/organ. Therefore, the wet weight should be used for quantitative
analysis. By contrast, Lee et al. (2014) reported the ratio of remaining DNA in
DC-liver versus that of native liver. They suggested that the remaining 3–4% DNA
in the DC-tissue/organ was not a problem. Although the standard for analysis of
DNA content is yet to be determined, the quantitative analysis of decellularization
is important.
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Once cells have been removed by decellularization, it is important that the ECM
should remain. The ECM mainly consists of collagen fibers and proteoglycan
complexes. Therefore, collagen and glycosaminoglycan are often evaluated as
typical components of collagen fibers and proteoglycan complexes, respectively.
These are sometimes evaluated quantitatively using an evaluation kit (Methe et al.
2014), or using qualitative immunostaining methods (Uygan et al. 2010). The ideal
values of collagen and glycosaminoglycan have not been reported. Even if the value
decreases by decellularization, if it will not affect the organ function or construc-
tion; therefore, the values are not critical. Furthermore, the specific components of
each tissue/organ are evaluated. For example, collagen IV and laminin in the kidney
(Peloso et al. 2015). In addition, each organ-specific structure is evaluated, such as
the blood vessel network in the liver and alveolar size in the lung.

Recellularization of DC-tissues/organs will be performed if necessary. The cell
adhesion and histological analysis of recellularized tissue are commonly evaluated.
Then, further evaluations of functions are performed depending on the specific
organ function such as the pumping movement in the heart and gas exchange in the
lung. In summary, following the common analyses of DC-tissues/organs, further
analyses are required for each tissue/organ. Next, we discuss some cautionary
points during DC and recellularization.

First is the time from harvest of the tissue/organ to the finish of decellularization
and sterilization. When reconstruction of the tissue/organ is performed using
DC-tissue/organ, the length of time from harvest of the tissue/organ to the finish of
decellularization and sterilization directly affects the time until the constructed
tissue/organ can be administered to the patient. Long-term decellularization can
denature or reduce the resolution of the ECM of the DC-tissue/organ. Furthermore,
if the time is prolonged, a risk of contamination is increased and the cost for
construction of the tissue/organ is increased.

Second, the washing process is important because the chemical agents used for
decellularization are cytotoxic. The DC-tissue/organ should be washed before use
as a scaffold for cell culture or transplantation. The washing process is usually
performed for a few hours or days, which is the same or longer than that of
incubation with the decellularization agent.

Third, the circulation system is important. During decellularization and recellu-
larization, some solutions should be used sequentially. The circulation system is
built by combining pumps and tubes, and is usually developed by each researcher
based on their specific requirements and therefore, they are not standardized. In some
organs, air bubbles in the flow solution can disrupt organ structures such as the
vascular network in liver. Therefore, the flow solution should be continuous, and air
vents should be contained in the circulation system when sensitive organs are used.

Fourth, stability of the flow solution speed or flow pressure in the tissue/organ is
very important to maintain the structure of the DC-tissue/organ. Circulation of a
solution at a high speed may cause the collapse of internal structures of the
DC-tissue/organ. In addition, control of the speed of circulating culture medium is
important especially during cell seeding because it affects cell adhesion.
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Furthermore, the seeding process and conditions should be optimized, e.g. the type
and number of seeded cells, the seeding method such as via the artery, and the
period until restart of the culture medium circulation after cell seeding.

Finally, the sterilization of DC-tissues/organs is important for cell culture or
construction of the tissue/organ for transplantation. Bacterial growth in
DC-tissues/organs should be avoided during decellularization and recellularization.
Therefore, antibacterial agents are often added to the circulating solution such as
washing solution. In addition, the sterilization procedure is sometimes performed
before transplantation or cell seeding. However, sterilization can damage the ECM
of DC-tissues/organs. For example, gamma irradiation and peracetic acid can
denature proteins. Therefore, the sterilization procedure should be selected
depending on the organ characteristics. Based on the above points, the decellu-
larization and recellularization procedure should be performed under mild condi-
tions. In the Sect. 3 (3.1–3.12), we focus on specific tissues/organs and explain their
background, structure, decellularization, and recellularization processes. In addi-
tion, some recent studies are introduced. The strain, decellularization method,
tissue/organ specific evaluation except common analysis and future works are
shown and summarized in each table.

3 Decellularization of Various Organs

3.1 Blood Vessels

Background
Injury of blood vessels due to accident or illness requires reparative surgery.
Autografts are sometimes used, but these processes also cause the injury to the
normal tissues and the limited with the range of uses. Thus, it is not considered a
suitable treatment approach. Injured blood vessels are sometimes reinforced by
stents. However, stents treatment has a limited range of application. Therefore,
artificial blood vessels are required for clinical treatment. Each year, 1.4 million
patients in the USA need arterial prostheses (Hasan et al. 2014).

Artificial blood vessels are the oldest artificial organ. Large artificial blood vessels
(inner diameter (ID) � 6 mm) were developed using synthetic polymers such as
Dacron and polytetrafluoroethylene (PTFE). These Artificial blood vessels are good
and have long-term patency for clinical treatment (Conte 1998). However, small
(narrow) artificial blood vessels (internal diameter; ID < 6 mm) with suitable func-
tion have not been developed. Retaining patency in these vessels is difficult.
Furthermore, artificial blood vessels consisting of synthetic polymers cannot replace
native tissue. The ID of blood vessels in children should increase with growth, but this
does not occur with synthetic artificial blood vessels. Conte (1998) reported “The
‘ideal’ vascular graft would be characterized both by itsmechanical attributes and post
implantation healing responses”. Given the economic considerations, low cost and
long-term durability are also important issues. Therefore, the development of
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tissue-engineered artificial blood vessels to replace native tissues is required.
Currently, materials such as cell-seeded synthetic materials, biodegradable polymers,
cell sheets, and biopolymer are being studied. An example of biopolymer based
artificial blood vessels that is close to clinical application is discussed. Sugiura et al.
(2016) reported that 50:50 Poly (1-lactide-co-Ɛ-caprolactone) is allowed to flow into a
glass tube and lyophilized. Then, the tube was coated with polylactic acid by elec-
trospinning. The obtained tube was 3 mm in length and transplanted into mice for
8 weeks by infrarenal aortic interposition with microsurgery. Endothelialization and
cell invasion were observed, but how to replace the native tissue in long term is being
evaluated. However, products with sufficient function have not been developed.
Another issue is that mechanical strength decreases with time by biodegradation.
Therefore, the balance between biodegradation and maturation of blood vessels is a
problem. However, when a DC-blood vessel is used, biodegradation is not necessary
because it is an original basic structure.

Structure of blood vessels
The structure of blood vessels is shown in Fig. 2. The internal surface is covered
with endothelial cells that provide antithrombogenicity. The medium layer consists
of smooth muscle cells and controls the expansion and shrinkage of blood vessels.
The ECM fixes the layers between the internal surface and medium layer.
Mechanical strength is an important characteristic of blood vessels. It is determined
in two directions, circumferential and longitudinal tensile strength. However, the
values are dependent between studies.

Decellularized blood vessels
It is important to develop small artificial blood vessels. When scaled up from animals
to humans, the size of vessels should be carefully considered because although the
diameter is similar between species the length is different in humans. There have
been many reports about DC-blood vessels (Moroni and Mirabella 2014; Mahara
et al. 2015; Umashanakar et al. 2016). The mechanical strength of DC-blood vessels
is important when used as a scaffold for the construction of blood vessels. However,
the structure is a simple straight tube. Therefore, the decellularization methods used
are common and include the use offlowing detergent and physical treatments such as
high hydrostatic pressure. After decellularization, recellularization is usually per-
formed using DC tissue engineering. Since, cells flow in the blood, so flowing cells
can attach to the surface of DC-blood vessels indicating recellularization may not be
necessary. The products made from synthetic polymers such as Dacron and PTFE
are not recellularized. Therefore, recellularization might not be necessary for small
artificial blood vessels. A trend of recent studies is non-seeding, which provides

Lumen

Endothelium

Smooth muscle
External elastic tissue

Internal elastic tissue

Tunica adventitia

Tunica intima

Tunica media

Fig. 2 The structure of blood vessels
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anti-thrombogenicity and improvement of cell adhesion. Table 2 summarizes the
findings of three studies.

These studies used interesting techniques. Mahara et al. (2015) reported the
decellularization of ostrich carotid artery using a non-detergent method. This
material is very interesting because the ostrich carotid artery is narrow, long and
straight without branching. Blood vessels usually have many branches. If the
branches are tied to form a straight scaffold, the knot will prevent the smooth flow
of blood and coagulation may occur. Therefore, the use of a straight blood vessel
without unexpected branches is important for obtaining an ideal scaffold. They
showed the long-term patency of the transplanted DC-artery using a porcine
experiment. The advancement of this research for clinical use is expected.
Umashanakar et al. (2016) proposed the use of DC-blood vessels as a patch for
treatment of a blood vessel hole. This method is expected to be used for a wide
variety of areas including accidents during surgery. The development of this patch
is expected. Gong et al. (2016) suggested that mechanical strength was decreased
during decellularization treatment. Therefore, they coated DC-blood vessels with a
nanofibrous material using electrospinning to improve its strength. Using suitable
material for specific role in association with other materials is a good idea. In these
studies, recellularization was not performed.

Future work
Tissue-engineered artificial blood vessels should have anti-blood clotting property
andmechanical strength. To achieve these objectives, artificial blood vessel should be
sufficiently endothelialized and have an elastic force similar to the native tissue. The
perfect replacement of ECM of DC-vessels by native cells and tissue will hopefully
achieve these objectives. Collagen is the main constituent of ECM and is a trigger for
coagulation. Therefore, the use of pre-endothelialization or anti-blood clotting coating
for complete endothelialization is necessary for clinical use. Furthermore, the
long-term stability of endothelialization is needed. The mechanical strength of
DC-blood vessels is expected to be close to the strength of the original, so the hope for
its use as a scaffold for the construction of blood vessels is high.

3.2 Heart Valves

Background
In Germany, 29,672 heart valve surgeries were performed in 2013, and the patient
number is increasing globally (Theodoridis et al. 2016). Currently there are two
basic types of artificial heart valve products: mechanical heart valves and biopros-
thetic heart valves. Both have advantages and disadvantages. Mechanical heart
valves are made of artificial biomaterials (mainly pyrolytic carbon) that allow them
to be used for a lifetime, but patients are treated daily with Warfarin, an anticoag-
ulation medicine. In addition, the level of the medicine is checked more than once
per month. Bioprosthetic heart valves are made of porcine aortic valves or bovine
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pericardial xenografts. These are treated with glutaraldehyde (GA). The GA treat-
ment devitalizes and sterilizes tissues and also reduces tissue immunogenicity
(Roosens et al. 2016). Patients receiving transplanted bioprosthetic heart valves have
to take Warfarin for the first few months, but the valves suffer from calcification and
have to be transplanted again 10–20 years later. Therefore, the development of a
novel heart valve that can be used for a lifetime without Warfarin is desired.

Structure of heart valves
The structure and characteristics of heart valves are shown in Fig. 3. As shown in
Fig. 3b, the surface of the heart valve consists of endothelial cells. The internal
middle layer consists of interstitial cells. The heart valves perform repetitive
opening and closing movements many times during lifetime (Fig. 3a). Therefore,
durability is important.

Decellularization of heart valves
Mechanical grafts require mechanical strength and biocompatibility when used for
heart valves. However, the endothelialization of the surface is needed for
anti-coagulation. Recent studies are shown in Table 3.

The commonly used detergents are not powerful for decellularization. Although
the decellularization of heart valves is thought to be difficult because of its internal
vascular network, but reports suggest all cells can be removed. However, biopros-
thetic heart valves, which retain some cells, are widely used. Therefore, the complete
removal of cells may not be important. The disadvantages of mechanical valves are
anti-coagulation and for bioprosthetic valves it is prolonging the effective application
period by anti-calcification. DC-heart valves are expected to resolve these problems.
Therefore, characteristic analysis of DC-heart valves should include anti-coagulation
and anti-calcification. Some studies have reported the clinical use of DC-heart valves.
In these studies, recellularization was not performed. The endothelialization of
DC-heart valves is thought to occur after transplantation in vivo. Mechanical valves
and bioprosthetic valves were not endothelialized but have been used in clinical
treatment. Therefore, endothelialization before transplantation may not be important.

(a)

(b)

Open Close

Endothelial cells

Endothelial cells

Fibrosa

Spongiosa

Ventricularis

Fig. 3 The structure and characteristics of heart valves. a Images of the aortic valve in open and
closed position (from the aorta). b Aortic valve histology emphasizing trilaminar structure
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Future work
The structure of heart valves is simple, therefore, the clinical application of artificial
heart valves is hoped for in the near future. To improve the current treatment, the
long-term (more than 20 years) stability of endothelialization and mechanical
strength should be evaluated. To achieve this, both the endothelialization of the
surface but the replacement of native tissues in the middle layer of heart valves may
be necessary to construct a complete heart valve. If this can be achieved, the heart
valves will grow in conjunction with the growth of a child to adulthood.

Table 3 Recent studies on DC-heart valves

Strain
(reference)

Decellularization Sterilization Recellularization Specific
evaluation

Porcine (Ota
et al. 2007)

80% PEG for 68
h ! 100 kGy gamma
irradiation ! 70 U/mK
DNase for 48 h

(100 kGy
gamma
irradiation)

PERV and a1, 3-Gal
were analyzed by
PCR
Transplanted in rats
and dogs
calcification was
determined

Hyperacute
rejection
evaluation
Hemodynamic
functional
evaluation
Effect of gamma
irradiation to
collagen

Human
(Cebotari
et al. 2011;
Sarikouch
et al. 2016)

0.5% SDC, 0.5% SDS
for 36 h

Not shown Transplanted to
patients
Analysis of peak
gradient by MRI size
growth with child
growth

Provide further
data and
follow-up of
transplanted
patients

Porcine
(Theodoridis
et al. 2016)

0.5% Triton X-100 for
24 h ! 0.5% SDS for
24 h

7.5% iodine
solution for
5 min

SDS quantification
by uniaxial tensile
test porcine
aorta-derived
endothelial cells
were seeded onto
cusps and
biocompatibility was
analyzed

In vivo testing in
large animals

Porcine
(Zhou et al.
2015)

1% Triton X-100 and
0.05%
trypsin ! 0.2 mg/ml
DNase and 20 mg/ml
RNase for 1 h

Not shown Coated with
10 mg/ml
20 kDa PEG,
1 mg/ml RGD
peptide and
1000 pg/ml VEGF
Endothelial
progenitor cells were
seeded and
adhesion/growth
were analyzed

Evaluation of
endothelialization
in vivo,
differentiation
under shear stress

RGD Arg-Gly-Asp, VEGF vascular endothelial growth factor, PERV vascular endothelial growth factor,
PEG polyethylene glycol
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3.3 Heart

Background
Heart disease is the leading cause of death in the USA and throughout many
advanced countries (Sánchez et al. 2015). Although the gold standard treatment for
end-stage heart failure is still heart transplantation through surgery, the shortage of
donor organs is a severe problem. Even if a matching donor is found, there are risks
of postsurgical complications (Zia et al. 2016). As with any other organ trans-
plantation, patients are treated with long-term immune-suppressants that cause a
variety of side effects including immunodeficiency, hypertension, diabetes and renal
insufficiency. Therefore, 24% patients die within 5 years after transplantation. To
solve these problems, the development of tissue-engineered hearts is required.

Structure of the heart
The heart mainly consists of muscle and blood vessels as shown in Fig. 4. Its
function is to pump blood throughout the whole body and its internal surface is
composed of endothelial cells that allow blood cells to adhere. The internal middle
layer consists of high-density muscle except in the heart valves.

Decellularization of the heart
To construct an artificial heart, DC-tissues should retain the original
three-dimensional structure as a scaffold for cell adhesion. Endothelial cells should
attach and cover the internal surface. Muscle cells should invade into the middle
layer and grow. To perform its functions, the muscle cells have to beat strongly and
steadily. A summary of recent studies is shown in Table 4.

SDS and Triton X-100 are usually used for decellularization of the heart. These
solutions enter the heart via the ascending aorta. The heart muscle contains a very
narrow vascular network; therefore, detergents cannot be used with this network

Right atrium

Right ventricle Left ventricle

Left atrium

Papillaly muscle

Inferior vena cava

Superior vena cava
Pulmonary artery
(to lungs)

Pulmonary veins
(From lungs)

Pulmonary veins
(from lungs)

Aorta
Pulmonary artery
(to lungs)

Fig. 4 Structure of the heart. Arrow shows the flow of blood
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because detergents attack the middle layer cells of the heart wall by diffusion from
an internal surface. Thus, a powerful detergent for decellularization is required.
Furthermore, Triton X-100 is used to remove remaining SDS or cell debris inside
the DC-matrix.

Recellularization of DC-heart
The heartbeat is maintained by heart muscles. Therefore, recellularization with
cardiomyocytes is necessary for reconstruction of the heart. To develop sufficient
muscle strength, a high cell density and culture of muscle inside the DC-heart are
important. Furthermore, electrical activation is required during recellularized
DC-heart culture to improve the strength of seeded cardiomyocytes. Although Ott
et al. (2007) have performed electrical activation of heart cells during a medium
circulation culture. Kitahara et al. (2016) suggested that differentiation of mes-
enchymal stem cells (MSCs) to heart muscle or endothelial cells was not sufficient
without electrical activation. Although circulation culture systems containing an
electrical activation system are complicated, this is required for the construction of
functional muscle. Furthermore, the placement of each suitable cell to a suitable
place is difficult. Kitahara et al. (2016) also suggested that the transmission of
electric signals will not be successful if certain cells such as immature cells (e.g.
myoblasts) are seeded and differentiated inside the DC-heart. Recent studies
reported the use of heterotopic transplantation. However, coagulation occurred after
the transplantation because complete endothelialization was not performed, and
long-term transplantation with blood flow was not achieved.

Future work
The improvement of muscle strength of recellularized DC-heart is necessary to
construct an alternative organ for the heart. To date, only a few of the adult heart
functions gave been reported (Ott et al. 2008). To improve the muscle strength of
recellularized DC-heart, high-density placement of muscle cells is important. In
addition, electric activation is also important for training the constructed muscle.
A pacemaker might be required to maintain a steady heartbeat. During the recel-
lularization of DC-heart, uniform recellularization is required in each heart atrium
and cardiac chamber. Furthermore, the complete endothelialization of internal
surfaces is important for anti-coagulation in the heart. These studies can be per-
formed with animal models, but when the scale-up will be performed for humans,
much higher cell numbers will be needed. The adult human heart contains 2 � 109

cardiomyocytes (Smit and Dohmen 2014). The growth and maturation of seeded
cells inside the DC-heart during organ culture will be important. However, the
construction of a bioreactor system to train muscle to achieve the required blood
pressure and flow is important for recellularized DC-heart cultures. In addition, a
reinforcement product such as a heart cell sheet or reinforcement patch with
DC-heart powder may be useful alternatives to whole heart products.
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3.4 Liver

Background
There are about 27,000 deaths annually in the USA due to liver disease (Yagi et al.
2013). End stage liver diseases including cirrhosis, chronic viral hepatitis, hepa-
tocellular carcinoma, injuries from alcohol abuse, or even inborn metabolic disor-
ders, often lead to demands for organ transplantation (Sabetkish et al. 2015).
However, 20% of patients die on the waiting list due to a shortage of organ donors
(Mazza et al. 2015). The liver is a regenerative organ and even if 70% of the liver is
harvested, the donor can survive (Shirakigawa et al. 2013). Often, a living liver
transplantation is performed in the clinic because of a cadaveric donor shortage.
However, this treatment has a potential risk of death for the donor, and therefore,
alternative treatments should be developed such as tissue-engineered liver
construction.

Structure of liver
The structure of the liver is shown in Fig. 5. The liver consists of millions hepatic
lobules, which are the minimum functional unit of the liver. Hepatocytes are the
main cell type involved in liver functions. The liver has a fine blood vessel network,
and hepatocytes require oxygen for their survival and function.
Decellularization of liver
Liver, composed of hepatocytes, has many functions and is the central organ of
metabolism. Because hepatocytes require oxygen, recellularization of hepatocytes
and construction of blood vessel networks are important for the construction of a
functional liver. A summary of recent studies is shown in Table 5.

Central vein

Portal tracts (triads)

Central vein

Portal vein branch
Hepatic artery branch

Bile duct
Portal triads

Sinusoids

Inferior vena cava

Proper hepatic artery
Portal vein
Common bile duct

Fig. 5 Structure of the liver
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To construct a fine vascular network, the original three-dimensional structure of
the liver should be used as a scaffold. Therefore, chemical agents are used for the
decellularization of liver via the portal vein, the major blood vessel in the liver. The
vascular network structure was evaluated by forming a template of it with resin.
Previous reports observed an intact vascular-tree network. However, the quality of
the remaining structure is different between studies. At the macroscopic levels, they
show similarities to the original structure. However, the liver requires oxygen, so
the thickness of the hepatocytes aggregate that can survive is a maximum of 50 µm.
The remaining vascular network structure should contain small diameter vessels for
use as a template in DC-liver. Thus, the ideal distance between blood vessels is less
than 100 µm. Even if the cell growth (regeneration of liver) occurs during the
culturing of recellularized DC-liver or transplantation in vivo, the length between
blood vessel structures in the template (i.e. DC-liver) should be less than 1 mm
(Shirakigawa et al. 2013).

Recellularization is necessary for functional liver construction because hepato-
cytes perform the main functions of the liver. For recellularization, various liver cells
were used (Table 5). After recellularization of DC-liver with hepatocytes, liver
specific functions were determined as follows: albumin synthesis as an index of
protein synthesis ability, cytochrome P450 (CYP) activity as an index of drug
metabolism ability and urea secretion. Albumin synthesis or urea secretion was
reported in recellularized DC-liver cultures. Therefore, drug metabolism functions
such as CYP activity should also be analyzed in recellularized DC-liver. Currently,
the function of recellularized DC-liver is reduced compared with native liver. An
improvement in seeded cell density is expected. It is assumed that the minimum liver
weight required to support a patient with acute liver failure is approximately 5–10%
of total liver weight. Therefore, about 10 billion human cells, or 50–100 million rat
cells must survive and function in the reconstructed liver (Caralt et al. 2014).

Heterotopic transplantations of porcine and rat DC-liver were reported.
However, coagulation occurred inside the transplanted graft in the liver. In addition,
long-term transplantation with blood flow was not achieved. Therefore, the perfect
endothelialization is needed.

Future work
Hepatocytes require an oxygen supply for survival and function indicating a
functional vascular network is necessary. Therefore, endothelialization is required
in DC-liver. The inoculation of a high cell density should improve liver specific
functions of DC-liver. However, to achieve a high cell density similar to native
numbers in vivo is difficult. Cells need to be seeded at a low density of about 1/10
that in vivo. Then, reconstruction to the in vivo cell density should be occur
following cell growth and neo-vascularization during recellularized DC-liver cul-
ture or transplantation in vivo. Additionally, it would be useful to have bile
secretion in DC-liver. In the future, it is hoped reconstructed liver grafts are used for
orthotopic transplantation. The ECM containing ratio of the liver is very low
compared with other organs and the mechanical strength of DC-liver is weak; thus,
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it might be difficult to maintain abdominal pressure. Reinforcement of the con-
structed graft may be needed.

3.5 Lung

Background
In the USA, nearly 30 million patients currently suffer from end-stage lung disease,
with 12.1 million adults affected by chronic obstructive pulmonary disease, the
fourth leading cause of death (Song et al. 2011). Lung transplantation remains the
only definitive treatment, but donor shortage is a severe problem. Therefore, the
construction of an alternative donor lung is required.

Structure of lung
The lung function is to exchange gas. Oxygen is supplied from the atmosphere to
blood, and carbon dioxide is released from the blood to the atmosphere. To achieve
this, the lung has fine vascular networks and many alveoli as shown in Fig. 6. The
surface of an alveolus consists of epidermal cells and the lung can shrink and
expand with the movement of the diaphragm.

Decellularization of lung and recellularization
The lung is a special organ because it has three phases: gas, liquid, and solids that
exchange gas between the blood and atmosphere. Cells are usually cultured in
liquid culture medium, but epidermal cells on the surface of alveolus have to be
exposed to the atmosphere. The three-dimensional structure of the airways should
be retained before and after decellularization of the lung. Therefore, the solution
circulation system for decellularization has to contain a channel for retaining the
airway structure including fine structures such as alveoli and the vascular network.
Therefore, the detergent method is usually used for decellularization. The solutions
usually enter the lung via the lung artery, but the airways can also be used.
A summary of four recent reports are shown in Table 6.

As mentioned above, because oxygen should be supplied from the atmosphere to
blood in the lung, the construction of blood vessels and alveolar surfaces is
important. Therefore, the seeding and culture of epidermal cells and endothelial

Heart

Trachea

Right lobes Left lobes

Pulmonary vein

Pulmonary artery Bronchioles
Bronchi

Artery

Veins

Alveolus

ArteryVeins

CO2
O2

Alveolus

Type I alveolar cell
Type II alveolar cell

Fig. 6 Structure of the lung
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cells is necessary. After recellularization of DC-lung, specific analyses are per-
formed: comparison of alveolar size and number before and after decellularization,
and evaluation of gas exchange of oxygen and carbon dioxide. In addition, the fetal
cells or cell lines were seeded on airways instead of primary lung cells. The growth
ability of primary lung cells might be poor. Orthotopic transplantation for a few
days was reported, but the size of the transplanted recellularized DC-lung was
reduced by macroscopic observation (Song et al. 2011). The engraftment of
recellularized DC-lung is still difficult.

Future work
Functional lungs should perform gas exchange with breathing. To achieve this, there
are three important points: (1) no leakage of air from airways by epidermal cellular-
ization of the airways; (2) the constructed organ should have sufficient mechanical
strength for breath; and (3) blood can flow in the vascular network without clotting.
These points should be achieved before its clinical use. In addition, the long-term
stability and the homogeneity of constructed lung should be determined.

3.6 Kidney

Background
Chronic kidney disease (CKD) is a global public health issue with an estimated
prevalence of 8–16% worldwide. End-stage renal disease (ESRD) eventually
develops in 0.15–2% of patients with overt CKD annually, and renal replacement
therapy with dialysis or transplantation is required (Figliuzzi et al. 2014). Nearly 1
million patients in the USA live with ESRD, with over 100,000 new diagnoses
every year. Although hemodialysis has increased the survival of patients with
ESRD, transplantation remains the only available curative treatment. However,
donors are lacking. In addition, even patients that receive a transplanted kidney
from a donor, 20% of recipients experience an episode of acute rejection within
5 years of transplantation, and approximately 40% of recipients lose graft function
within 10 years after transplantation (Song et al. 2013). The development of
tissue-engineered kidney is required as a solution to these problems.

Structure of the kidney
The kidney filters the blood and creates urine to control fluid balance, and regulate
the balance of electrolytes. All the blood in our bodies passes through the kidneys
several times a day. The structure of the kidney is shown in Fig. 7.

Decellularization of kidney and recellularization
Kidney filters the blood plasma to form urine. Then, reabsorption is performed via
renal tubules. The kidney consists of two systems: blood vessels and urinary ducts.
A summary of recent studies is shown in Table 7.

Decellularization of the kidney is usually performed by passing the detergent
solution through the artery because the kidney structure is important for recon-
struction using the kidney as a scaffold. As a detergent, SDS is widely used for
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kidney decellularization indicating removing cells in the kidney is difficult.
Reconstruction of the kidney requires the construction of a blood vessel system and
urinary duct system. To achieve this, endothelial cells were seeded via the artery
and kidney cells were seeded via the urethra (Song et al. 2013). Another study used
stem cells seeded via the artery to allow the cells to differentiate in DC-kidney
(Guan et al. 2015). Currently, the construction of a blood vessel system and urinary
duct system is difficult. During orthotopic transplantation, coagulation occurred in
DC-kidney when the endothelial cells were seeded suggesting that the complete
construction of a vascular network system is required for the construction of a
kidney. When the recellularization of DC-kidney was performed with kidney cells,
creatinine or urea syntheses as kidney functions were evaluated. However, these
functions should be improved as an alternative to hemodialysis or kidney donors.

Future work
The complete construction of a vascular network is necessary because of the high
blood flow through kidneys. Kidney cells should be inoculated at a suitable area
and the construction of the urethra is required. The performance of kidney function
should be improved; however, functions such as filtration by the glomerulus or
reabsorption via the renal tubules will be difficult to achieve.

3.7 Adipose

Background
In plastic surgery, the construction of adipose tissue is valuable for reconstruction
and cosmetics. After resection for breast cancer, breast reconstruction requires
adipose construction of cm in size. Reconstruction can be achieved by allografts;
however, the allograft has to move with blood vessels. Therefore, the dermis or
muscle must be cut open. High biocompatibility synthetic materials such as clinical
silicon have been developed. However, atrophy occurs in 10% of transplanted

Renal vein
Renal artery

Ureter

Renal pelvis

Nephron

Glomerulus

Bowman’s capsule

Urine

Glumorelar filtration

Tubular reabsorption

Tubular secretion

Fig. 7 Structure of the kidney
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patients and the shape of the transplanted material can change. In addition, although
the adipose tissue loses elasticity with age, artificial materials remain unchanged.
Therefore, the balance of the body changes with time. Recently, studies have
reported the injection of autograft adipose, obtained from the abdomen or thigh by
absorption of adipose. However, survival and shape control of injected adipose is
difficult. Thus, the development of tissue-engineered adipose is required.

Structure of adipose
Adipose consists of adipose cells, ECM, and a fine vascular network, which is
simple in structure. Adipose cells contain a fat reservoir, so the size of the cell
depends on the amount of fat.

Decellularization of adipose
A summary of recent reports of decellularization of adipose is shown in Table 8.
Adipose does not contain large blood vessels. Therefore, it cannot be perfused with
chemical agents via blood vessels. Thus, DC-adipose was obtained by repeated
freeze-thaw cycles and soaking in decellularized agent solution. The differentiated
ratio of adipose was increased when adipose-derived stem cells were seeded onto
decellularized adipose. The mixture of cells and DC-adipose is usually transplanted
subcutaneously, and the engraftment of the transplanted tissue is examined for
functional analysis. In addition, the density of the vascular network required for
engraftment of transplanted tissue is often performed. Oil red O staining of the
adipose is used for analysis of transplanted tissues.

Future work
Adipose tissue injection is performed in plastic surgery, but the survivability of
transplanted adipose obtained from the abdomen or thigh by absorption of adipose is
less than 50%. The survivability can be improved to 85–90% by injection of amixture
consisting of adipose tissue and adipose-derived stem cells selected by centrifugation.
However, the reconstruction of a sufficient volume adipose is difficult using these
methods alone. These problems might be resolved by combining a scaffold such
DC-adipose tissue with adipose-derived stem cells. As a scaffold, it should be
effective for adipose construction because it will promote adipose-derived stem cell
differentiation. In addition, the formation of a vascular network using DC-adipose as
a scaffold will allow the survival of transplanted adipose. The improvement of sur-
vival rate of the transplanted tissue or the acceleration of adipose tissue formation
should be examined in the future. However, the control of its three-dimensional shape
may be difficult. Combining other materials such as synthetic biodegradable poly-
mers that become a gel in situ might allow its flexible formation.

3.8 Dermis

Background
The skin is our first line of defense against the outside world and provides a barrier
against physical and biological attack, moisture retention, thermoregulation or
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excretion of waste products by sweating, as well as transmitting touch sensations.
The skin heals itself by natural reconstruction when lightly injured. However, larger
wounds may result in prolonged healing time complicated by infection or which
might not heal (Nyame et al. 2015). When the skin is destroyed over a large area, it
might be life threatening. Autografts remain the gold standard for the management
of large wounds. However, injuries such as large area burns cannot be treated with
autografting. In addition, when autograft treatment is performed, the surrounding
skin is injured forming a new wound. To resolve these problems, many bioproducts
have been developed to promote the healing of skin functions.

Structure of the skin
The skin consists of a subcutaneous bilayer formed by the epidermis and dermis as
shown in Fig. 8. The epidermis is 0.1–0.3 mm thick and mostly consists of ker-
atinocytes (about 95%). The dermis is tightly connected to the epidermis by a
basement membrane. The dermis consists of ECM and fibroblasts, and has a fine
vascular network connected to the subcutaneous tissue. The dermis contains nerves,
hair roots, sebaceous glands, and sweat glands.

Bioproducts and decellularized skin
In the tissue engineering field, Rheinwold and Green (1975) reported a method of
expanding keratinocytes in vitro and keratinocyte cell sheets are sold as a
tissue-engineered bioproducts (Epicel®, Genzyme Biosurgery, Corp., Cambridge,
MA, and Jace®, Japan Tissue Engineering Co. Ltd., Aichi, Japan). The protocol
uses a skin sample larger than 1 cm2 isolated from the patient. Then, the ker-
atinocytes are isolated and cultured. After 2–3 weeks, a sheet of cultured epidermis
measuring 1000 cm2 is produced. However, this product only consists of the epi-
dermis. In a deep wound, the dermis is also injured and because the keratinocyte
cell sheet preparation requires the long-term culture of a patient’s cells with high
cost, this treatment is not suitable for acute injury.

Epidermis

Dermis

Hypodermis

Hair

Blood vessels

Apocrine sweat gland

Eccrine sweat gland
Arrector pili muscle

Sebaceous gland

Hair bulb
Fat

Basal layer
Spinous layer

Granular layer
Stratum corneum

Fig. 8 Structure of the skin
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Allograft is another treatment after autograft. Allografts need to be sterilized to
avoid disease transmission. During sterilization, graft proteins are denatured killing
the graft cells. Therefore, this product consists of denatured human ECM and
another person’s dead cells. It can be used as a temporary alternative skin that
functions as a barrier. After transplantation, the allograft is slowly replaced by the
regenerating host tissue. Although it does not have a special function, low cost
production may be achieved because it is produced by the sterilization of human
skin. Another product, GammaGraft® (Promethean LifeSciences, Inc., Pittsburgh,
PA) is a ready-to-use, gamma-irradiated allograft.

Decellularized allograft products are also available. Allograft products contain
dead cells, which have no healing effect. Therefore, its function is similar to the
allograft product. Decellularization allows a space for the patient’s cells to invade,
and it can perform as a scaffold for the reconstruction of skin. AlloDerm® (LifeCell
Corporation, Branchburg, NJ) or Graftjacket® (Wright Medical Technology, Inc.,
Memphis, TN) are already available. Recently, MatrACELL® (LifeNet Health, Inc.,
Virginia Beach, VA) is a human DC-dermis product that uses a non-denaturing
anionic detergent (N-lauroyl sarcosinate) (Moore et al. 2015). Gentler decellular-
ization procedures should be developed. In addition, allogenic skin has been
developed, consisting of human cells and biomaterials such as collagen. For
example, Apligraf® (Organogenesis, Canton, MA) has a bilayer structure. The upper
epidermal layer is formed by promoting human keratinocytes (epidermal cells). The
lower dermal layer combines bovine collagen I and human fibroblasts (dermal cells),
which produce additional matrix proteins. However, these products do not contain a
vascular network, hair roots or sweat glands, and therefore can be improved.

Other products use xenografts or DC-xenografts. The most important benefit of
these products is that the material can be obtained in large quantities and with a
large size. Porcine xenografts are the most commonly used xenograft (Nyame et al.
2015). Xenografts act as a temporary barrier and decrease the healing time.
DC-xenografts might act as a template for the reconstruction of skin and may have a
function similar to DC-allografts if a suitable treatment is developed and performed.

Future work
Although many bioproducts have been developed for skin treatment, and clinical
studies have been reported for these products, the optimal procedure for each product
or treatment method has not been developed, and should be investigated in the future.
However, the high cost of these techniques is a disadvantage. Because these products
will be used to treat large areas, the cost should be reduced. New products of DC-skin
should follow one of two paths: (i) perfect skin that is identical to native skin that
functions immediately after transplantation, and does not require replacement by the
patient’s own skin; and (ii) a low cost skin with wide versatility that can be stored at
room temperature, and used as a template for the reconstruction of skin. This would be
invaded by the patient’s cells and help skin cell growth and neo-vascularization.

Currently, a recellularized DC-dermis is not available. The recellularization of
DC-dermis has advantages and disadvantages. An advantage is that seeded cells
may promote replacement with the patient’s cells or produce ECM if human

212 N. Shirakigawa and H. Ijima



fibroblast cells are also seeded. If a patient’s cells are seeded, the time to
replacement may be decreased. A disadvantage is the high cost of cell seeding,
culture processes for recellularization, and transportation or storage. After recel-
lularization and culture, the products should be used within a few days and
transported at 37 °C, or otherwise stored in a freezer to keep the seeded cells alive.
However, it may become a perfect skin immediately. Furthermore, the cell source is
a problem. For cells that are ready-to-use, identification of the patient immune type
or a highly efficient method for cell growth will be needed. To develop low cost
skin, DC-skin using xenografts may be useful compared with allografts. To
improve the function of DC-skin as a scaffold, some additional functions are
required such as promoting cell growth or neo-vascularization, and antibacterial
activity to decrease the risk of infections.

Finally, no products or studies have reported the reconstruction of nerves, hair
roots, sebaceous glands, and sweat glands, and this should be addressed in future
studies. In addition, the visual appearance of the reconstructed skin should be as
natural as possible to enhance the quality of life of the patients. Even if this raises
the costs, some patients will hope for a natural visual reconstruction.

3.9 Cartilage

Background
Aging population has increased the number of patients suffering from cartilage
disorders such as osteoarthritis, the most common joint disease in the USA,
affecting an estimated 27 million Americans (Bautista et al. 2016). Additionally, if
the cartilage is injured, self-repair is limited because it consists of dense ECM
without a vascular network. When the injury is small, treatments such as bone
drilling or autograft transplantation can be used. Bone drilling describes the drilling
of the subchondral bone to induce blood flow. The blood coagulates at the injured
cartilage area and becomes cartilage. However, the reconstructed cartilage is fiber
cartilage not hyaline cartilage. Autograft transplantation describes the harvesting of
a small rod of cartilage from an area that is not subject to strain from body weight
and that is then transplanted to the injured area. Using this method, the transplanted
cartilage is similar to the original cartilage, but its usable range is limited. However,
these methods cannot be performed in patients with a large injury. When the
healing of cartilage injury is difficult, an artificial joint might be transplanted.
However, the durability of artificial joints is limited to 10–20 years. Therefore, this
treatment is not suitable for young patients.

In the tissue-engineering field, tissue-engineered cartilage is available as Jack™
(Japan Tissue Engineering Co.). This method harvest a small cartilage sample from
the patient, then the chondrocytes are isolated and cultured in Atelocollagen gel for
four weeks. Furthermore, the proliferating chondrocytes with gel are transplanted to
the injured site. This method is a novel treatment. However, the healing time is
long, about 6–12 months is needed until the patient can walk. Thus, the develop-
ment of a new treatment method for the reconstruction of hyaline cartilage in a
short-term is required.
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Structure
Cartilage overlaid on the subchondral bone consists of dense ECM (Fig. 9). The
superficial zone consists of collagen II fibers aligned in parallel to the articular
surface to resist shear stress, and the deep zone consists of the same fibers aligned
perpendicularly to the bone interface to absorb compressive loads. There is no
vascular network in cartilage.

Decellularized cartilage
A summary of recent studies about DC-cartilage are shown in Table 9.

Because there is no vascular network in cartilage, decellularization of cartilage is
usually performed by freeze-thawing or diffusion of detergents from the surface.
Some studies have used cartilage directly without chopping. Decellularization of
cartilage is often performed after chopping. The reason is that cartilage consists of
dense ECM and the diffusion of a detergent may be difficult. In addition, when it is
transplanted to the injured site, its shape may be controlled better when added as a
chopped sample. For recellularization, MSCs are widely used. The necessity of
recellularization is unclear, but the cartilage cells are needed to maintain the car-
tilage for a long time. However, the seeding density and method must be optimized.

Future work
When DC-cartilage is used without chopping, it might be used as a template for the
reconstruction of cartilage. If the original ECM exists, then reconstruction may be
achieved in a short time. However, the control of its shape to match the injured site
and the method of seeding cells inside the dense ECM will be difficult. The
decellularized chopped cartilage or solubilized DC-cartilage may be better for shape
control, but the construction of a three-dimensional structure will also be difficult.
Evidence for the promotion of reconstructed cartilage using DC-cartilage is needed.

3.10 Tendon

Background
Tendons connect bone and muscle. The most commonly affected tendons are the
finger and hand flexors and extensors, the rotator cuff, and the Achilles tendon. In

Superficial zone

Subchondral bone
Calcified zone

Middle zone

Deep zone

Articular surfaceFig. 9 The structure of
cartilage
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particular, acute Achilles tendon ruptures have an increasing incidence of 18 per
100,000 (Lovati et al. 2016). When injured seriously, movement of the connected
part is difficult, and self-repair is difficult. Large tendon damage needs to be
repaired using any tissue substitutes. Allograft transplantation is usually performed,
but there are disadvantages, such as slow incorporation into host tissues, potential
disease transmission, danger of infection, tunnel widening caused by immune
responses, delayed tendon-bone healing, and lower mechanical character (Dong
et al. 2015). In addition, both synthetic and biological scaffolds have been used in
studies, but a viable tendon substitute is not yet widely available for clinical
applications. Therefore, a tissue-engineered tendon should be developed.

Structure
Tendons consist of a low cell density (5%) of collagen fibers containing collagen I
(more than 90%) (Lovati et al. 2016).

Decellularized tendon
There are many reports about DC-tendons (Lovati et al. 2016). A summary of
recent reports is shown in Table 10.

The diffusion of detergent for the decellularization of tendons is difficult because
of the presence of dense collagen fibers. Therefore, freeze/thaw cycles are widely
used for the decellularization of tendons, and sliced tendons are sometimes used. The
sliced tendon is used to form a rod by “rolling up” the tissue. However, slicing can

Table 9 Recent studies of decellularized cartilage

Strain
(reference)

Decellularization Evaluation Future work

Pig
tibiofemoral
joints
(Bautista et al.
2016)

Freeze-thaw four
cycles ! 0.125 U/ml
chondroitinase for
24 h ! 0.1% SDS for
24 h ! 100 U/ml DNase and
1 U/ml RNase ! 0.1%
peracetic acid

3 � 107 MSCs/ml-sample
were seeded and centrifuged
at 400 � g for 5 min, then
cultured and analyzed

In vivo implantation

Human
nasoseptal
cartilage
(Graham et al.
2016

Triton X-100 for
12 h ! 90 U/ml DNase and
85 mg/ml RNase for 5 h

Mechanical and
biocompatibility testing

Long-term stability
and
structural/mechanical
characteristics
Repopulated with
appropriate host cells
In vivo preclinical
animal model
experiments

Pig femoral
condyles
cartilage
(Rowland
et al. 2016)

−80 °C and lyophilized for
24 h ! freezer/mill ! 2.5mM
MgCl2, 0.5 mM CaCl2 and
50 U/ml DNase ! homogenize

Flow in silicone molds and
lyophilized, crosslinked and
sterilized via dehydrothermal
treatment
Sterilized in 70% ethanol for
15 min
8 � 106 MSCs/ml were
seeded

Hierarchical
organization of the
newly synthesized
tissue
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change its mechanical strength. A rabbit model is often used for the analysis of
tendon repair (Lovati et al. 2016). After transplantation, histological analyses and
biomechanical tests are performed (Pan et al. 2015). Results suggest that the
DC-tendon will be useful for tendon repair. However, it is not currently ready for
clinical use. Previous analyses were performed in animal models. For human clinical
use, the mechanical strength will be different. Therefore, an index of its strength for
clinical use should be developed. In addition, long-term stability analysis is required
and the role of DC-tendons should be determined during healing.

Future work
The promotion of tendon reconstruction of tendon is expected by the use of
DC-tendon as a template. However, the necessity of recellularization of DC-tendon
is still unclear. In addition, its mechanical strength and durability should be studied
further. Although tendon injury is not life threatening, it can reduce the quality of
life for patients. Its structure is very simple, so the quick development of recon-
struction techniques is desired.

3.11 Pancreas

Background
According to the World Health Organization, at least 285 million people worldwide
suffer from diabetes.While pharmaceutical interventions and insulin supplementation
are the most common treatment of diabetes, these do not represent a cure and can
potentially lead to long term complications (Goh et al. 2013). b-cell replacement
through islet or pancreas transplantation is the only therapy that can reliably
re-establish a stable euglycemic state (Peloso et al. 2016). However, transplantations
have a disadvantage of a severe donor shortage. To solve this problem, studies have
attempted to develop artificial pancreas using a machine to control blood glucose
levels in an ideal range by the injection of insulin based on monitoring of the blood
glucose level. Recently, the downsizing of machines and the stabile control of blood
glucose levels have been reported (Haidar et al. 2015). However, long-term stability is
still a problem. Therefore, a tissue-engineered pancreasmight resolve these problems.

Structure
The pancreas contains endocrine and exocrine tissues. Endocrine islets contain
a-cells and b-cells, which produce glucagon and insulin, respectively that control
the blood glucose level. Although the pancreas consists of exocrine islets (more
than 90%), it is abnormalities of the endocrine islets that affect the patient’s life.
Therefore, reconstruction of the endocrine system should be developed.

Decellularization and recellularization
DC-pancreas might be used as a scaffold for the transplantation of islets that can
survive in vivo. A summary of recent studies of DC-pancreas are shown in
Table 11.
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The pancreas is a soft organ with a vascular network. Therefore, decellulariza-
tion of the pancreas is usually performed by detergents without physical treatment.
After decellularization, recellularization is required for full functionality. Either
pancreas cells or endothelial cells are seeded and cultured and then the vascular
density or insulin secretion is evaluated. However, the seeding of each cell type at a
suitable location will be difficult.

Future work
Previous studies have not reported an improvement of the mass transfer between
islets and blood because of the difficulty of constructing a vascular network. In
addition, the stabilization of transplanted islets in vivo is also a problem that needs to
be solved. Therefore, for transplanted islets to survive, the construction of a vascular
network is needed. DC-pancreas may be a suitable ECM for islets, but it is very soft.
A previous study reported that the kidney was used as a scaffold to construct pan-
creas (Willenberg et al. 2015). Furthermore, the reconstructed pancreas should be
strengthened to endure abdominal pressure. DC-pancreas might be achieved if a fine
vascular network can be achieved in the scaffold. Finally, by seeding each cell type
at each suitable location, the DC-pancreas function might be improved.

3.12 Others

Tissues and organs consist of cells and ECM. Therefore, the decellularization of any
tissue and organ can be performed in theory. However, the difficulty of decellular-
ization depends on the specific structure of each tissue and organ. A summary of
studies on the decellularization of other tissues and organs is shown in Table 12.

Table 11 Recent studies of decellularized pancreas

Strain
(reference)

Decellularization Sterilization Recellularization Specific
evaluation

Future work

Mice
(Goh et al.
2013)

0.5% SDS for
5.4 h ! 1% Triton
X-100 for 15 min

Not shown 3 � 107 MIN-6
cells via portal
vein and 3 � 107

AR42J cells via
pancreatic duct

Vascular
structure
AFM
Insulin
gene
expression

Optimization of
recellularization
procedure

Human
(Peloso
et al.
2016)

1% Triton X-100
and 0.1%
ammonium
hydroxide solution
for 48 h ! DNase
and 0.0025%
magnesium
chloride

12 kGy
gamma
irradiation

2 � 106 human
primary
pancreatic
endothelial cells

Vascular
structure
double
line
perfusion
system

Understanding
the mechanisms
of interactions
between the
matrix and cells
Using optimal
cell for
regeneration of
the endothelium
and islets

AFM atomic force microscope
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As shown in Table 12, decellularization has been applied to bone and nerves. In
these tissues, the promotion of reconstruction might be achieved by decellularized
tissues containing the original ECM components and structure for use as a template.
If the efficiency of DC-tissues for reconstruction is shown, then other DC-tissues
may be studied further.

4 Solubilized Decellularized Tissues/Organs

Background
The survival, original function, and growth of isolated cells or transplanted cells
from tissues or organs can be difficult. The construction of an in vivo-like
microenvironment is required for such cells. The solubilization of DC-tissues/organs
will allow the collection of material for tissue culture or construction. However, it is
still unclear what factors affect cell differentiation, for example, physical specifica-
tions such as hydrophobic character, or ECM content.

Efficient cell differentiation is a problem in the tissue engineering field. It was
reported that differentiation can be promoted by culturing cells on specific ECM
(Nakamura and Ijima 2013). Solubilized DC-tissues/organs might be used as a
potential scaffold for differentiation. In addition, for solubilized DC-tissues/organs,
the shape of the material may be controlled by coating or gelation of the
three-dimensional structure, which might be useful for cell culture material and
construction of the tissue/organ. A summary of recent studies of solubilized
decellularized tissues/organs is shown in Table 13.

For the solubilization of DC-tissues/organs, there are two methods: (i) the
tissue/organ is chopped before decellularization; and (ii) the tissue/organ is chopped
after decellularization. When a tree-like vascular network is present, the perfusion
of a chemical agent via the network will achieve efficient decellularization.
Therefore, after decellularization, DC-tissues/organs might be easier to dissociate.
However, if the chopping is performed before decellularization, a greater decrease
in ECM might occur during decellularization because of the increased surface area.
When there are many fine vascular structures, the severed ends of the vascular
structures will be present at the chopped surface allowing the detergent to diffuse
more efficiently. When few vascular structures are present, it is better to perform
decellularization after chopping because the diffusion of the detergent depends on
the surface area. Retention of the three-dimensional native structure is not required
because the DC-tissue/organ will be solubilized. Physical treatments such as
freeze/thaw cycles are often combined. For the solubilization of DC-tissues/organs,
0.1 N HCl and pepsin are often used. Collagen, which is the main component of
ECM, is usually derived with HCl; however, pepsin is also used because HCl alone
cannot solubilize DC-tissue/organ efficiently. However, acid or enzymes can
damage the ECM. Therefore, the amount used or length of incubation should be
reduced.
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Future works
Solubilized DC-tissue/organ can be used as an ECM matrix for culture dish coating
or as a three-dimensional culture material by gelation. The concentration of the
matrix or gel strength should be optimized. Furthermore, the construction of an
organ might require a combination of three-dimensional printing technology or
decellularized organs. In addition, its application by injection-like spray, as a patch
of tissue or to reinforce tissues will be useful.

5 Conclusions

Dermis and heart valve bioproducts from bovine or porcine have already been
developed and decellularized human dermis is already available. These tissues are
easy to use clinically because their function is simple or it is used at a denuded area.
However, the knowledge gained using these materials can be applied to other
tissues/organs. The use of other tissues/organs with xenografts is also expected to
be developed in the near future. Of course, DC-tissue/organ allografts can be used,
but these treatments can be expanded by using xenografts. Organs such as the heart
or liver from cadaveric donors are not usually used for transplantation. However,
DC-organs can be obtained from cadaveric donors. We have discussed the various
studies on the reconstruction of tissues/organs based on DC-tissue/organ in Sect. 3.
However, the most common problem for the reconstruction of a functional organ is
the endothelialization or construction of a vascular network in the DC-organ. By
developing efficient vascularization methods, these studies will be improved.
Another common problem is the seeding method used to inoculate cells to a suit-
able location. Mature cells could be used or immature cells could be seeded first and
mature cells seeded second. The latter method is expected to be more successful,
but there is a risk of cancer from the immature cells. Therefore, differentiation
methods should be improved. The DC-tissue/organ can be used to construct a
suitable microenvironment for cells. The reconstruction of various tissues/organs is
expected based on the use of decellularized tissues/organs.
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Current Progress in Bioprinting

Xiao-Fei Zhang, Ying Huang, Guifang Gao and Xiaofeng Cui

Abstract With the advances of stem cell research, development of intelligent
biomaterials and three-dimensional biofabrication strategies, highly mimicked tis-
sue or organs can be engineered. Among all the biofabrication approaches, bio-
printing based on inkjet printing technology has the promises to deliver and create
biomimicked tissue with high throughput, digital control, and the capacity of single
cell manipulation. Therefore, this enabling technology has great potential in
regenerative medicine and translational applications. The most current advances in
organ and tissue bioprinting based on the thermal inkjet printing technology are
described in this chapter, including vasculature, muscle, cartilage, and bone. In
addition, the benign side effect of bioprinting to the printed mammalian cells can be
utilized for gene or drug delivery, which can be achieved conveniently during
precise cell placement for tissue construction. With layer-by-layer assembly,
three-dimensional tissues with complex structures can be printed using converted
medical images. Therefore, bioprinting based on thermal inkjet is so far the most
optimal solution to engineer vascular system to the thick and complex tissues.
Collectively, bioprinting has great potential and broad applications in tissue engi-
neering and regenerative medicine. The future advances of bioprinting include the
integration of different printing mechanisms to engineer biphasic or triphasic tissues
with optimized scaffolds and further understanding of stem cell biology.
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Abbreviations

3D Three dimensional
AFS Amniotic fluid-derived stem cells
BCP Biphasic calcium phosphate
BG Bioactive glass
BMPs Bone morphogenic proteins
CAD Computer aided design
CAM Computer aided manufacturing
CaP Calcium phosphate
CIJ Continuous inkjet
CT Computed tomography
DOD Drop on demand
ECM Extracellular matrix
EIJ Electrostatic inkjet
FGFs Fibroblast growth factors
GDNF Glial cell line-derived neurotrophic factor
GelMA Gelatin methacrylate
HA Hyaluronic acid
hASCs Human adipose-derived stem cells
HMVECs Human microvascular endothelial cells
hTMSCs Human nasal inferior turbinate tissue-derived mesenchymal stromal

cells
IGF-1 Insulin-like growth factor 1
LaBP Laser-assisted bioprinting
MRI Magnetic resonance imaging
MSCs Mesenchymal stem cells
MTU Muscle-tendon unit
NGF Nerve growth factor
NHDF Normal human dermal fibroblasts
ODP Omnidirectional printing
PAVICs Porcine aortic valve interstitial cells
PCL Poly-caprolactone
PDGF Platelet-derived growth factor
PEG Poly (ethylene) glycol
PEGDA Poly (ethylene) glycol diacrylate
PEGDMA Poly (ethylene) glycol dimethacrylate
PF127 Pluronic F127
PGA Poly-glycolic acid
PLA Poly-lactic acid
PLGA Poly (lactic-co-glycolic acid)
pNIPAAM Poly (N-isopropylacrylamide)
PTH Parathyroid hormone
PU Polyurethane
RFP Rifampicin
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RGD Arg-Gly-Asp
sECMs Synthetic extracellular matrices
SMC Smooth muscle cells
TCP Tri-calcium phosphate
TGF-b Transforming growth factor-b
VEGF Vascular endothelial growth factor
VIC Valve leaflet interstitial cells

1 Introduction

Three dimensional (3D) printing, as one of the 3D fabrication technologies, has
been introduced more than 30 years since Charles Hull first invented a 3D
lithography in 1986 (Shafiee and Atala 2016). During early 1990s, Sachs et al.
developed a powder-based free form fabrication method contributing a significant
development for 3D printing. A regular ink-jet print-head is used in this approach
and binders are applied to the powder bed to cement the loose powders together.
Hence, in the early stage, 3D printing technology was mainly used on rapid tooling
using metals and ceramics (Bose et al. 2013). Nowadays, with the dramatic
development of 3D printing technology, it has massive applications in automotive
industry, military services, archaeology, electrical device engineering and recently
in biofabrication (Radenkovic et al. 2016).

Biofabrication is a process by arranging cellular and non-cellular component in
space to mimic the composition and functionality of the human tissue (Arealis and
Nikolaou 2015). Bioprinting as a 3D biofabrication technology can precisely
allocate cell-laden biomaterials to construct complex 3D functional living tissues or
artificial organs (Mandrycky et al. 2016). Bioprinting is also referred as an additive
biomanufacturing process by depositing materials such as living cells, nucleic acids,
drug particles, proteins, extracellular matrix (ECM) components, growth factors and
other biochemical factors in a layer by layer fashion. Bioprinted subjects usually
demonstrate appropriate resolution and mechanical properties (Ozbolat et al. 2016).

The high printing resolution of bioprinting allows cells/matrix/biomolecules and
biomaterials to be precisely dispensed to mimic the native tissue structure (Jana and
Lerman 2015). Unlike conventional tissue engineering methods such as
chemical/gas foaming, solvent casting, fiber bonding, particle/porogen leaching,
freeze-drying, thermally induced phase separation, membrane lamination, foam-gel
and electrospinning, only bulk properties can be controlled, but the pore size, shape,
network, internal architecture and topology cannot be decided. Additionally, the
specific requirement of the porosity is not able to be achieved using traditional
tissue engineering approaches as well (An et al. 2015; Zhu et al. 2016; Bose et al.
2013). Assisted with computer aided design (CAD) technologies, bioprinting can
produce complex 3D structures from nanoscale to microscale with low cost and
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high efficiency. The three major techniques used in bioprinting are inkjet printing,
extrusion printing and light-assisted printing (Zhu et al. 2016). The printed struc-
tures with specific requirements of pore size, structure, gerometries, porosity and
pore interconnectivity can be realized using different 3D printing technologies with
various biomaterials as bioink (Jana and Lerman 2015).

Nowadays, with the increasing number of ageing population and the threat of
trauma or diseases leading to the loss in the tissue architecture and its functions,
autograft and allograft transplantation of tissues are usually used to recover the
acute injury or chronic disease (Xiong et al. 2015). However, donor shortage is
always a serious challenge and many people die while waiting for a suitable organ
transplantation. Moreover, high cost and allogeneic transplant may cause immune
rejection which would be huge hurdles for the recipient. Since the late 1980s, the
first hybrid artificial organ was produced. Tissue engineering has been considered a
promising technique that can alleviate the crisis of organ shortage. Due to the
complex architecture of the tissue, it requires to combine multiple cell types and
different components precisely in order to form a three dimensional structure. An
appropriate technology should generate a tissue not only combining multiple cells
with suitable biochemical factors, but also mimicking the microarchitecture of the
tissue as well as the in vivo microenvironment for the cells (Guillemot et al. 2010b).
Organ printing has the promises to achieve these goals. Organ printing or 3D
bioprinting is the combination of computer aided design and tissue engineering,
which uses patient’s autologous cells based on the computer aided model to pro-
duce personalized artificial organ (Xiong et al. 2015; Radenkovic et al. 2016).
Bioprinting is still in its immature stage and there are many challenges that need to
be solved such as high resolution cell deposition, controlled cell distributions,
vascularization, and innervation within the 3D tissues. However, with the high
demand of organ transplantation, bioprinting could be an effective way to relieve
the stress of the organ shortage (Mandrycky et al. 2016). Nowadays, organ printing
research is focusing on many areas such as skin, cartilage, bone, aortic valve,
vascular trees, kidney and is gradually moving towards other tissues (Jana and
Lerman 2015). With the development of organ printing technology, the ultimate
goal is to achieve the organs and tissues functionalization, overcome the limitation
of organ shortage and achieve life-long immunosuppression (Radenkovic et al.
2016).

In this chapter, the most current bioprinting techniques and bio-ink materials are
introduced and summarized, followed by the examples of tissue and organ printing
applications as well as the discussion of existing challenges.

2 Bioprinting Techniques

With the robust advancement of printing technology, there are more than 40
different 3D printing techniques that are currently being used in research or com-
mercial applications. Among these, inkjet printing, extrusion printing, laser assisted
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printing and stereolithography are the most widely used technologies. A brief
overview of these 3D bioprinting techniques are presented here.

2.1 Inkjet Printing

Inkjet printers were initially developed in 1970s. At that time, inkjet printing was
just a 2D printing technique due to the limitation of the technique. In 1992, inkjet
printers were modified with a chamber with an elevator stage controlling the z-axis
of the printer. Thus 3D printing based on this technique was achieved. Inkjet
printing was introduced as one of the first approaches for additive manufacturing
process (Jana and Lerman 2015; Derby 2015). With the digital control of a com-
puter, inkjet printing can precisely control the size of the printed pattern and the
deposition of generated droplets (Xu et al. 2013b). There are four approaches
existing for inkjet droplet squeezing, which are thermal, piezoelectric, acoustic and
electrostatic inkjet printing. Among these, thermal and piezoelectric are the most
widely utilized for structure fabrication (Ihalainen et al. 2015). When working as a
bioprinting process in tissue engineering, the bioinks are always hydrogels or
pre-polymer solutions with or without cells encapsulated and deposited on the
surface as demanded. For the reasons of fast fabrication and low-cost properties,
inkjet printing technique has been utilized in wide variety of areas and has been
highly successful commercially (Derby 2015).

As mentioned above, thermal and piezoelectric inkjet printing approaches are
two main processes applied in bioprinting technology. With thermal, the ink drops
are ejected from the nozzles due to the high pressure of air bubbles generated by the
localized high speed heating up to 300 °C (Jana and Lerman 2015). According to
the previous research, thermal inkjet printer is able to construct 3D cell-laden
constructs. This printing technique has the advantages of high throughput and low
cost. Therefore, it has been used in numerous biofabrication and biomedical
applications. A research group simultaneously printed human mesenchymal stem
cells (MSCs) with bioactive glass (BG) and hydroxyapatite polymerized in a poly
(ethylene) glycol dimethacrylate (PEGDMA) scaffold. Compared to the conven-
tional scaffold generation process, the cells were distributed uniformly in the printed
scaffold and completely avoided the cell accumulation caused by the gravity (Gao
et al. 2014). Thermal inkjet printing is an efficient and economic printing approach,
however, it still has many challenges. The droplet directionality is fairly low, and
the geometrical shapes are usually irregular due to the weakness of hydrogels. In
addition, the nozzle clogging can always threaten the smooth printing process.
Different from the thermal inkjet printing which uses heat change to create pressure,
the piezoelectric system changes the voltage to generate the pressure and finally
lead ink to be extruded out of the nozzle. Compared to the thermal inkjet printer,
inks in the piezoelectric system are not exposed to the heat. However, the thermal
inkjet printing head design is simpler and more robust. Hence, thermal inkjet
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printing can be more suitable for bioprinting than piezoelectric printing system
(Jana and Lerman 2015; Ihalainen et al. 2015).

Inkjet printing mechanisms can be classified into three categories according to
the difference of droplet generators, which are continuous inkjet printing (CIJ), drop
on demand (DOD) inkjet printing, and electrostatic inkjet printing (EIJ). For CIJ,
due to its high printing speed and the capacity to finish large scale printing, it is
always used in commercial production. Although it is a scale-up fast printing
technique, the continuous fluid jetting and the material recirculation can lead to the
wastage and contamination of ink materials (Derby 2015). Considering the reso-
lution and the cost of the printing, DOD inkjet printers are more recommended. For
this printing mechanism, thermal and piezoelectric are the most widely used
techniques. For thermal drop on demand inkjet printers, it can eject inks from
reservoir as needed. And the piezoelectric drop on demand printers can utilize
different range of voltage to adjust the shape and the size of the droplet (Shafiee and
Atala 2016). EIJ printing utilizes applied electrostatic repulsion to eject the indi-
vidual drops (Umezu et al. 2005). In the past 40 years, CIJ and DOD these two
techniques have been widely used for commercial applications. However, EIJ is just
recently available in market and its development is still ongoing.

2.2 Extrusion Printing

Extrusion printing is actually a modified version from inkjet printing. Inkjet printing
requires bioink with low viscosity in order to form the droplets. Materials with high
viscosity usually cannot be printed using this method. Extrusion printing utilizes
pneumatic and mechanical screw plunger dispensing system to allocate bioinks.
Instead of depositing droplets, unremitted cylindrical lines are generated by the
applied continuous force. Bioinks such as cells, cell-laden hydrogels with high cell
density, as well as biomaterials with various viscosities can be loaded into the
cartridge and printed with extrusion printing system. The extrusion speed, proce-
dure, the deposit location on 3D stage can be adjusted by the computer aided
operator. Currently, the extrusion dispensers can be divided into pneumatic micro
nozzles and screw-based nozzles. The first type uses compressed gases to extrude
the bioink out of the nozzle. Hence, it is able to extrude materials with different
viscosities. The limitation of this system is that it cannot conduct mass control
during the process. The later type is able to print without inlet air to reduce the cost.
However, the screw-based nozzles may have difficulties when printing highly
viscous materials (Mandrycky et al. 2016; Shafiee and Atala 2016).

Based on the concept of extrusion printing, bioplotting technique was developed
in 2000. Since this technology can inject the materials out of the container as
continuous filaments, it is also called direct writing system. The mechanisms of
bioplotting are mechanical and pneumatic and it is able to operate bioink in ambient
or physiological temperature (Jana and Lerman 2015; Kumar et al. 2016). A wide
variety of materials can be used in bioplotting, such as cells, polymers and cell
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encapsulated matrics. However, the printing flexibility of bioplotting still requires
improvement (Chia and Wu 2015; Buyukhatipoglu et al. 2010). When printing
materials with encapsulated cells, the rapid printing speed can provide high shear
stress and finally result in decrease of the cell viability. In order to print cells, the
nozzle diameter is limited by the size of the cells while this requirement conversely
limited the printing resolution (Zhu et al. 2016; Munaz et al. 2016).

The extrusion printer has acceptable compatibility with different types of
materials, and can also print materials with wide range of viscosities. What needs to
be taken into consideration is the reasonable cost. As a typical extrusion printer, it
always has multiple printer heads which allow different type of bioinks to be printed
at the same time. Besides, it can also well control the shapes, pores, porosity, and
cell distribution of the printed scaffolds or prosthetics for tissue engineering. All
these benefits contribute in making extrusion printing technique to be the most
widely used commercial 3D printing technology in recent years (Mandrycky et al.
2016; Jana and Lerman 2015).

2.3 Laser Assisted Printing

The origin of laser assisted printer is based on modified laser direct write and laser
induced forward transfer techniques. Laser assisted printing of biomaterial is mainly
treated by photo-polymerization method. Wide range of cells can be printed in this
process and the cell viability can also be retained (Zhu et al. 2016). A laser assisted
printing system usually consists of four parts, which are pulsed laser source, a laser
focusing tool, a laser energy absorbing metallic ribbon film and a receiving substrate
(Koch et al. 2013). The printing mechanism is similar to conventional typewriters. In
laser assisted printing techniques, the ribbon structure contains two layers. The top
layer of the ribbon is an energy absorbing layer, which is usually a glass coated with
a nano-thickness gold and titanium film. And liquid biological materials are sus-
pended on the bottom of the layer. During the printing process, laser pulse focuses
on the upper layer in designed area, with the evaporation of the film, the interface
produces a high pressure bubble (Ferris et al. 2013; Mandrycky et al. 2016). The
suspended bioink liquid will be further ejected onto the receiving substrate in droplet
form. The z-axis movement can be controlled according to an elevator system. Laser
assisted printing does not have nozzles in the system. Hence, the nozzle clogging
problem won’t happen and wide variety materials can be applied with this printing
technology (Jana and Lerman 2015; Shafiee and Atala 2016).

Many materials such as hydrogels, ceramic materials, epoxy-based photoresist
SU-8, as well as cells and cell-encapsulate material can be used in laser based
printing. During the printing process, by optimizing the materials printing condition
it can improve the dimensional accuracy and surface property of the printed object
(Xiong et al. 2015). Compared to inkjet printing, laser assisted printer is able to
print structure from pico to micro scale. Besides, laser based technique doesn’t use
nozzles, so the clogging problems can be effectively avoided and broader
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biomaterials can be used. However, laser assisted printing technology still has
drawbacks. Before processing, materials used in printing should be combined with
material-coated metallic film separately. This procedure is time consuming and
costly. Furthermore, the throughput of laser assisted printer is quite slow comparing
to other printing techniques, which limits its commercial applications (Mandrycky
et al. 2016; Radenkovic et al. 2016).

2.4 Stereolithography

In early 1980s, stereolithography was developed as a solid freeform technique.
Similar to laser assisted printing techniques, stereolithography printing uses ultra-
violet rays to selectively solidify the liquid photo-sensitive polymer layer by layer
and finally forms a complex structure (Brunello et al. 2016). For stereolithography
printing, there are two important factors which can affect the printing results. The
first is the computer design of the structure. The printed structure is formatted in
stereolithography file by using computer aided techniques such as magnetic reso-
nance imaging (MRI) and computed tomography (CT). After the CAD design, the
structure is sliced into uniform thin layers and can be cured layer by layer. The
second factor is the curing kinetics. Stereolithography is a bottom-up printing
process. The light solidifies the layer and then layers overlapped to generate the
structure (Mandrycky et al. 2016; Brunello et al. 2016).

Due to the high resolution and accuracy of stereolithography, wide range of
materials such as curable acrylics and epoxies can be used to fabricate engineering
constructs (Chia and Wu 2015). Some medical implant and even engineered tissue
constructs can also be formed using this technology. Previously, polypropylene
fumarate based materials, gelatin based materials, and trimethylene carbonate based
materials were utilized to fabricate bone implants. These biomaterials were capable
for photo-polymerization and were used in stereolithography printing (Lee et al.
2010a). In tissue engineering application, some high molecular weight polymers,
such as D, L-lactide and poly (propylene) fumarate, have been used in tissue
engineering scaffold fabrication. These materials have ester group and are able to
hydrolyze in vitro and in vivo. Poly (ethylene) glycol diacrylate (PEGDA) and
PEGDMA hydrogel with cell-laden constructs can also be printed using stere-
olithography (Jana and Lerman 2015).

The schematic drawing of these four different widely used 3D printing tech-
niques introduced above is shown in Fig. 1. Table 1 is the comparison of each
technique. All these printing technologies can be used in biomedical and tissue
engineering. Different printing techniques have their advantages and limitations.
When printing cell laded biomaterials, cell viability should be considered at highest
priority. The printing resolution, accuracy, amount of printed layers, the structure
dimension of the printed subject and the overall printing time should also be taken
into consideration before printing (Munaz et al. 2016).
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3 Bioprinting Process

A typical bioprinting process is generally divided into three phases, which are the
pre-processing, processing, and post processing. For pre-processing, it involves
digital design and material selection. After the first stage, the designed images are
sent to the bioprinting system and the bioinks are loaded for processing. Finally, in
the post pros-processing phase, the printed constructs are transferred into a biore-
actor for tissue maturation. Details of these three steps are described below.

3.1 Pre-Processing

A blueprint of the tissue or organ should be formed by computer aided design in
pre-processing stage. In the design, precise information of the printed structure and
the cells location should be decided. Nowadays, there are many approaches to
obtain different information like anatomy, histological structure, composition and
human organ topology for the computer design (Rezende et al. 2015).

Fig. 1 Schematic drawing representing the different printing techniques. a Inkjet printing;
b extrusion printing; c laser-assisted printing; d stereolithography (Mandrycky et al. 2016)
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The first approach is 3D computer models. For bioprinting model, it always
contains information such as complex 3D geometries surface information. This kind
of model can be created using MRI and CT. CT is the most frequently used
technique to obtain medical images. Compared with the conventional image tech-
nologies, CT is non-destructive and reproducible. It also allows the users to mea-
sure the relevant biological parameters in a quantitative manner (Kumar et al.
2016). The advantage of using computational models is it can help to define the
rules, predict the properties of printed tissues, and also improve the design of the
implant (Fedorovich et al. 2011).

The second approach is to use computer aided techniques. Computer aided
designing (CAD) and computer aided manufacturing (CAM) are used not only in
pre-processing, but are also critical during print process and post-processing stage.
For Bio-CAD system, it can mimic the 3D anatomic structures, differentiates
heterogeneous tissue types, and produce desired computational tissue model
(Munaz et al. 2016). The relevant tissue models can be simulated on computers to
predict the fabrication process feasibility by Bio-CAM. Furthermore, this technique
is able to enhance the understanding of the physical and chemical mechanisms
during the printing. The combined use of Bio-CAD and Bio-CAM can accelerate
the printing speed and improve the quality of the printed tissue (Mandrycky et al.
2016).

In addition, the biomaterial parameters should also be confirmed during this
stage. All factors should be optimized to confirm the high quality of the printed
tissues (Bose et al. 2013).

3.2 Processing

During the processing stage, suitable bioprinter (detail discussed in the previous
section of the chapter) is used to print bioinks into desired structures. Optimal
bioink is important to guarantee the smooth printing process by homogeneously
packing inside the cartridge. The printing ability is determined by the bioink
flowability. Hence, the properties of bioink are crucial on the results of bioprinting
(Bose et al. 2013).

3.3 Post Processing

Post processing stage is essential for 3D printing tissues. In bioprinting post pro-
cessing, a bioreactor is an important tool for tissue engineering. Bioreactor is able to
provide dynamic environment for tissue maturation and it also plays a pivotal role
in scaling up bioprinting. In order to enhance the tissue fusion, maturation and
remodeling more effectively, a novel conceptual design of the bioreactor is pre-
sented. The bioreactor has three perfusions and each of them has their respective
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functions. The first one is to provide dynamic environment for printed tissues and
the second one is to enhance media perfusion through an intra-organ branched
vascular tree. There are many strong, porous, non-biodegradable, removable
minitubes existing in the third perfusion. These minitubes serve as temporal support
and artificial microchannels. This bioreactor is aimed to provide enough time and
support to fulfill the intravascular perfusion initiation in the intra-organ branched
vascular system. However, the porosity level and the distance between minitubes
should be well defined by systematic mathematical modeling and computer simu-
lation. In addition, finding the suitable fabrication and coating materials for mini-
tubes and how to avoid tissue damage are still the challenges for this novel
bioreactor invention (Mironov et al. 2009; Mironov et al. 2011).

4 Materials Used in Bioprinting

Considering bioprinting applications in tissue engineering, some materials such as
synthetic polymers, cells and growth factors are used to fabricate bone or ortho-
pedic implantation. Biomaterial used should be printable, and also non-cytotoxic
and biodegradable in vivo. It should be able to enhance surrounding host tissue
formation and to avoid second surgery removal of the implant. The mechanical
strength of the initial materials should be relatively high to provide sufficient
support for seeded cells. And it should be stiff enough for handling and implan-
tation. The printed biomaterials utilized in tissue engineering should also possess
properties to promote cells adhesion, maturation, proliferation and differentiation
(Fedorovich et al. 2011; Arealis and Nikolaou 2015). In this part, various materials
for bioprinting are discussed comprehensively.

4.1 Bioinks

Properties of hydrogel pre-polymers such as printability and crosslinkability,
mechanical properties, biocompatibility and by-products as well as degradation
controllability are critical for printing. The classification of bioinks are mainly
divided into natural polymers and synthetic polymers (Mandrycky et al. 2016).

4.1.1 Natural Polymers

Bioinks using natural polymers without encapsulated cells usually work as the
mechanical support during cell culture and growth. Typically used biological
materials include gelatin, collagen, alginate, chitosan, hyaluronic acid (HA) and
agarose (Mandrycky et al. 2016; Radenkovic et al. 2016). Collagen is the most
abundant natural derived ECM material from tissues. Its low melting point allows it
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to be printable at low temperature but forming gels at body temperature (Choi et al.
2011; Cui and Boland 2009). Agarose is in the gel form at room temperature, but it
can revert into solution when temperature is above 37 °C. Alginate is a naturally
derived linear copolymer from the wall of brown algae. Cell viability can be retained
when printing with algiante. However, the mechanical strength of the printed gel
constructs and the sustainability could be relatively low. Some crosslinkers such as
CaCl2 can harden the alginate structure at high concentration and low temperature,
which rapidly enhances the mechanical strength of the structure (Guillemot et al.
2010a; Guillemot et al. 2010b). Chitosan is a polysaccharide with linear structure.
Using NaOH as cross-linker can form gel matrix rapidly (Munaz et al. 2016). Gelatin
is a material biocompatible to cells. In tissue engineering, it is also used to improve
the strength of bones and joints in the defect regeneration (Pulieri et al. 2008).
Hyaluronan is an anionic polysaccharide promoting cartilage regeneration. It is a
weak material even after crosslinking. Hence, certain modification such as
UV-curable methacrylate can be used to form a 3D scaffold (Hung et al. 2016).
Nature materials mentioned above can also be combined for bioprinting, which can
improve the viscosity, mechanical strength and biocompatibility for the bioink with
improved efficiency for printing (Tirella et al. 2009).

Alginate and gelatin composite encapsulated cardiomyocyte with calcium
chloride solution as the crosslinker has been used to fabricate a cardiac tissue
construct by inkjet printing. The structure of the resulting tissue successfully
demonstrated the electrical stimulation and excitation coupling with connected
ventricles (Xu et al. 2009). An alginate and gelatin composite hydrogel was also
used to form the heart valve by extrusion printing. The printed heart valve with
porcine aortic valve interstitial cells and smooth muscle cells were encapsulated and
incubated for 10 min in calcium chloride for cross-linking. The resulted scaffold
maintained the cell viability up to 82% (Duan et al. 2013). Other natural materials
mixed with alginate were also used in bone regeneration. Previous research showed
outstanding shear thinning properties in bioprinting and anatomically correct
meniscus constructs using the combination of alginate with nanocellulose
(Markstedt et al. 2015). More combination such as alginate and collagen hydrogel
forming vascularized bone tissues (Xu et al. 2013b), and alginate with chitosan to
print vassal like cellular microfluidic (Zhu et al. 2016) were reported previously.

4.1.2 Synthetic Polymers

One of the major advantages of synthetic polymers is their chemical and
mechanical properties can be well controlled. The limitation of mechanical prop-
erties and biodegradability existing in nature polymers can be solved by using
synthetic polymers. Various types of synthetic polymers have been applied in
various applications owning to their excellent properties. Poly (ethylene) glycol
(PEG) hydrogel can be attached by proteins, cells, antibodies due to its brilliant
biocompatibility. Most commonly used PEG hydrogels are PEGDA and PEGDMA.
These hydrogels can represent different characteristics under different conditions
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(Munaz et al. 2016). Increasing focus is moving onto utilizing the combination of
synthetic polymers to print mechanically stable constructs. These combinations are
usually used in hard tissue fabrication (Radenkovic et al. 2016).

Some materials such as calcium phosphate (CaP), tri-calcium phosphate (TCP),
HA, poly-lactic acid (PLA), poly-glycolic acid (PGA), poly (lactic-co-glycolic acid)
(PLGA) as well as poly-caprolactone (PCL) are usually applied to print hard
materials (Mota et al. 2015; Detsch et al. 2011). PLA, PGA and PCL possess
excellent biocompatibilities, biodegradabilities and mechanical strength. These
synthetic polymers can not only accelerate the process of bone repair, but also
inhibit inflammation and foreign body reactions (Lopes et al. 2012). CaP demon-
strates excellent bioactivity and osteoconductivity. It is widely used in bone con-
struction and repair (Bose et al. 2013). Some other composites such as CaP/PCL,
CaP/PLA and CaP/PEGDA have been investigated in bone regeneration as well
(Bergemann et al. 2016). TCP is one of the major components found in bone
mineral with alpha and beta isotypes. When using TCP to fabricate hard tissue, it is
able to enhance the structure compressive strength and provide excellent osteo-
conductivity (Munaz et al. 2016). However, scaffold fabricated using pure TCP is
too brittle to handle. The compressive strength can be improved by adding PLA.
The printed hybrid TCP/PLA scaffolds demonstrated improved stability and also
activated osteoblasts migration (Bergemann et al. 2016). HA is the most widely
used calcium phosphate both in research and clinically. HA is resorbable in vivo but
this property is uncontrollable and unpredictable (Mohamed et al. 2011). HA/PCL
and PLGA/TCP/HA composites have been used in bioprinting to fabricate hard
tissues (Yao et al. 2015; Kim et al. 2012).

4.2 Cells and Tissues

Simultaneously printing cells and other biomaterials in a defined and organized
manner is able to produce biological substitutes with enhanced efficiency in tissue
regeneration and function restoration. The utilization of tissue and cell printing
approach can finally eliminate the need for tissue grafts and mechanical devices
(Pati et al. 2015a). Some cells such as cardiac cells, osteoblasts, pluripotent cells,
endothelial cells, fibrosarcoma as well as osteosarcoma cells have been successfully
printed into engineered tissues by various research groups (Jana and Lerman 2015).
In order to fabricate the highly mimetic tissue, several factors need to be considered
in cell selection and processing for bioprinting. The physiological properties of cells
in printed structure should mimic the cells in vivo. Under optimized microenvi-
ronment, the printed cells can maintain or develop their in vivo functions. The
artificial tissues always encapsulate multiple types of cells, which play different
roles in tissues. Cells providing function are called primary cells and the others are
named supporting cells. When printing multiple types of cells, these cells can be
seeded in the same or different hydrogels and printed simultaneously (Mandrycky
et al. 2016).
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Tissue fusion is a key process for cell construction in artificial tissue. This
process relies on the cell self-organizing properties. When printing multiple cells or
tissues, different tissues can merge together due to the surface tension forces and
intergrowth of cells. This process can stimulate cell proliferation. When merging
similar cell types, it can be called homotypic cell fusion. When fusion of bone
marrow derived dendritic cells with neuron cells from brains or with myocyte cells
from heart, different cell types like these merged together can be called heterotypic
fusion. Due to the affect of the fusion phenomena, shrinkage of the printed cell
structure and decrease of the mechanical strength may happen. Using appropriate
scaffold support can prevent the undesired deformation to some extent (Munaz et al.
2016). To obtain artificial tissues, the interaction between cells and the scaffold
determines the quality of the printed objects. Therefore, seeking a suitable scaffold
is as important as finding a corresponding cell source (Radenkovic et al. 2016). The
materials of the scaffold used in tissue fabrication should have good biocompati-
bility. Also the printed scaffold should support cell attachment and promote cell
differentiation. The scaffold should be non-toxic and have suitable degradation rate
as required. Additionally, the printed constructs should have the ability to promote
mineralization and vascularization. Finally, the mechanical strength of the
cell-laden scaffolds should be strong enough for handling and implantation (Arealis
and Nikolaou 2015).

4.3 Additives

Some smaller biomolecules such as growth factors, enzymes, polynucleotides,
polypeptides, proteins as well as other biomacromolecules (polysaccharides and
DNA) have been utilized in many applications. These various biomolecules are
widely used in biosensors, chromatography, diagnostic immunoassays, cell culture,
DNA microarrays, analytical procedures, and even in bioprinting (Ihalainen et al.
2015). In bioprinting, these biomolecules are usually printed with cells during tissue
fabrication to increase or decrease the levels of cells proliferation, differentiation
and migration in the printed subjects (Jana and Lerman 2015).

Biomaterials used can provide relatively mild conditions in water-based 3D
printing process. Therefore, growth factors and other bioactive components can be
incorporated into the bioinks to improve the functionality of the printed tissues. The
most frequent used growth factor is transforming growth factor-b (TGF-b). TGF-b
is able to stimulate chondrogenic differentiation. But high content of this growth
factor can lead to the hypertrophy (Hung et al. 2016). Bone morphogenic proteins
(BMPs) are very important for bone tissue engineering. They can promote osteo-
progenitors and MSC differentiation by inducing the osteogenesis process in vivo.
Vascular endothelial growth factor (VEGF) is an angiogenic protein and it relates to
the proliferation of endothelial cells. Fibroblast growth factors (FGFs) are also the
type of proteins which induce angiogenesis. Along with other growth factors, such
as insulin-like growth factor 1 (IGF-1), platelet-derived growth factor (PDGF) and
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parathyroid hormone (PTH), all these growth factors play pivotal roles in tissue
engineering (Bose et al. 2013; Fedorovich et al. 2011). By printing growth factors
and cells to produce tissue constructs is an effective approach to evaluate the cell
behavior and interactions between cells and growth factors in the structure (Jana
and Lerman 2015).

Some small molecules can also be added into the printing materials. Previous
research combined the use of growth factors and small molecules to enhance the
bone formation (Sivolella et al. 2013). Another study used inkjet-printing tech-
nology to print rifampicin (RFP) and biphasic calcium phosphate
(BCP) nanoparticles with PLGA to form a micropattern. This micropattern was able
to consistently release the antibody for several months to prevent bacterial infection
in an implant for wound healing. The use of BCP also accelerated the differentiation
of osteoblasts (Lee et al. 2012).

Material selection and bioink formation are major hurdles for bioprinting. The
most challenging issue is the printed tissues demonstrating limited survivability of
the cells and the lack of therapeutic efficiency. To print functional tissue, appro-
priate printing techniques and suitable biomaterials properties should be well
considered. There is still a long way to go in bioprinting (Bose et al. 2013).

5 Applications of Bioprinting

Challenges such as vascular network construction, incorporation of various cell
types and appropriate mechanical integration of biomaterials and growth factors
still exist in biopirnting. However, much progress has been made in organ bio-
printing. Several tissues, including bone, cartilage, skin, vasculature, heart and
neuronal tissues, have already been generated by printing. Smaller functional tissue
components fabricated through 3D bioprinting can be used in drug screening and
toxicity testing. If assembled rationally, one can form larger constructs in a
“bottom-to-up” manner. In the following section, the most current advances in
organ and tissue bioprinting based on 3D bioprinting, especially the thermal inkjet
printing technology, are described.

5.1 Vasculature

The ultimate goal of tissue engineering is to build a functional, physiologically
relevant organ which can be used for medical research or clinical transplantation.
A functional vascular system is vital for organ survival. Without blood circulation,
the tissues will lack oxygen and nutrients and the wastes accumulate. Under such
circumstance, the cells rapidly enter programmed cell death and necrosis. Thus,
printing organs with branched microvascular tree is the most critical and chal-
lenging task.
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A vascular system consists of a complex network of blood vessels with various
diameters ranging from 20 lm to 2.5 cm, from extremely fine capillaries to the
aorta of the body. Researchers have explored various approaches to print vascu-
latures. Given the potentially adverse effect of scaffolds, scaffold-free small diam-
eter vasculature was constructed using a rapid prototyping bioprinting. Smooth
muscle cells and fibroblasts were aggregated into multicellular spheroids or
cylinders and then were printed layer-by-layer, ultimately formed single- and
double-layered small diameter vascular tubes (OD ranging from 0.9 to 2.5 mm).
However, vascular patterning remains a major challenge for small-diameter blood
vessel tissue engineering (Norotte et al. 2009). A study printed living alginate
gelatin hydrogel valve conduits with the incorporation of dual cell types, including
aortic root sinus smooth muscle cells (SMC) and aortic valve leaflet interstitial cells
(VIC), in a regionally constrained manner (Duan et al. 2013). The printed aortic
valve conduits were viable over 7 days in culture. The authors successfully fabri-
cated aortic valve hydrogel conduits using 3D bioprinting, but the temperature
around hydrogel need to be well controlled during printing in order to avoid pre-
mature gelation, and printing time was also difficult to control.

Crosslinking strategies may offer better control of tissue mechanic properties and
reduce printing time. Biomolecules or appropriate hydrogels would likely improve
cell viability, spreading, and proliferation. For example, tetraPEG-acrylate deriva-
tives were crosslinked with synthetic extracellular matrices (sECMs), such as HA
and gelatin derivatives, into extrudable hydrogels for printing tissue constructs.
These stiffer hydrogels have rheological properties more suitable for bioprinting
high-density cell suspensions. Through layer-by-layer deposition of hydrogel with
NIH 3T3 cells, tubular tissue constructs were formed (Skardal et al. 2010).

Thermal inkjet bioprinting have shown great potential in building vascular tree.
In an elegant study of vascular fabrication, human microvascular endothelial cells
(HMVECs) and fibrin scaffold were utilized as bioink for microvasculature con-
struction (Cui and Boland 2009). The authors precisely fabricated micronized fibrin
channels using a drop-on-demand polymerization. In this study, thermal inkjet
bioprinting technique showed minor damage to cells. After three weeks in culture,
the printed HMVECs aligned themselves inside the fibrin channels and proliferated
to form a vessel-like structure.

In the vascular system, changes that are part of aging are most apparent in the
arteries. Arterial elasticity at age seventy is only about half of what it was at age
twenty. Veins, in general, do not change as much with age as arteries. A novel
simultaneous 3D printing/photocrosslinking technique for rapidly engineering
aortic valve scaffolds had been developed by using PEGDA hydrogels (700 or
8000 MW) supplemented with alginate (Hockaday et al. 2012). The printed valve
conduit scaffolds spanned a range of clinically relevant sizes as small as 12 mm ID,
which is approximately the size of a 6 month infant aortic valve, and up to 22 mm
ID valve, which is an adult size. The scaffolds were able to support cell adhesion
and migration of porcine aortic valve interstitial cells (PAVICs). The relatively
rapid printing time (14–45 min), with no requirement for further processing

244 X.-F. Zhang et al.



post-fabrication (e.g. joining components), support that this technique is an efficient
process for engineering anatomically precise soft tissue scaffolds.

In the approach to fabricate a reduced-sized 3D vascular channel networks and
directly incorporate into hydrogels, sacrificial filament, such as Pluronic F127®

(PF127, 20–25% w/w), was used in bioprinting. PF127 is an interesting material for
its specific properties, i.e., it is liquid at 4 °C and solidifies when warmed. PF127 is
approved for clinical applications by the American Food and Drug
Association FDA. Vascular networks were constructed through the omnidirectional
printing (ODP) by using a fugitive ink within a photopolymerized Pluronic
F127-diacrylate matrix (Wu et al. 2011). However, cell adhesion and proliferation
were not considered in the previous study. Another study developed an aqueous
fugitive ink composed of Pluronic F127 and gelatin methacrylate (GelMA) to
fabricate embedded vasculature (Kolesky et al. 2014). The authors investigated
viability of normal human dermal fibroblasts (NHDF) cells and 10T1/2 fibroblast
cells in the hydrogel and observed the proliferation of printed cells over time.
Heated gelatin solution served as a sacrificial element. A group used a 3D direct
printing technique to construct hydrogel scaffolds containing fluidic channels (Lee
et al. 2010b). In that study, layer-by-layer printing was performed to build a 3D
hydrogel block. A hollow channel within the collagen scaffold formed in heating
processes. The authors also demonstrated that the dermal fibroblasts grew well in a
scaffold containing fluidic channels. These approaches allow one to fabricate
engineered tissue constructs in which vasculature and multiple cell types are pro-
grammably placed within extracellular matrices. Collectively, the sacrificial 3D
bioprinting technique is an exciting advance that may simplify the patterning of
vascular features and reduce printing time.

5.2 Muscle

Injuries to the musculoskeletal system are common, debilitating and expensive.
Most fractures of long bones, for example, heal by them-selves, whereas large
segmental defects do not. In many cases, inflammation and the degree of damage to
surrounding tissues directly affect the regeneration ability of a tissue. The severe
injuries of muscle result in the formation of a dense scar. Furthermore, imperfect
healing always leads to chronic impairment (Evans and Huard 2015). The mus-
culoskeletal system functions to transfer the force generated in muscle through
tendon onto bone to produce movement. Thus, developing methods by which to
fabricate composite structures is an important step in the engineering of increas-
ingly complex tissue constructs (Lu et al. 2010; Yang and Temenoff 2009).

Bioprinting as an enabling technology possesses the advantages of high
throughput, digital control, and highly accurate delivery of various biological
factors to the desired locations for numerous applications such as 3D tissue fabri-
cation. A single integrated muscle–tendon unit (MTU) construct was fabricated by
printing four different components, including thermoplastic polyurethane (PU) and
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C2C12 cell-laden hydrogel-based bioink for muscle development, and poly
(e-caprolactone) co-printed with NIH/3T3 cell-laden hydrogel-based bioink for
tendon development (Merceron et al. 2015). The mechanically heterogeneous
polymeric scaffold was elastic on the muscle side and relatively stiff on the tendon
side, in addition to having a tissue-specific distribution of cells with myoblasts on
the muscle side and fibroblasts on the tendon side. Furthermore, the final construct
exhibited good cell compatibility (>80% cell viability at 1 and 7 day after printing).

Patterned growth factors also can be used in bioprinting to derive subpopulations
of multiple lineages (e.g., bone and muscle-like cells). Inkjet bioprinting method
was utilized to create spatial differentiation of adult stem cells in direct register to
printed patterns of BMP-2 immobilized to fibrin (Phillippi et al. 2008). The results
provide proof-of-concept for engineering spatial control of stem cell fates.

C2C12 skeletal muscle cells have been widely used to create muscle tissue
because of their capacity of infinite proliferation and differentiation into multinu-
cleated myotubes. C2C12 can align on materials after printing. Inkjet bioprinting
was used to print and align C2C12 cells onto the micro-sized cantilevers (Cui et al.
2013). The results showed that printed cells aligned evenly with each other and
formed mature myotubes after only 4 days. Furthermore, the printed myotubes
were functional and responded to the electrical stimulation synchronously. The
bioprinted myotubes can also be used for muscle exercise studies with electric
stimulations at various frequencies.

Other bioprinting approaches have also been used to develop skeletal muscle
myofibers. Microcontact printing technique, a soft lithographic technique based on
the transfer of a “molecular ink” from an elastomeric stamp to a surface has been
used to print fibronectin stripes (10, 25, 50 lm in width) onto biodegradable
L-lactide/trimethylene carbonate copolymer films (Altomare et al. 2010). A well
alignment of C2C12 cells were observed along the pattern 24 h after seeding,
especially on fibronectin stripes 10 and 25 lm in width. In addition, layer-by-layer
stereolithography technique was successfully employed to develop the antagonistic
actuator pairs that mimic the function of musculature hydrostats such as octopus
tentacles (Peele et al. 2015). 3D bioprinting seems to be useful approach to induce
cell alignment and to improve myotube formation. However, the future work should
be focused mainly on the bioink preparation, such as combination of ECM and
growth factors, to fabricate healthy myotubes and to induce myofiber development.

5.3 Cartilage

Cartilage defects resulting from osteoarthritis, aging, and joint injury are the major
cause of joint pain and chronic disability. Articular cartilage is aneural and avascular
and nourished only by synovial fluid, therefore mature cartilage cannot heal spon-
taneously (Minas 2012). The most common treatments for cartilage repair include
microfracture, osteochondral transfer, and autologous chondrocytes implantation;
however, these treatments cannot restore hyaline cartilage (McCormick et al. 2014).
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In addition, the current cartilage tissue engineering strategies still cannot fabricate
new tissue that is indistinguishable from native cartilage with respect to the zonal
organization, ECM composition, and mechanical properties (Hunziker 2002).

Inkjet bioprinting is able to directly repair cartilage tissue with closely mimicked
native cartilage anatomy to the lesion site without additional damage. PEG mac-
romers have been widely used in cartilage tissue engineering because of its bio-
compatibility and the similar compressive modulus of native human cartilage after
polymerization (Fig. 2). In addition, PEG is water soluble with low viscosity and
can be modified to be photocrosslinkable, which makes it attractive for 3D bio-
printing. One of the major challenges in articular cartilage tissue engineering is the
stabilization of the implanted biomaterial scaffold in the joint as well as the inte-
gration between the implant and surrounding native tissue. A thermal inkjet printer
was modified to precisely deposit human articular chondrocytes and PEGDMA into
repair cartilage defects of osteochondral plugs (served as 3D biopaper) (Cui et al.
2012b). Printed human chondrocytes were evenly distributed in the 3D PEGDMA
hydrogel with simultaneous polymerization during printing (Fig. 3). Chondrocytes
encapsulated in PEGDMA hydrogel proliferated and differentiated more effectively
into cartilage. Furthermore, the printed cartilage implant attached firmly with sur-
rounding tissue and the more extensive ECM production was observed at the
interface between the hydrogel scaffold and the host cartilage tissue. This study
indicates the importance of direct cartilage repair and promising anatomic cartilage
engineering using 3D bioprinting technology.

Initial cell seeding density induces ECM production and is crucial for cell based
cartilage tissue engineering. In order to overcome this restricted cell density in
inkjet bioprinting, the influence of cell density, growth, and differentiation factors
on cartilage tissue engineering was evaluated (Cui et al. 2012c). Results showed
that FGF2/TGFb1 cocktail combination synergistically promoted neocartilage
formation. ECM production per chondrocyte at low cell density was much higher

Fig. 2 Printed neocartilage tissue. a Schematic of cartilage bioprinting with simultaneous
photopolymerization and layer-by-layer assembly. b A printed neocartilage tissue with 4 mm in
diameter and 4 mm in height. Scale bar, 2 mm. (Cui et al. 2012c)
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than that at high cell seeding density. This above studies implicated the importance
and feasibility of direct cartilage repair with the bioprinting successfully controlling
placement of individual cells, preserving cell viability, maintaining chondrogenic
phenotype, and demonstrating integration with host tissue (Di Bella et al. 2015).

Researchers also have utilized other scaffold for cartilage regeneration. PCL and
chondrocyte cell-encapsulated alginate hydrogel were printed using layer-by-layer
deposition (Kundu et al. 2015). The group investigated the scaffolds and implants
in vitro and in vivo. The PCL-alginate hydrogels showed negligible effects on the
viability of the chondrocytes and the cell-printed PCL–alginate scaffolds
(chondrocytes + TGF-b) showed higher ECM and GAG content in the engineered
cartilage. Electrospinning system also was used in conjugation with 3D bioprinting
method to promote chondrogenesis. A hybrid inkjet printing/electrospinning system
had been utilized to fabricate cartilage tissues (Xu et al. 2013a). Electrospinning of
PCL fibers was alternated with inkjet printing of rabbit elastic chondrocytes sus-
pended in a fibrin-collagen hydrogel in order to fabricate a five-layer tissue con-
struct of 1 mm thickness. The chondrocytes proliferated and maintained their basic
biological properties within the printed constructs. Electrospinning system signifi-
cantly enhanced biological and mechanical properties of the cartilage constructs. In
addition, several groups printed with PCL and cell-laden hydrogel to fabricate
ear-shaped constructs. In addition, PEG was deposited as a sacrificial layer to

Fig. 3 Cells labeled with green and orange fluorescent dyes demonstrate the zonal cartilage
bioprinting feasibility. a Printed cells maintained their initially deposited positions in the 3D
hydrogel. The printing and photopolymerization process was completed in 4 min with cell viability
of 90% (n = 3). b Cells accumulated to the bottom or interface due to gravity without
simultaneous photopolymerization. It took 10 min of UV exposure to gel the construct with the
same size as in A, resulting cell viability was 63% (n = 3). Scale bars, 100 lm (Cui et al. 2012b)
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support the main structure (Lee et al. 2014a). Mixing alginate with nanocellulose
can also be used to build ear and meniscus constructs (Markstedt et al. 2015).

In order to create functional cartilage, further studies should focus on the
improvement of the zonal architecture of articular cartilage scaffolds and the
capability to recapitulate native cartilage extracellular matrix and growth factor
signaling.

5.4 Bone

Bone has the unique internal self-healing abilities; however, large-scale bone
defects cannot be healed completely without interpretation (Mourino and
Boccaccini 2010; Seitz et al. 2005). Bone defects can be resulted from trauma,
infection, neoplasm and failed arthroplasty. With the acceleration of the aging
population, the clinical need to effectively treat bone defects is increasing (Reichert
et al. 2009). Allograft or xenograft graftings are optional approaches, but these
processes have constraints including limited tissues, requirement of secondary
surgery, the possibility of immunologic rejection and risk of infection (Mourino and
Boccaccini 2010). Tissue engineered approaches, particularly 3D bone printing, are
effective to overcome these problems. Bone printing is the combined deposition of
osteogenic cells and hydrogels to yield porous constructs (Fedorovich et al. 2011).
The 3D printing technique can overcome most of the shortcomings of bone grafts
and traditional bone tissue engineering.

Scaffolds and cells are crucial for all 3D printing approaches. In bone bio-
printing, hydrogels are popular materials to be used. Progenitor cells such as the
mesenchymal stem cells have been widely investigated with respect to efficacy to
form bone. However, the survival and osteogenic differentiation of MSCs in
hydrogels is limited. The modification of hydrogels can partially solve the prob-
lems. Hydrogels modified with adhesive sequences such as the Arg-Gly-Asp
(RGD) motif, ubiquitously presented in many extracellular matrix proteins, can
promote cell adhesion, survival and differentiation. Other sequences like MMP
target sequence and heparin-binding domains also can be used to enhance osteo-
genesis. Bone constructs was fabricated by thermal inkjet printing of PEGDMA
hydrogel and human MSCs (Gao et al. 2015b). In that study, acrylated RGD and
MMP peptides were co-printed with PEGDMA hydrogel with simultaneous pho-
topolymerization. The printed peptides conjugated PEG scaffold demonstrated the
excellent biocompatibility with a cell viability of 87.9 ± 5.3%. Peptides conjuga-
tion significantly promoted MSC osteogenic differentiation, as well as mechanical
properties of scaffolds. The same group also compared the osteogenic differentia-
tion of human MSCs in PEGDMA-bioactive glass and HA. A thermal inkjet bio-
printer was used to fabricate these cell-laden scaffolds. MSCs interacted with
PEG-HA showed the highest cell viability, increased compressive modulus, col-
lagen production and alkaline phosphate activity after 21-day culture in vitro (Gao
et al. 2014).
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Combination of hydrogel modification and inkjet printing are very promising in
bone printing. Several studies have attempted to mimic the ECM microenvironment
by integrating one or more ECM proteins on supportive synthetic biomaterials. In a
recent study, bone tissues were printed using PEGDMA, gelatin methacrylate, and
human MSCs (Gao et al. 2015a). The combination of natural and synthetic mate-
rials advanced scaffold biocompatibility with >80% of the cells survival during the
printing process and enhanced MSC osteogenic and chondrogenic differentiation.
3D printed scaffolds were made from a composite of PCL, PLGA, and b-TCP and
mineralized ECM was laid by human nasal inferior turbinate tissue-derived mes-
enchymal stromal cells (hTMSCs) (Pati et al. 2015b). After culturing in a bioreactor
system, the scaffolds were decellularized and seeded with cells. The scaffolds
demonstrated an obviously osteogenic stimulation in vitro and in vivo.

As discussed above, one challenge in the engineering of bone grafts is vascu-
larization. An insufficient supply of oxygen and nutrients throughout the grafts
would induce the loss of cellular function and eventually lead to cell death.
Incorporation of microchannels into a construct is promising for induction of
in vivo vascularization and host tissue ingrowth. Incorporation of growth factors
into printed bone tissues is effective in cell proliferation, differentiation and even-
tually resulting in tissue formation and integrity. For example, gene delivery using
PDGF has been applied to enhance vascularization (Storrie and Mooney 2006). In
addition, BMPs or VEGF were printed into construct without losing their func-
tionality and promoted osteogenesis and vascularization of bone grafts (Arealis and
Nikolaou 2015).

The printed bone equivalents can be used to study homo- and heterotypic
cell-cell interactions under physiological conditions, and to investigate drug
responses, which would be a powerful tool between animal experiments and
clinical trials. Pre-vascularization still remains challenging at clinically relevant
dimensions. In the future, it is needed to print implants that can initiate vascular-
ization and bone formation in orthotropic environments.

5.5 Skin Tissue

Skin is the largest organ of the human body, and it plays a vital role in maintaining
homeostasis as well as in providing protection from the external environment.
Major burn injuries are difficult to repair in clinic due to the structure complexity,
the high risk of infection and the potential destruction of deeper skin layers
including the dermis (Michael et al. 2013). The traditional skin tissue engineering
developed several skin substitutes like Integra® and Matriderm® that are already
applied in the clinical application, being complemented by the use of autologous
split-thickness skin grafts. However, the fixed dimensions of skin equivalents could
not satisfy personalized treatment and commercial skin products must be changed
many times during treatment which may increase the cost of wound care and
management.
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By precise depositing multiple types of matrix materials and cells in a
layer-by-layer manner, 3D bioprinting technology has been adopted for skin tissue
fabrication in recent times. Fibroblasts and keratinocytes are major cells used in
skin tissue engineering for construction of dermis and epidermis, respectively.
Collagen, the main component of skin ECM, is the most commonly used material in
skin tissue engineering. Several studies have shown that laser-assisted bioprinting
(LaBP) is an outstanding tool for the generation of multicellular 3D constructs
mimicking tissue structures. Collagen embedded with fibroblasts and keratinocytes
were used as bioink to print skin tissue (Koch et al. 2012). The 3D skin constructs
were used to investigate cell functions and tissue formation process. Adhesion and
gap junctions are fundamental for tissue morphogenesis and cohesion is formed in
the skin constructs. Another group printed human adipose-derived stem cells
(hASCs) in a free-scalable 3D grid pattern by means of LaBP (Gruene et al. 2011).
They observed that LaBP process showed no side effect on stem cell proliferation
and differentiation. Even pre-differentiated hASCs could be utilized for the gen-
eration of 3D tissue grafts.

In addition to LaBP, droplet-based bioprinting has also been used for skin tissue
fabrication. A flexible automated on-demand platform was developed for the
free-form fabrication of living human skin by printing keratinocytes and fibroblasts
on or into collagen scaffolds (Lee et al. 2014b). The platform consists of eight
independently controlled cell-dispensing channels that can precisely place cells,
ECM, scaffold materials, and growth factors in any user-defined 3D pattern. The
final printed 3D constructs were morphologically and biologically representative of
in vivo human skin tissue.

For successful skin grafting, vasculature is necessary to keep cells alive. Cells
such as endothelial cells, keratinocytes and fibroblasts can be printed using inkjet
devices onto gels with high cell viability over 90% (Cui et al. 2012a). These cells
were co-printed to promote vascularization in skin implants. In another study, three
cell types and two materials were deposited through inkjet printing to build skin
graft, in which the top and bottom layers were made of collagen with dispersed
keratinocytes (top) and fibroblasts (bottom), with the middle layer made of fibrin gel
embedded with endothelial cells (Yanez et al. 2015). The cellular behavior of
fibroblasts and keratinocytes was studied in vitro and in vivo. The wound healing
accelerated in newly printed skin graft when it was compared to a commercially
available skin wound dressing (Apligraf) or without any type of dressing. Wound
contraction was improved by up to 17% when compared with the control groups.
This study established that the presence of endothelial cell network throughout the
skin graft maintained the graft’s long-term life and induced the integration of grafts
to the host. Stem cells have been used in skin printing to enhance angiogenesis.
A group prepared bioink using fibrin-collagen gel embedded with amniotic
fluid-derived stem cells (AFSCs). They directly printed over full-thickness skin
wounds in nu/nu mice (Skardal et al. 2012). An increased microvessel density in
AFS-treated wounds was observed. AFS cell-conditioned media induced
endothelial cell migration in vitro through paracrine action of AFS cells.
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The induction of de novo hair follicle or sweat gland growth in skin grafts is
critical challenges in skin tissue engineering. So far, no successful strategies of
generating human hair follicles from adult cells have yet been reported. The ability
to closely emulate this functional niche would initiate hair neogenesis between the
dermal papillae and epidermal cells (Ng et al. 2016). The advanced 3D printing
techniques could be feasible to fabricate skin equivalents which virtually mimic
native skin with vasculature, nerve, sweat glands and hair follicles.

5.6 Neuronal Tissue

Neuronal cells are surrounded by glial cells in the peripheral nervous system and
the interactions between them and their surrounding environment are essential for
nerve function. A current challenge in repairing the aged or injured peripheral
neural system is to find an alternative to autologous nerve grafting (Tse et al. 2016).
A recent study developed a piezoelectric inkjet printer with a nozzle diameter of
60 lm to print porcine Schwann cells and neuronal analogue NG108-15 cells (Tse
et al. 2016). Even over a high voltage (230 V), the cells maintained a fairly good
viability (fibroblasts had a viability of 89%, neuronal cells 96% and Schwann cells
90%). Schwann cells maintained their phenotype through the process of inkjet
printing and a slight increase in viability was observed in seven days after printing.

For the treatment of short nerve injury gaps, the direct suturing of the two nerve
ends is quite common. Nerve guidance conduit is an alternative approach for
peripheral nerve repair, in which an implantable entubulation device is used.
Micro-stereolithography was used to print nerve guidance conduits (Pateman et al.
2015). In the above mentioned study, the authors printed PEG-based nerve guid-
ance conduits. The printed 3D constructs had relatively high resolution (50 lm).
The dimensions of 1 mm in internal diameter, 5 mm in length and a 250 lm in wall
thickness provided support for re-innervation of Schwann and dorsal root ganglion
cells. This study highlights the promising potential of stereolithography for the
rapid production of precise and intricate nerve guide structures, which might permit
individual customization as well.

Customized medical treatments could convey significant advantages by targeting
treatment directly to a specific injury or disease profile of a patient. Recently,
Johnson et al. demonstrated a customized nerve repair technology based on
microextrusion printing (Johnson et al. 2015). Alginate, calcium chloride, PLGA,
PCL, silicone, and gelatin hydrogel served as the printed materials. GelMA
hydrogel containing either nerve growth factor (NGF) or glial cell line-derived
neurotrophic factor (GDNF) served as the printed luminal supplement. In vitro
studies revealed that 3D printed physical and biochemical cues provided axonal
guidance and chemoattractant/chemokinetic functionality for superior cervical
ganglia, dorsal root ganglia and Schwann cells. In vivo studies of the regeneration
of bifurcated injuries across a 10 mm complex nerve gap in rats showed that the 3D
printed scaffolds achieved successful regeneration of complex nerve injuries,
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resulting in enhanced functional return of the regenerated nerve. This technology
enables the simultaneous incorporation of anatomical geometries, biomimetic
physical cues, and spatially controlled biochemical gradients in a one-pot 3D
manufacturing approach. This platform is promising in fundamental understanding
of neuroregeneration and clinical treatment of complex nerve injuries.

Development of an accurate in vitro model of the brain remains a significant
obstacle at the tissue or organ level. Peptide modified gellan gum substrates were
used to build layered brain-like structures (Lozano et al. 2015). In that report, gellan
gum was incorporated with RGD and then combined with primary cortical neurons
to form bioink. The gellan gum-RGD hydrogel had a profound positive effect on
primary cell proliferation and network formation. The viability of encapsulated cells
after the printing process remained stable for 5 days. The printed cells were also
evenly dispensed in the hydrogel. The authors established a low-cost, simple
extrusion printing technique and bioink (RGD-GG) which could be used to create
contained, layered and viable 3D cell structures.

Another group employed bioprinting to fabricate the fully biocompatible conduit
using mouse bone marrow derived stem cells, Schwann cells and agarose (Owens
et al. 2013). MSCs were chosen to promote cell-cell interactions and to differentiate
into Schwann cells. The printed graft was made using 0.5 mm diameter multicel-
lular cylinders, and reinforced with a surrounding collagen tube. The grafts were
further implanted into mice and the histology results after 40 weeks indicated that
axon regrowth was evident in regions surrounding the agarose rods. It was the first
attempt to biofabricate a fully cellular bioprinted nerve graft and there are many
adjustments still needed to improve and eventually optimize the performance of
such a graft.

6 Challenges and Potentials

Even with the progresses made, bioprinting still faces challenges. The key elements
of realizing functional bioprinting include the capacity of stable and precise posi-
tioning, the availability of printable biomaterials, and optimal cell sources. In
addition, vascularization, innervation, and maturation are also crucial to engineer
functional tissues.

In order to facilitate cell seeding and maturation, materials with cell compatibility
and ideal mechanical properties are selected. Materials have an important influence
on cell behavior, including cell attachment, cell motility, surface antigen display and
regulation of gene expression (Stevens and George 2005). However, many pub-
lished studies used a limited range of materials (Murphy and Atala 2014).
Components of cellular extracellular matrix, including collagen, fibrin and HA, were
used either alone or in combination with others reported previously. PEG-GelMA
integrated by photoinitiation not only improves mechanical properties of GelMA,
but also promotes stem cell survival and differentiation (Gao et al. 2015a; Gao et al.
2015b). Nemeth group developed nanopatterned PEG-GelMA-HA hydrogels which
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could promote chondrogenic differentiation of stem cells (Nemeth et al. 2014).
Thermoresponsive polymer poly (N-isopropylacrylamide) grafted hyaluronan
(HA-pNIPAAM) was used to support extrusion of a range of biopolymers which
underwent tandem gelation, ensured long-term mechanical stability and maintained
chondrocyte viability (Kesti et al. 2015). These studies indicate that use of bioma-
terials in combination could enhance cell function. In future work, the multiple
materials might be printed to construct a complex solid organ.

In reality, the ECM components are complex and demonstrating gradients of
various components. Single material can only provide limited functions. Recently,
tissue decellularization approach is developed which is facilitating researchers to
analyze exact ECM compositions, localizations and biological functions (Baptista
et al. 2009). Decellularized tissue specific ECM Scaffolds may serve as the useful
biomaterials for bioprinting. In addition to the functional group, the structure of
ECM components could be modified to improve mechanical properties or degra-
dation kinetics.

The various approaches of 3D bioprinting have their respective advantages and
disadvantages. In order to overcome the various challenges in bioprinting, it is
necessary to combine different bioprinting approaches with different mechanisms.

Tissue or organs comprise multiple cell types with specific biological and
chemical functions. Therefore, the choice of cells for tissue or organ printing are
essential to deliver the correct functioning of the fabricated construct by providing
physical function and supportive properties for vascularization or stem cell main-
tenance and differentiation (Murphy and Atala 2014). In tissue engineering, one
fundamental problem is to isolate primary cells from tissues. As above mentioned,
stem cells are promising for tissue-engineering applications and a large number of
studies proved their suitability for bioprinting. However, some aspects must be
considered in future applications. First, the control of cell proliferation and differ-
entiation has not been fully understood. The timing of cellular proliferation is
important for cell expansion to sufficient numbers. High cell density leads to quick
tissue assembly and cell maturation. For example, 3D aggregates increase cell-cell
interaction and produce more extracellular matrix, which helps to form the
microtissues or even whole organs. Cell differentiation is crucial for long term
cellular function. Researchers have developed several approaches involving
appropriate scaffold, gene delivery or use of small molecules to promote cell sur-
vival and eliminated the side effect of bioprinting. Second, how to incorporate
different cell types at an appropriate composition ratio and position. Although 3D
bioprinting can precisely place cells or growth factors to the desired positions, the
various culture conditions and cell sensitivity are vital for printing functional tis-
sues. Most importantly, the safety of these printed cells and tissues requires further
verification for clinical transplantation to patients. With the advances of cell con-
servation, bioreactors, cell reprogramming and gene editing technology, cell pro-
liferation and differentiation could be controllable and the transformed
non-immunogenic stem cells would be suitable for clinical applications.
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7 The Future

Although 3D printing technology has been an active topic for decades, investiga-
tions in bioprinting are much more recent and this field is developing rapidly. 3D
printing demonstrates the feasibility of constructing living systems and the flexi-
bility of printing various subjects from soft to hard tissues with minimal side effects.
In fact, the benign effects to the printed cells can be used for many other attractive
applications, such as gene transfection and targeted drug delivery. The bioprinting
system is versatile for 2D and 3D tissue application in both avascular and vascular
tissue construction. Currently, the printed tissues can be used for drug discovery
and preclinical testing. The behavior and metabolism of cells and microtissues
could be analyzed systematically on a ‘organs-on-chip’ platform connected by a
microfluidic network (Marx 2015). One promising clinical application for bio-
printing is to develop the ‘in vivo bioprinting’, with the aid of a hand-held printer or
printhead to directly and precisely deposit cells and materials on or in a patient to
repair the lesion with various shapes and thickness with digital control. It is very
promising in individual therapy and eliminates the requirement of secondary sur-
gical intervention.

8 Conclusions

Although the current stage of bioprinting is still experimental, 3D bioprinting has
shown great potential in tissue engineering applications. In order to overcome the
remaining challenges in technology and biology, it is necessary to recruit experts in
various fields, such as engineering, biology, chemistry, computer and medicine. 3D
bioprinting has advanced dramatically enhanced regenerative approach for con-
structing living organs with vascular and nerve systems, which are promising to
fabricate complex organs and ultimately achieve successes in organ transplantation.
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Controlled Gene Delivery Systems
for Articular Cartilage Repair

Magali Cucchiarini and Ana Rey-Rico

Abstract Delivery of efficient and safe gene transfer vectors capable of achieving
appropriate levels of therapeutic gene expression into the target place is a very
valuable strategy for articular cartilage repair. Diverse nonviral and viral gene
vehicles have been studied to modify relevant cell populations involved in cartilage
regenerative processes, among which the nonpathogenic, effective, and relatively
safe recombinant adeno-associated viral (rAAV) that have emerged as the preferred
gene delivery system to treat human disorders. The clinical adaptation of these
systems is still limited by several hurdles including the presence of immune and
toxic responses in the host organism, the ubiquity of rate-limiting steps associated
with physiological barriers, and the possibility of dissemination to nontarget sites
that may impair their therapeutic action. The use of controlled release strategies to
deliver gene transfer vectors such as rAAV may provide powerful tools to enhance
the temporal and spatial presentation of therapeutic agents into a defined target and
overcome such obstacles in vivo. The goal of the present work is to provide an
overview of the most recent advances in gene therapy approaches for cartilage
repair based on the use of adapted biomaterials as controlled delivery platforms of
gene transfer vectors to improve the efficiency of the therapeutical transgene.

Keywords rAAV vectors � Controlled release � Cartilage repair
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FG Fibrin glue
FGF-2 Basic fibroblast growth factor
GAMs Gene-activated matrices
HpNPs Heparin/superparamagnetic iron oxide
HSV Herpes simplex viral vector
IGF-I Insulin-like growth factor I
IL-1 Interleukin-1
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i.p. Intraperitoneal
ITRs Inverted terminal repeats
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RUNX2 Runt-related transcription factor 2
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scAAV Self-complementary AAV
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SOX Sex determining region Y-box
TGF-b Transforming growth factor beta
TNF Tumor necrosis factor
TNFR:Fc TNF-immunoglobulin Fc fusion protein
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1 Cartilage Damage: Current Outcomes

Articular cartilage is the multiphasic tissue that lines the weight-bearing surface of
joints consisting of chondrocytes cells (<5%), interstitial fluid (60–85%) and an
extracellular cartilage matrix (ECM) composed of type-II collagen (15–22%),
proteoglycans (4–7%), and other biomacromolecules (Ma and Langer 1999;
Mow et al. 1992; Spiller et al. 2011). Due to its avascular nature, cartilage has a
limited ability to self-healing and full repair of cartilage defects is thus a major
clinical challenge that may progress to osteoarthritis (Goldring and Goldring 2007;
Sandell 2012; Johnstone et al. 2013), a critical disorder affecting a large number of
patients (Mankin 1974a, b). In addition, precluding the formation of a blood clot
and other self-healing processes in cartilage tissue is mostly due to the lack of
vascularization. The exclusive presence of highly differentiated chondrocytes with
basal synthetic and mitotic activities and the absence of chondrogenically compe-
tent progenitor cells in the adult cartilage tissue may compensate for the decline in
cell potency during ageing which limit the response of cartilage to injury.

Lesions of the cartilaginous tissue may have a limited extension in focal cartilage
defects or generalized during osteoarthritis. Structural integrity from focal defects is
disrupted in delimited areas affecting only to the cartilaginous zone if the defect is
chondral or involving also the subchondral bone if it is osteochondral (Orth et al.
2014). Thus, a differential pattern of healing is observed for both types of focal
defects. Hence, chondral defects are partially repopulated by cells migrating from
synovial fluid resulting in a insufficient filling that usually led to degeneration in the
term of weeks to months. Although, the poor integration in these type of defects are
often results in focal discontinuity with regions of hypocellularity and cluster for-
mation into the adjacent tissue (Madry et al. 2011). Conversely, osteochondral
defects (*5% of articular cartilage defects) are filled with a blood clot if the bone
marrow comes across the defect. Existence of pluripotential mesenchymal stem
cells in the blood clot can differentiate into chondrocytes and osteoblasts which can
ultimately form the cartilage repair tissue and reconstituted chondral bone,
respectively. Eventually, chondrogenesis process was completed after some months
by the appearance of round cells and new cartilaginous matrix. However, the
resulting repair tissue did not integrate with the existing nearby matrix and chon-
drocytes. It was monitored that the adjacent cartilage tissue does not participate in
the filling of the defect that could be apoptotic over-time resulting in an acellular
region (Orth et al. 2014). Current therapeutic options to repair injured cartilage
include marrow stimulation techniques (Johnson 2001; Steadman et al. 2003;
Steinwachs et al. 2008; Kim et al. 1991), transplantation of tissue or cells as
autologous chondrocytes or mesenchymal stem cells (MSCs) and replacement
surgery (Brittberg et al. 1994; Horas et al. 2003; Bentley et al. 2003; Knutsen et al.
2004). Yet, none of them are capable of reproducing the natural functions of the
native, hyaline cartilage, rather leading to the formation of a poorly mechanically
functional fibrocartilaginous surface (type-I collagen). Hence, extensive efforts are
ongoing to improve these procedures and a substantial progress has been achieved
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in the last few years by identifying novel methods and factors that may stimulate the
reparative processes in sites of cartilage injury. So far, regenerating the desirable
phenotypic response from host and/or co-delivered progenitor cells remains a major
issue in orthopaedics.

2 Principles of Gene Transfer for Cartilage Repair

The development of gene delivery vehicles have emerged as a promising tech-
nology to treat cartilage disorders by directly transferring of genes encoding for
therapeutic factors into the places of injury that result in a temporarily and spatially
defined delivery of a candidate agent (Rey-Rico and Cucchiarini 2016a). Of note,
the administration of candidate genes instead of short-life molecules (recombinant
factors) may allow to prolong the therapeutic effects and eventually slowing down
or stopping the over time progression of the cartilage disorder.

2.1 Target Cells

Gene therapy strategies aiming at the repair of damaged articular cartilage surface
might target joint cells relevant to the clinical problem, i.e. chondrocytes of the
adjacent (uninjured) tissue to afford protection against further degradation, syn-
oviocytes to control inflammatory events potentially activated or to replace the
chondrocytes by differentiation, cells of surrounding tissues involved in patholog-
ical processes (subchondral bone, meniscus, tendons), and progenitor cells that may
arise from the bone marrow to fill the lesions or for transplantation and regenerative
purposes (Cucchiarini and Madry 2010; Madry et al. 2011).

Genetic modification of chondrocytes, synovial lining cells and surrounding
tissues has been widely documented in different gene transfer approaches for car-
tilage regeneration (Trippel et al. 2004; Madry and Cucchiarini 2013, 2014;
Elmallah et al. 2015). So far, progenitor cells especially MSCs constitute also
potential targets for gene transfer as they can be isolated in a relative non-invasive
and abundant way from different sources as bone marrow (Prockop 1998), bone
(Noth et al. 2002), adipose tissue (Zuk et al. 2001), muscle (Peng and Huard 2004),
synovium (De Bari et al. 2001), periosteum (Zarnett and Salter 1989), and peri-
chondrium (Dounchis et al. 1997).

More recent approaches describe the use of autologous compounds capable of
improving the effectiveness of microfracture technique and avoiding the more
laborious steps of preparation and expansion associated to the use of cells
(Rey-Rico and Cucchiarini 2016b). By this method a marrow aspirate is collected
from the patients, genetically modified ex vivo (Pascher et al. 2004; Rey-Rico et al.
2015a; Frisch et al. 2014a, 2015, 2016a, b), and implanted into cartilage defects
(Pascher et al. 2004).
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2.2 Candidate Factors

A potential advantage of gene transfer is the establishment of a variety of sequences
encoding for therapeutic factors with a known ability to promote cartilage repara-
tive processes. Hence, current gene transfer strategies for repairing articular carti-
lage defects focus on increasing chondrogenic differentiation of MSCs into
chondrocytes for cartilage regeneration and into osteoblasts to promote the repair of
the subchondral bone. So far, the production and maintenance of a new cartilagi-
nous matrix rich in type-II collagen and proteoglycans, the increase of the cellu-
larity of the repair tissue to prevent the hypertrophic differentiation of chondrocytes
and the inhibition of articular cartilage degeneration are also other potential targets
(Cucchiarini and Madry 2010; Orth et al. 2014; Madry et al. 2011).

Among the growth factors candidates to support chondrogenesis are members of
the transforming growth factor beta (TGF-b) superfamily such as TGF-b1 and
TGF-b2 (Hanada et al. 2001; Lee et al. 2001; Joyce et al. 1990), bone morphogenetic
protein 2 (BMP-2) (Sellers et al. 1997; Hanada et al. 2001), BMP-7 (Asahina et al.
1996; Klein-Nulend et al. 1998), members of the fibroblast growth factor family
such as the basic fibroblast growth factor (FGF-2) (Jentzsch et al. 1980) and
parathyroid hormone-related protein (PTHrP) (Vortkamp et al. 1996). Growth fac-
tors increasing cell proliferation include FGF-2 (Trippel et al. 1993), and the
insulin-like growth factor I (IGF-I) (Trippel 1995). Potential candidate for enhancing
matrix synthesis are IGF-I (Nixon et al. 1999), BMP-2, BMP-7 and the
cartilage-derived morphogenetic proteins (CDMP) (Erlacher et al. 1998; Katayama
et al. 2004). Transcription factors such as the sex determining region Y-box
(SOX) 5, 6, and 9 (SOX trio, i.e. SOX5, SOX6, SOX9) (Lefebvre et al. 2001)
Cbfa-1/runt-related transcription factor 2 (RUNX2) (Inada et al. 1999), Cart-1 (Zhao
et al. 1994), and the Ets family members (Sumarsono et al. 1996) are also potential
candidates as they directly modulate the expression of genes involved in chondro-
genesis as type-II collagen or aggrecan (Madry et al. 2011). Another potential gene
transfer approach for cartilage regeneration focus on the inhibition of degenerative
pathways within the repair tissue. Potential targets for this strategy include cytokines
mediating catabolic events as members of the interleukin-1 (IL-1) (Goldring et al.
1994) and tumor necrosis factor (TNF) (Pelletier and Martel-Pelletier 1994) families
to suppress the production of matrix-degrading enzymes such as the matrix metal-
loproteinases (MMPs) (Pelletier and Martel-Pelletier 1994).

2.3 Gene Transfer Vectors

Gene transfer focuses on the introduction of foreign genes or gene sequences in a
target cell population to treat a particular disorder in affected individuals by gene
therapy and/or regenerative medicine, based on the sustained expression of the
transgene cassette, compared with the direct application of the therapeutic product
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itself that exhibits a short pharmacological half-life (Rey-Rico and Cucchiarini
2016a). Once the foreign genetic material enters into the cell, it may be transferred
towards the nucleus where it either integrates into the host genome or remains
extrachromosomal under an episomal form for subsequent expression of the
transgenes being delivered. However, the susceptibility of naked DNA to degra-
dation by nucleases present in the biological medium, the hydrophilic polyanionic
nature of the DNA macromolecule and its large size prevents passive penetration of
DNA through the cell membrane (Nam et al. 2009; Ibraheem et al. 2014). Hence,
the DNA must be associated with vectors able to carry the therapeutic molecule into
the target cell (Ibraheem et al. 2014).

Gene transfer vectors currently involved in cartilage repair include nonviral
(Goomer et al. 2000; Gelse et al. 2008; Morrey et al. 2008; Pi et al. 2011;
Cucchiarini et al. 2015) and viral vehicles such as adenoviral (Gelse et al. 2003;
Imperiale and Kochanek 2004; Pohle et al. 2012; Zhang et al. 2015a; b;
Garza-Veloz et al. 2013; Wang et al. 2014), retro-/lentiviral (Hardingham et al.
2006; Yamada et al. 1991; Mbita et al. 2014; Shields et al. 2015; Shi et al. 2015),
herpes simplex viral vectors (HSV) (Jenkins and Turner 1996; Lachmann 2004; Wu
et al. 2013), and recombinant adeno-associated viral (rAAV) vectors (Wang et al.
2011; Bao et al. 2012; Mason et al. 2012; Cucchiarini et al. 2013; Glass et al. 2014;
Cucchiarini and Madry 2014; Frisch et al. 2014a, b; Rey-Rico et al. 2015a).

2.3.1 Nonviral Vectors

Gene transfer via nonviral vectors (transfection) consist the incorporation of DNA,
either naked or complexed with cationic polymers (polyplexes) or with cationic
lipids (lipoplexes), into the target population. It is considered as a safe method
which avoids the risk of acquiring replication competence and of insertional
mutagenesis without inducing immune responses in the host, however, its use is
limited due to the low transfection efficiencies (40–50% maximum) and short-term
transgene expression levels (Goomer et al. 2000; Madry et al. 2005; Saraf and
Mikos 2006).

2.3.2 Viral Vectors

Gene transfer using viral vectors (transduction) is based on the natural cellular entry
pathways of viruses from which they are derived. The most common viruses that
have been manipulated thus far for gene transfer purposes are adenoviruses, HSV,
retro- and lentiviruses, and AAV (Robbins and Ghivizzani 1998). Modification of
these viruses can be achieved by replacing, at least to a certain extent, the viral
coding sequences by a therapeutic transgene cassette. In general, viral vectors have
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showed better clinical potential compared with nonviral vehicles due to their higher
efficiency to deliver gene sequences and achieving a long-term transgene expression
in vivo (Loser et al. 2002).

Adenoviruses are one of the most exploited viral based vectors for cartilage
repair (Gelse et al. 2003; Imperiale and Kochanek 2004; Pohle et al. 2012; Zhang
et al. 2015a, b; Garza-Veloz et al. 2013; Wang et al. 2014) as they allow for high
transduction efficiencies and transgene expression in the variety of cells, enabling
direct approaches in vivo. However, their use is limited by their immunogenicity
and reduced transgene expression over time (1–2 weeks) as the transgenes are kept
as episomal elements (Cucchiarini and Madry 2010).

Retrovirus and lentiviral vectors instead can integrate inside the host genome of
the target, allowing for the replication and maintenance of the transgene over
extended period of time. Yet, the main concern regarding their use is that this might
lead to insertional mutagenesis with the potential to activate tumorigenic genes
(Chang and Gay 2001; Yi et al. 2005; Knight et al. 2013). So far, retroviral vectors
have a restricted host range and can not transduce nondividing cells, making them
rather suitable for ex vivo approaches requiring the extraction of the target cells
from the host before modification and reimplantation (Evans et al. 1996; Mason
et al. 2000; Grande et al. 2003; Murphy et al. 2003). Additionally, in vivo
administration of retroviruses in human subjects may be inhibited by the comple-
ment depending on the producer line employed to generate them (Spitzer et al.
1999). Lentiviral vectors may provide alternatives to retroviral gene vehicles as
they can integrate in the genome of nondividing cells, allowing for long-term
transgene expression (Gouze et al. 2003; Glass et al. 2014) but it is also exhibiting a
risk for insertional mutagenesis and the issue of safety regarding their typical origin.

The main advantages of using HSV vectors include their ability to infect non-
dividing cells, to establish latency in some cell types, and to carry large gene
sequences (Robbins and Ghivizzani 1998; Lachmann 2004). Still, the use of
HSV-based vectors has been limited due to their toxicity in many cell types. In this
sense, although the first generation vectors have induced high levels of cytoxicity,
recent work has demonstrated that second generation HSV were less deleterious, in
particular for cartilage repair (Oligino et al. 1999; Lachmann 2004; Wu et al. 2013).
Nevertheless a remaining issue with this type of vectors is the transient nature of
transgene expression that can be afforded via HSV (Oligino et al. 1999).

Active investigation is currently ongoing based on the application of the most
advanced rAAV gene transfer vehicles that have emerged as the vectors of choice to
treat human disorders (Evans and Huard 2015; Rey-Rico and Cucchiarini 2016a, b).

2.3.3 rAAV Vectors: Emerging Gene Transfer Tools for Cartilage
Regeneration

rAAV vectors are derived from a non-pathogenic, replication-defective human
parvovirus (Rose et al. 1969) that can be manipulated to produce recombinant viral
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constructs by removing all AAV coding sequences and replacing them by a
transgene cassette (Berns and Giraud 1995; Daya and Berns 2008) making them
less immunogenic than adenoviral vectors and less toxic than HSV (Smith-Arica
and Bartlett 2001; Grieger and Samulski 2012; Kotterman and Schaffer 2014).
rAAV are small (*20 nm) vectors (Fig. 1), capable of transducing both dividing
and nondividing cells at relatively high gene transfer efficiencies (up to 100%) (Arai
et al. 2000; Venkatesan et al. 2013; Rey-Rico et al. 2015b, c; Rey-Rico and
Cucchiarini 2016a; Diaz-Rodriguez et al. 2015; Tao et al. 2016a, b) allowing for
direct gene transfer approaches in vivo through the dense ECM of targeted tissues
as cartilage (Venkatesan et al. 2013). These potential advantages from rAAV over
the other type of viral vectors make them as preferred gene delivery system to treat
human disorders (Cucchiarini and Madry 2005, 2010; Madry et al. 2006, 2007; van
der Laan et al. 2011; Zhang et al. 2011a; Jacobs and Wang 2011; Cucchiarini et al.
2012; Evans et al. 2013; Madry and Cucchiarini 2013; Nieto and Salvetti 2014;
Evans and Huard 2015; Rey-Rico and Cucchiarini 2016a, b). So far, the therapeutic
success of rAAV vectors has been supported by an increasing number of phase I-III
clinical gene therapy trials including rheumatoid arthritis (Mease et al. 2009, 2010;
Evans et al. 2013) and osteoarthritis (Evans et al. 2013).

rep cap5’ ITR
p5 p19 p40

3’ ITR

polyA

wild-type AAV

intron/polyA
heterologous

promoterrAAV 5’ ITR gene of interest 3’ ITR

4.68 kb

20 nm

Fig. 1 Genomic organization of wild-type AAV and rAAV vectors. The wild-type AAV genome
with rep (replication) and cap (capsid) genes along with a polyadenylation signal (polyA) is
flanked by two inverted terminal repeats (ITRs) (*4.68 kb). The arrows indicate the viral
transcription promoters (p5, p19, and p40). A classical rAAV vector with the ITRs at either end of
a transgene cassette (heterelogous promoter, gene of interest, intron/polyA signal), is depicted
below
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3 Application of Controlled Delivery Strategies
for Effective Gene Transfer to Articular Cartilage

A main issue to achieve an effective gene transfer directly targeted to the sites of
cartilage injury is due to the limited accessibility of the lesions for the treatment.
Delivery of candidate gene sequences into the sites of cartilage injury can be
performed indirectly by collection, modification and re-implantation of the patient’s
cells into the sites of injury (ex vivo approach) or by direct administration of
therapeutic composition via open joint surgery (arthrotomy) (direct delivery)
(Cucchiarini and Madry 2010; Evans and Huard 2015) (Fig. 2). Current clinical
trials using ex vivo approaches for cartilage repair involve the injection of cells
genetically modified with retroviral vectors to overexpress IL-1 receptor antagonist
(IL-1Ra) for the treatment of patients with rheumatoid arthritis (Evans et al. 2005;
Wehling et al. 2009) or TGF-b1 for osteoarthritis (Bendele et al. 1999). While
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Fig. 2 Strategies for gene
delivery to the articular
cartilage. Delivery of
candidate gene sequences into
the sites of cartilage injury
can be performed indirectly
by collection, modification,
and reimplantation of the
patient’s cells in sites of
injury (ex vivo approach) or
by direct administration of the
therapeutic composition
(in vivo delivery) via open
joint surgery (arthrotomy) or
intra-articularly inside the
joint space
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ex vivo delivery may constitute a safer approach compared with the direct delivery
in the sense as cells instead of gene transfers vector are introduced in the sites of
injury. Although, its use still remains a costly procedure, requiring complex and
laborious steps of cell harvesting and expansion. Besides, direct administration of
gene transfer vectors constitutes a simple and cost-effective approach compared
with the ex vivo delivery. Direct delivery of rAAV vectors has been conducted to
overexpress a transgene encoding for human tumor necrosis factor receptor-
immunoglobulin Fc fusion protein (TNFR:Fc) which is equivalent to etanercept (an
anti-TNF drug) for the treatment of rheumatoid arthritis (Frank et al. 2009; Mease
et al. 2010).

3.1 Controlled Release of Gene Transfer Vectors: Principles

Despite of clear advantages from direct administration of gene transfer vectors for
cartilage regeneration in terms of cost-effectiveness, their adapted use in patients
may still be precluded by some hurdles associated to the carrier vector itself. For
example, despite nonviral gene transfer is considered a safe method as it avoids the
risk of acquiring replication competence and of insertional mutagenesis without
inducing immune responses in the host, its use is limited by the low transfection
efficiencies (40–50% maximum) and short-term transgene expression levels
achieved (Goomer et al. 2000; Madry et al. 2005; Saraf and Mikos 2006). On the
other hand viral gene transfer may be limited by a high immunogenicity of the viral
vector (adenovirus) (Berns and Giraud 1995; Breyer et al. 2001) and the existence
of patient-associated factors and of physiological barriers (pre-existence of neu-
tralizing antibodies in the host against the viral capsid proteins, inhibition of
transduction by particular anticoagulants) that may interfere in the achievement of
an effective vector delivery, processing and expression of the transgene in the target
cells (Summerford and Samulski 1998; Calcedo and Wilson 2013; Rey-Rico and
Cucchiarini 2016a).

Administration of gene transfer vectors based on technologies exploited so far
for the controlled delivery of pharmaceutical drugs and other recombinant mole-
cules (Tiwari et al. 2012; Santo et al. 2013; Lam et al. 2015; Lorden et al. 2015)
may be a powerful tool to address the issues associated to the use of these vectors in
clinical settings. Considering this, controlled delivery systems based on the use of
polymeric biomaterials have been conceived to improve the temporal and spatial
presentation of therapeutic agents in a defined target as a mean to protect the cargo
from physiological degradation improving patient compliance and enhancing
quality control in the manufacturing products (Ekenseair et al. 2013; Lam et al.
2015). An effective controlled gene delivery system should enable to maintain
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elevated concentrations of foreign sequences in the cellular microenvironment in
order to achieve a durable expression of transgene with prolonged therapeutics
effects of the transgene product while overcoming pre-exisiting barriers that may
preclude its successful uptake and intracellular processing including the existence
of neutralizing host immune responses (Han et al. 2000; Wang and Pham 2008;
Gower and Shea 2013; Lee and Kim 2014; Chen et al. 2014; Lorden et al. 2015).

3.2 Biomaterials as Controlled Delivery Systems of Gene
Transfer Vectors

Biomaterials play a pivotal role in tissue regeneration and medicine-assisted
regenerative approaches. They can implement a space for tissue ingrowth, capable
of mimicking the natural environment by providing a substrate for cell attachment,
and also presents chemical, biological, and/or mechanical cues that can facilitate its
integration with the host (De Laporte and Shea 2007; Gower and Shea 2013).
Besides other applications, biomaterials have also been exploited as controlled
release vehicles that can maintain therapeutic concentrations of diffusible
tissue-inductive factors and eventually able to promote tissue regeneration.

Biomaterials may be engineered to control the release of gene transfer vectors
either via encapsulation (vector loading during the fabrication of the scaffold) or
immobilization (incorporation of the vector in a preformed scaffold) So far, these
systems may led to a polymeric release (slow, gradient release of the vector both at
immediate and distant vicinity of the system via degradation of the polymeric
matrix where the vector was encapsulated) or a substrate-mediated delivery (de-
livery of the vector immobilized at the surface of the biomaterial being its release
restricted to the immediate proximity of the system) (Fig. 3). Different polymeric
systems have been exploited because they are exhibiting specific features for
controlled delivery of gene transfer vector. Alongside hydrogel-based biomaterials
show release patterns via diffusion and might be modulated to reduce vector
spreading to nontarget places. Moreover, solid matrices provide a substrate-
mediated delivery to circumvent mass transfer limitations. On the other hand use of
microspheres for vector inclusion may afford shielding that reduces vector-directed
immune responses. Another important parameter is origin of the polymer that
involved in the delivery system. For example, natural polymers that have a high
biocompatibility and biodegradability, while synthetic polymers exhibit a higher
reproducibility (Han et al. 2000; Segura et al. 2003; Pannier and Shea 2004; Dang
and Leong 2006; De Laporte and Shea 2007; Wang and Pham 2008; Gower and
Shea 2013).

In the following sections the most advances strategies employed to exploit the
use of biomaterials as controlled delivery systems for the different classes of gene
transfer vectors in cartilage regeneration approaches are discussed.
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3.3 Controlled Release of Nonviral Vectors

Localized delivery of nonviral vectors has been performed using naked DNA
(Walter et al. 2001; Eliaz and Szoka 2002; Diez and Tros de Ilarduya 2006; Rives
et al. 2009; Aviles et al. 2010; Park et al. 2013) and DNA complexed in lipoplexes
(Ramgopal et al. 2009; Kulkarni et al. 2011; Shepard et al. 2011) or polyplexes
(Ramgopal et al. 2009; Lei et al. 2010; Gojgini et al. 2011; Tierney et al. 2012; Li
et al. 2012; Tokatlian et al. 2012; Keeney et al. 2013; Needham et al. 2014; Zhang
et al. 2014; Siegman et al. 2015) as a means to overcome the barriers of systemic

Polymeric release Substrate-mediated delivery

In vitro
effective gene transfer In vitro

effective gene transfer

In vivo
effective gene transfer

Vector  controlled
release

Fig. 3 Current strategies for the controlled delivery of gene transfer vectors in cartilage
regeneration. Controlled release may be performed either by polymeric release or
substrate-mediated delivery. Polymeric release is based on the incorporation of a vector in a
biomaterial (hydrogel, solid matrix, microspheres), with controlled release profile generated by
degradation of the polymer allowing for a prolonged expression of the therapeutic gene product in
the target cell at the immediate and more distant vicinity of the system. Substrate-mediated
delivery implicates the immobilization of the gene transfer vector on a surface that supports cell
adhesion. As the vector can only infect cells from the material surface, gene transfer and
expression of the therapeutic product is restricted to the immediate proximity of the substrate. Both
approaches focus on the consecution of an effective gene transfer into the cartilage lesions
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delivery (serum aggregation, clearance by the reticuloendothelial system) or to
avoid vector degradation, facilitating its entrance in the cell (Pannier and Shea
2004). Controlled nonviral gene delivery has been studied using hydrogels (Eliaz
and Szoka 2002; Lei et al. 2010, 2011; Kulkarni et al. 2011; Shepard et al. 2011;
Gojgini et al. 2011; Li et al. 2012; Tokatlian et al. 2012; Park et al. 2013; Keeney
et al. 2013; Needham et al. 2014; Zhang et al. 2014; Siegman et al. 2015), solid
matrices (Ramgopal et al. 2009; Aviles et al. 2010; Tierney et al. 2012; He et al.
2012), and microspheres (Diez and Tros de Ilarduya 2006; Lei et al. 2011; Xu et al.
2016).

Local gene delivery via hydrogel scaffolds has been studied through the
encapsulation of naked DNA during hydrogel formation (Eliaz and Szoka 2002;
Park et al. 2013) using synthetic polymers such as poly(lactide-co-glycolide)
(PLGA) (Eliaz and Szoka 2002) or poly(N-isopropylacrilamide) (pNIPAAm) (Park
et al. 2013). Although naked DNA lead to the achievement of gene expression and
guided repair in vivo (Bonadio et al. 1999), but its low gene transfer efficiency and
rapid diffusion of the DNA from the hydrogel network urged to search for alter-
native gene delivery systems like those based on the controlled release of DNA
complexed in lipoplexes or polyplexes (Tokatlian et al. 2012). Gene delivery via
polyplexes (Lei et al. 2010; Gojgini et al. 2011; Li et al. 2012; Tokatlian et al. 2012;
Siegman et al. 2015) or lipoplexes (Kulkarni et al. 2011; Shepard et al. 2011) has
been studied by using different hydrogel systems including fibrin (Lei et al. 2010,
2011), hyaluronic acid (Lei et al. 2010; Gojgini et al. 2011; Tokatlian et al. 2012;
Siegman et al. 2015), and polyethylene glycol (PEG) (Lei et al. 2010; Shepard et al.
2011; Li et al. 2012; Needham et al. 2014) to target different cell populations
among which MSCs (Gojgini et al. 2011; Li et al. 2012; Tokatlian et al. 2012) in a
variety of tissue engineering approaches (Tables 1 and 2).

Use of hydrogels as controlled gene delivery systems focused on cartilage repair
is a very valuable but still a developing strategy. Osteochondral and chondral units
are especially promising tissues for polymeric gene delivery approaches because of
the limited blood flow to these regions which could cause problems in the delivery
of DNA-polymer complex, and eventually it can affect the potential of the delivered
genes to induce differentiation of infiltrated MSCs (Needham et al. 2014). Needham
et al. (2014) recently described an innovative approach for delivering of DNA
polyplexes using an oligo(poly(ethylene glycol) fumarate) (OPF) hydrogel scaffold
to repair osteochondral injury. For that an OPF layered scaffold mimicking the
native osteochondral tissue organization was simultaneously loaded with DNA
polyplexes encoding for the RUNX2 and/or for the SOX trio to generate bone and
cartilage tissues, respectively, in a rat osteochondral defect model. At 6 weeks of
post-implantation, combination of RUNX2 and SOX trio DNA showed a signifi-
cantly improved healing ability compared with empty hydrogels or each factor
alone (Needham et al. 2014). Another interesting approach has recently been
described by Gonzalez-Fernández et al. (2016). These authors produced
gene-activated constructs by encapsulating MSCs and nanohydroxyapatite
nanoparticles (nHA) complexed with plasmid (p) DNA (pDNA) encoding for
transforming growth factor-beta 3 (pTGF-b3), bone morphogenetic protein 2
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(pBMP2), or a combination of both (pTGF-b3-pBMP2) into alginate hydrogels.
Gene delivery of TGF-b3 and BMP2 and subsequent cell-mediated expression of
these therapeutic genes resulted in a significant increase in sulfated glycosamino-
glycan and collagen production, particularly in the pTGF-b3-pBMP2 co-delivery
group in comparison to the delivery of either pTGF-b3 or pBMP2. In contrast,
greater levels of calcium deposition were observed in pTGF-b3- and pBMP2-only
groups compared with co-delivery group, with a high deposition and expression of
type-X collagen, which is suggesting that these constructs were supporting MSC
hypertrophy and progression along the endochondral pathway (Gonzalez-
Fernandez et al. 2016).

Incorporation of DNA loaded microspheres into hydrogels is a valuable strategy
to increase DNA loading capability of the hydrogel network while providing a
controlled gene delivery. Kulkarni et al. loaded DNA polyplexes into fibrin
microspheres and subsequently included them into fibrin hydrogels (Kulkarni et al.
2011). Their results showed differential degradation and DNA release profiles when
polyplexes were encapsulated into microspheres compared with the direct loading
into fibrin scaffolds.

Different biomaterials have been used for fabricating solid matrices as the
delivery systems of nonviral gene transfer vectors, which are natural polymers like
collagen (Tierney et al. 2012; Alexander et al. 2013), synthetic polyester copoly-
mers like poly(lactide-co-glycolide) (PLG) (Rives et al. 2009; Aviles et al. 2010)
and poly-e-caprolactone (PCL) (Ramgopal et al. 2009), and also non-biodegradable
polymers such as PEG (Yang et al. 2012).

Production of gene-activated matrices (GAMs) for tissue regeneration has been
investigated by incorporation of DNA polyplexes into collagen, collagen-
glycosaminoglycan and collagen-nHA scaffolds (Tierney et al. 2012). Transient
expression profiles showed that the GAMs act as a polyplex depot system per-
mitting the infiltration of MSCs throughout the scaffold and become transfected
over a period of time. It was noticed that the levels of gene transfer reduced over a
period of time (from days 3 to 14) for all types of scaffolds. However,
collagen-nHA GAMs exhibited the highest and most sustained levels of transgene
expression (Tierney et al. 2012).

3.4 Controlled Release of Classical Viral Vectors

While less explored, the controlled delivery of viral vectors has raised particular
attention in the past years as a possible means to overcome the hurdles associated
with their use in the in vivo conditions for immunogenic and toxic responses
specially associated to the use of adenoviral vectors (Beer et al. 1998; Sailaja et al.
2002) and to afford protection against clearance by the host in different tissue
engineering approaches (Beer et al. 1998; Matthews et al. 1999; Sailaja et al. 2002;
Garcia del Barrio et al. 2004; Turner et al. 2007; Mok et al. 2007) (Tables 3 and 4).
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Encapsulation of viral vectors into the microparticles has yielded effective and
localized gene expression while preventing systemic vector spread compared with
the free vector supply (Rejman et al. 2004; Jang et al. 2011). The encapsulation of
viral vectors in microparticles provides a shielding to the viral vectors and thus
reducing the immune responses directed against them (Beer et al. 1998; Sailaja et al.
2002). Use of synthetic biodegradable polymers such as PLG (Turner et al. 2007)
and PLGA (Beer et al. 1998; Matthews et al. 1999; Mok et al. 2007) has increased
the attention in the last years in order to produce microspheres for encapsulation of
adenoviral vectors (Beer et al. 1998; Matthews et al. 1999; Sailaja et al. 2002; Garcia
del Barrio et al. 2004; Turner et al. 2007; Mok et al. 2007). The release of the viral
vector from these particles is governed by a combination of polymer degradation and
subsequent diffusion from the particle. By tuning the polymer formulation, a mod-
ulation in the rate of hydrolysis may be achieved which resulting in a controlled
degradation and release kinetics (Jang et al. 2011). Instead, this approach is still
limited by the low efficiency of virus loading into the final particles (<25%), a broad
distribution of the particle size, and a burst release of the adenoviral vectors at an
initial stage (Sailaja et al. 2002; Turner et al. 2007; Wang et al. 2007). In order to
overcome these limitations Park et al. encapsulated adenoviral vectors into alginate
beads by using electrospraying technique for designing injectable systems to be
delivered into the target sites (Sailaja et al. 2002). Their results showed that release
of adenoviral vector containing the reporter gene encoding for green fluorescent
protein (AdGFP) from alginate beads formed at 0.5 wt% alginate concentration
exhibited a superior GFP activity of U343 glioma cells over 7 days compared with
beads formed at other alginate concentrations, although this efficiency was lower
than that achieved by free adenoviral vector (Sailaja et al. 2002).

Entrapment of viral vectors into hydrogels is an advantageous approach to
reduce the spread of the recombinant material in nontarget places and provide a
contained and sustained supply of the therapeutic gene only where it required
(Rey-Rico et al. 2015c). The release profile of the vector from the hydrogel will be
mainly conditioned by the porosity of hydrogel and interactions of viral vector to
the hydrophylic polymer network (Gower and Shea 2013). Different hydrogel
systems from both natural (Levy et al. 2001; Schek et al. 2004; Breen et al. 2006;
Kidd et al. 2012; Park et al. 2012) or synthetic origin (Levy et al. 2001) has been
exploited for controlled release of adenoviral or lentiviral vectors (Kidd et al. 2012).

Scaffold-mediated delivery of viral vectors have also been reported using dif-
ferent porous 3D matrices to genetically modify different cell types seeded on these
materials (Mei et al. 2006; Hu et al. 2007; Gersbach et al. 2007; Liao et al. 2009;
Zhang et al. 2012, 2015c; Glass et al. 2014). The supply of vector-presenting sub-
strates to the cells or tissues can place the cells and vector in close proximity during
delivery and may thereby function to overcome mass transfer limitations and thus
enhance the delivery efficiency (Jang et al. 2011). Glass et al. immobilized lentiviral
vectors onto PCL woven scaffolds to induce the over expression of IL-1Ra in MSCs
for developing engineered cartilage constructs with immunomodulatory properties
(Glass et al. 2014). In the presence of IL-1, IL-1Ra-expressing engineered cartilage
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produced cartilage-specific ECM while resisting IL-1-induced upregulation of
MMPs and maintained mechanical properties similar to native articular cartilage.

An advanced approach to retain viral gene transfer vectors into scaffold for a
long period of time is the lyophilization (Croyle et al. 2001). Hu et al. lyophilized
adenovirus expressing a b-galactosidase reporter gene (AdLacZ) on hydroxyapatite
disks and observed a maintenance of their bioactivity for 6 months when stored at
−80 °C (Hu et al. 2007). Instead, a high burst effect in the release of adenovirus
from hydroxyapatite disks was observed during the first hour with *60% of virus
released after this time. In the same study the authors lyophilized an adenovirus
encoding BMP-2 (AdBMP-2) in gelatin sponges and placed them into rat
critical-size calvarial defects for 5 weeks. Their results showed that while the
free-form delivery of AdBMP-2 had only modest effects on bone formation,
AdBMP-2 lyophilized in gelatin sponges led to more than 80% regeneration of
critical-size calvarial defects (Hu et al. 2007).

Zhang et al. (2013) loaded adenoviruses coding for the platelet-derived growth
factor subunit B (PDGF-B) (AdPDGF-B) into bioglass-silk fibrin scaffolds for
evaluating their ability to restore damaged tissue through the recruitment of MSCs.
A controlled release profile of PDGF-B was observed up to 3 weeks with an
increased MSCs recruitment in the in vitro conditions and also in the in vivo
conditions by subcutaneous implantation in mice model. In another study, the same
authors tested the ability of AdBMP-7 and/or AdPDGF-B incorporated in similar
scaffolds for promoting the regeneration of periodontal defects in dogs (Zhang et al.
2015c). The data showed that scaffolds loaded with AdPDGF-B were capable of
partially regenerating the periodontal ligament while AdBMP7 scaffolds primarily
improved new bone formation. Thus, the combination of both AdPDGF-B and
AdBMP-7 synergistically promoted periodontal regeneration (Zhang et al. 2015c).

3.5 Controlled Release of rAAV Vectors

Despite of increasing number of studies reporting the efficiency of rAAV vector as
one of the most adapted gene transfer systems in musculoskeletal translational
research (Hu et al. 2007; Rey-Rico and Cucchiarini 2016a, b), these vectors are also
capable of targeting most of the relevant cells like hMSCs (Pagnotto et al. 2007;
Stender et al. 2007; Cucchiarini et al. 2011; Venkatesan et al. 2012), chondrocytes
(Madry et al. 2003; Ulrich-Vinther et al. 2004, 2005; Watson et al. 2013;
Venkatesan et al. 2013; Cucchiarini and Madry 2014), and osteoblasts (Yang et al.
2005; Dey et al. 2014). However, there are still some limitations that may preclude
their adapted in vivo use. For instance, a rapid dispersion of viral particles from the
joint space may prevent effective transduction of repair cells that are recruited to the
defect site over time (Lee et al. 2011a). Additionally, a nonspecific transduction
adjacent to the target place may also occur (Jang et al. 2004). On the other hand, an
effective rAAV transduction might be affected by the presence of neutralizing
antibodies directed against the viral capsid proteins which commonly present for
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instance in the synovial fluid of the patients having joint diseases (considerably a
large part of the human population affected) (Chirmule et al. 1999; Cottard et al.
2004; Calcedo and Wilson 2013). The other possible inhibition of viral uptake
could be mediated by clinical compounds such as heparin (Summerford and
Samulski 1998). In order to overcome these issues, different scaffolds have been
tested in diverse in vitro studies to develop rAAV controlled delivery systems
which are able to target and efficiently transduce key cell populations involved in
cartilage regeneration, such as hMSCs (Lee et al. 2011a; Dupont et al. 2012;
Schmidt et al. 2014; Rey-Rico et al. 2015b, c; Diaz-Rodriguez et al. 2015)
(Table 5). Lee et al. reported the use of fibrin glue (FG) hydrogels to release rAAV
vectors encoding for TGF-b1 (rAAV-TGF-b1) to target hMSCs (Lee et al. 2011a).
They observed the release of rAAV-TGF-b1 from diluted FG hydrogels was higher
in concentration resulted in greater upregulation of cartilage-specific gene expres-
sion in hMSCs in comparison to the release behavior of undiluted FG hydrogel.
This was attributing due to the presence of more open network structure in diluted
FG hydrogels in comparison with undiluted hydrogels suggesting that the open
polymeric structures plays a vital role for efficient release of rAAV TGF-b vectors.
In a recent study, FG-polyurethane (PU) hybrid scaffolds were prepared by poly-
merization of FG (containing rAAV-encoding for b-galactosidase) in porous PU
discs which were further implanted subcutaneously in rats (Schmidt et al. 2014). In
contrast to the study performed by Lee et al, these authors of this study observed
significantly higher levels of b-galactosidase activity after the release of rAAV-lacZ
from hydrogels that contains higher concentrations of FG.

Self-assembling peptides RAD16-I containing the arginine-alanine-aspartic acid
(RAD) motif in a pure form or combined with hyaluronic acid have also been
examined for the release of rAAV vectors to genetically modify hMSCs (Rey-Rico
et al. 2015c). These peptides can form stable hydrogels and encapsulate viable cells
upon exposure to physiological pH and ionic strength (Zhang et al. 1993; Capito
et al. 2008; Semino 2008). Their ideal biocompatibility like lack of immuno-
genicity, thrombogenicity, inflammatory responses and production under mild
conditions make them promising candidates for various tissue engineering
approaches (Johnstone et al. 2013). Such systems showed high efficiency of
encapsulating and releasing of rAAV in a sustained and controlled manner for
effective transduction (up to 80%) without deleterious effects on cell viability (up to
100%) or on their potential for chondrogenic differentiation monitored over the
period of 21 days (Rey-Rico et al. 2015c).

Poly(ethylene oxide) (PEO)- and poly(propylene oxide) (PPO)-based “smart” or
“intelligent” self-assembling, temperature-sensitive copolymers have also been
utilized as efficient rAAV-mediated delivery systems due to their capacity to form
polymeric micelles and to undergo sol-to-gel transition upon heating
(Alvarez-Lorenzo et al. 2010, 2011). Specifically, encapsulation of rAAV vectors in
poloxamer PF68 and poloxamine T908 polymeric micelles allowed for an effective,
durable, and safe modification of hMSCs via rAAV to levels similar or even higher
than the approach of direct vector application (up to 95% of gene transfer effi-
ciency) (Rey-Rico et al. 2015b) (Fig. 4). Of further note, these copolymers were
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capable of restoring gene transfer in hMSCs when applying rAAV-specific inhi-
bitors like heparin or rAAV capsid antibody, allowing for instance to deliver a
chondrogenic sox9 sequence for enhanced chondrogenic differentiation.
Furthermore, various hydrogel composite structures based on alginate (AlgPH155)
and poloxamer PF127 have also been prepared by crosslinking at either high
temperature (50 °C; AlgPH155 + PF127 [H]) or room temperature (23 °C)
(AlgPH155 + PF127 [C]) for successive encapsulation and release of rAAV vec-
tors (Diaz-Rodriguez et al. 2015). Strikingly, hydrogels based on AlgPH155 alone
showed high initial burst release of rAAV while it crosslinked form i.e.
AlgPH155 + PF127 [C] showed sustained release pattern of rAAV, which leads to
high transduction efficiencies in hMSCs (*80%) over an extended period of
evaluation (up to 21 days).

Scaffold-mediated delivery of rAAV vectors has been tested using PCL-based
scaffolds for evaluating the ability of the constructs to transduce fibroblasts seeded
on the top of them in the in vitro condition (Lee et al. 2011b) and to promote
endogenous bone reparation of femoral defects in rats in the in vivo condition using
self-complementary AAV scAAV2.5-BMP2-coated scaffolds preseeded with MSCs
(Dupont et al. 2012). Interestingly, Dupont et al. observed a higher bone ingrowth
and enhanced mechanical properties of defects treated with acellular scAAV2.5-
BMP2-coated scaffolds relative to defects treated with scAAV2.5-BMP2 scaffolds
preseeded with MSCs that failed to display significant differences relative to control
conditions (Dupont et al. 2012).

4 Conclusions

Adapting controlled delivery strategies for the delivery of therapeutic genes is an
attractive approach to bypass the natural obstacles for an efficient and stable gene
expression in an individual host. A multiplicity of systems (hydrogels, solid
matrices, microspheres…) of both natural and synthetic origin have been exploited
to control the delivery of gene transfer vectors in different regenerative medicine
approaches, with a more limited number of studies focused on cartilage regeneration.

When designing a gene delivery system for cartilage regeneration, it is very is
important to consider that a favourable system in vitro may not generate
similar/sufficient or adapted effects in a native in vivo environment. It will thus be
fundamental to test the adaptability of the systems in sites of tissue damage using
clinically relevant, complex orthotopic animal models of cartilage defect as a means
to enhance the natural repair processes. Another important parameter to keep in
mind in manufacturing the system itself is the pharmacokinetic release profile of the
vector from the biomaterial, as the initial rate of vector delivery may significantly
impact the extent of transgene expression. The strength of the interaction between
the biomaterial and the gene transfer vector should also be optimized to adjust the
rate of vector retention without preventing its release while allowing for an effective
vector internalization in its target (Seidlits et al. 2013; Gower and Shea 2013;
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Fig. 4 rAAV-mediated transduction of MSC (lacZ and RFP) and chondrocytes (hTGF-b1) via
PEO-PPO-PEO polymeric micelles. Detection of the transgenes was performed by X-Gal staining
(LacZ), live fluorescence (RFP) and immunohistochemistry (TGF-b) (all representative data at day
3 post-transduction; magnification 10x; scale bar: 200 µm). Higher levels of transgene expression
(lacZ, RFP, TGF-b) were noted when rAAV was delivered via polymeric micelles as compared
with free vector treatment. Amounts of rAAV-lacZ diffused into the culture medium were
quantified by AAV Titration ELISA. Delivery of rAAV via polymeric micelles increased the
number of rAAV viral capsids detected in culture media over-time when compared with free
vector condition

288 M. Cucchiarini and A. Rey-Rico



Rey-Rico and Cucchiarini 2016a). Also, the duration of therapeutic gene expression
needs to comply with the specific requirements of the cartilage tissue and adapted to
the evolution of disorder to be treated (focal cartilage defect versus generalized
osteoarthritis). Hence, a counterbalance between the rate of vector delivered and the
profiles/course of transgene expression will have to be accomplished, as a
short-term expression may be ineffective while a very prolonged expression may
inhibit further needed steps for regeneration (Gower and Shea 2013). So far, the
nature of the biomaterial involved as gene delivery system will also be conditioned
by the characteristics and spread from the barriers (pharmacological, physiological,
immune, toxic) directed against each particular class gene vector (nonviral versus
viral vehicle). Lastly, even though by optimization of a new or an already clinically
tested material for cartilage regeneration (Andereya et al. 2006; Kon et al. 2014),
the identification and production of a new functional gene delivery system derived
from it will have to receive approbation from regulatory agencies to satisfy addi-
tional important specifications (ease of fabrication, scalability, sterilization,
long-term storage, cost-effectiveness), a long and laborious procedure (Cucchiarini
et al. 2014).

Yet, despite these remaining challenges, recent advances in the use of bioma-
terials as controlled gene delivery systems of cartilage reparative factors is a
promising, new avenue of research that may clearly improve cartilage repair in
patients in a close future.
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Biomaterials Based Strategies
for Engineering Tumor Microenvironment

Neha Arya and Aurelien Forget

Abstract Tissue engineering aims to gain mechanistic insights into human dis-
eases and to develop new treatment protocols. Although 2-dimensional (2-D) flat
petri dish culture and in vivo disease-based models are the industrial gold standards
for understanding the underlying disease pathophysiology and for drug
screening/testing, they are associated with certain limitations. While the 2-D cell
culture systems fail to mimic in vivo signaling, animal-based disease models are
associated with long incubation period, high cost, ethical constraints as well as
depiction of human pathology in different species. Therefore, there has been a
paradigm shift towards the development of 3-dimensional (3-D) based in vitro
disease models. These models act as bridging gaps between the aforementioned
conventional strategies thereby fastening clinical translation. In this regard,
biomedical engineering plays a key role towards the development of tissue engi-
neering based 3-D disease models. These models have demonstrated success in
recapitulating human diseases in terms of in vivo morphology and signaling. This
chapter will present examples of biomaterials-based 3-D engineered disease models
with a focus on cancer.
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ABC ATP-binding cassette
bFGF Basic fibroblast growth factor
CAFs Cancer-associated fibroblasts
CAM-DR Cell-adhesion mediated drug resistance
CCL2 Chemokine CC-motive ligand 2
CNS Central nervous system
CSCs Cancer stem cells
CSFs Colony stimulating factors
CSF1 Colony stimulating factor 1
DCIS Ductal carcinoma in situ
DEAE Diethylaminoethyl
E-cad Epithelial-cadherin
ECM Extracellular matrix
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EMT Epithelial to mesenchymal transition
EPC Endothelial progenitor cell
FAP Fibroblast activation protein
Fe3O4 Iron oxide
GA Glutaraldehyde
GAG Glycosaminoglycan
G-CSF Granulocyte colony stimulating factor
GEMs Global eukaryotic microcarriers
GM-CSF Granulocyte macrophage colony stimulating factor
HA Hyaluronic acid
HCC Hepatocellular carcinoma cells
HGF Hepatocyte growth factor
HIF-1 Hypoxia-inducible transcription factor 1
HMF Human mammary fibroblasts
HPV 16 Human papilloma virus 16
HTS High throughput screening
IGF1 Insulin-like growth factor 1
IL-6 Interleukin-6
IL-8 Interleukin-8
MFs Myofibroblasts
MMPs Matrix metalloproteases
MP Microparticles
N-cad Neural-cadherin
NO Nitric oxide
NSCLS Non-small cell lung cancer
PCL Poly(e-caprolactone)
PDGF Platelet-derived growth factor
PDT Photodyanmic therapy
PEG Polyethylene glycol
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PHEMA Polyhydroxyethylmethacrylate
PLA Polylactide
PLG Poly(lactide-co-glycolide)
PLGA Polylactic-co-glycolide
PLLA-b-PEG-folate Polyl-lactic acid-b-polyethylene glycol-folate
PVA Polyvinyl alcohol
RCCS Rotary cell culture system/bioreactor
RGD Arginine-glycine-aspartic acid
RTK Receptor tyrosine kinase
SCLC Small cell lung cancer
SDF1 Stromal-cell derived factor 1
sECM Synthetic ECM
SV-40 Simian virus 40
TAMs Tumor associated macrophages
TCPS Tissue culture polystyrene
TE Tissue engineering
TGFb Transforming growth factor b
TNF-a Tumor necrosis factor a
VEGF Vascular endothelial growth factor
VPF Vascular permeability factor
ZnPcSmix Zinc sulfophthalocyanine

1 Introduction

Cancer is a disease of grave importance and is the second most leading cause of
deaths in United States. In the next few years, it is expected to bypass heart diseases
as the lead cause of deaths (Siegel et al. 2015). High incidents of death rates
associated with cancer have resulted in extensive research that aim towards the
development of high-end treatment protocols. However, the research so far has not
contributed to a promising decline in mortality rates associated with cancer. As a
result, high incidence of death rates combined with slow progress in treatment
protocols has generated demands to revise our research strategies, particularly in the
area of tumor biology as well as drug screening in order to develop a strong
co-relation between benchside to bedside.

Cancer treatment is usually performed either by surgery, radiotherapy or
chemotherapy or a combination of these strategies. However, systemic side effects
of chemotherapy and radiotherapy drastically affect the healthy tissues. Further, a
tumor is a complex tissue in which cancer cells utilize the supporting information
from the underlying stromal cells in order to develop into a malignant phenotype.
Therefore, there is a strong need to characterize tumor heterogeneity as well as
cross-talk between malignant cells and underlying support cells in order to generate
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cancer cell specific chemotherapeutics and devise more effective treatment proto-
cols. As a result of exploring better treatment protocols, tremendous research is
going on at the interface of cancer cell-tumor microenvironment. In this, extra-
cellular matrix (ECM) in the tumor microenvironment plays a pivotal role in
supplying a dense network of structural as well instructional entities thereby reg-
ulating the function and fate of cancer cells.

During cancer development and progression, ECM undergoes continuous
remodeling in terms of its composition and organization. Therefore, in order to
generate critical and deep understanding of tumor biology and metastasis, it is
indeed important to understand the influence of individual micro-environmental
parameters on the aforementioned process. Although challenging, this further
suggests that understanding tumor microenvironment may allow development of
new paradigms in therapeutics. Gold standard techniques utilized till date are
associated with two-dimensional (2-D) culture methods or in vivo tumor models.
Although well established and thoroughly utilized, these techniques are associated
with certain disadvantages thereby promoting the development of improved in vitro
tumor models that along with simple in vitro culturing practice, recapitulates in vivo
like characteristics. Although there are a number of techniques used for the
development of three-dimensional (3-D) in vitro tumor models, tissue engineering
has showed promising results as a new player in the field of in vitro tumor models
(Hutmacher 2010; Hutmacher et al. 2010).

This chapter would begin with a brief overview of tumor microenvironment and
its associated cells which would be followed by the significance and limitations of
tumor models reported in the literature used for drug testing or studying tumor
biology. Eventually, recent developments in the area of 3-D tumor models, with an
emphasis on biomaterial-based ECM platforms developed using tissue engineering
(TE) would be discussed.

2 Recapitulating the in Vivo Tumor Microenvironment

Stephen Paget proposed the “seed and soil” hypothesis that introduced the land-
mark role of tumor microenvironment in promoting tumor metastasis (Paget 1989).
Certain organs are more susceptible to metastasis compared to others, which was
hypothesised to be related to the fact that the ‘soil’ or local tumor microenvironment
of the susceptible tissues promote conditions that allow tumor cells (seed) to grow
in these organs than in others. It is the crosstalk between the ‘soil’ and the ‘seed’
that supports a subpopulation of cancer cells against chemotherapy, thereby con-
tributing to drug resistance and hence treatment failure.

The tumor counterpart is defined by the genetically abnormal cells while the
connective tissue framework of the tumor tissue is defined by the epithelial par-
enchyma of carcinoma, the surrounding and interwoven stroma (Mueller and
Fusenig 2004). Tumor microenvironment or the framework in vivo comprises of
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the ECM, which is the tumor matrix as well as the cellular components like the
vasculature and supporting stromal cells; the microenvironment greatly influences
tumor growth and invasive properties (Bissell and Radisky 2001) (Fig. 1). The
non-neoplastic microenvironment (accessory cells) of a tumor consists of
cancer-associated fibroblasts (CAFs), immune cells and endothelial cells (Mueller
and Fusenig 2004) (Fig. 1). As mentioned previously, tumor microenvironment
also comprises of the ECM and the secreted ECM molecules that may act in
paracrine or autocrine fashion in order to support tumor growth and development. It
is this interaction between the cancer cell and the surrounding ECM that governs
the tumor phenotype. This has been exemplified by a study in mice, wherein
authors demonstrated the role of human tumor derived stromal fibroblasts in the
development of human breast tumor xenografts (Kuperwasser et al. 2004). Stromal
cells by themselves are not malignant in nature. However, they are induced by the
surrounding cancer cells to create a microenvironment that drives tumor progres-
sion (Li et al. 2007). Further, since the tumor stroma is genetically intact as
compared to the tumor cells that undergo a series of mutations, they could be
potential targets in cancer therapeutics.

Fig. 1 Schematic demonstrating the in vivo tumor microenvironment. Tumor is embedded within
a dense extracellular matrix and comprises of cancer cells as well as the non-neoplastic component
(cancer associated fibroblasts (CAFs), immune cells and endothelial cells). Tumors in vivo are
hypoxic in nature and the dense ECM can act as a diffusion barrier for anti-cancer drugs
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2.1 Tumor-Stromal Cell Interaction

The role of tumor-stromal cell (mesenchyme) interaction in embryogenesis and
cancer metastasis has been well established. Tumor cells secrete certain
stroma-modulating growth factors (for example, basic fibroblast growth factor
(bFGF), few members of vascular endothelial growth factor (VEGF) family,
platelet-derived growth factor (PDGF), epidermal growth factor receptor (EGFR)
ligands, various interleukins, colony-stimulating factors (CSFs) and transforming
growth factor-b (TGFb)) (Mueller and Fusenig 2004) that function in a paracrine
fashion inducing angiogenesis (Bergers and Benjamin 2003) and inflammation
(Coussens and Werb 2002) as a part of the stromal response. During this, other
stromal cell types, for example, fibroblasts, smooth muscle cells (De Wever and
Mareel 2003) as well as adipocytes (Manabe et al. 2003) are activated, which further
induce the secretion of growth factors and proteolytic enzymes. Additionally, tumor
cells also produce various proteolytic enzymes (Stetler-Stevenson and Yu 2001) that
play an important role in ECM and basement membrane remodeling during metas-
tasis. While the ECM degrades, it generates certain pro-migratory molecules/signals
along with pro- and anti-angiogenic molecules. It is the matrix metalloproteases
(MMPs) in the remodelled ECMwhich activate both the cell-surface and ECMbound
growth factors and contribute to the cross-talk between the microenvironment and
tumor cells. Further, the proteolytic enzymes secreted by tumor cells are mediated by
the stromal environment. The next section will briefly discuss about the stromal cells
within the tumor microenvironment.

2.1.1 Cancer Associated Fibroblasts

Fibroblasts are the most abundant type of cells in connective tissue and contribute to
their structural framework via ECM secretion. During wound healing and fibrosis,
quiescent fibroblasts are activated to myofibroblasts (MFs) (Gabbiani et al. 1971),
which are characterized by the contractile stress fibers, expression of a-smooth
muscle actin (a-SMA) and splice variants of fibronectin.

Tumor stroma, is also characterized by the presence of activated fibroblasts ter-
med as peritumor fibroblasts, reactive stromal fibroblasts, CAFs or tumor associated
fibroblasts (Mueller and Fusenig 2004; Kalluri and Zeisberg 2006) that are large
spindle shaped mesenchymal cells and are present as a part of activated stroma of
various cancers like breast (Chauhan et al. 2003), prostrate (Olumi et al. 1999) and
skin (Skobe and Fusenig 1998) and have been demonstrated to affect tumor growth
and progression. It has been shown previously that CAFs stimulate tumor progres-
sion in simian virus 40 (SV-40)—transformed normal prostate epithelial cells while
normal fibroblasts did not induce any tumor formation (Olumi et al. 1999). Similarly,
Skobe and Fusenig demonstrated the induction of tumorigenic behaviour in
non-tumorigenic immortalized human keratinocytes (HaCaT) via activated stromal
cells (Skobe and Fusenig 1998). Apart from tumor initiation, CAFs also play a role
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in tumor progression. A previous study reported that co-injection of CAFs along with
non-invasive cancer cells facilitate cancer cell invasion (Dimanche-Boitrel et al.
1994). In another study, it was shown that Ras-transformed MCF-7 cells generated
tumors of bigger volume (indicative of tumor growth) when co-injected subcuta-
neously in immunodeficient nude mice with CAFs as compared to the ones injected
with normal fibroblasts (Orimo et al. 2005). They also demonstrated greater angio-
genesis in the former group and showed that the CAF-derived stromal-cell derived
factor 1 (SDF1) is responsible for endothelial progenitor cell (EPC) recruitment,
thereby playing a crucial role in tumor angiogenesis (Orimo et al. 2005).

CAFs share properties with smooth-muscle cells and fibroblasts, and stromal
fibroblasts of solid tumors have been shown to express markers like a-SMA,
vimentin, desmin and fibroblast activation protein (FAP) (Lazard et al. 1993).
Further, CAFs are thought to originate from sources like fibroblasts, smooth muscle
cells, pericytes or mesenchymal stem cells (MSCs) (Cirri and Chiarugi 2011; Lee
et al. 2015). In this regard, tumor cells secrete growth factors like TGFb, PDGF and
bFGF that are responsible for activation of stromal cells (Elenbaas and A.Weinberg
2001). Once generated, they in turn activate tumor cells by secretion of
pro-migratory molecules like tenasin (De Wever et al. 2004), upregulation of
MMPs (Sato et al. 2004) and serine proteases, growth factors and cytokines (like
insulin growth factor 1 (IGF1) which promotes tumor survival (Li et al. 2003) and
hepatocyte growth factor (HGF) supports tumor cell migration and survival (De
Wever et al. 2004; Lewis et al. 2004)). CAFs also promote a tumor progression
environment as a result of VEGF expression that may stimulate angiogenesis
(Orimo et al. 2001).

Given the essential contribution of CAFs in the stroma towards tumor pro-
gression, they may serve as crucial therapeutic targets and the therapeutics may be
administered in combination with the conventional modes of cancer therapy. As an
example, a cell-surface serine protease, FAP can be potentially used to target CAFs
(Rettig 1993) since it is expressed by activated fibroblasts in the tumor stroma
(Brennen et al. 2012; Julia et al. 2013). In this regard, a phase I dose escalation
study was performed in patients with FAP positive cancer, wherein the patients
were treated with sibrotuzumab, an antibody against FAP and was seen to be
rapidly taken up by tumor tissue compared to normal cells. Although interesting,
CAF targeting is still in its initial stages and needs further investigation.

2.1.2 Immune Cells

Tumors are usually infiltrated with immune cells like macrophages and
T-lymphocytes that are responsible for cancer cell death. However, unlike the
generation of a productive immune response against pathogens, immune cells like
tumor associated macrophages (TAMs) within the tumor are impaired and
incompetent (Kerkar and Restifo 2012). Over expression of inflammatory cytokines
by tumor cells leads to recruitment of haematopoietic lymphocytes, macrophages as

Biomaterials Based Strategies for Engineering Tumor Microenvironment 307



well as neutrophils into the tumor environment (Coussens and Werb 2002; Pollard
2004). As an example, chemokine CC-motive ligand 2 (CCL2) is expressed by a
variety of tumors namely, ovarian, cervical, bladder and breast tumors and is
associated with poor prognosis in breast, cervical and bladder cancer (Pollard
2004). Further, colony stimulating factor 1 (CSF1) is one of the key growth factors
responsible for growth and differentiation of mononuclear phagocytes (macro-
phages). It has also been shown to be widely expressed in tumors of ovary, breast,
uterus as well as prostate and is also associated with poor prognosis (Smith et al.
1995; Kacinski 1997, 1995). Contribution of inflammatory cells in tumor pro-
gression was established by Lin et al. who performed experiments using CSF1-null
mice and showed that the absence of CSF1 did not affect the incidence or the
growth of primary tumors; however, its absence delayed the development of
invasive carcinoma (Lin et al. 2001). In contrast, transient expression of CSF1 was
associated with late staged carcinoma and enhanced infiltration of macrophages at
the site of primary tumor indicating the role of CSF1 in promoting metastasis by
macrophage infiltration at the tumor site.

Interestingly, haematopoietic growth factors like granulocyte colony stimulating
factor (G-CSF) and granulocyte macrophage colony stimulating factor (GM-CSF)
have been shown to contribute to tumor progression, especially in skin carcinoma,
meningiomas and gliomas via the recruitment of inflammatory cells (Mueller and
Fusenig 1999; Braun et al. 2004; Mueller et al. 1999). These growth factors also
recruit EPCs for the induction of angiogenesis in the tumor (Obermueller et al.
2004). Macrophages also promote vascularization of the injected tumor cells via
MMP-9 as well as VEGF (Amit-Cohen et al. 2013; Carmeliet and Jain 2000). In
fact, a study by Coussens et al. demonstrated the role of tumor infiltrating mast cells
in upregulation of angiogenesis (Coussens et al. 1999). In a transgenic mouse
model of epithelial carcinogenesis (in which early region genes of human papilloma
virus 16 (HPV16) were expressed in basal keratinocytes), mast cell infiltration led
to the activation of MMP-9 and angiogenesis. Further, in mast cell deficient HPV16
transgenic mouse, premalignant angiogenesis was alleviated. MMP-9 null mice, on
the other hand, demonstrated a decreased incidence of invasive tumor, however
were indicative of greater keratinocyte differentiation. They were also high grade
tumors and were more aggressive (Coussens et al. 2000). Additionally, the
inflammatory cells express various angiogenic factors like VEGF, angiopoietin 1,
bFGF, TGFb, PDGF, tumor necrosis factor a (TNF-a) which induce and maintain
tumor angiogenesis (Carmeliet and Jain 2000). It is through the release of the
aforementioned factors that the stroma contributes to tumor progression.

2.1.3 Endothelial Cells

In order for a solid tumor to grow beyond 1–2 mm in diameter or to metastasize to
distant locations, angiogenesis is a crucial phenomenon and takes care of the
nutrient and oxygen requirements of the tumor. It was hypothesised in 1968 that
tumors produce a ‘diffusible angiogenic substance’ (Ehrmann and Knoth 1968).
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Further, it was proposed by Folkman in 1971 that tumor growth and metastasis was
dependent on angiogenesis, thereby indicating the role of blocking angiogenesis in
arresting tumor growth (Folkman 1971). Gullino further showed that a
pre-cancerous tissue acquires property of angiogenesis while becoming cancerous,
and this could be used as a therapy against cancer (Gullino 1978). ‘Angiogenic
switch’ is a widely accepted model, wherein if the proangiogenic molecules are
balanced by the anti-angiogenic molecules, it is turned off; however the switch is
turned on when proangiogenic molecules favour angiogenesis (Hanahan and
Weinberg 2000; Bouck et al. 1996). This is triggered by signals such as metabolic
stress, immune stress, mechanical stress as well as genetic reasons.

Further, the leaky vasculature of solid tumor has been shown to promote tumor
metastasis; high interstitial fluid pressure may facilitate efflux of cancer cells (Jain
2005). Leaky and haemorrhagic vasculature is contributed by the over expression of
VEGF (also known as vascular permeability factor (VPF)). The phenomena of
angiogenesis is regulated by endothelial cells; these cells residing in the tumor have
an abnormal shape, ruffled margins, long cytoplasmic projections, high motility and
possess leaky vasculature. In the early embryo, vasculogenesis takes place by
recruitment of endothelial precursor cells from the bone marrow and their transport in
the blood stream followed by incorporation into the growing blood vessel walls; this
process has been adapted in adults and even tumors in some cases (Rafii et al. 2002).

Clinical trials for anti-angiogenic therapy are currently ongoing (Al-Husein et al.
2012) and are majorly based on interference with angiogenic ligands, upregulation
of endogenous inhibitors or direct targeting of the tumor vasculature. However,
they are associated with certain drawbacks; (a) pre-clinical studies were performed
in subcutaneous tumors (b) tumor regression was considered as an end point for the
treatment (c) few pre-clinical studies have focussed only on rapidly proliferating
tumors. Additionally, as the tumors grow, they work through a wide variety of
angiogenic molecules like VEGF, bFGF or interleukin-8 (IL-8). Therefore,
blocking VEGF only would not be sufficient for anti-angiogenic therapy.

2.2 Tumor Hypoxia and Necrosis

Hypoxia was hypothesized by Thomlinson and Gray on the basis of necrotic
regions (regions approximately 180 lm away from blood vessels) relative to blood
vessels in human lung tumors (Thomlinson and Gray 1955). These are regions of
low oxygen concentration as a result of disorganized and aberrant tumor vascula-
ture with poor blood flow thereby resulting in decreased oxygen diffusion within
the tissue. Hypoxia is toxic to both normal and cancerous cells, however cancerous
cells adapt themselves to the hypoxic environment at the genetic level thereby
allowing them to survive and proliferate in such an environment; this usually
contributes to a malignant and aggressive tumor (Harris 2002).
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Initial studies on hypoxia were done as tumor response to radiotherapy; radio-
therapy works on the principle of free radicals generated from oxygen which lead to
tumor cell destruction. However, since the cells in hypoxic regions were found to be
radiation resistant, they continued to survive (Harris 2002). In another study, direct
role of hypoxia was demonstrated by quantifying tumor oxygen supply with the
help of oxygen electrodes (Höckel and Vaupel 2001; Höckel et al. 1999). The
authors demonstrated that low oxygen tension in tumors is linked with increased
metastasis in soft tissue sarcomas (Brizel et al. 1996).

In response to hypoxia, cells shift from aerobic to anaerobic metabolism and also
induce the synthesis of new blood vessels. Cells respond to low oxygen levels
through hypoxia-inducible transcription factor 1 (HIF-1), which further activates
hypoxia-responsive genes like VEGF. Further, HIF-1a (which is a part of hetero-
dimer HIF-1, the other part being HIF-1b) is associated with poor prognosis as well
as therapeutic resistance to various types of cancers like head and neck, ovarian and
oesophageal. Additionally, over-expression of HIF-1a has been reported in colon,
breast, gastric, lung, skin, ovarian, pancreatic, prostate, and renal carcinomas (Zhong
et al. 1999). Hypoxia inducible genes regulate various cell fate processes like pro-
liferation, angiogenesis, metabolism, apoptosis, immortalization and migration;
cancer cells have certain regulated mechanisms to take advantage of responses like
angiogenesis and evade some of them like apoptosis. One of the most prominent
regulation by HIF-1a is endothelial cell proliferation and blood vessel formation.
Transcription of VEGF and its receptor (VEGF receptor 1- VEGFR/FLT-1), which
are expressed by tumor and normal cells in response to hypoxia, is regulated by
HIF-1.

Hypoxia targeted therapies include reduction of tissue hypoxia, administration of
hypoxia activated pro-drugs and block HIF-1a itself or HIF-1a-interacting proteins.

2.3 Drug Resistance

As an anti-cancer drug encounters a solid tumor, its distribution is gradient oriented.
Drug penetration in any tissue is governed by the phenomena of diffusion and
convection. However, since the tumors usually lack a functional lymphatic system
(Leu et al. 2000), there is high interstitial fluid pressure within the tumors (Jain
1996; Milosevic et al. 1998; Heldin et al. 2004), as a result of which convection is
reduced leading to inhibition of drug/macromolecule distribution with the tumor.
Tumor vasculature also influences the response to chemotherapy. On one hand, the
anticancer drugs gain access to tumors via the blood supply, on the other hand, the
leaky, disorganized, convoluted vasculature compromises delivery of anti-cancer
drugs at the exact location.

The tumor ECM plays an important role in cancer cell survival by preventing
drug penetration within the tumor (Tannock et al. 2002). Additionally, it also affects
the sensitivity of cancer cells towards apoptosis (Croix and Kerbel 1997; Dalton
1999), primarily as a result of cancer cell interaction with each other within the
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tumor (termed as cell-adhesion mediated drug resistance (CAM-DR) (Dalton
1999)) as well as with other components of tumor ECM. Further, the growth factors
within the tumor ECM could also contribute to drug resistance. As an example,
bone marrow stromal cells release interleukin-6 (IL-6) that not only influences
myeloma cell survival and proliferation, but also contributes to anti-cancer drug
resistance by preventing apoptosis (Jahangir et al. 2013; Chauhan et al. 1997;
Lichtenstein et al. 1996). IL-6 prompts activation of pathways like JAK/STAT
(Sansone and Bromberg 2012; Catlett-Falcone et al. 1999), MAPK (Ogata et al.
1997) and PI3-K/AKT (Wegiel et al. 2008; Hideshima et al. 2001; West et al.
2002), all of which regulate cell survival as well as apoptosis. Additionally, growth
factors like IGF-1, epidermal growth factor (EGF) and bFGF play an important role
in drug resistance through the activation of specific pathways (Denduluria et al.
2015; Guo et al. 1998; Miyake et al. 1998; Schmidt and Lichtner 2002).

ECM components also interact with cancer cell integrins and modulate
anti-cancer drug resistance (Sethi et al. 1999; Hoyt et al. 1996; Kraus et al. 2002;
Maubant et al. 2002). As an example, in small cell lung cancer (SCLC), ECM
components like collagen IV, fibronectin and tenascin were found to be upregulated
and were responsible for SCLC resistance against anti-cancer drugs (Sethi et al.
1999). This was mediated via integrin-ECM interaction as shown by blocking
experiments using integrin b1 antibody/tyrosine kinase inhibitors that abrogated
drug resistance. Apart from tumor-ECM interaction, ECM architecture also plays an
important role in drug resistance. As an example, in breast cancer, basement
membrane promoted polarised structures (as a result of basement membrane
laminin and a6b4 interaction) that allowed protection against anti-cancer drugs
(Weaver et al. 2002).

Further, tumor cells with stem-cell like properties have been described in a
variety of solid tumors as well as haematopoietic malignancies and have been
shown to confer drug resistance. These tumor cells are termed cancer stem cells
(CSCs) and have been shown to represent a small sub-population of the tumor and
have the capability of regenerating the entire tumor. CSCs have the ability to
self-renew, differentiate or remain as a quiescent population. Drug resistance in
CSCs is primarily due to over expression of specific ATP-binding cassette
(ABC) transporters (like ABCB1, ABCG2, ABCC1 that represent three multidrug
resistant genes (Gottesman et al. 2001; Dean et al. 2005; Dean 2009)), quiescent
nature and their capacity for DNA repair. Another possibly contributing model is
‘acquired resistance’ wherein the CSCs expressing drug transporters survive,
undergo mutation thereby leading to descendent cells with a drug-resistant property
(Dean et al. 2005). Further, an ‘intrinsic resistance’ model suggests the presence of
an inherently resistant phenotype of stem cells resulting in minimal effect following
therapy. In this regard, clinical studies are currently being performed wherein
combination chemotherapy of a drug transporter inhibitor (ABC transporter inhi-
bitor) along with conventional anti-cancer agents are used. However, the afore-
mentioned strategy with ABC transport inhibitors might be not useful since these
inhibitors would also cause destruction of normal stem cells in vivo, thereby
indicating the need to dwell more into CSCs-based therapies.
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3 Gold Standard Techniques in Drug Testing

Conventional techniques used for drug testing and screening purposes include
2-D in vitro culture of cancer cells as well as small in vivo animal models
(Cekanova 2014). However, they are associated with certain disadvantages (dis-
cussed in the following section) that have prompted the development of other
reliable models. In this regard, 3-D models have been explored as potential bridging
gaps between 2-D and in vivo models. 3-D models have demonstrated significant
advantages compared to the aforementioned models and hence determine the state
of the art of tumor models. The following section discusses about the advantages
and disadvantages of 2-D and in vivo models and their comparison with intervening
3-D tumor models, Fig. 2 and Table 1.

3.1 Two-Dimensional Culture of Cancer Cells

Pharmaceutical industry and most laboratories perform routine 2-D culture of
cancer cells for studying tumor biology and for drug screening assays. In these
models, cancer cells are grown on a flat 2-D substratum as a monolayer allowing for
easy culture as well as maintenance of cancer cells. 2-D flat culture of cancer cells
has indeed added valuable information to the field of cancer biology. However, they
fail to recapitulate the in vivo tumor microenvironment as they lack the cell-cell and
cell-matrix interactions as well as signalling pathways involved in cell growth,
metabolism and differentiation similar to in vivo (Smalley et al. 2006; Griffith and
Swartz 2006; Yamada and Cukierman 2007). Further, 2-D monolayer culture lacks
stroma, which forms an important part of breast cancer modelling as it accounts for
a significant percentage of resting breast volume (Jo 1996). Absence of structural

Fig. 2 Schematic demonstrating the models used for studying tumor biology and drug
testing/screening application (Left to Right Two-dimensional (2-D) monolayer culture,
Three-dimensional (3-D) tumor models and in vivo models)
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architecture in monolayer cultures also disables the property of transport limitation
as observed in vivo, which is an important parameter for understanding drug
resistance. Therefore, modeling of the 3-D environment through in vitro strategies
is a potential alternative to overcome the disadvantages of 2-D monolayer culture.

As an example, human breast cancer cells, T4-2, derived from HMT-3522
(phenotypically normal cells), demonstrated differences in gene expression when
cultured as 2-D monolayer as compared to 3-D basement model (Wang et al. 1998).
When these cells were cultured as a 3-D basement model, they demonstrated
concomitant down-regulation of b1-integrin as well as EGFR signalling, reversion
of malignant behaviour of T4-2 cells to normal breast tissue morphogenesis and
their subsequent growth arrest. This modulation was not observed in cells grown as
2-D monolayer culture. In another study, spheroids of breast cancer cell line
(MCF-7) and its multidrug resistant variant (MDR-MCF-7) demonstrated decreased
proliferation compared to their 2-D monolayer counterparts (Faute et al. 2002).
Spheroid culture of MCF-7 further demonstrated reduced anti-cancer drug sensi-
tivity in comparison to the 2-D culture, while the spheroid culture of MDR-MCF-7
demonstrated enhanced invasive properties compared to 2-D culture. In another
interesting study, a non-small cell lung cancer (NSCLC) cell line, NCI-H460, when
grown as 3-D cellular aggregates demonstrated enhanced expression of genes
associated with metastasis, invasion and drug responsiveness as compared to cells
grown on 2-D surfaces (Arya et al. 2012).

2-D culture are not only limited with respect to cell-cell and cell matrix inter-
action, but also with respect to other tumor properties like hypoxia. Hypoxic core is
an important property of a solid tumor, wherein there is reduction in normal level of

Table 1 Advantages and disadvantages of tumor models

Type of
model

Advantages Disadvantages

2-D culture of
cancer cells

• Simple, convenient
• Cost effective
• Allows easy monitoring of any
change

• Allows co-culture and
downstream assays

• Lacks the right microenvironmental
cues

• Allows partial interaction of cells
• Artificial cell polarization

3-D tumor
models

• Simple, convenient
• In vivo like cellular
organization

• In vivo like cell-ECM
interaction

• Allows co-culture and
downstream assays

• Might require specialised equipments
• Sometime difficult integration into
high throughput screening process

In vivo
models

• Representative of natural
microenvironmental
conditions

• Genetically amendable models

• Increased time for experimentation
• Expensive, ethical constraints,
• Limited quantitation
• No single animal model is true
representative of multiple diseases
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oxygen tension within a tissue (Harris 2002). This property is present in a 3-D
culture (Imamura et al. 2015), however, it cannot be mimicked by a 2-D monolayer
culture wherein all the cells receive equal supply of oxygen as well as nutrients.

Therefore, the aforementioned limitations of a 2-D monolayer culture prompted
the switch towards 3-D culture of tumor cells.

3.2 Animal Models

Modeling of human tumors in animal models has been widely used to study tumor
biology as well as for drug screening purposes. Animal models are a better match to
the human tumor microenvironment compared to 2-D monolayer culture since it
has been reported that mouse models are predictive of chemotherapeutic drugs,
when tested with clinically relevant doses (Kerbel 2003). Development of xenograft
models of human tumors is most often performed by subcutaneous injection of
cancer cells in immunodeficient or immunocompromised mice for a requisite
incubation period for rapid assessment of tumor tissue (Richmond and Su 2008).
However, due to the lack of immune system, these xenografts do not generate a
response coherent to human tumors. Apart from such models, orthotopic mice
models are also used, wherein cancer cells are implanted in respective tissues of
interest in order to recapitulate the effect of microenvironment on tumor growth
(Richmond and Su 2008). Additionally, metastatic and genetically engineered
mouse models have also been developed and may contribute to drug
testing/screening studies (Frese and Tuveson 2007). However, less than 8% of the
results from animal models are successfully translated into clinical trials (Mak et al.
2014). Further, animal models are associated with disadvantages like high costs,
increased incubation periods and ethical constraints which subsequently limit their
potential. Therefore, the above mentioned limitations suggest the development of
more refined 3-D models that have simple culturing practices and are able to
recapitulate the body’s response as well as potentially allow for temporal obser-
vation of the tumor development.

4 Intervention of Three-Dimensional Models

Due to the shortcomings associated with the gold standard 2-D monolayer culture
and animal models, 3-D models have been developed as potential alternatives.
These improved in vitro tumor models demonstrate simple culturing practices and
also mimic in vivo cell-cell and cell-ECM interactions (Smalley et al. 2006).
Spheroids (self-assembled aggregates/clusters of cells) generated using these
models demonstrate a 3-D tissue architecture, cell arrangement as well as ECM
deposition reminiscent of solid tumors in vivo. 3-D spheroids reflect some of the
important properties of a solid tumor like tight junctions between epithelial cells
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and metabolic (namely nutrients, oxygen and waste), proliferative as well as other
macromolecular gradients (e.g. drugs) from exterior to the tumor core (Minchinton
and Tannock 2006; Sutherland 1988). These steep gradients also result in formation
of a necrotic core within the tumor center. These models are therefore advantageous
since they provide an improved format to study kinetics of anti-cancer drug pen-
etration within the spheroids (Minchinton and Tannock 2006). Additionally,
spheroids hold the advantage to be cultured using two or more cell types along with
CSCs (in ratios commensurating to in vivo) in order to understand the intercellular
signalling and drug resistance as in vivo.

In the following sections, various types of 3-D in vitro models along with their
advantages and limitations are discussed (Fig. 3 and Table 2).

Fig. 3 Techniques for cancer cell aggregate/spheroid formation. Clockwise Hanging drop, liquid
overlay, spinner flask, rotary cell culture system, microcarrier beads, magnetic levitation,
microfluidic-based, 3-D bioprinting
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Table 2 Advantages and disadvantages of 3D tumor models

Method type Advantages Disadvantages

Hanging
drop

• Simple
• Inexpensive when using standard 96
well plates

• Easy spheroid harvesting
• Uniform spheroid size

• Time consuming and labor
intensive

• Expensive with specialized plates
• Medium exchange is difficult due
to small volumes

Liquid
overlay

• Simple and inexpensive
• Allows for rapid and easy screening

• Spheroid heterogeneity in terms
of size and number

• Tedious medium exchange

Spinner flask
spheroid
culture

• Simple
• Multicellular spheroid production on
a large scale

• Long term culture

• Requires specialized equipment
• Shear forces may alter cell
physiology

• Requires bulk quantities of cell
culture medium

• Inconsistent spheroid size
• No individual compartment for
each sample

Rotary cell
culture
system

• Exerts minimal shear forces
• Long term culture
• Produces more differentiated
epithelial like architecture

• Mass production of spheroids

• Requires specialized equipment
• May involve manual selection of
uniform sized spheroids

• No individual compartment for
each sample

Microcarrier
beads

• Allows for culture of cells that are
difficult to grow or sensitive cells or
attachment dependent cells

• Allows for culturing of high
proportion of cells in small volumes

• It is possible to generate
pseudo-spheroids with large
number of microcarrier beads

Magnetic
levitation

• Non-invasive technique to pull cells
together

• Magnetic particles might affect
cell viability and functionality

Microfluidic
3-D tumor
model

• Reduced reagent consumption and
cost

• Allows spatio-temporal control in
micron sized channels

• Flexibility of device design
• Perfusion culture

• Complicated setup and device
manufacturing

• Smaller volumes might
necessitate frequent medium
change

• Material compatibility with drug
screening studies

• Issue with long term culture
• Issue with spheroid retrieval
• Lack of isolated unit for each
sample

3-D
bioprinting
of cancer
cells

• Provides spatial and temporal control
over cell seeding

• Well organized constructs

• Reduced cell viability
• Affect native
phenotype/functional behavior of
cancer cells

Scaffold-
based

• Provides an external support
(extracellular matrix mimic) for cell
attachment and cell fate processes

• Easy to set up
• Long term culture
• Compatible with multiwell plates

• Sample (Cell) retrieval might be
difficult

• Issues related to scaffold
biocompatibility and
biodegradability
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4.1 Different Types of 3D Models

4.1.1 Hanging Drop Method

This is one of the easiest techniques to culture tumor cells in a 3-D format.
Spontaneous aggregation into spheroids is a well characterized and established
methodology due to its ability to generate reproducible spheroids and their simi-
larity to near native tissue (Tung et al. 2011; Kunz-Schughart et al. 2004). This
methodology of spheroid aggregation has been exploited by the technique of
hanging drop. In this method, a small droplet of cell suspension (single cell or
multiple cell can be used) is pipetted into wells (Fig. 3) of a multiwell plate that
holds the droplet in place following its inversion by virtue of the surface tension.
Density and type of cell suspension could be varied on the basis of desired spheroid
size or type. Following pipetting and as a function of time, the cells within the
droplet accumulate at its tip, self-aggregate at the liquid-air interface and eventually
proliferate. During this technique, moisture/humidity within the plate is maintained
in order to prevent drying of the droplet containing the cell suspension.

This technique has the advantage of being simple, inexpensive and repro-
ducible in terms of generating a single spheroid per droplet and results in tightly
packed spheroids of cells. As an example, Kelm reported patho-physiologically
relevant 3-D spheroids of HepG2 and MCF7 cell lines that were described as
tissue-like since they produced their own ECM (Kelm et al. 2003). In a study by
Amann et al., lung cancer cells were co-cultured with lung fibroblasts in order to
understand tumor-stroma interaction and development of a more in vivo like 3-D
tumor model (Amann et al. 2014). Co-culture of lung cancer cells (A549) with
lung fibroblasts led to enhanced vimentin and cytokeratin levels with a con-
comitant drop in Epithelial-cadherin (E-cad) levels compared to A549 only
spheroids suggesting an epithelial to mesenchymal transition (EMT) in
co-cultured spheroids. In another study, effect of loss of a gene function on
spheroid formation and its maintenance was studied using a colorectal 3-D tumor
model generated by hanging drop method (Horman et al. 2013). In this study,
Horman et al. silenced specific integrin receptor and receptor tyrosine kinase
(RTK) genes in order to study inhibition of spheroid formation (Horman et al.
2013) and demonstrated a new screening platform for potential therapeutic
intervention. This technique has been widely used for the generation of cancer
cell spheroids for application in drug screening (Tung et al. 2011).

Hanging drop technique has also been commercialized by companies like 3-D
Biomatrix and InSphero. 3-D Biomatrix has developed 96 as well as 384 well plate
format that support 3-D culture of cells on a larger scale since such platform allows
for production of large number of spheroids in a single plate. The plate system
developed by 3-D Biomatrix comprises of a hanging drop plate, a bottom tray and a
lid. The hanging drop plate consists of access holes that act as regions for cell
suspension to form a hanging drop and a plateau structure on the plate bottom helps
in stabilization of the hanging drop. This plate then sits on the bottom tray that has a

Biomaterials Based Strategies for Engineering Tumor Microenvironment 317



reservoir around its periphery, usually filled with PBS in order to provide a
humidified chamber and the entire system is covered with a lid. Hanging drop plates
from 3-D Biomatrix has been utilized by a number of researchers (Tung et al. 2011;
Hsiao et al. 2012; Wagner et al. 2013; Guzman et al. 2014; Lamichhane et al.
2016) and demonstrates potential to overcome the disadvantage of medium change
and allows for easy spheroid development (96–384 spheroids at a time), handling
and maintenance. However, the problem of medium volumes persists. Further, the
hanging drop plate designed by Insphero (http://www.insphero.com/) is similar to
the hanging drop plate by 3D Biomatrix in terms of cell seeding as well as medium
exchange through the top port of the well plate. It consists of a ‘Trap plate’ that
allows for easy harvesting of the spheroids. Further, the proprietary non-adhesive
coating permits culturing over weeks while the micro tissue remains in suspension.
This has also been used widely for development of 3-D tumor models (Anastasov
et al. 2015; Falkenberg et al. 2016).

The technique of hanging drop utilizes the property of self-aggregation of cancer
cells to each other and not any other external substrate, it makes sure that there is no
effect of any external factors or their degradation products on the 3-D spheroids.
However, hanging drop technique is associated with the difficulty of medium
aspiration without causing any disturbance to the 3-D spheroid. Further, since
hanging drop is based on manual pipetting, it is time consuming and labor inten-
sive. Therefore, hanging drop method has been clubbed with bio-printing tech-
nology (Sect. 4.1.7) in recent studies which is reported to be simple, robust, rapid as
well as generate spheroids of uniform size (Xu et al. 2011a).

4.1.2 Liquid Overlay Technique

In liquid overlay technique, the spheroids are formed due to stronger adhesive
forces between cells compared to forces between cell and the underlying matrix.
The spheroids are formed on a non-adhesive or attachment limiting substrate like
agarose or non-adhesive petri dish and are usually present in a suspension (Yuhas
et al. 1977), thereby promoting cell-cell attachment as compared to cell-substrate
attachment. Liquid overlay technique involves two steps: the cells are grown over
agar coated tissue culture plates, wherein the cells migrate towards each other
resulting in cell-cell aggregation and spheroid formation. In the second stage, the
cellular aggregates grow in size. Although there are other hydrophobic materials
like poly (2-hydroxyethyl methacrylate) available for generation of non-adherent
coating (Tong et al. 1992), agar remains the material of choice due to its low cost.

In a study by Mayer et al., a multicellular gastric cancer spheroid model was
developed in vitro by liquid overlay method and was compared with xenografts in
immunocompromised mice (Mayer et al. 2001). They demonstrated that out of 17
gastric cancer cell lines, 12 were able to recapitulate properties of parental gastric
carcinoma when cultured as 3-D spheroids. In another interesting study, human
prostate tumor cells were cultured as 3-D spheroids using liquid overlay technique
and were compared to cells grown on 2-D substrates and as solid tumors in vivo
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(Takagi et al. 2007). It was shown that the global gene expression profile under
in vivo conditions was similar to 3-D tumor models, thereby demonstrating that the
3-D spheroids generated in vitro can be used as an alternative to xenografts as
avascular in vitro models.

Although this technique is simple and inexpensive to set up in the laboratories, it
is associated with disadvantages like heterogeneity in size and cell number. This
could potentially be overcome by the generation of single spheroid within agar
coated 96 well plate. The concave surface of agar would promote generation of
single spheroid per well, of similar size and composition.

4.1.3 Spinner Flask Spheroid Culture

Spinner flask culture is one of the two agitation technique used for growing cells in
suspension culture (Kim 2005; Lin and Chang 2008). The other technique is rotary
cell culture system/bioreactor (RCCS) and is described in the next section
(Sect. 4.1.4). Briefly, in agitation based cultures, cell suspension is placed in
moving phase within a container (which is either gently stirred in case of spinner
flask culture or rotated as in case of RCCS). Mobility prevents cell attachment to
the wall of the container, and favours cell attachment to each other resulting in
formation of 3-D spheroids.

Spinner flask bioreactors were developed by Sutherland et al. (1970) and were
widely used for the generation of multicellular spheroids on a large scale. Also
referred to as spinners, these bioreactors contain an impeller that maintains the cells
in suspension or stirring mode. Dynamic motion may provide an advantage of
nutrient as well as waste transport to and from the spheroids respectively. While the
liquid overlay technique is suitable for cultivation and monitoring of single spher-
oids, spinner flask bioreactor is suitable for large scale culture of spheroids.
Although spinner flask technique has been used for the generation of spheroids on a
large scale, shear forces generated in this technique may alter the cell physiology
(Lin and Chang 2008). Further, it also requires cell culture medium in bulk volumes
and often results in inconsistent size of spheroids. This might require additional
manual selection of similarly sized spheroids. In order to overcome the disadvantage
of inconsistency in spheroid size, some researchers follow a two-step procedure,
wherein the spheroids are initially formed on agarose coated plates (using liquid over
technique) followed by their transfer to spinner flasks (Hirschhaeuser et al. 2009).

Hirschhaeuser et al. generated spheroids of FaDu (head and neck squamous cell
carcinoma) by first culturing them on plates coated with 1.5% agarose followed by
their transfer to spinner flasks when they reached diameter of around 700–800 µm
(Hirschhaeuser et al. 2009). These spheroids were then co-cultured with peripheral
blood mononuclear cells and the co-cultured spheroids were eventually evaluated
for a therapeutic antibody for potential application in immune-cell mediated
anti-cancer effects. In another study, Kim and Forbes utilized spheroids in under-
standing the effects of HIF-1a on the survival and intracellular metabolism of 3-D
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spheroids (Kim and Forbes 2007). These spheroids were generated using single cell
suspension of ras-transformed mouse embryonic fibroblasts (derived from mouse
embryonic stem cells) in culture flasks coated with polyhydroxyethyl methacrylate
(PHEMA), following which the spheroids were then transferred onto spinner flasks.
As a next step, spheroids of two different dimensions were harvested and it was
observed that larger spheroids comprised of a quiescent population demonstrating
lower rates of energy metabolism and biosynthesis and high anaerobic to aerobic
ratio (suggesting the effect of oxygen gradient on cellular metabolism) as compared
to smaller spheroids. However, the ratio remained unchanged in wild-type and
HIF-1a-null spheroids prompting that response to oxygen gradients is independent
of this factor, suggesting its minimal role in metabolic microenvironment of 3-D
spheroids. In another study, the effect of zinc sulfophthalocyanine (ZnPcSmix)
photosensitization on multicellular spheroids of varying sizes was studied (Manoto
et al. 2015). These spheroids were cultured by growing A549 cells on agarose
coated flasks followed by the transfer of cell aggregates to spinner flasks. Spheroids
(500 and 250 lm) as well as monolayer culture were then exposed to photodynamic
therapy (PDT) and it was demonstrated that the larger spheroids were less sus-
ceptible to PDT compared to smaller spheroids as well as monolayer culture,
suggesting the importance of 3-D spheroids in PDT studies in vitro.

Further development of this technique as well as commercially available systems
such as the Wheaton spinner flasks and the ones from Corning are expected to
contribute to a broader dissemination of such technique for the large scale pro-
duction of spheroids.

4.1.4 Rotary Cell Culture System

RCCS is similar to spinner flask bioreactor, except that the cell suspension is
maintained via rotation of the suspension container itself. RCCS was introduced by
NASA in 1992 wherein, it mimics microgravity and maintains cells in a suspension
with the help of minimal hydrodynamic forces thereby exerting minimal shear force
on the suspended cells (Goodwin et al. 1993). It comprises of a culture flask/vessel
that rotates on its horizontal axis; constant rotation causes end to end mixing thereby
preventing the cells from adhering to the chamber walls. Since the culture vessel is
completely filled with culture medium, low fluid turbulence as well as low shear
forces is a feature maintained in the culture chamber (Kim 2005). Additionally,
hydrodynamic forces are also minimized since optimal aeration is provided through
a semi-permeable membrane which eliminates air bubbles (Kim 2005). Low fluid
turbulence provided in RCCS is an advantage, since agitation due to excessive
stirring has been reported to cause cell damage (Goodwin et al. 1993). Further, low
agitation rates provided by RCCS enhance aggregate formation by cellular bridging
(Cherry and Papoutsakis 1988). Initially, rotational speed is maintained in a way that
the culture medium as well as the cells demonstrate a synchronous rotation in lieu of
low shear forces (Unsworth and Lelkes 1988). Once the aggregates are formed and
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increase in size, rotational speed is enhanced to take care of the sedimentation rates
of cells in the previous step (Unsworth and Lelkes 1988).

It has been demonstrated that RCCS allows generation of tissue constructs that
are similar in their composition and other physical properties to the in vivo con-
structs (Unsworth and Lelkes 1988). Smith et al. performed thorough characteri-
zation of tumor spheroids of brain generated using RCCS. 3-D tumor model based
on central nervous system (CNS) cancer cell lines was compared with cells grown
on 2-D surfaces and it was observed that brain tumor aggregates generated by
RCCS demonstrated morphology similar to brain tumors in vivo and depicted a
proliferating rim, central necrotic region and oxygen gradient. Further, gene
expression and metabolic profiles of RCCS aggregates demonstrated an interme-
diate phenotype between 2-D culture and in vivo tumors (Smith et al. 2012).
Another interesting study by Laguinge et al. used a 3-D tumor model based on
human colorectal carcinoma cells developed using RCCS and demonstrated the
process of anoikis in these aggregates by virtue of fluid shear stress (Laguinge et al.
2004). They demonstrated that low fluid shear stress environment and 3-D growth
of cancer cells increased levels of nitric oxide (NO) synthase compared to cells on
2-D surface, resulting in loss of microtubules thereby leading to anoikis. Results of
this study indicate that increased intracellular NO (by using RCCS) could be a
potential therapy to prevent metastasis.

Although the cells experience low shear stress in RCCS along with the possi-
bility of long term culture, it requires specialized equipment and may involve
manual selection of homogenous spheroids unless preceded by liquid overlay
culture of spheroid formation using single cancer cell.

4.1.5 Microcarrier Beads

Microcarriers are spherical beads, of diameter around 500 µm and their enormous
surface demonstrate potential to culture high density of cells in smaller volumes.
Cell culture based on microcarrier beads is a convenient method for 3-D culture of
cells and majorly supports aggregate formation of attachment dependent cells as
well as cell lines that do not aggregate spontaneously (Kim 2005). These beads
provide a platform for culturing sensitive cells or those that are difficult to grow, for
example, endothelial cells (Davies 1981). Microcarrier beads could also be used for
co-culture studies (Johns et al. 1995) and also find application in understanding
cell-cell as well as cell-substrate interaction. In fact, these beads are often added to
spinner flasks or RCCS in order to promote cell attachment on the bead thereby
enabling spheroid formation.

Microcarrier beads can be either solid or porous in nature. Porous beads have an
advantage of manipulating cellular response to gradients (both chemical and
molecular) in 3-D similar to in vivo conditions (Barrila et al. 2010). Microbeads are
adhesive spheres to which the cancer cells adhere. Adhesion is followed by cell
growth and microbeads eventually degrade leading to the formation of a cellular
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aggregate. Non-degradable beads can also be used, in which case the beads remain
within the spheroid core. Currently available beads differ in their coating, for
example, dextran cores coated with diethylaminoethyl (DEAE), trimethyl-2-
hydroxyaminopropyl groups (Kim 2005). Microcarrier beads can also be coated
with cell adhesion promoting materials like gelatin, collagen or laminin. One such
commercially available microcarrier beads are from GE Healthcare that comprise of
a thin layer of gelatin chemically coupled to cross-linked dextran matrix. It allows for
easy microscopic examination of attached cells due to its transparent nature. Apart
from this, Solohill Engineering and Global Cell solution provide animal-free coated
microcarrier beads and a magnetic microcarrier with an alginate core coated with a
thin gelatin layer (Global Eukaryotic Microcarriers—GEMs) respectively. The latter
acts as a unique porous matrix that upregulates cell polarity and provides metabolic
functions similar to in vivo. Presence of magnetic core allows greater control over
sample while medium exchange or harvesting. Additional coatings such as basement
membrane and laminin on GEMs have also been synthesised in order to allow for
attachment of primary as well as stem cells. GEM is an optically clear and non-auto
fluorescent platform that allows for easy visualization of cells and have also
demonstrated application in absorbance and luminescence assays with cells still
attached to them.

As mentioned previously in this section, microcarrier beads are usually com-
bined with other techniques like spinner flask bioreactor or RCCS. To support this,
Skardal et al. developed a microcarrier bead coated with a synthetic ECM (sECM)
comprising of hyaluronan and gelatin hydrogel cross-linked through disulphide
linkages and were applied for culturing human intestinal epithelial cells (Skardal
et al. 2010). The sECM coating was designed in a way that it could be dissolved
under mild conditions in order to release the cellular aggregates for further matu-
ration in RCCS. The aggregates demonstrated >94% viability following recovery
and were then successfully transferred to RCCS. Other studies demonstrated cul-
turing of prostate and lung cancer cells (Rhee et al. 2001; Maurer et al. 1999).
Microcarrier beads have also been applied for expansion of primary cells like
chondrocytes (Malda et al. 2003) and mesenchymal stem cells (Yang et al. 2007).

Microcarrier beads are advantageous since they allow spheroid formation of
attachment dependent cancer cells in high density. However, they require special
coating on their surface for cell attachment. Further, the mechanical property of the
microcarrier beads needs to be characterized since they might have an influence on
fate of cancer cells.

4.1.6 Magnetic Levitation

Recently, magnetic techniques have been adopted for 3-D cell culture (Xu et al.
2011b; Gurkan et al. 2012; Tasoglu et al. 2014; Guven et al. 2015). In magnetic
levitation, cells are labelled with magnetic materials (either paramagnetic or dia-
magnetic) and incubated in cell culture medium. The cells are then levitated on a
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liquid-air interface using a magnetic force subsequently resulting in the formation
of a 3-D cluster (Fig. 3).

This technique has been used for the generation of 3-D tumor spheroids that are
reminiscent of tumors in vivo. As an example, Lee et al. demonstrated the appli-
cation of iron oxide (Fe3O4)-encapsulated poly(lactic-co-glycolide) (PLGA)
microparticles or poly(l-lactic acid)-b-poly(ethylene glycol)-folate [PLLA-b-
PEG-folate] nanoparticles as substrates for magnetic levitation of human epider-
moid tumor KB cells (Lee et al. 2011). In another study, the authors reported
magnetic levitation of human glioblastoma cells in the presence of a hydrogel
comprising of gold, magnetic iron oxide nanoparticles and filamentous bacterio-
phage (Souza et al. 2010). They demonstrated that the 3-D tumor model based on
human glioblastoma cells exhibited gene expression profiles similar to the ones
shown by human tumor xenografts. More specifically, Neural-cadherin (N-cad)
showed a scattered expression in the cytoplasm and nucleus when grown on 2-D
substrates; however, in 3-D levitated cells, N-cad expression was seen in the
membrane, cytoplasm and cell junctions and was similar to the protein expression
pattern in tumor xenografts. This system may find application in development of
other complex tissues as well.

Apart from monoculture of cells using magnetic levitation method, it has also
been used for co-culturing of breast cancer cells with fibroblasts in order to develop
an improved in vitro tumor model, thereby allowing for homotypic and heterotypic
cell-cell interaction (Jaganathan et al. 2014). The aforementioned model demon-
strated histological similarity to in vivo tumors and also demonstrated enhanced
fibronectin expression compared to 2-D co-culture. They were also able to control
the density of the spheroid by controlling the initial seeding density of the cells
used. Further, doxorubicin demonstrated a significant decline in viability in 2-D
co-culture compared to 3-D tumor model thereby indicating that the 3-D structure
developed using magnetic levitation method was indeed able to mimic physical
barriers like stromal cell composition as well as cell density similar to in vivo
tumors. Although magnetic levitation has been applied in the field of 3-D tumor
models, it has also been utilized in adipose tissue engineering (Daquinag et al.
2013) as well as in the design of model for angiogenesis (Lin et al. 2008).

The aforementioned reports demonstrate the advantages of using magnetic
levitation method. However, this technique utilizes magnetic nanoparticles that
could potentially affect cell viability. Further, the use of magnetic nanoparticles has
been approved by the FDA in applications like imaging agents. However, their use
as 3-D spheroid models, in drug testing as well as tissue engineering requires
further toxicological analysis (Laconte et al. 2005).

4.1.7 Microfluidic 3-D Tumor Models

3-D systems as potential tumor models described previously have overcome the
limitations of traditional 2-D systems as well as in vivo models leading to new
insights. However, the conventional 3-D tumor models do not capture sufficient
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spatial organization, cell-cell interactions, lack vasculature and do not allow med-
ium exchange in a continuous manner (van Duinen et al. 2015). Further, the sample
volumes required in traditional 3-D tumor models make them inappropriate as
models for high throughput screening applications. Therefore, scientists have
introduced a potential alternative to the conventional 3-D systems, which function
as improved in vitro models with reduced volumes and costs for high throughput
screening applications with spatio-temporal control in micrometer-sized channels.
Spatial control over cells in systems based on microfluidics provides an advantage
of culturing multiple cell types that could potentially recapitulate cell and tissue
organization in a more faithful manner. Further, microfluidics allow for precise
control over gradients due to spatial control over fluids. Systems based on micro-
fluidics have demonstrated application in cancer biology as well as drug
screening/testing studies (Bischel et al. 2015; Bersini et al. 2014; Pavesi et al. 2016;
Zervantonakis et al. 2012; Bruce et al. 2015; Chen et al. 2015).

As an example, Bischel et al. developed a microscale model of ductal carcinoma
in situ (DCIS) that recapitulated crucial features of DCIS in order to understand why
some types of DCIS become invasive (Bischel et al. 2015). In the first step, viscous
finger patterning was used to line the lumen structures with ECM-based hydrogel
(comprising of collagen I and Matrigel as the outer and inner layer respectively);
following this, a DCIS model was generated by lining the lumens with a
non-cancerous human mammary epithelial cell line, MCF10a followed by
MCF10aDCIS cells. It was demonstrated that the 3-Dmodel completely recapitulated
the comedo-type DCIS in humans. In the next step, co-culture of human mammary
fibroblasts (HMF) with DCIS lumen models induced invasion of DCIS, which was
characterized by the sprouting of invasive lesions from the lumen filled with DCIS
cells, loss of E-cad, and increased collagen I modification around the invasive lesion.
The aforementioned results demonstrate the potential of viscous finger patterning
method in the development of physiologically relevant tumor models.

In another interesting study, 3-D tumor-endothelial intravasation microfluidic-
based assay was designed and it was observed that interaction with macrophages
impaired the endothelial barrier and resulted in enhanced intravasation of breast
cancer cells (Zervantonakis et al. 2012). Intravasation was also enhanced in the
presence of soluble biochemical factors like TNF-a. Therefore, modelling of
interactions between the invading cells and the endothelium in a microfluidic based
3-D environment may lead to new avenues for understanding endothelium barrier
functions as well as trans-endothelial migration in other physiological processes as
well. Bruce et al. developed a 3-D microfluidic cell culture platform to study acute
lymphoblastic leukemia (Bruce et al. 2015). For this, they cultured biologically
relevant population that constitute bone marrow microenvironment, namely, human
bone marrow stromal cells, osteoblasts and human leukemic cells in a collagen
matrix; the engineered triculture model imparted precise control over the
mechanical properties as well as shear stress. Apart from demonstrating decreased
cell spreading on the 3-D microfluidic platform, the triculture model also demon-
strated decreased sensitivity to cytarabine (antimetabolite based chemotherapeutic)
as compared to cells on 2-D surface.
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Pavesi et al. developed an electrode embedded microfluidic device for alter-
nating electric field therapy to cancer cell in a near physiological environment (3-D
extracellular matrix) (Pavesi et al. 2016). Application of alternating electric field
stimulation led to reduced viability in single cells (breast cancer) as well as lung
cancer aggregates. Moreover, it led to selective cell death of breast cancer cells in a
co-culture of breast cancer cells and endothelial cells thereby demonstrating a
potential treatment protocol that could be combined with conventional therapeutics.
Chen et al. on the other hand, developed a microfluidic sphere formation platform
for demonstrating the efficacy of photodynamic therapy as an alternative treatment
for cancer that is not affected significantly in cancer cells when they were
co-cultured with CAFs (responsible for imparting resistance to conventional
chemotherapy) (Chen et al. 2015).

Although microfluidic-based 3-D tumor models provide spatio-temporal control,
reduced reagent consumption and involve perfusion culture, they are associated
with certain disadvantages. They involve a complicated setup and there may be
issues of material compatibility while screening hydrophobic drugs. Further, low
cell numbers might not allow for downstream biochemical studies. Nevertheless,
such systems demonstrate potential for advanced research in the area of 3-D tumor
models.

4.1.8 3-D Bioprinting of Cancer Cells

This technique was first described by Charles W. Hull in the year 1986. The tech-
nique was initially called stereolithography, wherein thin layers of a material that
could be cured using UV light were printed in a sequential manner in order to develop
a 3-D structure (Hull 1986). It was then applied towards the formation of 3-D
scaffolds using biological materials, for potential transplantation application and was
further developed to work at the interface of cell biology and materials science as a
part of TE domain (this term has been explained later, Sect. 5.1). 3-D bioprinting has
found application in the area of stem cell technology, cell biopreservation as well as
cancer research (Tasoglu and Demirci 2013; Xu et al. 2011a; Assal et al. 2014;
Asghar et al. 2014; Gurkan et al. 2014; Visconti et al. 2015; Assal et al. 2015).

Briefly, 3-D bioprinting allows for generation of 3-D structures through
layer-by-layer patterning of biomaterial, biochemical factors as well as the cells of
choice with spatial and temporal control over the distribution and placement of
functional components (Murphy and Atala 2014). It has been utilized for the
generation of 3-D constructs with precise biological and mechanical properties for
restoration and repair of organ functions. In 3-D printing, technologies utilized for
the deposition and patterning of biological materials include inkjet bioprinting (Xu
et al. 2005; Xu et al. 2013; Xiaofeng Cui et al. 2012a), microextrusion (Shor et al.
2009; Iwami et al. 2010; Cohen et al. 2006) and laser assisted printing (Guillemot
et al. 2010; Guillotin et al. 2010; Barron et al. 2004).
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Inkjet bioprinting is a common method used for biological as well as
non-biological applications. Early conventional inkjet printers replaced the ink with
a biological material and paper with an electronically controlled stage to modulate
the z axis (Zohora et al. 2014); these methods are now custom-designed. Inkjet
printers primarily uses either thermal (Xiaofeng Cui et al. 2012a) or acoustic forces
(Demirci and Montesano 2007) for the generation of printed constructs. Thermal
printers causes heating of the printer head to around 200–300 °C thereby releasing
droplets from the nozzle. However, it is reported that short heating durations do not
raise the temperature of printer head by more than 4–10 °C, hence localized high
temperatures have not been reported to affect the stability of biological macro-
molecules, like nucleic acids (Murphy and Atala 2014) or cell viability (Xu et al.
2005, 2006). Although this technique demonstrates high speed of printing and low
costs, it imposes critical challenges like increased exposure of living cells as well as
biological macromolecules to thermal and mechanical stress, non-uniformity in
droplet size, clogging of nozzle and difficulty in achieving droplet directionality
(Murphy and Atala 2014). As an alternative to thermal inkject printers, printers
based on acoustic waves were designed in order to allow for breakage of liquid
droplets at regular intervals resulting in uniform droplet size. Acoustic waves can be
generated using a piezoelectric material (Tekin et al. 2008) or an ultrasound field
(Fang et al. 2012). Acoustic inkject printers are advantageous compared to their
thermal counterparts since one can precisely control the droplet size, direction of
ejected material as well as prevent exposure of live cells to high temperature and
pressure.

In general, inkjet bioprinters have demonstrated low cost, high speed, compat-
ibility with a large number of biomaterials. It has also been reported to generate
gradients of cells as well as biological materials by alteration of droplet size or
density (Campbell et al. 2005; Phillippi et al. 2008). However, it suffers from the
limitation of using a material in liquid form in order to allow for droplet formation
and its subsequent gelation or setting in a 3-D structure. It is also associated with
decreased cell densities, cell viability and functionality.

Microextrusion is one of the most popular techniques as a non-biological 3-D
printer. It extrudes the bioink (comprising of cell containing materials) with the help
of pneumatic pressure (Kolesky et al. 2014; Lee et al. 2016a) or mechanical
pressure like a piston (Visser et al. 2013). Dispensing systems based on mechanical
pressure may provide a greater direct control over the material to be extruded since
pneumatic systems are associated with a delay in compressed gas volume. With the
help of the robotic movement of the printing head, the extruding stream is deposited
on the fabrication plate in x, y and z directions. This is a faster process compared to
inkjet or laser-assisted printing techniques. Further, microextrusion allows depo-
sition of high cell densities and even multicellular spheroids which later on develop
into a desired 3-D construct. However, viscous fluids cause the exposure of cells to
high shear stress thereby leading to decreased cell viabilities as compared to inkjet
printing.

Laser assisted bioprinting method relies on the ‘aim and shoot’ principle in
order to deposit cell containing suspension using a laser beam (Jang et al. 2016;
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Murphy and Atala 2014). This can be performed using laser-guided or
laser-induced techniques. In laser guided technique, a laser beam is introduced into
a cell suspension and the difference in refractive index of cells and the culture
medium causes the laser beam to trap and direct the cells on the depositing sub-
strate. Laser induced technique, on the other hand, starts with the production of cell
containing droplets by focussing the laser beam on cell encapsulated hydrogel
support (ribbon). Cell containing droplets are then transferred to the
depositing/receiving substrate due to formation of laser-induced vapour pockets.
Since this technique does not require a nozzle for formation of cell droplet; there are
no clogging issues associated with the process unlike with the other bioprinting
techniques. Further, this technique causes negligible effect on printed mammalian
cells (Gruene et al. 2011; Hopp et al. 2005). However, due to the formation of
ribbon cell coating, the process of cell deposition is a random process with inability
to target and position the cells at precise locations (Guillotin and Guillemot 2011).
Laser assisted printing causes the vaporization of laser absorbing metallic layer,
subsequently resulting in presence of metallic residues in the final product
(Guillotin and Guillemot 2011). Further, generation of single printed cell type or
hydrogel type requires a single ribbon/vapour pocket. It is therefore time con-
suming, if one needs to co-deposit multiple cell or material types.

3-D bioprinting has been used for fabrication of tissues of skin (Skardal et al.
2012; Michael et al. 2013), and cartilage (Cui et al. 2012b), deposition of
nano-hydroxyapatite in a mouse calvaria 3-D defect model (Keriquel et al. 2010) as
well as medical devices that have been transplanted back into the patients (Zopf
et al. 2013), few other tissues and tumor models (Duan et al. 2013; Norotte et al.
2009; Xu et al. 2011c).

As an example, Zhao et al. generated a cervical tumor model in vitro by 3-D
printing of HeLa cells and hydrogels based on gelatin/alginate/fibrinogen (Zhao
et al. 2014). A layer-by-layer construct was generated by forced extrusion which
resulted in a spheroid morphology and tight cell-cell contact on day 5 as compared
to cells grown on 2-D culture that demonstrated flat and elongated morphology.
Cells in the 3-D printed model also demonstrated higher MMP-2 and MMP-9
expression compared to cells on 2D surface thereby demonstrating enhanced
metastatic properties in former condition. They also showed enhanced chemore-
sistance in the 3-D printed model compared to cells on 2-D surface. Finally, the
printing parameters led to more than 90% viability of HeLa cells demonstrating the
potential of 3-D bioprinting in tumor model development.

In another interesting study, a co-culture model based on ovarian cancer was
developed using a high throughput cell printing system (Xu et al. 2011c). In this,
patterning of human ovarian cancer cells (OVCAR-5) and human fibroblasts
(MRC-5) on MatrigelTM was performed using a spatially controlled environment
(pertaining to cell density and cell to cell distance). The environment also controlled
the shear forces on the cells that were created during droplet formation, which in
turn led to high cell viability post-cell ejection (more than 96%, 4 h post pattern-
ing). Micropatterned OVCAR-5 cells proliferated in MatrigelTM and formed 3-D
acinar structures, recapitulating micronodule property of ovarian cancer as in vivo
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and may find potential in better understanding of ovarian cancer biology as well as
therapeutics.

Next section will focus on the scaffold-based 3-D tumor models with a brief
introduction on tissue engineering (TE) followed by the state of the art of TE in 3-D
tumor models.

5 Role of Tissue Engineering in Development of 3-D
Tumor Models

5.1 Tissue Engineering

Tissue engineering (TE) was developed with the aim to create organs which could
solve the shortage of donor organs for transplantation purpose (Langer and Vacanti
1993). Towards this goal, various strategies have emerged that work at the interface
of recent advances in field of developmental biology, biomaterials science and
medicine. In that endeavor, materials that support the growth, organization and
function of cells obtained from tissue biopsy were developed (Smeriglio et al.
2015). This led to landmark discoveries that helped in understanding interaction at
the cell-biomaterial interface. Further, diverse experiments have demonstrated that
the mechanical properties of the cell substrate play a major role in the cell orga-
nization, differentiation and migration (Reilly and Engler 2010; Discher et al.
2009). Likewise, the surface topography was demonstrated to impact the cell fate
processes (Fisher et al. 2010). Progress in molecular biology further led to appli-
cation of short cell-interacting peptides for decoration of synthetic materials thereby
leading to introduction of targeted biological signaling into synthetic systems.
These experiments have not only widened the knowledge in the area of cell biology,
but have also led to advances in field of biomaterials science for the creation of
biocompatible materials that reproduce the natural microenvironment of mam-
malian tissues.

Although, the current state of TE research will not be able to deliver synthetic
organs anytime soon, learning and technologies developed can be used to create
models that replicate disease behavior and help to better understand their pro-
gression while offering an accurate platform for testing of novel therapeutics (Kim
2005). Therefore, TE aims towards the fabrication of disease models that could be
potentially used for understanding disease biology as well as for drug development
and testing. Till date, skin tissue replicates are routinely used by cosmetics com-
panies for the testing of product formulation, the first replicate tissue kidney model
is now available for drug testing and a pre-eclampsia disease model was recently
introduced for understanding of disease biology (Kuo et al. 2016). These models
pave the way toward the broadening the role of in vitro tissue engineered disease
models across research areas.
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5.2 Scaffold-Based Three-Dimensional Models

In cancer biology, it was rapidly discovered that cancer cells cultured on 2-D
substrates behave differently as compared to in vivo tumors (Bissell and Radisky
2001). In order to capture these differences, different in vitro models were utilized
to reproduce the mechanical properties, growth factors, cell binding anchoring
systems and appropriate cells that mimic the native tumor tissue microenvironment.
In the previous sections, strategies and methods commonly used for spheroid for-
mation were described; this section focuses on scaffold based 3-D models. These
models aim to provide cancer cells with ECM mimics that will direct their orga-
nization into a potential in vivo-like tumor. This approach significantly distin-
guishes itself from the strategies utilized for spheroid formation as the ECM is not
formed by the single cells during their course of aggregation into spheroids but is
artificially provided before the cells organize themselves into tumor tissues. As the
cells invade the scaffold and multiply, the ECM required to promote tumor
development is then secreted by the seeded cells. In case of a biodegradable support
material, the scaffold degrades as the cells proliferate within the artificial ECM.
Additionally, while the spheroid approach works well for cellular aggregation, it
failed to reconstruct the natural tumor progression, i.e., invasion of a healthy tissue
by cancer cells and subsequent ECM remodeling to promote tumor growth and
evolution. Furthermore, spheroid models do not understand the role played by the
ECM in cancer invasion, progression and resistance to anticancer drugs. In order to
recapitulate these critical steps to understand tumor biology and eventually apply
these 3-D tumor models for drug testing studies, biomaterials of natural or synthetic
origin have been utilized and are described in the following sections. While the
synthetic materials offer the possibility to mimic the natural architecture as well as
mechanical properties of the tumor and to study the impact of each of these specific
features on the tumor progression and spreading, they lack key biological signals.
This is because cell attachment to the material is solely dictated by its chemical
composition. As an example, non-adherent materials, such as agarose will not offer
the possibility for cancer cells to spread and will facilitate the aggregation of cells
with each other (Liu et al. 2014). In contrast, materials such as poly(lactic acid)
(PLA), provide cell adhesion through the deposition of proteins onto the material
surface. However, these interactions are non-specific, as they do not target a specific
cell receptor such as integrin binding receptor. In order to trigger a signaling
cascade through dedicated cell receptors, signaling molecules need to be introduced
onto the synthetic materials. This is possible through the attachment of cell-binding
peptide sequences such as the arginine-glycine-aspartic acid (RGD) (Re’em et al.
2010), proteins such as fibronectin or coating of the synthetic materials with natural
ECM molecules such as collagen (Gillette et al. 2008). In order to incorporate
biological signals into in vitro ECM models, natural macromolecules such as col-
lagen have also been directly utilized as a scaffold (Hartman et al. 2009).

Further, macromolecules can be used as such or modified and processed for the
creation of a microenvironment which exhibits specific properties like porosity,
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architecture and substrate stiffness; few examples are discussed in the subsequent
sections (Sects. 5.2.1–5.2.4). The tissue mimics generated from natural and syn-
thetic scaffolds can then be utilized for understanding tumor biology as well as for
the testing of potent anti-cancer molecules. Comparison of scaffold based 3-D
models to 2-D monolayer culture demonstrated modulated drug response by cells
grown on 3-D substrates, mostly attributed to drug diffusion barriers and up reg-
ulation of drug resistance genes (Arya et al. 2012). This could greatly help to
understand the drug kinetics and toxicology thereby offering a better way to mimic
natural tumor tissues. Additionally, few of these models in comparison to small
animal models could possibly offer an alternative to it in the future. In this regard,
technologies developed by research laboratories need to consider specific require-
ments of the pharmaceutical industry such as: scalability of the technique, ease of
production and incorporation of the model into industrial processes such as high
throughput screening.

In the following sections, several techniques that have been used to engineer
tumor microenvironments are presented: porous scaffolds, hydrogels, microparticles
and polymeric fibers, Fig. 4. Each of them is illustrated by recent examples and
their ability to mimic in vivo tumor features.

Fig. 4 Three-dimensional (3-D) biomaterials-based scaffolds developed for tissue engineering
and adapted for 3-D culture of cancer cells and simulation of tumor ECM
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5.2.1 Porous Scaffolds

Porous scaffolds are defined as matrices that have hollow pores at the micrometer
scale. Different manufacturing techniques have been developed for their fabrication;
most of them are based on a similar process: cross-linking of polymer chains
dissolved previously in a solvent followed by solvent removal thereby resulting in a
porous network (Lozinsky et al. 2003; Tripathi and Melo 2015). The porous
scaffold could then utilized as an ECM mimic. In tumor models, this is of particular
interest as scaffolds can reproduce the invasion and migration of cancer cells into a
tissue and can also induce spheroid/cell aggregate formation. Techniques utilized
for the manufacturing of porous scaffolds have been refined over the years and most
of the systems can have a tunable pore size as well as mechanical property. These
scaffolds have been utilized for the fundamental understanding of spheroid for-
mation and cancer cell migration in a 3-D system.

Different crosslinking strategies have been defined in order to fabricate natural
and synthetic based porous scaffolds. One of the most common system used for
manufacturing of porous scaffolds is poly(vinyl alcohol) (PVA) cryogel (Lozinsky
and Plieva 1998). PVA is a physical thermo-gelling polymer that forms cross-linking
junctions between the polymer chains through hydrogen bonds. Briefly, the polymer
is frozen in water and repeated freeze-thaw cycles allow for the generation of pores
of different sizes (Lozinsky and Plieva 1998). For generation of chemically
cross-linked scaffolds, the most common cross-linker is glutaraldehyde (GA), which
has been extensively used to cross-link natural macromolecules. As an example,
chitosan was crosslinked with GA for fabrication of porous scaffolds (Lai 2012).
However, this cross-linker is cytotoxic and the resulting scaffolds need to be washed
thoroughly prior to utilization. As an alternative, non-cytotoxic chemistries can also
be used; genipin has been utilized to cross-link gelatin and chitosan (Arya et al.
2012). Other biocompatible chemistries such as the thiol–furan reaction have been
reported towards the cross-linking of hyaluronic acid (HA) with polyethylene glycol
(PEG); a solution of water and non-reactive monosaccharide was used as a porogen
(Tam et al. 2016). This led to formation of transparent porous cryogels that are of
special interest in 3-D culture imaging. Additionally, photo cross-linking has also
been developed to cross-link modified natural polymers such as HA (Bian et al.
2013). This technique allows to control the site of cross-linking using a laser beam
and can be used to create gradient of stiffness within the 3-D scaffolds
(Zhou et al. 2011; Lin et al. 2011; Smeds et al. 2001).

The removal of the support solvent, so called porogen, can be achieved by
different techniques. One of the most common methodologies for aqueous solvent
removal is freeze drying, which is based on the sublimation of the water: frozen
scaffold is subjected under vacuum wherein the frozen water sublimes leaving
behind a porous network. Alternatively, the scaffold can also be dehydrated and
water can be replaced by a volatile solvent such as ethanol, and a similar process
used for mammalian tissue processing for histological examination is followed
thereafter. Briefly, water in the scaffold is replaced with ethanol or other volatile
water-miscible solvents by immersing the scaffold into successive gradients of
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ethanol-water. Finally, the sample is left for drying; ethanol is removed thereby
resulting in a porous scaffold. Porosity can also be generated through a foaming
process; the cross-linking reaction generates a gas that form pores within the
scaffold. This strategy avoids the recourse of solvents and allows for faster fabri-
cation of porous scaffold. The precise control over the reaction stoichiometry and
concentration of the reactants in the polymer solution enables a control over the
reaction kinetics and gas generation, which in turns impacts the porosity of the
scaffold. This technique was successfully utilized for the fabrication of
PEG-caprolactone copolymer scaffolds (Ozcelik et al. 2014).

The aforementioned techniques can also be utilized for the fabrication of scaffolds
with a defined elastic modulus by manipulating the biomaterials and the pore size and
can be used tomimic tumor architecture under in vitro conditions. Such scaffolds have
been used for the culture of prostate cancer cells (LNCaP) and offer a better tissue
mimic than from comparative techniques such as hanging drop or 2-D monolayer
culture (Göppert et al. 2016). Other cancer cells were also shown to behave differently
on 3-D porous scaffolds in comparison to cells on 2-D monolayer culture (Arya et al.
2012; Talukdar et al. 2011). In an interesting example, breast cancer cells were seeded
in a HA-PEG porous scaffold functionalized with cell binding peptide sequences.
This study showed that the IKVAV peptide sequence, integrin binding sequence of
laminin, induced the formation of T47D breast cancer cell spheroids while the RGD
peptide sequence, integrin binding sequence of collagen, induced the formation of a
monolayer (Tam et al. 2016). Similar porous systems have been also integrated into
array chips suitable for the high throughput screening (HTS) assays to test the effi-
ciency of anti-cancer drugs on cancer cells (Li et al. 2014a). A synthetic scaffold based
on poly(lactide-co-glycolide) (PLG) (Fig. 5a) generated by gas foaming-particulate
leaching was used to culture oral squamous cell carcinoma (OSSC-3) cells and the
generated cancer model demonstrated hypoxic cores (Fig. 5b). It also led to pro-
duction of pro-angiogenic factors like VEGF and IL-8 similar to in vivo tumors
(Fischbach et al. 2007) (Fig. 5c). It was also observed that OSSC-3 as well as Lewis
lung carcinoma cells cultured on 3-D PLG scaffolds and implanted into immuno-
compromised and immunocompetent mice respectively led to formation of bigger
tumors as compared to those originating from same number of viable cancer cells
previously cultured on 2-D monolayer substrates (Fig. 5d).

In another study, a natural biomaterial obtained from silkworm was used to
fabricate a porous scaffold through freeze-drying technique. LNCaP prostate cancer
cells cultured on these scaffolds were compared to Matrigel and 2-D monolayer
culture. Characterization of the MMP-9 activity, glucose consumption and lactate
production demonstrated that LNCaP cells on 3-D silk scaffold behaved similar to
in vivo tumors (Talukdar et al. 2011). Other type of porous scaffolds based on
chitosan-gelatin (CG) matrix demonstrated their relevance for the testing of
anti-cancer drugs. For this, NCI-H460 cells (NSCLC cell line) were cultured on
these 3-D porous scaffolds based on CG generated by freeze drying (Fig. 6a, b). CG
scaffolds resulted in cancer cell aggregate formation (Fig. 6c(i), d); aggregates were
not formed on CG films or 2-D tissue culture polystyrene (TCPS) surface (Fig. 6c
(ii), (iii)). Further, the size of these aggregates increased as a function of time
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(Fig. 6c(i)) and demonstrated enhanced reactive oxygen species compared to cells
grown on 2-D surfaces (Fig. 6e). These aggregates also exhibited similar gene
expression profiles as in vivo xenografts as well as enhanced survival in the
presence of anti-cancer drugs compared to cells grown on 2-D substrates (Arya
et al. 2012). In another study, utilization of natural biomaterials such as collagen,

Fig. 5 Poly(lactide-co-glycolide) (PLG) scaffolds as potential in vitro tumor model for oral
squamous cell carcinoma (OSSC-3) cells. a Scanning electron micrograph of OSCC-3 cells seeded
PLG scaffold, H&E stained section of OSCC-3/PLG construct grown in vitro and in vivo.
b Histological analysis of hypoxia OSCC-3/PLG construct grown in vitro and in vivo following
staining with hypoxyprobe. c Comparison of pro-angiogenic factors (VEGF, IL-8 and bFGF
secretion represented as a fraction of cumulative secretion of all the factors) after OSSC-3 culture
on 2-D surface, 3-D scaffolds and as in vivo tumors d Comparison of tumor growth of OSCC-3
cells in SCID mice and mouse Lewis lung carcinoma (LLC) in C57BL/6J mice after pre-culture in
3-D PLG scaffolds or 2-D monolayer culture. (Adapted with permission from reference Fischbach
et al. Nature Methods 2007)
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recapitulated natural features of the ECM such as enzymatic degradation. Gene
profile demonstrated that MCF-7 cells (breast cancer cells) seeded onto 3-D
collagen porous scaffolds expressed stem cell markers and further implantation of

Fig. 6 Chitosan-gelatin (CG) 3-D porous scaffold as potential 3-D lung tumor model. a Digital
photograph and b micro computed tomography demonstrating interconnected pores of CG scaffold
fabricated by freeze drying technique c scanning electron micrographs of NCI-H460 cells on
(i) 3-D CG scaffolds at the end of day 3, 6 and 9 (ii) CG films (iii) Phase contrast image of
NCI-H460 cells on 2-D tissue culture polystyrene (TCPS) (Scale bar: 50 lm). d Confocal
micrograph of NCI-H460 tumoroid on CG scaffold stained with phalloidin (actin) and propidium
iodide (nucleus), Scale bar: 50 lm e Reactive oxygen species (a.u.) levels in NCI-H460 cells
grown on 2-D TCPS and 3-D CG scaffolds normalized to cell number. (Adapted with permission
from reference Arya et al. (2012), copyright 2012, Royal Society Publishing Group)
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the scaffold in an animal model formed larger tumors (Chen et al. 2012). One of the
hallmarks of cancer is metastasis, i.e. migration of cell from its site of primary
tumor to other sites resulting in secondary tumors. It is indeed interesting but a
complex process to be recapitulated within 3-D in vitro models. While it is not
known what triggers cell migration/metastasis, identification of these early
parameters could help to develop an early diagnosis. Towards this goal, a synthetic
porous scaffold made of poly(e-caprolactone) (PCL) was utilized to generate a 3-D
tumor model based on breast cancer with high metastatic potential. MDA-MB-231
cells cultured on these scaffolds showed increased invasiveness in vitro and lung
metastasis in vivo (Balachander et al. 2015).

The previous section dealt with diverse techniques utilized for spheroids for-
mation. Although spheroids can provide a 3-D geometry, they do not completely
replicate the in vivo cell behavior. In contrast, seeding of the U251 (glioblastoma)
spheroids within a porous 3D scaffold was shown to be a more appropriate model
since the cells exhibited higher drug resistance compared to cells grown on 2-D
substrates or spheroids on 2-D surface or single cells seeded onto the scaffolds.
Additionally, spheroid seeded scaffolds demonstrated enhanced lactate production
and higher expression of angiogenic factors as well (Ho et al. 2010). Such an
in vitro tumor model takes advantage of the engineered scaffold along with the
cell-cell interaction from the spheroid culture. Therefore, such systems can also be
used to complement spheroid culture by providing a support structure to the tumor
cells that the spheroid techniques do not provide. Taken together, due to the ease of
use and scalable manufacturing, porous scaffolds demonstrate potential for the
in vitro screening of novel anti-cancer molecules.

5.2.2 Hydrogels

Hydrogels are organized 3-D networks of macromolecular chains that connect
together at cross-linking points. As the name indicates, hydrogels are able to retain
large quantities of water similar to native tissue. Hydrogels can be also fabricated
from natural or synthetic biomaterials similar to porous scaffolds. During their
fabrication, density of the crosslinking points can be modulated by different pro-
cesses according to their assembly mechanisms; covalent bonds for chemical
hydrogels or physical interactions between the polymer chains for physical
hydrogels.

Several hydrogel systems have been developed that promote the formation of
tumor like spheroids from single cells. Hydrogels made of natural ECM-based
macromolecules are one of the most utilized systems as they provide an environ-
ment comprising of mechanical properties as well as biological factors suitable for
generating tumors in vitro. Matrices such as BD Matrigel® and Trevigne Cultrex®
have been widely used across research laboratories for tissue engineering appli-
cations. These basement membrane extracts are routinely obtained from mouse
sarcoma (Engelbreth-Holm-Swam, EHS) and can be used to culture various human
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cancer cell lines (Kleinman and Martin 2005; Benton et al. 2014). They resemble
the native tissue microenvironment and comprise of laminin, collagen and entactin
as 60, 30 and 8% respectively. It also contains MMPs that play an important role in
ECM remodeling (Kleinman and Martin 2005). Although experiments with base-
ment membrane extracts work quite well (Webber et al. 1997; Shekhar et al. 2001),
it is an animal product and does not completely recapitulate the human biology due
to absence of large quantities of collagen-I and hyaluronan, suffers from batch to
batch reproducibility and is not fully characterized in terms of soluble growth
factors (Asghar et al. 2015).

Apart from Matrigel systems, natural materials made of a single ECM macro-
molecule have been used for the fabrication of hydrogels based 3-D cell culture.
Such models are less complex than decellularized matrices and reconstitute a part of
the ECM features. As an example, collagen hydrogels were used for the formation
of tumor like environment with breast cancer cell lines, showing basal polarization
of the cells dispersed within the hydrogel (Holliday et al. 2009). Other materials
such as HA were chemically modified to form hydrogels and used as a 3-D support
matrix for encapsulation and 3-D cluster formation of poorly adherent prostate
cancer cells. HA hydrogel system was further utilized for testing the efficacy of
anti-cancer drug like camptothecin, docetaxel, and rapamycin, alone and in com-
bination (Gurski et al. 2009). In another study, bilayer HA hydrogels were formed
wherein LNCaP prostate cancer cells embedded in the bottom layer received
growth factors like heparin-binding epidermal growth factor-like growth factor
(HB-EGF) from the top layer. Cells embedded in the HA scaffolds released sig-
nificantly higher amounts of VEGF and IL-8 as compared to cells on 2-D surfaces
thereby demonstrating the use of HA hydrogel model in studying tumor cell
response to growth factors (Xu et al. 2012).

In order to decipher the impact of ECM features like mechanical properties,
growth factors and cell-ECM signals, synthetic hydrogels have been developed.
Such systems reproduce the 3-D microenvironment found in human cancer and
helps in the identification of key features that enable early cancer diagnosis,
understanding metastasis as well as for recapitulating tumors as in vivo for the
testing of potent anti-cancer drugs. In the following section, synthetic hydrogel
systems along with their potential for 3-D cellular aggregate formation for appli-
cation in drug testing and understanding tumor biology are discussed. Different
synthetic biocompatible polymers capable of hydrogels formation were developed
previously for TE applications (Williams 2008). Following similar protocols, these
materials have also been applied for 3-D tumor model development. Usually,
cancer cells are dispersed within the hydrogel solution and upon mixing or use of
external stimuli, the polymer chains cross-link and the cells are captured within the
polymer network. The gelation process, i.e. cross-linking of the polymer chains, can
occur through a chemical reaction (chemical cross-linking), or through the physical
interactions between polymer chains domains (physical cross-linking) (Patel and
Mequanint 2011).

Several techniques have been used to chemically cross-link synthetic and natural
biopolymers in order to create hydrogels. Chemical reactions that occur under
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physiological conditions enable cancer cell dispersion within a polymer solution
before cross-linking. Amongst the various techniques, click chemistry has been the
focus for a couple of decades with a promise to provide quantitative reaction with
no side-products. As an example, the possibility to have an organism expressing
amino acid bearing azide, which is of particular interest for in vivo protein labeling,
is based on the Staudinger and 1, 3 Huisgen reactions. The Staudinger reaction is
the reaction of an azide with a phosphine. Its modification enables its use under
physiological conditions and is termed as Staudinger ligation (Saxon 2000; Saxon
et al. 2000). The rather low stability of phosphine in air has led to the development
of a new reaction: the 1,3 Huisgen cyclo-addition, which involves an alkyne and an
azide to form a stable cycle with a copper catalyst (Nimmo and Shoichet 2011;
DeForest et al. 2009). The introduction of activated cyclo-alkyne was a major step
for the translation of this reaction to the biological field as it has removed the need
of cytotoxic copper (Jewett et al. 2010). Other click reactions, Diels Alder addition
and Michael S-addition have also been used for hydrogel cross-linking under
physiological conditions (Koehler et al. 2013; Nimmo et al. 2011; Sui et al. 2010).
Other strategies include the reaction of hydroxylamine with an aldehyde resulting in
an oxime, which was successfully used for cross-linking of star PEG (Grover et al.
2013); the reaction of ketone with a primary amine giving rise to an imine (Kim
et al. 2011), which has been used for the cross-linking of chitosan with a tri-block
copolymer (PEO-PPO-PEO) (Ding et al. 2010); and the reaction of hydrazine with a
ketone resulting in a hydrazone bond (Dahlmann et al. 2013). Natural proteins such
as gelatin are modified with sulfated amino acids that are able to form disulfide
bridges under physiological conditions. This reaction has been successfully used for
the cross-linking of a modified HA with gelatin (Shu et al. 2002) or with HA and
PEG (Choh et al. 2011). Further, boronic acid can quantitatively react with
di-alcohol of specific geometry under physiological conditions. This strategy has
been used with a modified PEG polymer to stabilize micelles and used as drug
carrier by cross-linking the polymer chains (Li et al. 2012).

Polymer chains can interact with each other and form strong reversible
cross-linking points. These interactions are governed by physical principles and
directed by external stimuli such as pH, temperature and ionic strength.
A modification of these parameters can impact the chain conformation of the
polymer and create or destruct the 3-D hydrogel network. Reversible hydrogels can
be obtained through ionic interaction wherein multiple valence cations can act as
cross-linkers between two polyelectrolyte chains, such as in alginate polysaccharide
(Rezende et al. 2007). This has been used in many biological applications such as
for culturing of glioblastoma cells following immobilization of RGD peptide on the
alginate backbone (Zustiak 2015). Alginate has also been reported for fabrication of
3-D cell culture systems for NSCLC-based spheroids followed by anti-cancer drug
and nanoparticle uptake studies (Godugu et al. 2013). Similar to other studies,
results demonstrated enhanced inhibition concentration 50 (IC50) values in alginate
matrices as compared to the cells grown on 2-D surfaces. An alternative method for
physical cross-linking is the aggregation of crystallization domains such as
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a-helical domain that interacts with each other and forms cross-linking points that
are temperature dependent. Among different polymers undergoing aforementioned
network organization, agarose and the carrageenan family (possessing a-helical
domains) form hydrogels by aggregation of these specific domains
(Sanabria-DeLong et al. 2006; Arnott et al. 1974). Agarose has been used also as a
3-D substrate for cell culture, especially chondrocytes (Luo and Shoichet 2004;
Emans et al. 2010). The non-adhesive property of agarose has also been utilized for
the development of cancer models and formation of cancer cell spheroids (Xu et al.
2014; Zanoni et al. 2016). Weak interactions between the polymer chains can
become strong with increase in their probability of occurrence. Based on this
principle, it is possible to form strong interaction with polymers that exhibit
hydrogen-bonding ability (Cantin et al. 2011; Kimura et al. 2004; Sekiguchi et al.
2003). One of the most commonly used natural and biocompatible polymer in
biological application is cellulose that forms a b-sheet network through
hydrogen-bond interaction (Bhattacharya et al. 2012; Granja et al. 2005). Synthetic
polymers can also be engineered to form physical interaction by synthesis of block
copolymer with blocks of polymers with different hydrophilic behavior (Artzner
et al. 2007). As an example, poloxamer class exhibits such behavior wherein one
block is hydrophilic and the other hydrophobic, such as pluronic (Higuchi et al.
2005). Physical hydrogels have recently attained much attention, as they can be
utilized for 3-D printing and other extrusion methods. Dispersion of the cells within
a hydrogel matrix form ‘bioink’ that can be used to precisely organize cells thereby
reconstituting the complex natural organization of living tissues.

5.2.3 Microparticles

Particles of the order of nanoscale have been used in intracellular delivery of drugs
and genes. Micro- and nano-particle manufacturing has been mainly developed with
optimized parameters to achieve controlled release profile for delivery of bioactive
agents. Based on these advances, techniques for fabrication of drug releasing
particles can be applied to microparticles (MP) in tissue engineering applications.
The conventional manufacturing protocols such as emulsion, electrospraying, hot
melt and spray drying have been reported for the fabrication of microparticles
(Oliveira and Mano 2011; Arya et al. 2009). However, the most common method is
the emulsion process wherein the polymer is dispersed in an organic solvent and
solution is subsequently added into the excess of a non-solvent for the polymer. The
liquid is then mechanically stirred or homogenized by ultrasound waves. During
this, the organic solvent evaporates forcing the polymer chains to aggregate and
form particles. This technique typically produces spherical particles and is quite
easy to implement and scale up (Lee et al. 2016b). While MPs usually act as
cargoes in drug delivery applications, they may be manufactured as porous beads
for TE purpose (Kang and Bae 2009). Such MPs are of particular interest in
spheroid formation wherein the cells migrate within the porous MPs and result in
spheroids of controlled diameter upon MP degradation. Using this technique, breast
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cancer cells were successfully cultured on porous PLA-PVA MPs (Sahoo et al.
2005). Such MPs have also been used to study efficiency of anti-cancer drugs on
MCF-7 breast cancer cell line-based 3-D tumor model (Horning et al. 2008).
Likewise, natural polymers can also be processed into MPs. As an example,
collagen-based MPs were manufactured through a microfluidic process, wherein
collagen droplets were formed in a micro-channel, followed by droplet shrinkage
and cross-linking of collagen molecules. Such collagen MPs exhibited similar
composition as collagen hydrogels and allowed for generation of hepatocyte
spheroids (Yamada et al. 2015). Similarly, gelatin-based MPs were used to promote
the aggregation of pancreatic beta cells, MIN6 into spheroids for the formation of
islet like structures (Bernard et al. 2014). This technique can also be translated to
cancer cells for the formation of 3-D tumor like tissue. Further, MPs can fuse
together to form bigger 3D structures, this process is called sintering and is of
particular interest in regenerative medicine and could be also applied towards
in vitro tumor models (Lee et al. 2008). Because they are injectable and allow
diffusion during drug release studies, MPs have gained interest in the pharmaceu-
tical industry. Further, due to their availability and popularity, MPs may also gain
interest in the future for the generation of 3-D tumor models.

5.2.4 Polymeric Fibers

ECM of native tissues is composed of proteins such as collagen which exhibit a
fibrous architecture (Wenger et al. 2007). Therefore, synthetic models that can
reproduce such organization have been developed for TE applications (Bhardwaj
and Kundu 2010). Nanofibers mimic the fiber organization of the collagen com-
ponent in the ECM and they can be fabricated from synthetic or natural polymers
resulting in fibers of different size, shape and length. Some of the fabrication pro-
cesses include mechanical fiber extrusion and electrospinning (Kumar et al. 2012).

Fibers extrusion or spinning is a technique that originated from the textile
industry. It consists of pushing/extruding a polymer solution or a polymer melt
through a small needle or spinneret (Tuzlakoglu and Reis 2009). Natural and
synthetic biocompatible materials have been successfully processed using this
technique. As an example, chitosan was spun in an alcohol-based solution and fixed
by exposure to hot air flow (Desorme et al. 2013) and in another study, collagen
fibers were obtained through extrusion into a buffer which resulted in a fibrous
organization (Enea et al. 2011). While this technique allows for the formation of
fibers, which can be later woven and further processed into textile, it only achieves
fibers at the micrometer scale.

More recently, mechanical extrusion has been combined with an electrostatic
process. By creating a potential difference between the extrusion needle and the
fiber target, fiber diameter at the micro as well as nanoscale can be achieved. This
process called electrospinning, and is defined as the jetting of a polymer solution
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from a needle under the influence of an electric field following which the charged
solution jet evaporates resulting in deposition of randomly oriented microscale as
well as nanoscale fibers on the collector surface (Huang et al. 2003; Arya et al.
2010). This technique has been successfully used for the fabrication of synthetic
and natural fibers such as PCL (Sill and von Recum 2008), polysaccharide such as
zein (Cai et al. 2013) or collagen fibers (Sell et al. 2009). Micro/nanofibers obtained
through this technique exhibit a high surface area, inter-connected pores and
mechanical properties that can be tuned in order to mimic the natural tissue envi-
ronment. Therefore, electrospun scaffolds have found diverse application in the area
of tissue engineering.

For 3-D tumor model application, electrospun collagen-based fibers were used
for culturing of prostate cancer bone metastatic cell line, C4-2B. The testing of
anticancer drugs, docetaxel and camptothecin on 3-D model demonstrated modu-
lated drug responsiveness compared to cells grown on collagen coated TCPS which
may be attributed to decreased drug diffusion in the 3-D colonies within the fibers
(Hartman et al. 2009). Peptide hydrogel nanofiber used in regenerative medicine
was also applied for the formation of 3-D tumor model based on ovarian
cancer-based cell line and demonstrated higher anti-cancer drug resistance than 2-D
monolayer culture (Yang and Zhao 2011). Synthetic polymers such as poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) electrospun nanofibers were used for the
generation of gastric cancer–based 3-D model using MKN28 cancer cell line. Drug
testing studies revealed that the concentrations required to inhibit the cell growth
was found to be higher in cells grown on 3-D nanofibrous substrate than on 2-D
monolayer culture (Kim et al. 2009). Alternative synthetic materials such as PLGA
—PLA electrospun fibers were shown to induce EMT thereby reproducing one of
the key characteristics of metastatic tumors as in vivo (Girard et al. 2013).
Fibrous PCL, previously found application in engineering of bone environment,
was also used to culture Ewing sarcoma (bone cancer) and exhibited morphology,
growth kinetics and protein expression profile similar to human tumor (Fong et al.
2013). Therefore, similar to other scaffold-based models, electrospun fibers were
found to be more representative of the natural 3-D environment as compared to 2-D
monolayer culture. Such fibrous scaffolds could be then utilized in an HTS setup for
screening of anti-cancer drugs.

5.3 ECM Remodeling

To date, most of the systems introduced for the fabrication of 3-D tumor models are
passive (or inactive) materials that do not modulate themselves during cell culture.
Although some systems like PLA and PEG degrade via hydrolysis, they do not
reproduce the dynamic and natural evolution of the ECM. Indeed, ECM is a
complex composite material that undergoes targeted degradation. It is well
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documented that reorganization of the ECM in a tumor can impact cancer pro-
gression, angiogenesis and metastasis (Lu et al. 2012). It has also been reported that
changes in the ECM impacts a cell’s biology by providing variation in the cell
binding and growth factor composition (Pickup et al. 2014). Further, changes in the
ECM during cancer progression are not only biological but mechanical as well. As
cancer cells proliferate, they secret an ECM of higher stiffness, mainly composed of
collagen and glycosaminoglycan (GAG) with high content of sulfate groups (Cox
and Erler 2011). Modulation in tumor ECM mainly originates from an unbalanced
enzyme production between MMPs and tissue inhibitors of metalloproteinases
(TIMPs) which are responsible for matrix degradation and its inhibition, respec-
tively (Malik et al. 2015). Additionally, ECM also acts as a growth factor reservoir
for molecules such as FGF or VEGF; changes in ECM constitution promotes
release of the angiogenic factors (Bonnans et al. 2014). Reconstitution of the
aforementioned events into synthetic systems will help to closely mimic the natural
progression of cancer cells in vitro. In this regard, recapitulating events such as
matrix reorganization into a synthetic scaffold requires degradable polymers that
favor in vivo events in lieu of tumor growth and progression. Two types of
degradation can occur: proteolytic degradation mediated by enzymes such as
MMPs or cathepsins and hydrolysis of the macromolecules by oxidative species.

Proteolytic degradation is specifically directed to natural polymers like collagen
or HA since synthetic ECM cannot promote such degradation. However, identifi-
cation of degradable peptide sequences has made it possible to integrate these
domains within synthetic polymers. Additionally, incorporation of cross-linkers
undergoing degradation by MMPs or cathepsins has been successfully used to
mimic the natural ECM degradation within the in vitro synthetic scaffolds. As an
example, GPQGILGQ responsive sequence for MMP-2 and MMP-9 was incor-
porated within PEG cross-linked matrix resulted in a dynamic matrix (Zhu and
Marchant 2011). Collagenase sensitive peptide sequence LGPA has also been used
to detect the enzyme activity by binding a fluorescent molecule to PEG hydrogel
(Lee et al. 2007). However, proteolytic degradation occurs only in small molecular
weight polymer by a multistep process, which requires enzymatic diffusion (like
hydrolases) into the bulk material (Azevedo and Reis 2005). Different peptide
sequences have been identified that are specifically cleaved by diverse enzymes.
Amongst them, DENPDIE laminin sequence can be cleaved by MMP-12 (Pirilä
et al. 2003). Further, laminin can be cleaved by MMP-1 as well through the
GPQGIWGQ (Patrick and Ulijn 2010), QLLADTPV (Tsubota et al. 2000),
YSGDENP (Ogawa et al. 2004) and APGL peptide sequences, which have been
tested in a cross-linked hydrogel system (West and Hubbell 1999). Plasmin
degradation of fibrinogen macromolecule sequences such as YKNR, YKND and
YKNRD have been demonstrated as minimal cleavable sites which can potentially
be degraded by fibroblasts (Shikanov et al. 2011; Jo et al. 2010; Raeber et al. 2007).
Elastase enzyme can also degrade specific sites such as AAAAAAAAAK (Mann
et al. 2001), AAPVVRGMG and AAPVVRGGGK which have also been tested in
cross-linked hydrogels, that demonstrated loss in mechanical properties following
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enzymatic degradation (Aimetti et al. 2009). Proteoglycans can also undergo
enzymatic degradation by MMP-13, which target PENFF (Salinas and Anseth
2008) and GPQGLA (Phelps et al. 2010) sequences. In order to simulate the
proteolytic ECM degradation, invasive breast cancer cells (MDA-MB-231) and
non-invasive cells (MCF-7) were used to study the phenomena in MMP cleavable
HA hydrogels. Such platform could be used in the future to study the influence of
matrix degradation and cross-linking in anti-cancer drug testing (Fisher et al. 2015).

Non-proteolytic degradation refers to non-specific degradation that occurs due to
hydrolysis of the polymer or due to polymer solubilization under physiological
conditions (Burkoth and Anseth 2000). Within a tumor, hydrolysis is mediated by
the chemical environment such as reactive oxygen species or oxidative stress.
Further, degradation kinetics is of great importance in tumor environment since
ECM development requires space that can be made available through degradation
of the support material. Degradation, which results in the loss of molecular weight,
induces a loss of mechanical properties and this needs to be compensated by growth
of the new tissue specific matrix. Degradation of synthetic polymers has been
extensively studied and exhibits different degradation rates depending of their
backbone composition (Reid et al. 2013; Lam et al. 2008). This can be used to
design scaffolds that support the growth and organization of cancer cells into a solid
tumor while the scaffold degrades during maturation of tumor mass.

5.4 Stiffness of the Tumor Environment

Tumor cells are capable of remodeling its ECM thereby resulting in modification of
its mechanical properties; this remodeling supports tumor growth and progression
(Levental et al. 2009; Paszek et al. 2005). It is now well documented that in a
cancerous tissue, such as in breast tumors, the ECM undergoes drastic changes such
as modulation of collagen density and results in formation of a stiffer ECM. Stiffness
of the breast tumor microenvironment is around 4000 Pa as compared to healthy
breast tissue which is around 200 Pa (Paszek et al. 2005). This change in tissue
stiffness is detected as a palpable ‘stiffening’ of the tissue and can potentially be
utilized as a diagnostic tool (Butcher et al. 2009). Scaffolds based on collagen have
been used to understand the effect of matrix stiffness on cancer cell behavior (Paszek
et al. 2005; Carey et al. 2012; Kraning-Rush and Reinhart-King 2012). In a study
based on 3-D tumor model from reconstituted basement membrane (rBM) and col-
lagen, the authors postulated whether increase in stiffness by virtue of collagen
concentration would promote a malignant phenotype of the breast or its crosslinking
would impede tumorigenesis. It was demonstrated that collagen cross-linking and
ECM stiffening promoted breast tumorigenesis (Levental et al. 2009). Further, to
delineate the effect of stiffness from changes in matrix composition and architecture,
Chaudhuri et al. utilized rBM and alginate for modulation of ECM stiffness. They
demonstrated that an increase in ECM stiffness could promote a malignant phenotype
in normal mammary epithelial cells, which however was negated in the presence of
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basement membrane ligands (Chaudhuri et al. 2014). Similar models based on nat-
ural polymers were utilized to decipher the role of matrix stiffness and cell adhesion.
A study showed the organization of glioblastoma multiform with distinct morpho-
logical patterns as in vivo brain slices using hydrogels based on HA functionalized
with short RGD peptides (Ananthanarayanan et al. 2011). In another study, a syn-
thetic scaffold based on PEG modified with bioactive peptides was utilized to study
the process of EMT in lung adeno-carcinoma and demonstrated that the bioactive
scaffold recapitulated epithelial morphogenesis and was dependent on the substrate
stiffness (Gill et al. 2012).

Wong and Kumar discussed about the role of ECM stiffness and its composition
on cell migration which in turn could regulate tumor-initiating cells/CSCs driven
metastasis (Wong and Kumar 2014). Therefore, cancer cell migration within a
specific mechanical environment needs to be recapitulated in a 3-D in vitro model
for understanding this mechanism (Mierke 2014; Keely and Nain 2015). In addition
to in vitro and in vivo studies, in silico simulation can also help to identify key
features of the ECM that impact cell migration. A computer simulation of cell
movement proposed that cancer cell migration and invasiveness could be as a result
of increased ECM stiffness as well as strong degree of ECM degradation (Li et al.
2014b). Such studies are building on in vitro 2-D experiments which demonstrated
the role of stiffer cell substrate in promoting glioma cell migration and proliferation;
similar studies on breast cancer cells have demonstrated corroborating results
(Ulrich et al. 2009; Pickup et al. 2014). However, recent studies have contradicted
the aforementioned results and demonstrated that across different glioblastoma cells
lines that originated from different patients, migration of cancer cells in response to
the substrate stiffness was patient dependent (Grundy et al. 2016). The interde-
pendence of cancer cell migration and matrix stiffness is currently a conflictual
research area that is still unsolved and requires further experimentation.
Furthermore, towards a better understanding of the relation between stiffness and
cancer cell behavior, CSCs originating from bone, breast, colorectal and gastric
tissue were cultured on matrices of different stiffness. Similar to stem cells, which
differentiate into functional cells depending on the substrate stiffness (Engler et al.
2006), CSCs also demonstrated marker expression while residing in a niche with
optimum stiffness corroborating to their tissue of origin (Jabbari et al. 2015). These
studies clearly demonstrate the relation between the stiffness of cell microenvi-
ronment and hallmarks of cancer. Recreation of the mechanical properties remi-
niscent of solid tumors in vivo would not only help to create 3-D systems that
reproduce the cancer hallmarks in vitro but also demonstrate potential in identifi-
cation of potent anti-cancer molecules with higher efficiency. In vitro studies per-
formed on different 3-D cell culture models have already demonstrated that 3-D
spheroids modulated cancer cells thereby making them less sensitive to anticancer
drugs as compared to the cells grown on 2-D surface. One of the contributory
reasons is decreased drug diffusion within the 3-D aggregates that is impaired by
3-D organization of cells; cells in the middle of the cluster receive less drugs than
those at the periphery (Kim et al. 2009). The diffusion of molecules to the cells is
further restrained as a function of ECM; dense ECM decreases the probability of
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drug diffusion through it (Giussani et al. 2015). As the cells sense the ECM stiffness
through cell binding receptor such as integrins, laminin receptor, syndecans and
DDR1, intracellular signaling pathways are engaged which could also affect the
tumor cell’s response to anticancer drugs (Pickup et al. 2014). This was demon-
strated in a 3-D alginate matrix with tethered RGD. An increase in substrate
stiffness of the supporting matrix reduced the effect of toxins such as acrylamide
and cadmium chloride; however tethered RGD undermined this effect in softer
scaffolds (Zustiak et al. 2015). Hepatocellular carcinoma cells (HCC) embedded in
alginate matrices of stiffness of the order of 105 kPa were also found to be more
resistant to anti-cancer drug paclitaxel, 5-fluorouracil and cisplatin as compared to
softer matrices (Liu et al. 2015). In another study, HCC cells pre-cultured in
alginate-chitosan matrix showed higher blood vessel recruitment when implanted in
animal models as compared to the cells pre-cultured on 2-D surfaces or Matrigel,
thereby validating the in vitro tumor model. Cells cultured on alginate-chitosan
matrix also demonstrated greater resistance to doxorubicin suggesting diffusional
limitations as well as induction of drug resistance properties due to the 3-D
microenvironment (Leung et al. 2010). Taken together, these findings have greatly
contributed to the understanding of the relation between 3-D matrix properties such
as stiffness, degradation and cell anchorage ability as well as cellular reprogram-
ming (cell invasiveness, EMT and drug resistance) (Fig. 7).

Fig. 7 Cancer cell in the tumor extracellular matrix. ECM stiffness, cell binding factors and
enzyme cleavability can mediate the endothelial-mesenchymal transition of the cancer cell, control
cell migration towards chemokine gradients as well as demonstrate drug resistance behavior

344 N. Arya and A. Forget



6 Future Perspective

3-D models recapitulate the tumor microenvironment to a great extent when
compared to 2-D monolayer culture, thereby contributing towards understanding
the role of individual microenvironmental parameters in modulating cancer pro-
gression. However, the tumor environment is exposed to a complex milieu of
microenvironmental events and not individual parameters, hence making it even
more crucial to develop complex 3-D tumor models in vitro. Therefore, co-culture
of various cells in a single environment needs to be carefully planned due to
different culture medium and growth factor requirements for each cell type under
in vitro cell culture conditions and may require a complex design for potential
co-culturing. Further, it is important to validate the effect of one cell type on the
other for parameters like spheroid growth and invasion as well as various epigenetic
changes that might occur as a by-product of co-culture.

Furthermore, there is a need to develop more standardized and automatic pro-
cedures for HTS applications. Although techniques like hanging drop method and
3-D bioprinting aim to generate spheroids on a large scale, there are protocols that
need to be reviewed in order to obtain uniform sized spheroids that in turn would
attribute towards uniform growth in each spheroid for reproducible in vitro drug
screening studies.

Scaffolds, on the other hand, need to be carefully chosen in order to minimize the
interaction between the potential molecules to be screened as anti-cancer drugs and
the biomaterial surface used for scaffold synthesis. Few scaffolds, for example, limit
the image analysis of cultured 3-D spheroids due to their self-limiting property of
auto-fluorescence and opacity. Few others are further limited by the inability to
gently recover cancer cells and their spheroids. In a recent study, 3-D scaffolds
based on collagen and alginate, for prostate cancer cell-lymphocyte interaction
in vitro, allowed cell harvesting via scaffold degradation in an ionic solution
(Florczyk et al.2012). Similar scaffold degradation methodologies should be
adapted for other polymers as well.

There is also a need to co-culture patient’s own cells from the tumor microen-
vironment, including tumor cells, stromal cells and/or immune cells in order to
perform anti-cancer drug testing towards the development of personalized treatment
protocols. TE has developed an enormous collection of synthetic as well as natural
biomaterial-based matrices in order to allow for precise and complex modulation of
the tumor microenvironment. These matrices can be further modified for ligand
patterning in order to generate bio-functional scaffolds. Modification can be per-
formed using cell adhesion sequences like RGD (Park et al.2005) or with cell
degradable peptide sequences (Salinas and Anseth2008). Further, based on tissue
type, starting polymer and the polymerization conditions can be controlled in order
to modulate pore size, architecture and scaffold stiffness (Sawhney1993), all of
which will depend on the tumor type that needs to be recapitulated. One can also
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design scaffolds with spatio-temporal localization of ligands with the matrices using
photopolymerization (Zhu2010) and photo-assisted patterning (Nakajima
et al.2007).

In this regard, various approaches have been developed to utilize decellularized
matrices that possess preloaded biochemical and topographical features and have
the ability to guide cells into functional organs. This could be extrapolated to the
development of a decellularized tumor matrix (following removal of tumor cells)
that would still retain the requisite mechanical, topographical and chemical cues.
These matrices have found application in the area of tumor angiogenesis (Burns
et al.2011). Although interesting, it suffers from the disadvantage of batch-to-batch
variation since every tumor microenvironment is different.

TE has also led to the development of patterned natural and synthetic matrices
with tunable properties. One such example is of stiffness patterning reported in
hydrogels based on polyacrylamide and HA (Wong et al. 2003; Marklein and
Burdick 2010). Another interesting study is based on spatially controlled immo-
bilization of bioactive ligands by a technique called ‘two-photon excitation’, which
allows spatial immobilization of ligands by virtue of a focussed laser beam via
microscope objective lens. Wylie et al. reported the immobilization of two proteins,
namely stem cell differentiation factors sonic hedgehog and ciliary neurotrophic
factor in 3-D agarose gels by two-photon patterning, using orthogonal binding
partners barnase–barstar and streptavidin–biotin, respectively (Wylie et al. 2011)
(Fig. 8). This patterning led to precise localization of proteins/peptides resulting in
physiologically relevant microenvironments. This model can also be extrapolated
towards the generation of tissue specific 3-D tumor models.

Additionally, advancements in 3-D models based on microfluidic approach that
recapitulates the physiology of human organs more than static 3-D models, can also
act at the forefront of TE (Huh et al. 2012). A human-body-on-chip that encom-
passes organ-organ coupling would be useful for validation of lead drug molecules
and could also be used for cancer immunotherapy, wherein multicellular interac-
tions under so-called physiological conditions can be used to mount an immune
response similar to in vivo (Bhatia and Ingber 2014). In another study, a
microfluidic-based approach was designed by Xu et al. for screening different
anti-cancer drugs (monotherapy and combination treatment) for development of
individualised treatment for lung cancer (Xu et al. 2013). Approaches based on
microfluidics will not only reduce the drug screening costs but also improve the
efficiency of translational science in the area of 3-D tumor models.
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Fig. 8 Simultaneous patterning of multiple growth factors using two-photon chemistry in 3-D
agarose gel. (a) Using two-photon chemistry, maleimide–barnase (black circle) is immobilized on
the hydrogel, followed by washing and immobilization of maleimide–streptavidin (orange square)
with another step of washing. This is followed by simultaneous attachment of barstar linked sonic
hedgehog (SHH) and biotin linked ciliary neurotrophic factor (CNTF) to barnase and streptavidin
respectively in the third dimension as shown by the confocal microscopy (b). (Adapted with
permission from reference Wylie et al. Nature Materials 2011)

Biomaterials Based Strategies for Engineering Tumor Microenvironment 347



7 Conclusion

The tumor microenvironment is a complex arrangement of cell population as well
as extracellular signals that mediate tumor growth, invasion, metastasis, angio-
genesis as well as resistance to anticancer drugs. In vitro tumor models have
therefore been utilized in order to reveal the contributions of various physical and
chemical cues towards tumor progression and in drug screening studies. These
models recapitulate tumor microenvironment similar to in vivo and have started
replacing the conventional 2-D screening methodologies.

In particular, TE-based in vitro models have made tremendous progress in order
to recreate defined tumor microenvironments and it is believed to greatly contribute
to the area of cancer research and therapy. However, much work needs to be done
in the direction of integrating various technologies of 3-D tumor model develop-
ment (like TE-based and microfluidics or bioprinting) in order to generate the
‘right’ tumor microenvironment-recapitulating platforms for understanding tumor
biology as well as for the development of personalized treatment protocols.
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Magnetic Nanoparticles: Functionalization
and Manufacturing of Pluripotent Stem
Cells

Masanobu Horie, Anuj Tripathi, Akira Ito, Yoshinori Kawabe
and Masamichi Kamihira

Abstract Regenerative medicine uses cell alone or in combination with carrier to
deliver at the required site for restoring the normal functions of diseased or
degenerated tissue. Various strategies to restore tissue functions involve specific
cell types, scaffolds and delivery processes that are still in developmental stage.
Obtaining sufficient quantity of cells by non-invasive approach for the application
in regenerative medicine is still a challenge. Pluripotent stem cells (PSCs),
including embryonic stem cells and induced pluripotent stem cells (iPSCs), possess
the inherent ability of self-renewal and differentiation into many cell types. In
particular, iPSCs are of a special interest because patient-derived iPSCs have the
ability to reproduce patient-specific clinical conditions. The development of man-
ufacturing systems for PSCs, including cell culture engineering, is a challenging
research field for the clinical application of PSCs such as in regenerative medicine.
One of these manufacturing systems uses magnetic nanoparticles which are well
known for their application in magnetic resonance imaging and magnetic hyper-
thermia. Besides, this chapter is focused on the basics of magnetic nanoparticles, its
functionalization and further applications of a magnetic force-based cell manufac-
turing system for pluripotent stem cells. Indeed, we have developed a procedure in
which cells are labeled with magnetite cationic liposomes via electrostatic inter-
action between the positively charged liposomes and the target cells. The culture
system may provide a useful tool for studying the behavior of PSCs and an efficient
way of PSCs manufacturing for clinical applications.
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Abbreviations

3D Three dimensional
PSC Pluripotent stem cells
iPSCs Induced pluripotent stem cells
ESCs Embryonic stem cells
EBs Embryoid bodies
mESCs Mouse embryonic stem cells
mPSCs Mouse pluripotent stem cells
Mag-TE Magnetic force-based tissue engineering
MEFs Mouse embryonic fibroblasts
MNPs Magnetic nanoparticles
NPs Nanoparticles
SPM Superparamagnetic nanoparticles
CTAB Cetyltrimethyl ammonium bromide
PLGA Poly(lactic-coglycolic acid)
PVA Polyvinyl alcohol
PEG Polyethylene glycol
PAA Polyacrylic acid
NIPAAM N-isopropyl acrylamide
PEI Polyethyleneamine
PVP Polyvinyl pyrrolidone
MCLs Magnetite cationic liposomes
MRI Magnetic resonance imaging
TMAG N-(a-trimethylammonioacetyl)-didodecyl-D- glutamate chloride
DLPC Dilauroylphosphatidylcholine
DOPE Dioleoylphosphati- dylethanolamine
LIF Leukaemia inhibitory factor
BMP-4 Bone morphogenetic protein-4
TGF-b Transforming growth factor-b
bFGF Basic fibroblast growth factor
AP+ Alkaline phosphatase-positive

1 Introduction

One of the rapidly evolving interdisciplinary fields in biomedicine that replace or
regenerate human cells, tissues or even the whole organ to restore its normal
functions is dealt under the field of regenerative medicine. The current trend and
impact of nano-technology in regenerative medicine is aiming to engineer a suitable
non-invasive system for the manufacturing of cells that can provide reformative
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strategies in clinical practices. Various nano-biomaterial systems have evolved in
last few decades using metallic (like gold and magnetic nanoparticles) and
non-metallic (natural and synthetic polymeric nanoparticles) precursors. The role of
regenerative medicine would be reinforced and expanded in the future if it can
provide a viable alternative to the conventional approaches of organ transplantation
and implantation of mechanical support devices. In order to achieve this, novel
technologies are required in regenerative medicine to manufacture biomimetic
cellular three-dimensional (3D) tissue construct. Over two hundred products of
regenerative medicine which includes implantable bio-mimetic devices, scaffolds,
tissue-engineered constructs and cell-based therapies have been developed for the
treatment of diabetes, immune and inflammatory diseases (Bokkelen 2013).
However, only few products manage the onerous path for clinical applications,
which has been challenged with scientific and engineering enquiries about manu-
facturing, packaging and delivery of stem cells or tissues, the understanding and
control of cellular micro-environment and also the assessment of therapeutic
potential (Healy et al. 2013; Martin et al. 2014; Weissman 2000).

Stem cells which encompass a large class of cell types like pluripotent stem cells
(PSCs) including embryonic stem cells (ESCs) derived from embryos and induced
pluripotent stem cells (iPSCs) derived from somatic cells (Takahashi and
Yamanaka 2006; Thomson et al. 1998), are master cells from which all organs and
tissues of the body can be generated. These PSCs derived from various kinds of
mammals including mouse and humans are characterized by self-renewal and dif-
ferentiation potentials. Thus, many researchers have focused on culturing of PSCs
for the use as an infinite cell source in many areas of research and medicine. For
example, the development of biologically active construct has the requirement of
suitable cell types that do not show immunogenic behavior, can proliferate, are easy
to harvest and have ability to differentiate in any cell type with respective cellular
functions. iPSCs resemble biological similarities with ESCs like morphology, dif-
ferentiation potential and molecular signature to generate different cell types which
are organ specific and can be established from a patient’s own somatic cells. These
properties of iPSC surpass the limitation of ESCs and therefore it could be a
suitable replacement of ESCs. The reprogramming of patient’s own cells to gen-
erate iPSCs hold great promise for generating engineered tissues and other thera-
peutic applications by avoiding the ethical and histoincompatibility issues which
are associated with the use of ESCs (Yamanaka 2012). Additionally, it excludes the
invasive procedures to obtain pluripotent cells due to the huge availability of cell
types that can be reprogrammed.

For biochemical engineers, the manufacturing of PSCs remains challenging. One
of the processes that use magnetic nanoparticles and magnetic force has shown
potential for efficient culturing of PSCs. In this process, cells are magnetically
labeled through uptake of magnetic nanoparticles and the physical interaction
between PSCs and feeder cells is enhanced by the magnetic force. Furthermore, this
process allows a simple isolation of specific cell types from a co-culture system
using magnetic separation. This technique also facilitates PSC manufacturing
processes because target cells can be non-invasively manipulated using a magnetic
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force. This novel methodology for tissue engineering using magnetic nanoparticles
and magnetic force is designated as “magnetic force-based tissue engineering”
(Mag-TE). Using Mag-TE techniques, an integrated manufacturing process from
two-dimensional undifferentiated culture to three-dimensional tissue construction
for PSCs culture was established. The contents of the chapter are arranged in the
following manner; initially, the chapter introduces the basics of magnetic
nanoparticles (MNPs). Later, the chapter discusses the toxicity and functionaliza-
tion aspect of MNPs. Lastly, recent advancement in manufacturing of PSCs culture
using magnetic nanoparticles and magnetic force are described in detail.

2 Magnetic Nanoparticles

Magnetic molecular clusters are commonly referred as “magnetic nanoparticles”.
However, narrow size distributed aggregates of nanoparticles are referred as nan-
oclusters, which are well-established nanomaterials in nanoscience. Emerging areas
of nano-biotechnology utilize combined potential of both magnetic nanoparticles
and biology, which provides understanding of nano-bio interface and helps in
designing of more specific advanced biomaterials. Magnetic particles based on
metals (such as iron (Fe), nickel (Ni), cobalt (Co)) and their metal oxides in the
range of nanometer to micrometer scale have been studied in various biomedical
applications. Magnetite (Fe3O4) is an abundant mineral on earth and it is present in
all living systems from bacteria to human (Kirschvink et al. 1992; Blakemore
1975). Because of the unique magnetic feature of magnetite particles, they have
been applied to many fields. Magnetic attraction to high magnetic flux density and
large surface area for bio-chemical modification in accordance with target appli-
cation are two important properties of MNPs used in various studies like magnetic
resonance imaging, cell separation, targeted delivery and cancer therapy. Presently,
various extensions in the forms of modified MNPs are being used by researchers for
potential treatment of damaged tissue (Tiwari 2013). Studies have demonstrated a
feasibility of magnetic force-assisted cell patterning and its potential applicability
for the fabrication of functional three-dimensional tissue constructs for
next-generation regenerative medicine.

2.1 Physical Properties

MNPs have several important properties like, it can be designed in various shapes
(quasi-zero, quasi-one, quasi-two and quasi-three dimensional structures), and
controlled size to mimic the size of biomolecules (gene, protein and virus), for
remote controlling of cells, reducing risk of aggregation due to remnant magneti-
zation after removing external magnetic field, for passive delivery of molecule by
surface functionalization of MNPs, biocompatibility and high surface area. Efforts
have been directed to the synthesis of magnetic nanomaterials and exploring its
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properties which have helped in the development of magnetically assisted tech-
nologies. Over a period of time, techniques have been well-established for the
preparation of magnetic nanomaterials of various sizes and structures. Both theo-
retical and experimental studies have revealed that magnetism of particles is not
only due to the reduction of particle size, but also because of surface/interface
effects and the interaction of particles. Future efforts are being focused on the
improvement of magnetism of nanometer-sized particles through modeling.
Although, theoretical modeling of nanoclusters consisting only a few to a few tens
of atoms, is already well established. Experimentally, further improvement in the
fabrication techniques is being carried out for the synthesis of particles more effi-
ciently in order to achieve controllable size, uniform morphology, and easy
methodology for studying individual particles. These experimental and theoretical
exercise will provide the opportunity to identify an “identical” particles, which not
only would enable closer scrutiny of size-dependent magnetic properties, but could
also, through nano-manipulation, empower them to become building blocks of
magnetic devices.

The basic structure of MNP is made up of magnetic domains which generally
arrange in an ordered structure and are responsible for the degree of magnetic
moment. The disturbance in the ordered magnetic domain is less in the small cluster
or in the single domain particle compared to a bulk material and therefore magnetic
property varies with reduction in size of magnetic particle. Superparamagnetic
nanoparticles (SPM) have been extensively studied for potential applications in
tissue regeneration (Tartaj et al. 2003). These SPM are having single-domain
structure in the size-range of 15–150 nm and show advancement for nano-magnetic
actuation. It is also observed that temperature can randomize the orientation of
magnetic single-domain and thus it shows superparamagnetism and high magnetic
resistance. For example, in case of single-domain of iron oxide particles (around
20 nm) superparamagnetism is exhibited at room temperature, but lose its mag-
netism below Curie temperature (Dobson 2008). In general, an aligned magnetic
moment is presented by SPM in presence of electromagnetic field. However, it
becomes zero in the absence of electromagnetic field at very high temperature.
Therefore, absence of residual magnetism is observed after removing the external
magnetic field which helps to maintain the colloidal stability and prevent
agglomeration of nanoparticles. Ferrite based nanoparticles in their naive or func-
tionalized forms are the most explored MNPs in the biomedical applications due to
their biocompatibility and high chemical stability compared to other metallic
nanoparticles.

2.2 Synthesis of Magnetic Nanoparticles

The synthesis of these MNPs is categorized under two approaches (Fig. 1). The first
ap-proach is bottom-up approach, wherein the synthesis of nanoparticles is
achieved by assembly of building blocks of molecules. These small molecules are
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self-assembled in an aligned manner, which is dependent upon the competitive
attractive or repulsive forces developed in a controlled manner during the synthesis
of nanoparticles.

However, the second approach performs the sculpting of bulk material into its
nanosize structures, which is called top-down approach. The precise control on the
growth and maturation of nanoparticles without formation of waste in the
bottom-up approach makes it more suitable for bulk synthesis of nanoparticles. The
well-established methods for the hydrolytic and non-hydrolytic synthesis of mag-
netic nanoparticles are thermal decomposition, co-precipitation, microemulsion,
polyols and flame spray/laser pyrolysis. Importantly, monodispersity of nanopar-
ticles basically depends upon the nucleation and the growth of nanoparticle during
the synthesis (Fig. 2). The control of separating these two steps during the synthesis

Fig. 1 Synthesis of nanoparticles; the ‘Bottom-up’ method recruits atoms and molecules in the
aggregated nanoparticle form. The ‘Top-up’ method involves sculpting of bulk material which also
generates high waste in comparison to bottom-up method

Fig. 2 Synthesis of monodisperse nanoparticles in different sizes. Method I shows the rapid
nucleation and growth of metal salts which form small size nanoparticle. Method II shows the
increased growth time period which cause aggregation of nanoparticle result in large nanoparticle.
Method III suggest longer nucleation time period which cause multiple nucleation result in large
aggregates of nanoparticle in the extended growth time period compare to Method I and II
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gives precisely monodisperse nanoparticles. According to the LaMer theory, when
concentration of constituent species increases in the medium up to the supersatu-
ration stage, it causes a single and rapid burst nucleation. The nuclei formed by this
process grow uniformly by the diffusion of solutes without further nuclei formation
and results in a colloidal suspension of molecular clusters which can be defined as
monodispersed nanoparticles (Murray et al. 2000; Lamer and Dinegar 1950).
However, the size of particles can also be controlled by controlling the rate of
velocity of thermal reaction and concentration of the solutes (iron salt) in the
solution.

3 Functionalization of Magnetic Nanoparticles

The basic and necessary properties of any biomaterials are to provide suitable
cellular compatibility and physiological stability. In order to achieve these prop-
erties, nanometers to sub-micron size of magnetic nanoparticles have been studied
in an increasing number of biological and medical applications (Shinkai 2002). In
particular, for any medical application, the non-toxicity of MNPs is the most
important parameter. The bare iron oxide magnetic nanoparticles which are having
a large surface area that is hydrophobic and induce their agglomeration under
magnetic field result in the formation of large particle of iron oxide with reduced
magnetic property due to random orientation of magnetic domains. Such large
particles generally show ferromagnetic behavior. Moreover, two large particles can
further interact and lead to a higher degree of aggregation (Veranth et al. 2007;
Bulte et al. 2001). This agglomeration phenomenon can be overcome by lowering
the surface energy of bare MNPs, which can be achieved by their surface func-
tionalization. Additionally, surface functionalization of magnetic particles is
advantageous for specific interaction, targeting and magnetic actuation to the
specific tissue, cell or protein, only when they are used in stable nano-size form.
The functionalized MNPs are fabricated by fusing their magnetic properties with
functional biomolecules. This convergence enhances the stability of MNPs and its
interaction at the interface of biological component. MNPs can be fabricated with
hydrophobic and hydrophilic surfaces using various surface modulation processes.
Based on this principle, number of studies is being carried out to achieve the
precisely functionalized MNPs for biomedical applications (Ito et al. 2005d;
Corchero and Villaverde 2009). The selection of appropriate capping material is
ultimately dependent upon the surface chemistry of particle and its final application.
However, the surface functionalization of MNPs causes relative size variation
(Fig. 3). Preferably, the functionalized MNPs possessing hydrophilic surface
property are stable in broad range of pH and high ionic strength and also provide
option for the attachment of functional biomolecules.

The use of non-polymeric, polymeric and inorganic stabilizers for the func-
tionalization of nanoparticle provides substrate-specific surface coating which
increases its colloidal stability. The non-polymeric organic stabilizers like oleic
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acid, cetyltrimethyl ammonium bromide (CTAB), alkanephosphonic acid, dode-
cylphosphonic acid, alkanesulphonic acid, hexadecylphosphonic acid and dihex-
adecylphosphonic acid, have been used for increasing the colloidal stability of
MNPs (Sahoo et al. 2001; Yee et al. 1999). Some of the synthetic polymeric
materials used for MNPs functionalization are poly(lactic-co-glycolic acid)
(PLGA), polyvinyl alcohol (PVA), polyethylene glycol (PEG), polyacrylic acid
(PAA), N-isopropyl acrylamide (NIPAAM), polyethyleneamine (PEI) and poly-
vinyl pyrrolidone (PVP) (Deng et al. 2003; Gupta and Gupta 2005; Lee et al. 1996).
Among these, PEG is the most studied synthetic polymer for MNPs coating which
provide resistance to protein, non-immunogenic and non-antigenic properties
(Otsuka et al. 2003; Karakoti et al. 2011). Similarly, natural polymer including
dextran, chitosan, alginate, starch, pullulan, agarose, aptamers, antibodies and even
viral vectors have also been studied for functionalization of MNPs (Bhat et al.
2011; Chou et al. 2010; Tripathi and Kumar 2011; Yang et al. 2007). Inorganic
materials like silica (Kim et al. 2008; Mahtab et al. 2011; Ruiz-Hernandez et al.
2011; Santra et al. 2001; Ulman 1996), gold (Carpenter 2001; Chen et al. 2003; Lu
et al. 2010; Okada et al. 2011), gadolinium etc. have also been applied for the
preparation of functional MNPs.

Fig. 3 Schematic illustration of different types of magnetic nanoparticles. A bare magnetic
nanoparticle (a) can be functionalized by PEGylation for enhancing the biocompatibility and
stabilizing the structure of MNPs (b). Some cationic stabilizers can also be used for ionic
interaction of biomolecules like plasmid vector for gene delivery (c). The natural or synthetic
polymer functionalized MNPs (d) can also be utilized for adjoining of kind of antibodies (Abs) for
targeted application (e). Most commonly, passive cellular permeation of MNPs can be achieved by
magnetic-cationic-liposomes (MCLs) for remotely controlled magnetic actuation of cells (f), which
can be further functionalized for increased cellular interaction by integrating the RGD moieties on
the surface of MCLs (g) and can be used for cell manipulation and delivery of bioactive molecules
like phase-vector (h)
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In contrast, incorporation of capping agents during the synthesis of magnetic
particle may decrease the crystallinity of functionalized MNP and result in reduced
superparamagnetic property. The reduction in magnetism can also occur during the
post-synthesis functionalization probably due to the oxidation of iron oxide. The
oxidation of iron oxide in the biological environment can also cause toxicity to
cells. The concentration of MNPs above its critical acceptable limit (a variable
factor that depends upon the application site and mode of action) can cause sig-
nificant physical or molecular damage to the targeted cell or tissue. Homeostatic
imbalance due to the high iron concentration in the tissue has a major concern
which causes cellular toxicity including oxidative stress, nucleic acid damage,
epigenetic consequences and other inflammatory responses (Ankamwar et al. 2010;
Bulte et al. 2001; Hafeli et al. 2009; Veranth et al. 2007). Notably, high dose of
MNPs could lead to profound DNA damage even if no cytotoxic events are visible.
This may cause the initiation of carcinogenesis or adverse impact on next gener-
ations (Singh 2009). However, it is a debatable issue as to intake high concentration
of iron as Fe3O4 and c-Fe2O3, which are available naturally in the nano-sized
crystal forms in the earth’s crust is possible. Hence, lack of knowledge about the
exact behavior and unrestrained side effects of any novel MNPs formulation
requires appropriate evaluation before approval for its clinical use. However, cel-
lular toxicity related issues are not diminishing the advantage of MNPs but pro-
viding insight to establish their improvised forms for the advancement of
biomedical applications (Fig. 4).

Despite the toxicity concern, MNPs have shown their utility in cell sorting based
on their ability to attract magnetically labeled cells using high magnetic flux density
(Miltenyi et al. 1990; Moore et al. 1998; Radbruch et al. 1994). Magnetite cationic
liposomes (MCLs) are cationic liposomes containing 10 nm magnetite nanoparti-
cles (Fig. 3). They were developed, as functional magnetic nanoparticle, to mediate
a better accumulation of magnetite nanoparticles in target cells through the elec-
trostatic interaction between MCLs (positively charged) and cell membrane (neg-
atively charged) (Shinkai et al. 1996). MCLs have been used as heat-generating
mediators for hyperthermia (Ito et al. 2001; 2003 ; Shinkai et al. 1996), and as
accessorial mediators to manipulate cells in artificial tissue construction (Ito et al.
2004c; Shimizu et al. 2007a; 2007b).

The target cells take up magnetite via endocytosis (Ito and Kamihira 2011) and
the frequency of magnetic labeling of cell depends on the kind of cells. For
example, when MCLs (100 pg magnetite/cell) were used for cell labeling; human
hepatoblastoma HepG2 cells took up 49 pg magnetite/cell (Ito et al. 2007), human
umbilical vein endothelial cells took up 34 pg magnetite/cells and primary human
dermal fibroblast cells took up 14 pg magnetite/cell (Ino et al. 2007) after incu-
bation for 24 h under specified culture conditions.

The toxicity of MCLs comprising of magnetite nanoparticles and cationic liposomes
is an important issue for clinical application. Magnetite nanoparticles, as a core element
of MCLs, have been clinically used as a contrast agent for magnetic resonance imaging
(MRI). Also, the cationic liposomes consisting of three lipids, N-(a-trimethylammo-
nioacetyl)-didodecyl-D-glutamate chloride (TMAG), dilauroylphosphatidylcholine
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(DLPC), anddioleoylphosphatidylethanolamine (DOPE), have beenused as a liposomal
vector for cancer gene therapy (Yoshida et al. 2004). We have previously reported that
proliferation of MCL-labeled cells was not inhibited by magnetite in the concentration
range tested [human keratinocytes, <50 pg/cell (Ito et al. 2004a); human mesenchymal
stem cells, <100 pg/cell (Ito et al. 2004b); human aortic endothelial cells, <100 pg/cell
(Ito et al. 2004c); human aortic smooth muscle cells, <100 pg/cell (Ito et al. 2005c);
normal human dermal fibroblasts, <100 pg/cell (Ino et al. 2007); human umbilical
vascular endothelial cells, <100 pg/cell (Ito et al. 2005c). Besides, humanmesenchymal
stemcellsmaintained differentiation ability into osteoblasts, adipocytes, or chondrocytes
inmagnetite concentrationsbelow100 pg/cell (Ito et al. 2004b; 2005b). Furthermore,we
demonstrated that mouse ESCs also maintained an in vitro ability of proliferation and
differentiation into three germ layers at magnetite concentration below 13 pg/cell (Horie
et al. 2011). To investigate the toxicity ofMCLs in vivo,we systematically administered
MCLs to mice through intra-peritoneal injection of 90 mg dose, and none of the ten
treatedmice died after administration. Subsequently,we observed the liver and spleen of
the treated mice to investigate substantial accumulation of MCLs.We found that MCLs
were cleared from the circulation on day 10 after the administration probably by hepatic

Fig. 4 Schematic illustration shows various biomedical applications of magnetic nanoparticles
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Kupper cells and/or fixed macrophages in the spleen (Ito et al. 2003). Generally, upon
clinical application, it is necessary to investigate the toxicity ofMCLs for target cells and
at the locally implanted site.

4 Magnetic Actuation of Cells

Actuation of cells from the distance is one of the major advantages associated with
this magnetic force assisted engineering and has motivated researchers for applying
it in various studies like mechanical conditioning bioreactor culture of mesenchymal
stem cells (MSCs) (Dobson et al. 2006) and intermittent mechanical activation for
long-term bone cells growth (Cartmell et al. 2002) using a wide range of magnetic
particle size (130 nm–4 lm). The previous studies showed effective change in
membrane potential, upregulation in the genes that are responsible for bone and
cartilage formation and intracellular calcium deposition by MSCs. By the use of
MNPs, magnetic manipulation in the biological systems can be achieved to target
three major processes in the regenerative or therapeutic applications. First is
‘magnetofection’, the process involve magnetically assisted gene transfer for genetic
alteration. Second is ‘cell-patterning’, an ordered arrangement of MNPs labeled cells
using external magnetic force. Finally, third is ‘magnetic-manufacturing’, produc-
tion of a 3D tissue in desired shape and size or production of the specific cell types.
Type of stem cells like PSCs and iPSCs are considered as one of the potential cell
source in regenerative therapy. Reprogramming of mouse and human cells into
pluripotent stem cells was proposed by the group of Yamanaka (Takahashi and
Yamanaka 2006) and Thomson (Yu et al. 2007). Because of ethical concern in
using human embryo cells and increased complications of tissue rejection after
transplantation, the pluripotent cells which are directly derived from the patient’s
own cells and referred as induced pluripotent cells (iPSCs) are a better alternative.
The pluripotent stem cells provide a base to establish patient’s specific disease model
for drug discovery and development. In recent years, association of nanomaterials
with PSCs has emerged as an advance field in cell based therapies. This section of
the chapter will emphasize majorly on the ‘magnetic-manufacturing’ process of
PSCs and subsequently discuss the recent advancements in this field.

4.1 Magnetic Culturing of PSCs

For PSC cultures, it is important to maintain the undifferentiated state during the
self-renewal of PSCs. The undifferentiated state of mouse PSCs (mPSCs) is usually
maintained by culturing on a feeder layer in the presence of anti-differentiation
factors such as leukaemia inhibitory factor (LIF). Mouse embryonic fibroblasts
(MEFs) isolated from mouse fetuses are often used as feeder cells for mPSCs,
because they produce growth factors, including bone morphogenetic protein-4
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(BMP-4), transforming growth factor-b (TGF-b), basic fibroblast growth factor
(bFGF), Wnts and activin A (Lim and Bodnar 2002). MEFs are primary cells and
can be cultured for several passages without a loss of function. On the other hand,
mouse embryonic fibroblast cell line STO cells may present advantages over MEFs
because they can proliferate infinitely and they do not require animal experiments to
obtain them. However, the performance of STO cells as a feeder layer in mPSCs
culture is inferior to MEFs. Previously, we reported the establishment of
E-cadherin-expressing STO feeder cells that perform well as a feeder layer (Horie
et al. 2010; 2013 ). E-cadherin is a member of the classic cadherin family and
expressed in undifferentiated mPSCs (Larue et al. 1996; Takeichi 1991). It is
presumed that an artificial cell-cell adhesion is constructed between mPSCs and
E-cadherin-expressing feeder cells through E-cadherin. Furthermore, the expression
of stem cell markers is comparable in mPSCs cultured on the E-cadherin-expressing
STO feeder cells or MEFs and is much better than in mPSCs cultured on parental
mouse STO cells. These results suggest that direct cell-cell interaction between
mPSCs and feeder layer is crucial.

To enhance cell-cell interaction between mPSCs and feeder cells, we investi-
gated two types of culture methods using MCLs and magnetic force. The first
method consists in a magnetically labeled mPSCs system (Horie et al. 2014).
Figure 5 illustrates the system in which MCL-labeled mPSCs are seeded into dishes
in which mitotically inactivated feeder cells are cultured. A magnet is placed
underneath the dish to attract mPSCs onto feeder cells by magnetic force. As a
result, the MCL-labeled mPSCs were rapidly attracted to the magnet. After 3 day of
culture, we measured alkaline phosphatase-positive (AP+) colony forming effi-
ciency to quantitatively evaluate the undifferentiated state. Similar to the results
using E-cadherin-expressing feeder cells, MCL-labeled mPSCs cultured on STO
cells with applied magnetic force significantly improved the AP+ colony forming
efficiency unlike without a magnet. These observations suggest that close contact
between mPSCs and feeder cells is crucial to maintain the undifferentiated state of
mPSCs.

The second culture method is a magnetically labeled feeder system, in which
mPSCs are seeded with the MCL-labeled and mitotically inactivated feeder cells
and then attracted to the culture surface by applying a magnetic force (Horie et al.
2014). Similar to the magnetically labeled mPSCs system, the AP+ colony forming
efficiency was improved using this method compared with that without a magnet. In
general, mitotically inactivated feeder cells are seeded on a few days before mPSCs
passaging. This is a time-consuming and labor-intensive process when a large
number of mPSCs are treated. In contrast, the magnetically labeled feeder system
enables concurrent seeding of mPSCs and feeder cells which simplifies the whole
process. Moreover, we demonstrated that the MCL-labeled feeder cells are mag-
netically removed from the co-cultures, resulting in mPSCs isolation (Horie et al.
2014; Ito et al. 2009). Generally, mPSCs are purified by pre-plating which is based
on differential adhesion properties of mPSCs and feeder cells on a tissue culture
surface. In our study, three cycles of re-plating were required to achieve 90%
removal of feeder cells from co-culture with mESCs. Conversely, a single magnetic
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separation achieved more than 90% removal of feeder cells. These results indicate
that the magnetically labeled feeder system represents a high-performance and a
high-efficiency method for mPSC cultures. Taken together, these results demon-
strate that the magnetic force-based mPSCs culture systems provide promising
approaches for mPSCs manufacturing.

4.2 Magnetic Separation of PSCs

PSCs, possessing the inherence to differentiate into many cell types, have been
reported to have a great potential for cell-based therapies in regenerative medicine
(Murry and Keller 2008; Passier et al. 2008). Actually, many researchers succeeded

Fig. 5 Schematic illustration of magnetic culture systems. a Magnetically labeled mPSCs system.
MCL-labeled mPSCs are co-cultured with mitotically inactivated feeder cells. mPSCs are attracted
onto feeder cells by magnetic force through a magnet. b Magnetically labeled feeder system.
mPSCs are co-cultured with the MCL-labeled feeder cells already mitotically inactivated by
MMC. The magnetic force, through the magnet, is applied either to attract co-cultured cells to the
culture surface or to separate them. mPSC mouse pluripotent stem cell, MCL magnetite cationic
liposome, STO mouse embryonic fibroblast cell line, MMC mitomycin C

Magnetic Nanoparticles: Functionalization and Manufacturing … 375



to induce various cell types from PSCs such as hematopoietic cells (Vanhee and
Vandekerckhove 2016), cardiomyocytes (Laflamme and Murry 2011), dopamine
neurons (Li et al. 2015), and immature pancreatic b cells (Pagliuca et al. 2014). The
most commonly used method for PSCs differentiation is based on the formation of
embryoid bodies (EBs) (Kurosawa 2007). Using this method, PSCs spontaneously
form three-dimensional multicellular aggregates that include both differentiated and
undifferentiated cells with various growth rates and similar to those in early-stage
embryos. In order to characterize specific cell types, we developed a method to
isolate cells from EBs using MCLs (Horie et al. 2011). Indeed, magnetic cell sorting
is a simple method for cell isolation which is widely used in research and clinical
applications. As the magnetite amount in MCL-labeled cells is diluted during
culture due to cell proliferation, we hypothesized that a specific cell type could be
isolated from developing EBs by magnetic separation according to magnetite
amounts within the cells.

The scheme of magnetic cell separation using MCLs is illustrated in Fig. 6. First,
we investigated whether magnetic cell capture rate of EBs got changed with EB
growth. The magnetically captured cell number decreased with time during an

Fig. 6 Schematic illustration of the magnetic cell separation system. The magnetite (black dots)
rate is diluted during mPSCs proliferation. In a co-culture, low growth rate cells are attracted by
the magnetic force more efficiently than high growth rate cells. mPSC mouse pluripotent stem cell,
MCL magnetite cationic liposome

376 M. Horie et al.



8-day culture period, confirming that the magnetite within cells was diluted during
cell proliferation. To examine the magnetically isolated cell types, they were ana-
lyzed by RT-PCR using primers for cell differentiation markers. On day 8, the
magnetically captured cells only expressed the ectoderm marker (Nestin), whereas
the magnetically non-captured cells expressed the markers of three germ lineages.
Furthermore, we demonstrated that Mvh-positive cells, which are differentiated
germ cells including primordial germ cells, were enriched in the fraction of mag-
netically captured cells. To investigate whether the magnetite particles co-localized
with Mvh-positive cells, the cross-section of EBs were stained on day 8 with an
anti-Mvh antibody and Berlin blue. It was observed that both Berlin blue-positive
magnetite particles and Mvh-positive cells were mainly co-localized at the center of
the EBs. These results indicate that the magnetic separation of cells from devel-
oping EBs based on their magnetite loading may provide an effective system for
specific cell separation in PSCs manufacturing.

5 Challenges and Future Prospects

The remotely controlled magnetic actuation of magnetic nanoparticles has shown
tremendous potential in cellular patterning, tissue regeneration and drug delivery (Ito
andKamihira 2011; Tripathi et al. 2013). Despite of several positive factors associated
with MNPs for their biomedical applications, these nanoparticles also show some
limitations. For example, high external magnetic force induced magnetic actuation of
cells can pattern them in a highly dense three-dimensional tissue structure which can
cause inability to transport sufficient oxygen and nutrients into the growing engi-
neered tissue and thus ultimately affect cell viability and functionality. This is a critical
issue particularly inmagnetically engineered tissue constructs, although this approach
shows potential in fabrication and replication of native tissue structures. Efforts have
been made by researchers to overcome the associated complications, like use of gene
therapy for modifying the existing Mag-TE procedure to promote vascularization for
better exchange of gases, nutrients and waste (Luo and Saltzman 2000). A previous
study demonstrated that the delivery of B-cell lymphoma-2 (Bcl-2) gene to artificial
muscle tissue showed survival of cells in the tissue which was fabricated using
Mag-TE technique (Li et al. 2007). Magnetic engineering of cells and tissues are
promising approaches but have not yet materialized for the construction of native-like
tissue recreation that can present its clinical application. MNPs have been approved
and currently are being used in several clinical applications, however, it shows
adverse effects in some applications probably due to high concentration, size and
surface properties. Thus, application specific manufacturing of biocompatible MNPs
and their assisted vascularized tissue fabrication is a future requirement to improve the
existing magnetic actuation approaches. Interestingly, formation of protein coronas
after the intra-venous injection of MNPs has shown different clinical properties
depending upon their surface charge (Mahmoudi et al. 2015). Recent study suggest
approximately 300 types of proteins are involved in this process (Tenzer et al. 2013).
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Therefore, understanding the composition, functions and formation dynamics of
protein coronas is essential for specific clinical applications. Designing of new inte-
grated system of MNPs with micro and macro-systems could be a possible
improvement in the performance and in the development of true biomaterials for
regenerative medicine. For example, transplantation of cells into the patient’s body
can be killed by the immune system due to rejection by the body. The immunosup-
pressive drugs can be co-administered along with cells, but these drugs are commonly
toxic to the cells and reduce the efficacy of treatments. Therefore, MNPs loaded
hydrogels can be used to release the immunosuppressive drugs on demand using
externalmagneticfield. Such integrated strategies not only reduce the drug side effects
to the cells but also can be used for localization of implant by imaging. Iron oxide NPs
(4–20 nm core size) are most commonly used contrasting agents in MRI for cell
tracking.However, issue associatedwithMNPs for in vivo tracking of stem cells is the
time-dependant weakening of the signals due to cell division and exocytosis. This
affects the understanding of confined tracking, fate and biodistribution of stem cells
for therapeutic applications. Therefore, fabrication of highly dense MNPs in
biodegradable coatings and engineering of cells that can self-synthesize iron oxide
NPs could be a possible approach to address this issue. We believe that future
strategies may also combine the magnetically assisted biosensors application with
regeneration systems for real-timemonitoring. Such systems could also be supportive
in triggering the release of specific signal/drug molecules if and when required and
help the cells for regulatory growth. Overall, the current state-of-the-art of smart
magnetic nanoparticles envisages its enormous potential in advanced biomedical
applications in combinationwith pluripotent stem cells on demand at the specified site
in the body. One day these next generation nanomaterials may be recruited as
‘nano-robots’, which can smartly travel throughout the body parts using external
magnetic actuation and performing the job using host energy like ATP. This is our
perception towards future of MNPs in biomedical applications.

6 Conclusion

This chapter highlights properties of magnetic nanoparticles followed by applica-
tion in culture systems for PSCs that utilizes the advantage of magnetic cell
manipulation. The PSCs are one of the attractive cell sources for tissue engineering
and regenerative medicine. Combining the potential of PSCs and magnetic
nanoparticles assisted remote controlling can provide a suitable microenvironment
to support the culture and growth of PSCs for more specific purpose. Despite
numerous technological advancements towards the derivation and application of
PSCs, relatively little is known about their interaction with nano-microenvironment
considering its importance in developing physiologically functional tissue and
organ. The Mag-TE technique has been reported as a powerful tool for construction
of 3D tissue like structures (Ito et al. 2004c; 2005c; 2005a), however, PSCs assisted
Mag-TE is still in its infancy. Keeping this in mind, these magnetic manufacturing
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processes should possess integrative studies that may involve the field of stem cell
biology, regenerative medicine and ways to clinical implementation for successful
regenerative medicine.
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Fluorescent Gold Nanoclusters
as a Powerful Tool for Sensing
Applications in Cancer Management

Shiji R, Manu M. Joseph, Unnikrishnan BS, Preethi GU
and Sreelekha TT

Abstract Fluorescent gold nanoclusters (AuNCs) comprising of several to tens of
atoms with a dimension comparable to the Fermi wavelength of electrons have
attracted greater attention in chemistry and medicine for the past decade due to their
high fluorescence, good photostability, non-toxicity, excellent biocompatibility and
water solubility. Green synthesis of AuNCs provides excellent possibilities to use
them as biocompatible tools for fluorescent imaging, targeted therapy and have
been extensively used in many fields of oncology. Biomolecules or functional
molecules capped AuNCs could be further modified by conjugating targeting
moieties and therapeutic molecules which allow active targeting, imaging and drug
delivery at the tumor site. The current book chapter mainly focuses on the recent
reports including mechanism of fluorescence, various synthesis strategies, biocon-
jugation and application of AuNCs for precise diagnosis and treatment of cancer.

Keywords Cancer � Nanoclusters � Bioconjugation � Imaging � Targeted therapy

Abbreviations

µg Microgram
µM Micromolar
A Adenine
AgNCs Silver nanoclusters
AML Acute myeloid leukemia
Au DSNPs Dendrimer stabilized AuNPs
AuNC@DHLA Dihydrolipoic acid stabilized AuNCs
AuNCs Gold nanoclusters
AuNCs@Tyr L-Tyrosine capped AuNCs
AuNPs Gold nanoparticles
AuNRs Gold nanorodes
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BGLA (2-(4-(bis(4-(diethylamino)phenyl)(hydroxy)methyl)phenoxy)
ethyl 5-(1,2-dithio-lan-3-yl)pentanoate)

BSA Bovine serum albumin
C Cytosine
CD Cyclodextrin
CSC Cancer stem cells
CT Computed tomography
DFT Density functional theory
DMF Dimethylformamide
DNA Deoxy ribonucleic acid
DOX Doxorubicin
DPA D-penicillamine
EDC 1-[(3-dimethylamino)-propyl]-3-ethylcarbodiimide

hydrochloride
EDTA Diamine tetra acetate
EGFR Epithelial growth factor receptor
EPC Endothelial progenitor cells
EPR Enhanced permeation and retention
FA Folic acid
FR FA receptor
G Guanine
G4NH2 Dendrimers with terminal amine group
G4OH Dendrimers with terminal hydroxyl group
HAEC Human aortic endothelial cells
HDAC 1 Histone deacetylase 1
Her Herceptin
HP-DNAs Hairpin DNAs
HRP Horseradish peroxidase
HRP-AuNCs HRP functionalized AuNCs
ICG Indocyanine green
Lf Lactoferrin
LsGFC Lysozyme-stabilized gold fluorescent clusters
MALDI-TOF MS Matrix-assisted laser desorption ionization-time-of-flight mass

spectrometry
MDR Multidrug resistance
mg Miliigram
ml Milliliter
MPA Mercaptopropionic acid
MPCs Monolayer protected AuNCs
MRI Magnetic resonance imaging
MTX Methotrexate
NCAs NP-based contrast agents
NIR Near-infrared
nm Nanometer
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NPs Nanoparticles
OCT Optical coherence tomography
PA Photoacoustic tomography
PDGF AA Platelet-derived growth factor AA
PEG Poly ethylene glycol
PEI Polyethylenimine
PET Positron emission tomography
pH Potential of hydrogen
PKA Protein kinase A
PTM Post translational modification
QDs Quantum dots
QY Quantum yield
R Rifampin
RNA Ribonucleic acid
SERS Surface-enhanced Raman scattering
SPR Surface plasmon resonance
ss-DNAs Single stranded DNAs
sulfo-NHS Sulfo-N-hydroxysuccinimide
T Thymine
TAT Trans-activating transcriptional activator
TB Tuberculosis
THPC Tetrakis(hydroxymethyl)phosphonium chloride
TNF Tumor necrosis factor
TPL Two-photon luminescence
UV Ultra violet

1 Introduction

Nanotechnology is a broad term which covers copious regions of science, tech-
nology and innovation. It works at atomic, sub-atomic and macromolecular scales
wherein, quantum effects dominates and matter behaves differently. The rapid
growth of biotechnology in sync with nanotechnology, commonly referred to as
nanobiotechnology, is a rapidly flourishing arena that investigates biological sys-
tems for the fabrication of new biomaterials using nanoscale principles and tech-
niques (Roco 2003), which could be useful tools for biosensing, cell labeling,
molecular imaging, targeted therapy (Qu et al. 2015) and many more. This hybrid
science has attained much higher imagination of fiction writers, engineers, scientists
and every common individual interested in science. Today, it is estimated that there
are more than 1,600 nanotechnology-based products and devices, with new ones
entering the business sector at a quick pace. Nanoscale refers to size dimensions
typically between approximately 1–100 nm. Even though particles above 100 nm
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are also considered as nanoparticles, nanofabrication techniques are increasingly
adapted to maintain the size below 100 nm, owing to the unique physicochemical
parameters adapted under this range. Any type of a material that has one or more
measurements in the nanoscale is considered to be as as nanomaterial (Sekhon
2014).

Cancer, a heterogeneous pathological condition is one among the most feared
maladies in cutting edge social orders even though much progress was made in
prevention, diagnosis and treatment. Cancer mortality could be abridged by
implementing evidence-based strategies and assessment of the progress and suit-
ability of therapies by rapid and non-invasive methods (Gao et al. 2014). Even
though early detection had a large scope of cure, too many patients are diagnosed in
late or too advanced stage where treatment response is in adequate (Weissleder
2002). Conventional therapies are the foundation of care in any disease conditions
and also in cancer. Most people with cancer receive surgery, chemotherapy, radi-
ation therapy, or immunotherapy therapies eventually amid treatment, and numer-
ous will have a mix of these medications. Conventional therapies are constantly
evolving and improving, with progresses in science and technology, to advance
efficacy while fading destructive side effects. The field of nanotechnology has led to
the development of many innovative strategies for effective detection and treatment
of cancer by overcoming limitations associated with conventional cancer diagnosis
and therapy (Srinivasan et al. 2015). Conventional chemotherapeutic compounds
are non-targeting and act as cytotoxic agents which kills actively dividing cancer
cells along with other healthy dividing normal cells, which creates significant
side-effects on patient longevity and quality of life. Nanoparticles (NPs) have an
excellent surface area/volume ratio which will enable them to adhere to tumor
niche, moreover they could be surface decorated with cancer-specific molecules
(drugs or ligands) which enable them to specifically bind to their targets on the
cancer cell. Targeted delivery enables the distribution of drugs specific to the cancer
cells, thereby decreasing the systemic toxicity in an accordable manner (Yu et al.
2012; Srinivasan et al. 2015). The difficulties in improving fabrication of
nanoparticles custom-made to tumor specific signs still remain; however it can be
assumed that nanoscale devices convey critical guarantee towards better approaches
in every fields of oncology (Zamboni et al. 2012).

Precise and real time imaging of tumors using NP-based fluorescent probes
(Wang et al. 2013) with long circulation times, excellent specificity and
non-toxicity will be a boon in oncology. The clinical applications of contrast agents
are severely limited due to their short half-lives, their ability to elicit an immune
response and the difficulty that they experience with crossing biological membrane
(Sivasubramanian et al. 2014). Carefully designed NP-based contrast agents
(NCAs) could overcome biological barriers to reach tumors site either through
active or passive targeting mechanisms (Ferrari 2005; Couvreur and Vauthier 2006;
Peer et al. 2007) and simultaneously deliver both imaging agents and therapeutics.
In passive targeting, the leaky vasculature of tumor enables NCA to accumulate via
the enhanced permeation and retention (EPR) effect which allows for the
extravasation of NPs from the circulation through abnormal fenestrations in tumor
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vasculature. Active targeting involves the conjugation of targeting ligands or
receptors to the surface of the NCA, enabling them to penetrate the cancer cells via
receptor-mediated endocytosis (Saravanakumar et al. 2009; Choi et al. 2010;
McCarthy et al. 2010; Sivasubramanian et al. 2014) (Fig. 1). A fruitful, actively
targeted NP system requires a sensitive balance of ligand volume and surface
exposure which minimizes immunological response and clearance to give the NPs
adequate course time to reach the target cells, while accomplishing suitable binding
affinity to the surface receptors expressed on tumor cells. In this aspect the presence
of multiple targeting agents per NP surface will yield a binding affinity stronger
than for the single ligand, thus enhancing the ligand-receptor binding interaction for
the nanoparticles (Zamboni et al. 2012).

Elemental gold (Au) is a dense, soft, malleable, and ductile metal; one ounce
(28 g) of gold can be beaten out to 300 square feet. Gold is a good conductor of
heat and electricity and is unaffected by air and most reagents. The contemporary
use of gold-containing drugs focuses principally on rheumatoid arthritis, with some
recent attention to other anti-inflammatory, new anticancer and antimicrobial uses
(Pricker 1996). Since antiquated times gold has been considered as the “elixir of
life”. It was found with various applications in ancient and medieval era, and has a
restorative history in both Eastern and Western conventions. Gold has been known
to the Indians since antiquity and nano-formulation, called the ‘Bhasma’ (ash) form
of gold, has obtained immense therapeutic applications, especially in Sidha

Fig. 1 Mechanism of passive
and active targeting. In
passive targeting, the leaky
vasculature of tumor enables
NCA to accumulate via the
enhanced permeation and
retention (EPR) effect. In
active targeting involves the
conjugation of targeting
ligands or receptors to the
surface of the NCA, enabling
them to penetrate the cancer
cells via receptor-mediated
endocytosis
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medicine. Trace elements of metallic gold were used for rejuvenation in the
Ayurvedic system of medicine, dating back to about 5000 years B.C. (Galib and
Prajapati 2011).

Gold nanoparticle (AuNP) with excellent surface plasmon resonance
(SPR) characteristics and superior biocompatibility found numerous applications in
cancer diagnosis, therapy and many other biomedical fields (Shan and Tenhu 2007;
Grzelczak et al. 2008; Sardar et al. 2009; Joseph and Sreelekha 2014). Fluorescent
gold nanoclusters (AuNCs) are particular sort of gold nanomaterials with size

Scheme 1 Schematic representation of synthesis and biomedical application of AuNCs. Green
synthesis of AuNCs utilizing different reducing and capping agents such as dendrimers, proteins,
oligonucleotides and carbohydrates which can be used for biomedical applications such as targeted
imaging and drug delivery for cancer
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usually less than 3 nm. Not at all like the most prominent and widely understood
spherical, large gold nanoparticles, AuNCs do not exhibit surface plasmon reso-
nance (SPR) absorption in the visible region, but have fluorescence in the visible to
near-infrared (NIR) region. With focal points of long lifetime, expansive Stokes
movement, and biocompatibility, AuNCs have ended up fascinating detecting and
imaging materials. AuNCs (Shichibu et al. 2007; Xie et al. 2009; Wei et al. 2011;
Mayavan et al. 2011; Guevel et al. 2011; Garcia et al. 2013; Wen et al. 2011; Chen
et al. 2013) comprising of several to tens of atoms have drawn greater attention in
the recent decade owing to their high fluorescence, good photostability,
non-toxicity, excellent biocompatibility and solubility in comparison with other
organic fluorophores and semiconducting nanocrystals (Zheng et al. 2007; Lin et al.
2009a; Yang et al. 2011a, b; Shang et al. 2011a). AuNCs having a dimension
comparable to the Fermi wavelength of electrons (Zhang and Wang 2014), which
place them between single metal atoms and larger NPs (Zheng et al. 2004) enabled
size-dependent fluorescence and other attractive features (Chen et al. 1998; Hicks
et al. 1999, 2002; Quinn et al. 2003; Qu et al. 2015) making them ideal multi-
functional imaging contrast agent. The present chapter mainly focuses on the
synthesis strategies of fluorescent AuNCs along with their biomedical applications
with special emphasis in oncology (Scheme 1).

2 Mechanisms Behind the Fluorescence of AuNCs

Gold is the most extensively studied inorganic material especially in bio-medical
field due to its advisable physical, chemical properties and nontoxicity (Qu et al.
2015). Gold on bulk is highly stable; however nanoscale exhibit size-dependent
optical and electronic properties. According to the number of metal atoms,
nanoscale metals are roughly classified into three size domains: large NPs, small
NPs and clusters, corresponding to three different characteristics length scales
respectively (Zheng 2005). In bulk metal, the conduction band has no energy gap
separating it from the valence band, so electrons do not suffer from a barrier and are
free to move, where the scattering is determined by the electron mean free path.
Mostly in case of large and small metal NPs, the size is comparable to or smaller
than the electron mean free path, where the motion of electrons becomes limited by
the size of the NP and interactions are expected to be mostly with the surface. This
feature gives rise to SPR effects (Xu and Suslick 2010) and its optical and electronic
behavior is explained by Gustav Mie in 1908 using Maxwell’s equations (Mie
1908). In metal NCs, the size of metals is further reduced to around 2 nm or less,
down to a few atoms, and the continuous band structure becomes discontinuous and
broken up into discrete energy levels, which dramatically changes its optical,
electronic and chemical properties compared with metal NPs. Moreover, due to
quantum confinement effects of AuNPs with a dimension comparable to Fermi
wavelength of electrons, they are too small to support SPR effect (Wu and Jin
2010). NCs are not conductive and plasmonic and cannot be explained using Mie
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theory (Alvarez et al. 1997; Schaaff et al. 1997; Hostetler et al. 1998), but Rayleigh
scattering principle solved the problem for the NCs because they are having a
dimension which is smaller than wavelength of light.

Electronic transitions between the energy levels in fluorescent NCs leads to
absorption and emission of light, which enables them to function as potential
fluorescent probes in fluorescent bio-sensing and bio-imaging, like quantum dots
(QDs) and fluorophores (Li et al. 2014). Although the detailed mechanism for the
fluorescence of AuNCs is not completely deciphered yet, the generally accepted
model is based on free electron theory. The free electrons on the NCs surface give
rise to the polarization in an electronic field and the electron number determines the
size dependent fluorescence optics (Haberland 1994; Barnes et al. 2003). Zheng
suggested two possible mechanisms to explain the observed emission from this
small metal NCs (Zheng 2005), one is due to intra-band (sp/conduction band)
transition and the other is inter-band (d-sp) transition (Lin et al. 2009a; Apell et al.
1988) (Fig. 2). The observed fluorescence of AuNCs is determined by the numeric
size of the energy level spacing (Ed) (Haberland 1994; Kreibig and Vollumer 1995;
Zheng 2007; Chen et al. 2014). When using the thermal energy (ET) as a criterion,
AuNCs can emit only when Ed is much larger than ET where a mobile electron hole
can appear and current can flow when Ed is much smaller than or comparable to
ET. Hence AuNCs exhibit stronger fluorescence at low temperature than that at
high temperature, mainly because the ET is smaller at a lower temperature. The
relationship among the Ed value of AuNCs and Au atom number (N) and the Fermi
energy (Ef) is well predicted by the Jellium model, represented as:

Ed = Ef=N1=3

Fig. 2 Possible mechanism
of fluorescence of AuNCs by
intraband and interband
transition. Excitation
promotes an electron from the
narrow d band to the empty sp
band above the Fermi level.
Intra-band (sp/conduction
band) transition is due to
emission above the Fermi
level, that is within the
conduction band and the
inter-band (d-sp) transition is
due to the emission probably
one near or below the Fermi
level
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Unique electronic and fluorescent natures are prominent in this nanomaterial
(Wilcoxon et al. 1998; Bigoni et al. 2000; Lee et al. 2004; Wang et al. 2005a;
Zheng 2007; Bao et al. 2007), generating new horizons of opportunities in imaging.

3 Synthetic Strategies of AuNCs

Recent years witnessed a dramatic increment in publications involving various
synthetic strategies adopted for fluorescent AuNCs (Shang et al. 2011a; Qu et al.
2015). AuNCs could be fabricated using different capping agents such as den-
drimers, thiols, proteins, oligonucleotides, carbohydrates etc., with various
fluorescence quantum yield (QY) (Table 1). Generally, during the synthesis of
AuNCs, Au3+ is converted to Au+ and Au in the presence of reducing and capping
agents and it entire process depends strongly on the concentration of HAuCl4, pH,
reaction conditions and many other parameters (Fig. 3). The following section will
give a detailed account about the major reducing and capping agents used for the
green synthesis of fluorescent AuNCs. Capping agents play a vital role in pre-
venting the NCs from self-aggregation and dissociation. The stability of AuNCs
depends mainly on the nature of capping agents used in the fabrication. Various
natural and synthetic materials have been widely explored as efficient capping
agents.

3.1 Dendrimers

Dendrimers are well-defined, multivalent, monodisperse artificial macromolecules
which received continuous attention in recent years as promising candidates for
myriad applications especially in cancer therapies and diagnostic imaging. In
dendrimers, three dimensional polymers radiate from a central core and are built up
by stepwise addition of monomers that contribute to each generation. Presence of
internal cavities and high number of functional groups makes them attractive for
biological and drug delivery applications.

Dendrimer templated AuNCs exhibited high fluorescence (>10% Quantum
Yield) wherein the terminal groups on the dendrimer periphery could be tailored for
the further conjugation with affinity ligands. Zheng et al. (2003, 2004) reported
synthesis of water soluble, monodisperse, stable fluorescent Au8NCs using fourth
generation poly (amidoamine) (PAMAM) dendrimer and exhibit high QY of 42%.
Stable, mono-dispersed and highly crystalline dendrimer-stabilized AuNPs (Au
DSNPs) via hydrazine reduction chemistry and stabilized using primary
amine-terminated poly (amidoamine) (PAMAM) dendrimers of different genera-
tions (generations 2–6) were synthesized with the same molar ratios of dendrimer
terminal nitrogen ligands/gold atoms. The size of the synthesized Au DSNPs
decreased with the increase of the number of dendrimer generations. These Au
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Table 1 Capping agents used for the synthesis of AuNCs

Nature of
capping
agents

Capping agents References

Dendrimers Fourth generation poly(amidoamine) (PAMAM)
dendrimer

Zheng et al. (2003,
2004)

Primary amine-terminated poly(amidoamine)
(PAMAM) dendrimers of 2–6 generations

Shi et al. (2006)

Proteins Dendrimers with terminal amine (G4NH2) and
hydroxyl (G4OH) groups

Jao et al. (2010)

Bovine serum albumin(BSA) Xie et al. (2009)

Trypsin Kawasaki et al. (2011b)

Lysozyme Wei et al. (2010),
Lin and Tseng (2010),
Chen and Tseng (2012)

Transferrin-family proteins Xavier et al. (2010),
Le et al. (2011)

Horseradish peroxidase (HRP) Wen et al. (2011)

DNase 1 West et al. (2014)

RNase A Kong et al. (2013)

Isulin Liu et al. (2011),
Garcia et al. (2013)

Pepsin Kawasaki et al. (2011a)

Thiols Substrate peptide 1, CCIHK (Ac), and substrate
peptide 3, CCLRRASLG

Wen et al. (2013)

Tiopronin thiolate Huang and Murray
(2001)

Glutathione (-SG) and tetraphenyl-porphyrin
(H2TPPOASH)

Shibu et al. (2009)

Multifunctional polymer ligand, containing
thiol, thioether, and ester functional groups
(PTMP-PVAc)

Huang et al. (2011b)

DNA Glutathione (reduced) Ghosh et al. (2012),
Roy et al. (2015)

Poly-cytosine and poly-adenine Kennedy et al. (2012)

Single stranded
50-GAGGCGCTGCCYCCACCATGAGC-30,
Y = C, A, G, and T

Liu et al. (2012a)

Hairpin DNAs (HP-DNAs) with a pristine stem
segment and cytosine rich loop sequences

Liu et al. (2012b)

Carbohydrate 30 adenosine nucleotides (A30) Li et al. (2015a)

R-, b-, and c-cyclodextrin (CD) Shibu and Pradeep
(2011)

(continued)
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DSNPs are fluorescent and displayed strong blue emission intensity at 458 nm and
could be further modified with various biological ligands for the application in
biosensing and targeted cancer therapeutics (Shi et al. 2006). Jao et al. (2010)

Table 1 (continued)

Nature of
capping
agents

Capping agents References

Other
molecules

Chitosan and mercaptopropionic acid (MPA) Sahoo et al. (2014)

Polyethylenimine (PEI) and NaBH2 as reducing
agent

Duan and Nie (2007)

Dimethyl formaldehyde (DMF) Kawasaki et al. (2010)

Dihydrolipoic acid Lin et al. (2009a)

Amino-terminated poly(1,2-butadiene) Yabu (2011)

Fig. 3 Schematic
representation of synthesis of
AuNCs. During the synthesis
of AuNCs, Au3+ in HAuCl4 is
converted to Au+ and Au in
the presence of reducing and
capping agents such as
dendrimers, proteins,
oligonucleotides,
carbohydrates and it entire
process depends strongly on
the concentration of HAuCl4,
pH, temperature, reaction
time etc
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employed a specific ion-pair approach using the dendrimers with terminal amine
(G4NH2) and hydroxyl (G4OH) groups for trapping gold salts. This facile strategy
not only led to the polarity-dependent strong ion-pair association (AuCl4/G4NH2

pair and AuBr4/G4OH pair) but also significantly enhances the QY of gold nanodots
from 20 to 62% after microwave irradiation.

3.2 Proteins

Bio-mineralization is a natural process in which biological organism’s intake metal
species to subsequently form mineral structures. Inspired by this process nanos-
tructures could be formed by harnessing the biological organisms or macro-
molecules ability to naturally intake and arrange inorganic materials (Fendler 1997;
Bhattacharya and Gupta 2005; Crookes-Goodson et al. 2008; Chen and Rosi 2010;
Chevrier et al. 2012). Green chemistry approaches using biological materials was
widely exploited in stabilizing gold atoms producing stable fluorescent AuNCs with
excellent biocompatibility, which renders them suitable for biomedical applications.
Proteins are the major bio-macromolecules exploited in green chemistry approach
due to their numerous physical and chemical assets. Xie et al. (2009) developed
highly fluorescent red emitting protein stabilized AuNCs by common protein
bovine serum albumin (BSA) (Fig. 4A, B(a)). Besides being highly stable both in
solutions (aqueous or buffer) and in the solid form, the light emitting AuNCs
consist of 25 gold atoms (Au25). Motivated with this promising approach, many
other synthetic procedures were developed using other proteins such as trypsin
(Kawasaki et al. 2011b), lysozyme (Wei et al. 2010; Lin and Tseng 2010; Chen and
Tseng 2012), transferrin-family proteins (Xavier et al. 2010; Le et al. 2011),
horseradish peroxidase (HRP) (Wen et al. 2011), DNase 1 (West et al. 2014),
RNase A (Kong et al. 2013), insulin (Liu et al. 2011; Garcia et al. 2013) and much
more.

Kawasaki et al. (2011a) reported the pH-dependent synthesis of pepsin-mediated
AuNCs with fluorescent emissions of blue, green and red from Au5 (Au8), Au13, and
Au25, respectively. The different charges on the pepsin molecule at different pH
values could affect the structural nature and the strength of interaction between the
pepsin chains and the gold surface or gold ions, leading to the formation of AuNCs
with different sizes. Preparation of AuNCs for the detection of protein modifying
enzymes and their inhibitors using peptides found widespread attention. Designed
substrate peptides such as substrate peptide 1, CCIHK (Ac), and substrate peptide 3,
CCLRRASLG were used for the synthesis of AuNCs and studied the effect of
enzymatic modifications on their luminescence using two appropriate PTM
enzymes, histone deacetylase 1 (HDAC 1) and protein kinase A (PKA) respectively.
The study revealed that AuNCs fluorescence can be dynamically decreased with
increasing concentration of enzymes, which offer label-free biosensor platform for
the detection of PTM enzymes (Wen et al. 2013).
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Fig. 4 A Schematic representation of the formation of AuNCs in BSA Solution. B(a)
Photographs of BSA (1) powder and (2) aqueous solution, and BSA-AuNCs (3) aqueous solution
and (4) powder under (top) visible and (bottom) UV light (Reprinted with permission from Xie
et al. (2009) © 2009 American Chemical Society). (b) Photographs of aqueous solution of DPA–
AuNCs in room light and under a UV light source with wavelength 365 nm respectively
(Reproduced from Shang et al. (2011) with permission of The Royal Society of Chemistry)
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Enzymes are widely employed as reducing and capping agent in preparation of
AuNCs. The lysozyme-stabilized gold fluorescent clusters (LsGFC) with an aver-
age size of 1 nm and emission at 657 nm were effectively synthesized (Wei et al.
2010). Photo stable, trypsin-capped fluorescent AuNCs with an average size of
1 nm and a red emission at 645 nm were reported for the sensitive and selective
detection of Hg2+ ions (Kawasaki et al. 2011b). Similarly construction of horse-
radish peroxidase (HRP) functionalized fluorescent AuNCs (HRP-AuNCs) via a
bio-mineralization process at physiological conditions for the detection of hydrogen
peroxide was also attempted. The fluorescence of HRP-AuNCs can be quenched
quantitatively by adding H2O2, indicating that HRP enzyme remains active and
enables catalytic reaction (Wen et al. 2011). The enzyme DNase 1 stabilized
AuNCs (DNase 1: AuNCs) with core size consisting of either 8 or 25 atoms
exhibited blue and red fluorescence respectively. In addition to the intense
fluorescence emission, the synthesized DNase 1: AuNCs hybrid retained the native
functionality of the protein, allowing simultaneous detection and digestion of DNA
with a detection limit of 2 lg/ml, hence could be conveniently employed as effi-
cient and fast sensors to augment the current time-consuming DNA contamination
analysis techniques (West et al. 2014). Synthesis of AuNCs by core etching of
AuNPs using appropriate ligands (Muhammed et al. 2008; Lin et al. 2009a; Qian
et al. 2009) also attained scientific attention. Muhammed et al. (2010) employed
synthesis of a luminescent AuNCs by core etching of mercaptosuccinic acid pro-
tected AuNPs using BSA(AuQC@BSA). The cluster core contains Au38 and
exhibit QY of � 4%. This AuQC@BSA is exploited as a “turn-off” sensor for Cu2+

ions and a “turn-on” sensor for glutathione detection.
Few of the amino acids play a key role in protein and peptide templated AuNCs

synthesis due to their reducing and capping efficiency with gold (Brown et al. 2000;
Naik et al. 2004). Tan et al. (2010) analyzed all the 20 amino acids alone and in
combinations to determine their capability as a template in AuNCs preparation.
Tryptophan was identified for being the strongest reducing agent and was therefore
interdigitated into custom peptides for its reducing property. In a similar fashion;
histidine was selected as the strongest metal binding amino acid and was also
interdigitated into another set of peptides. From these preliminary peptide results,
more diverse combinations with other amino acids were also investigated to
determine the resultant shape and size of the AuNPs, along with tracking the
periods of reaction initiation, growth, and termination (Chevrier et al. 2012).
Tyrosine residues can reduce Au (III) or Ag (I) ions through their phenolic groups;
their reduction capability can be greatly improved by adjusting the reaction pH
above the pKa of Tyr (� 10) (Xie et al. 2007). The AuNCs formed in the BSA
solution could have been stabilized by a combination of Au-S bonding with the
protein (via the 35 Cys residues in BSA), and the steric protection due to the
bulkiness of the protein (Xie et al. 2009). Yang et al. (2011b) reported the synthesis
of water-soluble, mono-dispersed and bluish green-emitting Au10NCs through a
simple reaction, in which histidine served as both reducing and protecting or
capping ligand. The mechanism of this proposed reaction was explored and the
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reducing ability of histidine was proved to be attained from its prominent imidazole
group.

One-pot synthesis of fluorescent AuNCs templated with L-tyrosine which serves
both as a reducing and capping agent (AuNCs@Tyr) were employed for investi-
gating tyrosinase (TR) activity on the basis of aggregations of AuNCs@Tyr on its
active sites during the catalysis reactions, thus leading to the fluorescence
quenching of AuNCs@Tyr. The as prepared AuNCs@Tyr exhibited a fluorescence
emission at 470 nm with a QY of approximately 2.5%. Significantly, TR has been
considered as a critical marker for melanoma owing to its specific expression in
melanoma cells. Therefore, this analytical method towards investigating TR activity
may have broadened avenues for meaningful clinical applications (Yang et al.
2014).

3.3 Thiols

Thiols are the class of organic compounds that contain a sulfhydryl group (-SH),
also known as a thiol group, that is composed of a sulfur atom and a hydrogen atom
attached to a carbon atom (Prakash et al. 2009). Thiols containing small molecules
are extensively used to stabilize AuNCs mainly because they can form strong Au-S
bonding with Au atoms or ions (Link et al. 2002; Chen et al. 2014; Qu et al. 2015).
Huang and Murray (2001) reported water soluble, monolayer protected gold
clusters (MPCs) using tiopronin thiolate with an excitation and emission at 451 nm
and 700-800 nm respectively. Fluorescent, Au22 clusters (Au22[(-SG)15
(-SAOPPTH2)2]) starting from Au25 clusters protected with glutathione (-SG) by a
combined core reduction/ligand exchange protocol using tetraphenyl-porphyrin
(H2TPPOASH) were effectively prepared. The absence of a 672 nm intra-band
transition of Au25 and the simultaneous emergence of new characteristic peaks at
520 and 635 nm in UV-visible spectrum indicated the formation of the Au22 core
(Shibu et al. 2009).

Stable, blue fluorescent AuNCs of size and QY � 1.2 nm and 24.3% respec-
tively using a multifunctional polymer ligand, containing thiol, thio-ether, and ester
functional groups (PTMP-PVAc) were fabricated by adjusting the molecular weight
and concentration of the polymer ligand (Huang et al. 2011b). Similarly
near-infrared (NIR) luminescent AuNPs (NIRL-AuNPs) by heat-assisted reduction
of a gold(I)-thiol complex was prepared which exhibited strong emission with peak
maximum at 810 nm, large stokes shifts (>400 nm) and stabilities towards photo-
bleaching and chemical oxidation (Tu et al. 2011). Luminescent and water-soluble
AuNCs (Au18SG14) were prepared using glutathione by a slow reduction process
which emits red light in both aqueous and solid state under UV illumination but with
a QY of only 0.053%. Although thiol protected AuNCs proved to be of great
promise, the main problem behind them is the relatively low (0.001–0.1%) yield
(Ghosh et al. 2012). Roy et al. (2015) successfully exploited the synthesis of blue,
green, orange-red, red and NIR emitting AuNCs in aqueous media by using
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a bioactive peptide glutathione (reduced) at physiological pH with excellent sta-
bility. Matrix-assisted laser desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF MS) analyses showed that the core structure size of the five different
gold clusters are Au7 (blue), Au16 (green), Au19 (orange-red), Au21 (red) and Au22
(NIR). The AuNCs demonstrated better cell internalization and non-toxicity on
human lung adenocarcinoma A549 cells.

3.4 DNA

After water and oxygen, DNA is likely the most celebrated particle of life known to
human race. This is not astounding, as we as a whole realize that an eye-catching,
double helical particle of DNA conveys guidelines to produce and gather every one
of the segments of a living being. The abundance of data encoded in a DNA
molecule regularly eclipses its unique physical, chemical and biological properties
(Maffeo et al. 2014). DNA has the unique capabilities to build complex nanos-
tructures via self-assembly, which results from hydrogen-bonds formation between
base pairs and hydrophilic-hydrophobic interactions (La Bean and Li 2007). The
use of DNA as a template for metal NCs synthesis attained greater momentum due
to the biocompatibility and extensive biomedical applications that the biomolecule
holds. The mechanism of bonding between AuNPs and DNA and the factors which
control its efficiency was well studied and documented (Kryachko and Remade
2005a, b; Shukla et al. 2009), which demonstrated the involvement of two major
bonding factors: the anchoring, either of the Au-N or Au-O type, and the non-
conventional N-H-Au hydrogen bonding. Shukla et al. (2009) revealed the inter-
action of AuNCs (Aun, Where n = 2, 4, 6, 8, 10, 12) with nucleic acid purine base
guanine (G) and the Watson-Crick guanine-cytosine (GC) base pair through the
major groove site (N7 site of guanine) of DNA by theoretical means (density
functional theory (DFT)) and observed a greater interaction of AuNCs with the GC
pair than with isolated guanine. Blue fluorescent AuNCs were prepared in the
presence of poly-cytosine DNAs at low pH and poly-adenine at neutral pH using
citrate as the reducing agent (Kennedy et al. 2012). Similarly stable, water-soluble
and red-emitting AuNCs serving as promising nanoprobes in bio imaging and
related fields were fabricated using single stranded DNA (50-GAGGCGCTGCCY
CCACCATGAGC-30, Y = C, A, G, and T) and dimethylamine borane as a mild
reductant in acidic solution (Liu et al. 2012a).

Liu et al. (2012b) compared sequence-dependent formation of fluorescent
AuNCs using hairpin DNAs (HP-DNAs) with a pristine stem segment and varied
loop sequences and observed that the emission behavior of the HP-DNA hosted
AuNCs is dependent on the loop sequences. It was documented that the most
efficient host to produce fluorescent AuNCs is the cytosine loop compared with
other nucleotide’s loops and the emission behavior of AuNCs hosted by the
single-stranded DNAs (ss-DNAs) with an identical base composition to the cor-
responding HP-DNAs still exhibits a cytosine-rich dependence. A UV-light assisted
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method for the synthesis of AuNCs using repeats of 30 adenosine nucleotides (A30)
was reported, which could be used for the detection of specific nucleic acid targets
in human serum via the formulation of clusters along with the SYBR Green 1 that
specifically binds to DNA sequence. The so formed AuNCs exhibited moderate
fluorescence at 475 nm while on binding with perfectly matched nucleotide
sequences, emit fluorescence at 525 nm that paved the way for the development of
beneficial metal NCs in both research and medicine (Li et al. 2015b).

3.5 Carbohydrates

Carbohydrates are one of the most utilized classes of biological macromolecules for
bio medical applications. They can differ significantly in size ranging from
monosaccharides to polysaccharides consisting of many thousands of carbohydrate
units. One of the most significant features of carbohydrates is their ability to form
branched molecules, which stands in contrast to the linear nature of DNA, RNA,
and proteins. Combined with the large heterogeneity of the monosaccharides, they
exhibit a significantly higher structural diversity than other abundant macro-
molecules which makes them suitable candidates with ease of structural modifi-
cation and manipulation in NP synthesis and modification (Frank and Schloissnig
2010). Carbohydrates have been widely used as both reducing and capping agents
in the synthesis of AuNPs (Katti et al. 2009; Shervani and Yamaoto 2011;
Thygesen and Jensen 2015) and attracted scientific attention due to its non-toxic
and biocompatible nature. A simple and versatile methodology was adopted for
tailoring sugar-functionalized fluorescent glyco-nanoparticles using biologically
significant oligosaccharides as well as with differing carbohydrate density. The
resultant nanoclusters are water soluble, stable and their highly polyvalent network
can mimic glyco-sphingolipid clustering and interactions at the plasma membrane,
providing a controlled system for glycobiological studies (Thygesen and Jensen
2015). Au15 quantum clusters anchored to R-, b-, and c-cyclodextrin (CD) cavities
was prepared, which are intensely luminescent in liquid as well as in solid state.
Moreover, evaporation of the cluster solutions leads to luminescent gel like
materials (Shibu and Pradeep 2011). Sahoo et al. (2014) synthesized AuNCs using
chitosan and mercaptopropionic acid (MPA) and embedded as chitosan nanopar-
ticles which exhibited simultaneous red, green, and blue emission on exposure to
light of varying wavelength. The as formed AuNCs were conjugated to pCD-UPRT
suicide gene that on targeting tumor cells caused apoptosis and helped in imaging.

3.6 Other Materials

Apart from the above mentioned molecules many other materials are also employed in
the preparation offluorescent AuNCs. A ligand-induced etching process was employed
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in which hyper branched and multivalent coordinating polymers such as polyethylen-
imine (PEI) react with preformed gold nanocrystals to form atomic AuNCs which are
soluble in water with an excitation and emission maxima located at 421 and 505 nm,
respectively. These small atomic clusters consist of only 8 gold atoms (Au8) and upon
treatment by strong reducing agent such as NaBH4, their excitation and emission peaks
were shifted to 353 and 445 nm respectively (Duan andNie 2007). Kawaski et al. (2010)
reported the synthetic strategy for obtaining DMF protected AuNCs with high thermal
stability (*150 °C) and dispersion stability in various solvents and having less than 20
gold atoms including Au8 and Au13.Water soluble dihydrolipoic acid stabilizedAuNCs
(AuNC@DHLA) were prepared which emits fluorescence upon ligand exchange with
dihydrolipoic acid and also demonstrated tumor specific internalization in human hep-
atoma HepG2 cells (Lin et al. 2009b). Blue light-emitting AuNCs were obtained by a
simple one-pot process via refluxofAu ionswith amino-terminated poly (1,2-butadiene)
in toluene (Yabu 2011).A facile strategy for the preparationofwater-soluble,fluorescent
AuNCs using amild reductant, tetrakis(hydroxymethyl)phosphonium chloride (THPC)
and capped by zwitterionic functional ligand, D-penicillamine (DPA) was recently
reported (Fig. 4B(b)). These DPA-AuNCs displayed excitation and emission bands at
400 and 610 nm, respectively with a fluorescence QY of 1.3% and demonstrated
internalization in human cervical carcinoma HeLa cells (Shang et al. 2011b).

4 Bio-medical Applications of AuNCs

4.1 Bio Imaging and Targeted Therapy

Biomedical imaging techniques have accelerated the efficient early cancer detection
and in treatment monitoring. Unfortunately, many of the conventional biomedical
imaging techniques have lesser sensitivity to detect tumors when they are less than
a centimeter in diameter. Efficient molecular imaging techniques with targeting
moieties conjugated imaging agents can monitor biological processes at the cellular
and subcellular levels with high sensitivity and specificity. NP-based molecular
imaging agents can overcome biological barriers inside the body which leads to the
development of multifunctional NPs for the simultaneous targeting, imaging and
therapy of cancer (Sivasubramanian et al. 2014). Optical imaging techniques have
wider applications due to its advantages such as low cost, low-energy radiation,
high sensitivity, real-time monitoring and non-invasive or minimally invasive
testing (Zheng et al. 2012). Multifunctional NPs based on AuNCs produced with
green chemistry approaches are promising optical fluorescent probes for combined
targeting, imaging and delivery of chemotherapeutics because of their biocompat-
ibility, large stoke shift, long lifetime, photo and chemical stability and ease in
conjugation (Fig. 5).
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Polavarapu et al. (2011) investigated one and two photon excitation and emission
properties of water soluble glutathione monolayer protected AuNCs. The two-
photon absorption cross section of these AuNCs was calculated through z-scan
method using a mode-locked Ti:sapphire oscillator seeded regenerative amplifier and
found to be 189,740 GM which is much higher compared with the values reported for

Fig. 5 Schematic diagram representing the mode of action of AuNCs in vivo. The ligand
conjugated AuNCs with chemotherapeutics targeted specifically to the cancerous cell surface
receptor after injection. This leads to internalization of Au NCs with drugs by receptor mediated
endocytosis. Inside the tumor cells, the AuNCs release drugs and also help imaging.
Chemotherapeutic drugs such as doxorubicin (Dox) and cisplatin enter the nucleus, resulting in
cell death
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organic fluorescent dyes and quantum dots which make them a promising alternative
for one- and two-photon bio-imaging and other nonlinear optical applications.
Biological labeling and tumor targeted therapy could be achieved using AuNCs deco-
rated with biomarker molecules on the surface (Huang et al. 2009, 2011a). The
biomarkers could be tumor specific ligands such as small molecules, peptides, proteins,
monoclonal antibodies and so forth which are specific for cell surface receptors over
expressed on cancer cells as compared to normal cell (Table 2). Commonly used
methods for bio-conjugation is through 1-[(3-dimethylamino)-propyl]-
3-ethylcarbodiimide hydrochloride (EDC) and sulfo-N-hydroxysuccinimide
(sulfo-NHS) activation in which NCs with functional groups such as primary amide
or carboxylic acid can conjugate with other carboxylic or amino-terminal biomolecules.
Avidin molecule containing NH2 group can be conjugated to the carboxylic acid group
containing capping agent of the AuNCs through EDC/NHS chemistry to synthesize
AuNCs with high affinity to biotin overexpressed cancer cells. Likewise folic acid
(FA) conjugated AuNCs can be internalized by certain cancerous cells, such as ovarian,
oral, and breast which are rich in FA receptors (FR).

Wang et al. (2011a) investigated biocompatible AuNCs for in vitro and in vivo
tracking of human aortic endothelial cells (HAEC) and endothelial progenitor cells
(EPC) by delivering via the liposome complex and found no impaired angiogenesis
by tube formation assay. In in vivo study using hind limb ischemic mice, intra-
muscular injection of AuNCs labeled human EPC showed that the cells preserved
an angiogenic potential and exhibited traceable signals after 21 days which

Table 2 Ligands conjugated AuNCs and its targeting moieties

AuNCs Ligand Target References

Glutathione thiolate capped
Au25SG18

Streptavidin Biotin Muhammed et al.
(2009)

Dihydrolipoic acid (DHLA)
capped AuNCs
(AuNC@DHLA)

Streptavidin Biotin Lin et al. (2009a)

BSA capped AuNCs Folic acid Folic
acid
receptor

Muhammed et al.
(2010), Lin et al.
(2013a)

Ovalbumin capped AuNCs Folic acid Folic
acid
receptor

Qiao et al. (2013)

Silica coated AuNCs
(AuNCs@SiO2)

Folic acid Folic
acid
receptor

Zhou et al. (2013)

BSA capped AuNCs Monoclonal
antibody against
CD33

CD33 Retnakumari et al.
(2011)

11-mercaptoundecanoic acid
capped AuNCs

TAT-peptide Nucleus Vankayala et al.
(2015)

BSA capped AuNCs Herceptin ErbB-2 Wang et al. (2011b)
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highlighted the promising biocompatibility of this fluorescent probe. Physiological
changes in cellular pH are better indicators of disease initiation or progression.
Therefore, a pH-responsive material often serves as excellent tools in the funda-
mental understanding of cell biology or medicine for disease diagnosis and therapy.
Negatively charged AuNCs synthesized using glutathione and cysteamine as sur-
face ligands, exhibited high resistance to non-specific protein adsorption and strong
pH-dependent adsorption in live cell membranes of HeLa cells within a biological
pH range (5.3–7.4). Thus, metal NCs with pH-dependent membrane adsorption
might find new applications in tumor diagnosis and therapy (Yu et al. 2011). Shang
et al. (2011b) demonstrated the application of DPA–AuNCs as fluorescent
nanoprobes in bioimaging of HeLa cells using zwitterionic functional ligand,
D-penicillamine (DPA), as a capping agent (Fig. 6a). DPA-AuNCs was used for
targeted biological imaging applications because the carboxylic and amino groups
of DPA allow further functional molecules to be conjugated to the AuNCs for
specific tagging. Established simple and spontaneous procedure for the synthesis of
fluorescent AuNCs by cancerous cells such as HepG2 and K562 was developed in
which the AuNCs is formed by Au(III) reduction inside the cellular cytoplasm and
ultimately concentrate around their nucleoli, thus affording precise cell imaging and
this does not occur in non-cancerous cells, as evidenced with L02 cells used as
controls (Fig. 6b) (Wang et al. 2013).

Bright-red-emitting sub-nanocluster, Au23, prepared by the core etching of
glutathione thiolate capped Au25SG18 was used for imaging the hepatocellular
carcinoma cell line HepG2 by employing the avidin–biotin interaction. Biotin is a
water-soluble B-complex vitamin that is a cofactor in the metabolism of fatty acids
and is present in large volume in these cancerous cells. For the specific labeling of
the cells, Au23 clusters were functionalized with streptavidin following an EDC
coupling reaction. Since biotin strongly binds with streptavidin, the cells can be
imaged using the fluorescence of the clusters (Muhammed et al. 2009). In a similar
study, dihydrolipoic acid (DHLA) capped AuNCs (AuNC@DHLA) particles with
the quantum yield of around 13% were conjugated to biologically relevant mole-
cules such as PEG, BSA, avidin and streptavidin by EDC chemistry separately to
compare the cellular internalization in HepG2 cells. Streptavidin-conjugated
AuNCs stained the biotin containing cells with high intensity which highlights
the fact that streptavidin-conjugated AuNC@DHLA can specifically label endo-
geneous biotin (Lin et al. 2009b). BSA capped AuNCs (AuQC@BSA) function-
alized with FA (folic acid) following EDC coupling of FA and BSA exhibited FR
targeted cellular uptake in cancer cells. Cancerous cells are employed with
increased FRs when compared to normal cells, and therefore FA-conjugated
AuQC@BSA could be used for specific detection of cancer cells (Tan et al. 2010).
Lin et al. (2013b) employed FR targeted internalization of BSA-Au-FA
nanocomplex on human gastric carcinoma MGC803 cells. In a similar study
ovalbumin protected AuNCs with FA as the targeting ligand linked by
homopolymer N-acryloxysuccinimide has been investigated and its internalization
was demonstrated on HeLa cells (Qiao et al. 2013).
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Fig. 6 a Internalization of DPA-AuNCs in HeLa cells. A Confocal image after 2 h incubation
with DPA–AuNCs. B Cross-section of a 3D image reconstruction. Membranes were stained with
the red dye DiD. Images were taken by 2-photon excitation at 810 nm. DPA– AuNCs
(Reproduced from Shang et al. (2011b) with permission of The Royal Society of Chemistry).
b Laser confocal fluorescence micrographs of HepG2 (A and B) and L02 control cells (C and
D) incubated with identical 10 mmol/L HAuCl4 solutions. A after 24 h incubation; B, C and
D after 48 h incubation; D Overlay of the morphological and fluorescence image of C. Images
were acquired at 400-fold magnification (Reprinted by permission from Macmillan Publishers Ltd:
Scientific Reports (Wang et al. 2013), © 2013)
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Molecular receptor (CD 33) targeted flow cytometry based detection and
imaging of cancer cells was employed using monoclonal antibody conjugated
BSA-AuNCs. The protein protected clusters were conjugated with monoclonal
antibody against CD33 myeloid antigen, which is overexpressed in the primitive
population of acute myeloid leukemia (AML) cells. The as prepared AuNC-CD33
conjugates having average size of � 12 nm retained bright fluorescence with
excellent biocompatibility. Target specificity of the conjugates for detecting CD33
expressing AML cells in flow cytometry displayed specific staining of � 95.4% of
leukemia cells within 1–2 h compared to a non-specific uptake of � 8.2% in
normal human peripheral blood cells which was further confirmed with confocal
imaging (Retnakumari et al. 2011). The possibility of using BSA capped ultra-small
NIR emitting AuNCs as contrast imaging agents for tumor fluorescence imag-
ing in vivo was explored and demonstrated by subcutaneous, intramuscular and
intravenous injection in mice model (Fig. 7a). The fluorescence imaging signal of
the tail vein administrated AuNCs in living organisms can spectrally be well dis-
tinguished from the background with maximum emission wavelength at about
710 nm, and the longer circulation time of AuNCs up to 5 h and clearance within
24 h promises continuous imaging in vivo. Moreover, the uptake of AuNCs by the
reticulo-endothelial system is relatively low because of its ultra-small hydrody-
namic size (� 2.7 nm) and the body weights of mice injected with AuNCs had only
changed slightly after 4 weeks compared with control mice, indicated that the
ultrasmall NIR AuNCs had no potential toxicity to the animal model. The NCs also
displayed tumor accumulation in MDA-MB-45 and HeLa tumor xenograft models
due to the EPR effects which promotes its promising application as contrast
imaging agents for in vivo fluorescence tumor imaging (Fig. 7b) (Wu et al. 2010).

Nucleus targeting using AuNCs was designed by conjugating nucleus targeting
trans-activating transcriptional activator (TAT) peptide with AuNCs to perform
simultaneous in vitro and in vivo fluorescence imaging, gene delivery and NIR light
activated photodynamic therapy for effective cancer cell killing. The TAT peptide–
Au NCs exhibit excellent photo-stabilities, and appreciable biocompatibility in HeLa
cells as well as in vivo zebrafishmodel system. They demonstrated the co-localization
and distribution in the cytoplasm with a significant fraction (>50%) entering into the
nucleus of HeLa cells which could also serve as DNA delivery cargoes with ultrahigh
cellular uptake (�90%) and gene transfection efficiencies (� 80%) compared to
commonly adopted LP2000 liposome gene carrier in HeLa cells. Moreover, the TAT
peptide–AuNCs also sensitizes the formation of singlet oxygen upon long NIR light
(850–1100 nm) excitation enabling effective photodynamic therapeutic effects on
destruction of cancer cells via photo-induced DNA damages (Vankayala et al. 2015).
Methionine was covalently linked to BSA stabilized AuNCs by EDC chemistry for
tumor-selective optical imaging of methionine-dependent malignant cells.
Hydrophilic indocyanine green (ICG) derivative MPA, a NIR fluorescent dye, was
used to label methionine-modified AuNCs (Au-Met-MPA) for NIR tumor imaging
which displayed non-toxicity and tumor specific bio-distribution pattern in different
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Fig. 7 a BSA-AuNCs as contrast imaging agents for tumor fluorescence imaging in vivo was
demonstrated by subcutaneous A, intramuscular B and intravenous C injection in mice model at
different time points of post injection. D Ex vivo optical imaging of anatomized mice and some
dissected organs such as liver, spleen, left kidney, right kidney, heart, lung, muscle, skin and
intestine from left to right. b Tumor accumulation BSA-AuNCs in MDA-MB-45 tumor xenograft
models due to the EPR effects (Reproduced from Wu et al. (2010) with permission of The Royal
Society of Chemistry)
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tumor bearing mouse models. Doxorubicin (DOX), a widely used clinical anti-cancer
drug, was immobilized on the methionine modified AuNCs to form a pro-drug,
Au-Met-DOX. The enhanced tumor affinity and improved anti-tumor activity of this
pro-drug were demonstrated on mouse sarcoma S180 tumor bearing mice. All the
results in this study lead to tumor-targeted imaging and therapeutic efficacy of AuNCs
as a core for the design of pro-drug in the field of cancer therapy (Chen et al. 2012).
A fluorescence enzyme mimetic nanoprobe based on FR targeting AuNCs used for
tumor tissues visualization was fabricated by one-step incubation method. The
nanoprobes could distinguish efficiently cancerous cells from normal and could be a
potential diagnostic tool for cancer imaging and prediction (Hu et al. 2014).

Recently, facile Au/Ce nanoclusters were synthesized by doping trivalent cerium
ion into seed crystal growth process of gold and stabilized by glutathione which
could be used as an excellent fluorescent probe for marking tumor cells due to their
targeted absorption. These nanoclusters had no obvious cell cytotoxicity effect on
HeLa, HepG2 and L02 cells and demonstrated in vivo imaging efficiency on a
xenograft tumor model of cervical carcinoma (Ge et al. 2015). Since AuNCs can
preferentially accumulate in tumor via the improved EPR effect due to its
ultra-small size, they found profound applications as radio-sensitizers for cancer
radiotherapy (Zhang et al. 2013). In an interesting study, fluorescent BSA-protected
AuNCs conjugated with Herceptin (AuNCs-Her), for specific targeting and nuclear
localization in ErbB-2 over-expressing breast cancer cells and tumor tissue for
simultaneous imaging and cancer therapy was successfully prepared. These
AuNCs-Her could escape the endo-lysosomal pathway and enter the nucleus of
cancer cells and enhances the anticancer therapeutic efficacy of Herceptin by the
induction of DNA damage which was evidenced in human breast cancer SK-BR3
cells (Wang et al. 2011b). In a separate work, folic acid conjugated silica coated
AuNCs (AuNCs@SiO2) were developed for targeted dual-model fluorescent and
X-ray computed tomography imaging (CT) of gastric cancer cells with over
expression of FR. Tail vein injection of the AuNCs@SiO2-FA in MGC803 nude
mice models exhibited excellent red emitting fluorescence optical property and
X-ray absorbance for optical and CT dual-modality imaging (Zhou et al. 2013).

4.2 Sensing Applications

Fluorescent AuNCs found tremendous applications as sensors in the detection of
metal ions, small molecules and biological macromolecules due to its quenching or
enhancing effect when Au+ ions interacting with them. The impact of these AuNCs
on resolving the headed issues in environment as well as medical sciences can
provide greater tool for early detection of minuscule concentration of organic and
inorganic molecules. In this context a discussion about the possible applications of
as metal ion sensors, biosensors and so on need special attention.
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4.2.1 Metal Ion Sensors

Presence of heavy metal ions such as Hg2+, Cd2+, Pb2+ and Cu2+ cause hazardous
health issues because of their property of binding with vital organs or cellular
components (Wei et al. 2010; Lin et al. 2010; Wang et al. 2014; Ding et al. 2014).
Routine detection of mercuric ions (Hg2+) is central to environmental monitoring in
aquatic ecosystems. The first report in which the fluorescence of alkane thiols
capped AuNCs (11-MUA-AuNPs) was quenched by the presence of mercury
(II) (Hg (II)) due to Hg (II)-induced aggregation of AuNCs (Huang et al. 2007a)
provide a ray of hope for enabling heavy metal detection using AuNCs. Similarly,
Xie et al. (2010) developed a simple paper test strip system for the rapid routine
monitoring of Hg2+ ions using AuNCs. Lysozyme type VI-stabilized gold nan-
oclusters (Lys VI-AuNCs) as a probe for the ultrasensitive detection of Hg2+ and
CH3Hg

+ in seawater based on fluorescence quenching due to the interaction
between Hg2+/CH3Hg

+ and Au+ on the Au surface could be further tapped (Lin and
Tseng 2010). Although copper (Cu) is an integral part of a number of enzymes and
involved in many vital biochemical processes, chronic Cu overload or exposure to
excess Cu leads to abnormal Cu metabolism and fatal neurodegenerative changes
(Gaetke and Chow 2003). Glutathione-protected AuNCs were used for the efficient
detection of cupric ions (Cu2+) based on aggregation-induced fluorescent quenching
and it was recovered through the addition of a strong metal ion chelator, ethylene
diamine tetra acetate (EDTA) (Chen et al. 2009). AuNCs stabilized by an iron
binding transferrin family protein, lactoferrin (Lf) was also used for the effective
and sensitive detection of Cu2+ (Xavier et al. 2010). Near-infrared luminescent
AuNPs (NIRL-AuNPs) were synthesized by heat-assisted reduction of a gold (I)–
thiol complex as a sensor for Cu2+ quantification (Tu et al. 2011).

Simultaneous detection of both Hg2+and Cu2+ ions through fluorescence
quenching was achieved through BSA-conjugated AuNCs. EDTA and sodium
borohydride (NaBH2) were used as masking reagents, in which EDTA complexed
with Cu2+, and borohydride reduced Hg2+ which eliminated quenching effect, thus
detection of the other ion was achieved (Cao et al. 2013). Glutathione-capped
Au/Ag nanoclusters (GS-Au/AgNCs) by microwave irradiation had an efficient
sensing property to detect many analytes such as Cu2+, sulfide, iodide, cysteine, and
glutathione (Zhang et al. 2015). In a promising study, Annie et al. (2012) employed
l-3,4-dihydroxyphenylalanine (L-DOPA) capped AuNCs for the sensitive detection
of Fe3+ with a limit of detection of 3.5 lM which is much lower than the maximum
level (0.3 mgL−1 equivalent to 5.4 lM) of Fe3+ permitted in drinking water by the
U.S. Environmental Protection Agency. Screening of food materials for possible
heavy metal contamination requires special consideration as a potent health issue,
hence AuNC based sensing probes needs to be further explored to effectively
handle the issues.
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4.2.2 Biosensors

Carefully engineered AuNCs were observed to be capable for the efficient detection
of various bio-macromolecules and other small molecules such as enzymes (Hu
et al. 2012; Wen et al. 2013), folic acid (Hemmteenejad et al. 2014), proteins (Lin
et al. 2013b; Selvaprakash and Chen 2014), dopamine (Tao et al. 2013; Aswathy
and Sony 2014), cholesterol (Chen and Baker 2013) etc. The pioneering work in
which AuNCs were used for detecting cellular proteins reported by Triulzi et al.
(2006) used polyclonal, goat-derived anti-human IgG antibody conjugated
PAMAM-AuNCs for the human IgG immunoassay. Huang et al. (2008) reported a
new method using Platelet-derived growth factor AA (PDGF AA) modified
fluorescent AuNCs (PDGF AA-L (AuND)) and PDGF binding aptamer modified
AuNPs (Apt-Q (AuNP)) for the effective breast cancer specific protein detection.
Fluorescence of PDGF AA-L(AuND) was quenched due to Apt-Q(AuNP) binding
and addition of PDGFs, caused a decrease in interaction between Apt-Q(AuNP) and
PDGF AA-L(AuND) which results in recovered fluorescence. Fluorescent mannose
coated AuNCs were effectively used for the detection of Concanavalin A (Con A)
and Escherichia coli (E. coli) wherein the fluorescence was increased after binding
to corresponding proteins such as (Con A) and FimH of type 1 in E. coli (Huang
et al. 2009). Serum glucose could be easily quantitated using cysteine stabilized
AuNCs and the method is devoid of interference with other serum proteins (Hussain
et al. 2011) and hence could be advantageous over the current colorimetric meth-
ods. Constant monitoring of rifampicin or rifampin (R), a common drug generally
prescribed for long-term administration under regulated doses to treat inactive
meningitis, cholestatic pruritus and tuberculosis (TB), is necessary to control the
side effects and prevent overdose caused by chronic medication. Chatterjee et al.
(2015) developed an efficient colorimetric assay for the detection of rifampicin in
urine in which fluorescence of immobilized BSA-AuNCs on wax-printed papers
was quenched by the increasing concentration of rifampicin.

5 Future Scopes of Fluorescent AuNCs

Many simple strategies have been formulated for the preparation of AuNCs from
Au3+ in the presence of small biological molecules which acts as reducing and
stabilizing agents. Despite the fact that the nature and concentration of the ligand,
reaction temperature, time, solution pH, ionic strength and other parameters play
significant roles in determining the formation of AuNCs with desirable physical,
chemical and optical properties, they can be tuned for the fabrication of NCs for
more sensitive fluorescence energy transfer based techniques. AuNCs have a few
favourable circumstances as nanoprobes attributable to their great stability and
mono-dispersion in the physiological environment which will lead to enhanced
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sensitivity and increased tracking lifetime. Since AuNCs have the remarkable
biocompatibility, it could be suited for in vitro and in vivo applications.
AuNC-based platforms can be utilized to improve or empower a wide assortment of
treatments including drug delivery, nucleic acid delivery, photothermal ablation,
radiotherapy and real time fluorescent imaging. The capacity to tune the size, shape
and thus the physical properties of NCs, alongside their low cytotoxicity, high
biocompatibility, and scope of surface modulations, makes them promising con-
tender for clinical use. It is sensible to trust that increasingly delicate and specific
detection and imaging procedures utilizing Au based NCs will soon get to be
brilliant measures for clinical applications.

In-depth molecular imaging and complete surgical resection of malignant tissue is
still a challenging task in oncology (Kelderhouse et al. 2013; Nguyen and Tsien
2013). Even though semiconductor quantum dots (QDs) offered great assurance in
early cancer detection and diagnosis due to its intense, stablefluorescence (Smith et al.
2006; Alivisatos et al. 2005; Michalet et al. 2005), its wide spread usage is heavily
limited owing to the higher risk to human health as well as environment due to its
heavymetal content (Hardmen 2006; Tsoi et al. 2013). Organic dyes used for imaging
purpose are greatly liable to photo bleaching which makes them unsuitable for long
term usage (Li et al. 2014; Jaiswal et al. 2003; Chen and Gerion 2004). AuNCs as an
emerging fluorescent nanomaterial can overcome most of these disadvantages of
quantum dots and organic dyes (Lin et al. 2009b; Qu et al. 2015) and have a greater
potential for many applications in biomedical field (Lin et al. 2010). AuNCs syn-
thesized by green-chemistry possessed greater water-solubility, high photostability,
large Stokes shift, ultrasmall size, nontoxicity, and good biocompatibility and hence
could be carefully tuned for diverse applications in biomedical field (Wang et al.
2011b; Qu et al. 2015; Muhammed et al. 2010). The surface modification of AuNCs
using tumor specific ligands will offer targeted imaging and drug delivery (Huang
et al. 2009; Huang et al. 2011a) thereby extending its promising role in personalized
medicine. Functional molecules present as the capping agents in AuNCs will support
conjugation of targeting molecules and chemotherapeutics for its efficient delivery at
the tumor site (Shang et al. 2011b). Folic acid conjugated AuNCs (NCs-FA) high-
lighted the potential of AuNCs to become a diagnostic tool for cancer detection and
imaging (Hu et al. 2014). Fluorescent AuNCs conjugated with diatrizoic acid and
AS1411 aptamer (AS1411-DA-AuNPs) with nucleolin specific targeting function
make NCs as a powerful tool in the field of fluorescence-guided surgery (Li et al.
2015a). Doxorubicin immobilized multifunctional AuNCs (Au-Met-DOX) and
Herceptin conjugated AuNCs (AuNCs-Her) confirmed the promising future of
AuNCs as a drug carrier with at most specificity and target ability (Chen et al. 2012;
Wang et al. 2011b). Although marvelous transitions are undergoing in the study of
AuNCs as promising multifunctional optical probes for molecular imaging and
therapy, most studies are mainly concentrating on in vitro (Shang et al. 2011b;
Muhammed et al. 2009; Qiao et al. 2013; Vankayala et al. 2015; Chen et al. 2012)
applications than in vivo (Wu et al. 2010) real time uses. Further detailed in vivo and
preclinical to clinical investigations are warranted to establish the full potential of
AuNCs for myriad applications aiming in the betterment of human life.
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6 Versatile Biomedical Applications of Other Gold
Nanomaterials

Gold nanoparticles can be manufactured into a variety of forms, comprising of gold
nanospheres, nanorods (AuNRs), nanoshells, nanobelts, nanocages, nanoprisms,
nanotubes (Nandini et al. 2014, 2016a) nanoribbons (Nandini et al. 2016b) and
nanostars (Fig. 8). Many processes have been developed to synthesize gold
nanomaterials, including both chemical methods (e.g., chemical reduction, photo-
chemical reduction, co-precipitation, thermal decomposition, hydrolysis, etc.) and
physical methods (e.g., vapor deposition, laser ablation, grinding and many more).

Fig. 8 a Electron microscopy of Au-citrate nanoparticles (Reprinted with permission from
Plascencia-Villa et al. (2015) © 2015 American Chemical Society). b TEM images of silica-coated
AuNRs. Scale bars correspond to 100 nm (Reprinted with permission from Jia et al. (2015)
© 2015 American Chemical Society). c SEM image gold nanoshells on silica core particles. Scale
bars correspond to 100 nm (Reprinted with permission from Sauerbeck et al. (2014) © 2014
American Chemical Society). d TEM image of gold nanospheres coated with mesoporous silica
(Au@mSiO2-TTA) (Reprinted with permission from Song et al. (2015) © 2015 American
Chemical Society)
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The ultimate goal of every process is to obtain nanomaterials with a high level of
homogeneity and provide fine control over size, shape and surface properties
(Feldheim and Foss 2011). Such nanomaterials have attracted diverse role in
biomedical field such as targeted imaging, drug delivery, photo dynamic and photo
thermal therapy etc. These gold nanomaterials exhibit localized SPR effect because
of it is much smaller in size than the light wavelength and its chemical, physical and
optical properties depend on its size and shape which is different from bulk gold
(Mie 1908). Gold nanomaterials of approximately 3–20 nm display light absorption
but at 20–80 nm exhibit an increasing scattering/absorption ratio which gives great
opportunity for biomedical imaging based on light scattering.

6.1 Contrast Agents

The plasmon absorption band varies on its shape and number from spherical to
non-spherical NPs. Spherical AuNPs possesses only one plasmon absorption band.
Different plasmon absorption bands of single NPs provides more information than a
single visible band of spherical AuNPs (Liz Marzan 2006; Boisselier and Astruc
2009). AuNRs possess two plasmon bands, one in transverse and the other in
longitudinal direction and its ratio is adjusted to shift the plasmon band to the NIR
region which allows penetration into living tissues and avoid background fluores-
cence noise. Gold nanoshells are concentric spherical constructs consist of a thin
outer gold shell and a silica core and its optical properties can be tuned by changing
the core-shell ratio as well as the overall size and shape. Hence the absorption and
scattering properties of AuNRs, gold nanospheres and gold nanoshell could be
tuned to NIR region where blood and tissues are maximally transmissive. The
specific tunable optical properties of these gold nanomaterials make it as ideal
candidates for in vitro and in vivo imaging and photothermal therapy (Loo et al.
2005; Lin et al. 2006; Lal et al. 2008). It could also be used as contrast agents for
optical coherence tomography (OCT) (Chen et al. 2005), photoacoustic tomography
(PA) (Li et al. 2008; Yang et al. 2009; Kim et al. 2010), computed tomography
(CT) (Hainfeld et al. 2006; Popovtzer et al. 2008; Maltzahn 2009), multi-photon
microscopy, Surface-enhanced Raman spectroscopy (SERS), (Qian et al. 2008;
Zavaleta et al. 2009) and Magnetic resonance imaging (MRI) (Lim et al. 2007; Eun
et al. 2010). Optical imaging of epithelial growth factor receptor (EGFR) over
expressed cervical epithelial cancer cells (SiHa cells) using monoclonal antibody
conjugated AuNPs was achieved by Sokolov et al. (2003). In a similar work,
immune-targeted AuNPs against EGFR was effectively utilized for imaging pur-
pose in non-malignant epithelial cell line (HaCaT) and two malignant oral epithelial
cell lines (HOC 313 clone 8 and HSC 3). Cancerous cells displayed a higher uptake
of the NP which was colored in SPR scattering image with dark background using a
white-light source from a conventional microscope (El-Sayed et al. 2005).

Gold is a new-age selective X-ray contrast agent which could be effectively
exploited in early cancer diagnostics due to its greater X-ray attenuation ability
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compared with iodine, which is currently used as a contrast agent (Hainfeld et al.
2006). Although X-ray based computed tomography (CT) is one of the most
convenient imaging/diagnostic tools, it is not considered as molecular imaging tool
since targeted and molecularly specific contrast agents for CT is not suitably
established. Popovtzer et al. (2008) demonstrated a new CT imaging modality in
head and neck cancer which enables, cancer detection at the cellular and molecular
level with standard clinical CT using gold nano-probes that selectively target tumor
specific antigen and inducing distinct contrast in CT imaging. Hybrid nanoparticles
with superparamagnetic iron oxide embedded in AuNP shells displayed combined
applications in MRI and optical imaging, photothermal therapy and targeted cancer
therapy. Iron core of this NPs provides strong T2 (spin-spin relaxation time) con-
trast, while Au part act as optical contrast agent (Lim et al. 2007; Larson et al. 2007;
Ji et al. 2007). The hybrid NPs targeted to the epidermal growth factor receptor
(EGFR), demonstrated fascinating effects in MDA-MB-468 breast cancer cells
(Larson et al. 2007).

Rayleigh scattering of AuNRs are excellent and hence could enhance SERS due
to surface plasmon field overlap. Anti-epidermal growth factor receptor
(anti-EGFR) antibodies conjugated AuNRs specifically bind to human oral cancer
cells and gave enhanced Raman spectrum useful for diagnostic purpose (Huang
et al. 2007b). Similarly, Lee et al. (2007) demonstrated the potential feasibility of
SERS imaging in live human embryonic kidney cells HEK293 expressing
PLCgamma1 using monoclonal antibody conjugated Au/Ag core-shell nanoparti-
cles. Bi-functional poly ethylene glycol (PEG) coated AuNPs were covalently
coupled to F19 monoclonal antibodies for the staining of resected human pancreatic
adenocarcinoma cells and visualized by darkfield microscopy near the nanoparticle
resonance scattering maximum (Eck et al. 2008). AuNRs functionalized with
Herceptin (Her-PEG-GNRs) was used for in vivo targeting of breast cancer specific
antigens. It demonstrated significant stability and targetability in vitro in the pres-
ence of blood and then in vivo in nude mice model for breast cancer. These
observations could effectively translate AuNRs as a powerful molecular imaging
agent (Eghtedari et al. 2009). Two-photon luminescence (TPL) intensity of AuNRs
at 830 nm excitation on a far-field laser-scanning microscope was 58 times than
that from a single rhodamine molecule and hence could be adopted for applications
as TPL imaging agents. A simple colorimetric method was developed for the visual
distinction between cancerous cells and normal ones using aptamer-conjugated
AuNPs, in which cancer cells displayed a distinct color change compared with the
normal cells (Medley et al. 2008).

6.2 Photothermal Therapy

Although chemotherapy holds the major share in cancer treatment regimen it is often
accompanied with dramatic side effects; surgical removal of tumors limited to
accessible sold tumors only and radiotherapy also affect healthy surrounding tissue
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along the radiation path. Photothermal therapy is an emerging technique that uses
optical sources to generate heat to destroy tumor cells. Among the gold nanomate-
rials; AuNRs, gold nanospheres and gold nanoshells absorb light in a broad spectrum
range from near UV to NIR, but the NIR region is especially crucial in order to
penetrate inside living tissues (Jain et al. 2007). Chemotherapeutic molecules con-
jugated photothermal agents can decipher better outcome because laser hypothermia
induced drug release is possible at the tumor site (photo-chemotherapy).

PEG coated gold nanoshells with peak optical absorption in the NIR was
effectively employed for the photothermal therapy in murine colon carcinoma
(CT26WT) tumor bearing immune-competent mice, wherein tumors were illumi-
nated with a diode laser for hyperthermia generation (O’Neal et al. 2004). Focused
pulsed NIR laser irradiation of phosphatidylcholine-passivated gold nanorods
(PC-NRs) achieved selective killing of single cells (Takahashi et al. 2006). Folate
conjugated AuNRs renders the extensive blebbing of KB cells when irradiated with
femto second Ti:sapphire laser (Huff et al. 2007). Anti-epidermal growth factor
receptor (anti-EGFR) conjugated AuNPs and gold nanoshells were used for tumor
targeted hyperthermia (El-Sayed et al. 2006; Huang et al. 2006). Similarly, prostate
cancer ablation (PC-3 cell) in nude mice model were reported using 110 nm gold
nanoshell, irradiated with 810 nm NIR laser at the spot site (Stern et al. 2008).
NF-kappaB is a transcription factor critically involved in tumor formation and
progression. Folate receptor conjugated gold nanospheres carrying siRNA recog-
nizing NF-kappaB p65 subunit were synthesized for the successful down-regulation
of NF-kappaB in cancer cells after NIR light irradiation (Lu et al. 2010).
A dual-functional nanoparticle that mediates simultaneous photothermal cell killing
and controllable drug release for complete reduction of tumor was devised, in which
doxorubicin was loaded into hollow gold nanospheres (HAuNS) coated with PEG.
The nano construct advertised superior anti-tumor activity than free DOX, NP3, or
liposomal DOX in the in vitro and in vivo using human breast cancer
MDA-MB-231 and ovarian cancer A2780 cells (You et al. 2010, 2012).

6.3 Drug Carriers

The increased surface to volume ratio of the nanoparticles allows the conjugation of
targeting moieties with high drug loading which will ultimately enhance the ther-
apeutic efficacy. Synthesis of gold nanomaterials using biological materials such as
proteins, polysaccharides, microorganisms, plant extracts, cell extracts and many
more predominate in biomedical applications because of its biocompatibility and
non-toxicity (Joseph and Sreelekha 2014). NP based drug-delivery systems for
cancer therapeutics are swiftly evolving to overcome the drug resistances of Cancer
Stem Cells (CSC). Recently, NP-based strategies have illustrated promising ther-
apeutic efficacy while reducing adverse effects, compared with those of conven-
tional therapy (Joseph et al. 2016). Destruction of tumor mass by NPs targeting
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both CSCs and cancer cells with possibly eliminate the tumor burden and also block
any tumor relapse.

Gold nanomaterials have been well explored as a promising drug delivery
vehicle for cancer in recent years. Multidrug resistance (MDR) is a major obstacle
during chemotherapy of cancer in which drug efflux affects the therapy.
AuNPs-doxorubicin (Au-PEG-SS-DOX) conjugates were developed to overcome
MDR in cancer cells (Gu et al. 2011). Similarly, doxorubicin conjugated onto the
surface of AuNPs with a PEG spacer via an SMCC linker also demonstrated highly
efficient cellular entry and enhanced cytotoxicity in multidrug resistant HepG2-R
cancer cells compared with free doxorubicin (Cheng et al. 2013). In another
promising work, rifampicin (RF)which was known to reduce the MDR was con-
jugated to AuNPs to enhance the rate as well as efficiency of endocytosis of NPs in
cancer cells which could lead to demand of decreased amount of AuNPs for cancer
management (Ali et al. 2014). Anticancer and immuno-modulatory polysaccharide
PST001 isolated from the seed kernels of Tamarindus indica acted both as reducing
and capping agent for the preparation of PST-Gold nanoparticles (Joseph et al.
2013). The resultant nanoparticles showed high stability with no obvious aggre-
gation for months and a broader range of pH tolerance. The nanoconjugate was
effective against various human cancer cell lines and exhibited induction of
apoptosis. Importantly, PST-Gold nanoparticles demonstrated significant increase
in the life span of tumor-challenged mice models and displayed greater reduction in
the tumor volume in both ascites and solid tumours (Joseph et al. 2014).

Methotrexate (MTX) conjugated AuNPs (MTX-AuNP) was found to be more
effective than free drug in overcoming MDR (Chen et al. 2007). Similarly, Brown
et al. (2010) synthesized oxaliplatin conjugated AuNPs which exhibited increased
cytotoxicity, drug uptake, and localization in the A549 lung epithelial cancer cell
lines and the colon cancer cell lines HCT116, HCT15, HT29 and RKO than free
drug. In a more engineered fashion, DOX, tumor targeting ligand (cyclo
(Arg-Gly-Asp-D-Phe-Cys) peptides, (cRGD)) and 64Cu-chelators were conjugated
to the PEGylated AuNRs via hydrazone bond for targeted anticancer drug delivery
and positron emission tomography (PET) imaging of tumors. These multifunctional
NPs triggers pH-sensitive controlled drug release and in vivo PET imaging (Xiao
et al. 2012). In a similar way multifunctional theranostic nanoparticle was developed
using amphiphilic AuNPs coated with a Raman reporter BGLA (2-(4-(bis(4-(die-
thylamino)phenyl)(hydroxy)methyl)phenoxy)ethyl 5-(1,2-dithio-lan-3-yl)pen-
tanoate) for cancer targeted drug delivery. DOX was loaded on the as prepared
nanoparticles and tagged with HER2 antibody as targeting moiety for specific
tumor recognition. These nanoparticles trigger pH-sensitive drug release and SERS
imaging (Song et al. 2012).

AuNPs was used as a vector for the targeted delivery of tumor necrosis factor
(TNF) in MC-38 colon carcinoma tumors in mice and displayed superior tumor
localization. It was found to be less toxic and more effective in reducing tumor
burden than native TNF since maximal antitumor responses were achieved at lower
doses of drug (Paciotti et al. 2004). PEGylated colloidal gold–TNFconstruct
(CYT-6091) was tested in a phase I dose escalation clinical trial in advanced stage

Fluorescent Gold Nanoclusters as a Powerful Tool … 417



cancer patients and found to be non-toxic compared to the doses of free recombi-
nant human tumor necrosis factor alpha (rhTNF) (Libutti et al. 2010). In a similar
study, PEG coated AuNPs incorporated with TNF-alpha payload and combined
heating were studied in SCK mammary carcinomas grown A/J mice and found to
decrease tumor growth (Visaria et al. 2006).

7 Conclusion

Gold based nanomaterials are one of the most widely studied molecules in the last
decade, and are emerging as promising agents in cancer management in which
fluorescent AuNCs holds a prominent position. Fluorescent AuNCs can be fabri-
cated using many biological and organic materials as reducing and capping agents
and the properties depends to the fabrication strategies adopted. AuNCs can
overcome biological barriers and transport drugs to the tumor site and are potential
alternatives to QDs and fluorophores which can enable early imaging, diagnosis and
targeted therapy of cancer. Advances in genomics and proteomics provided accu-
rate information about the expression of various receptors on cancers and hence
different targeting moieties as well as chemotherapeutic agents could be conjugated
to the surface of AuNCs for rapid and accurate tumor diagnosis and therapy.
AuNCs could be used for combinatorial imaging with MRI, PET and CT for more
potential tumor imaging. Although many reports suggest the biocompatible and
non-toxic nature of AuNCs, detailed toxicity studies in suitable animal models are
in infancy stage to make a stable conclusion about the safety in the wide spread use
of this materials. Other forms of gold nanomaterials such as gold nanospheres,
nanorods, nanoshells, nanobelts, nanocages, nanoprisms and nanostars also play
much promising role in every aspect of human inference. In the pursuit of current
knowledge, in the future of nanomedicine, AuNCs will be one of the innovative
platforms for cancer diagnosis and treatment for improved patient survival outcome.
Progresses in the fabrication of different useful nanomaterials and AuNCs might
advantage for the advancement of more delicate fluorescence based strategies. It is
our solid conviction that more sensitive and specific detecting and imaging systems
utilizing Au based NCs will soon get to be brilliant principles for clinical
applications.
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Graphene Metal Nanoclusters
in Cutting-Edge Theranostics
Nanomedicine Applications

Kasturi Muthoosamy, RenuGeetha Bai and Sivakumar Manickam

Abstract The major breakthrough of graphene in 2004 has paved the way for
various approaches to synthesize graphene and its derivatives for biomedical
applications. With the interest in graphene as a cargo in drug delivery, the explo-
ration has slowly shifted to metal-graphene materials as fluorescent probes. Metals
such as Cu, Au, Fe, Ce and etc., have been incorporated into graphene for various
applications such as sensing and imaging. With the success of graphene—metal
nanoparticles (NPs), its more recently discovered counterpart, graphene—metal
nanoclusters (NCs) has gained much interest lately. Loosely defined, NCs are a
cluster of NPs with sizes of 1–20 nm with a narrow size distribution, which endows
it with unique electronic properties compared to metal NPs. NCs are size-dependent
fluorescent materials with good photostability. They have been largely investigated
in biosensing, diagnosis and therapy applications, a term coined as theranostics. In
more recent applications, graphene metal NCs were stabilized with protein
biomarkers for targeted sensing of cancer cells and diseases. Smart delivery system
allows diagnosis, imaging and targeted therapy simultaneously. This chapter
focusses on the synthesis and biomedical applications of graphene—metal NCs
with a detailed discussion on their properties and applications in the biomedical
field. A brief description on the toxicity is addressed as well, together with future
considerations for possible applications of graphene—metal NCs clinically.
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Abbreviations

2D Two dimensional
3D Three-dimensional
Ag Silver
Au Gold
CT Computed tomography
CTAB Cetyltrimethylammonium bromide
CVD Chemical vapour deposition
D Diffusion coefficient
DFT Density functional theory
DOS Density of states
Dox Doxorubicin
Gd Gadolinium
GO Graphene oxide
HREELS High-resolution electron energy loss spectrometer
HRTEM High-resolution transmission electron microscopy
IC50 Half-inhibitory concentration
IONP Iron oxide nanoparticles
LD50 Lethal dose 50%
LDH Lactate dehydrogenase
LEED Low energy electron diffraction
MMP Metalloproteinase-9
Mn Manganese
MR Magnetic resonance
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
MUA Mercaptoundecanoic acid
NCs Nanoclusters
NIR Near Infrared
NOAEL No observed adverse effect level
NPs Nanoparticles
PET Positron emission tomography
PMA Phorbol myristate acetate
PM-IRAS Polarization modulation infrared reflection absorption spectrometer
PVP Polyvinyl-pyrrolidone
QUAMBO Quasi-atom minimal basis orbitals
RGO Reduced graphene oxide
ROS Reactive oxygen species
RT Room temperature
STM Scanning tunneling microscopy

430 K. Muthoosamy et al.



TEM Transmission electron microscopy
TOAB Tetraoctylammonium bromide
UHV Ultrahigh vacuum
UV Ultra-violet
XPS X-ray photo-electron microscopy
XRD X-ray diffraction

1 Introduction

Nanomaterials or nanoparticles (NPs) have been widely explored by researchers for
biomedical applications. Their small size (>20 nm) and unique chemical properties
pave the way to further explore even smaller particles or atomic aggregates called
clusters. Nanoclusters (NCs) which are generally made of metals such as Au, Ag, Pt
and others are less than 20 nm in size and consist of about few to 100 atoms. At this
size regime, the metal NCs become a molecular species with sizes comparable to
Fermi wavelength of electrons and bridges the gap between atomic and nanoparticle
behaviour. Thus, NCs display many astounding properties with respect to their bulk
crystalline such as strong photoluminescence (Peyser et al. 2001; Zheng and
Dickson 2002; Häkkinen et al. 2003; Peyser et al. 2001), large Stokes shift and high
emission rate, optical chirality (Gautier and Bürgi 2008; Román-Velázquez et al.
2003) as well as ferromagnetism (Crespo et al. 2004), which are of both scientific
interest and technological importance. These amazing properties led to many bio-
logical applications such as single molecule photonics, biological labelling and
biosensing (Liu et al. 2011a). Besides these applications, metal NCs have also
shown advantages in heterogeneous catalysis, energy conversion and magnetic data
storage devices (Meiwes and Karl 2012; Li and Somorjai 2010). It was reported that
small metals like AuNCs and PtNCs have high chemical activity due to their highly
reactive corner and edge atoms with low coordination number (Valden et al. 1998;
Campbell 2004; Hvolbæk et al. 2007; Tian et al. 2007; Vajda et al. 2009).

When synthesizing NCs with particle size of less than 20 nm, one of the con-
cerns is the production in controlled size and in a reproducible manner. Thus, a
suitable substrate is necessary to serve as a template for metal deposition. In this
connection, graphene, the strongest two dimensional (2D) materials known with a
long-ranged ordered superstructure could serve for the above purpose. In addition,
graphene has excellent mechanical strength, high surface area and exceptional heat
transport as well as high electrical conductivity at room temperature (RT), which
makes it a perfect candidate as a substrate for metal cluster deposition (Lee et al.
2008; Seol et al. 2010; Geim 2009; Guo et al. 2010; Yoo et al. 2009; Venkateswara
Rao et al. 2011). Previous studies reported graphene as a perfect support substrate
for a variety of metals such as Pt, Au, Ag, Ni, Cu, and Pd (Hamada and Otani 2010;
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Varykhalov et al. 2010; Xu et al. 2008a), drugs (Muthoosamy et al. 2014; Geetha
Bai et al. 2015) and fluorescent labels (Peng et al. 2010; Lin et al. 2016a; Kalluru
et al. 2016). Graphene and its derivatives are also reported as biocompatible, thus
safe for biomedical applications (Muthoosamy et al. 2015; Liu et al. 2011b; Wang
et al. 2012; Zhao et al. 2014).

Added to these, appropriately stabilized metal NCs serve as an excellent bio-
logical labelling agent. Generally colorimetric cancer cell or disease detection are
prepared by various methods such as enzyme-linked immunosorbent assay
(Kjeldsen et al. 1992), activity-based labelling (Edgington et al. 2009), chemolu-
minescence (Richard et al. 2007) and fluorescent resonance energy transfer (FRET)
(Hong et al. 2014; Rodems et al. 2002). In a FRET system, organic fluorophores are
used as donors and acceptors; however, organic fluorophores suffer from major
limitations such as pH susceptibility, narrow absorption band that overlaps with
broad emission window and photodegradation (Nguyen et al. 2015; Rodems et al.
2002; Hong et al. 2014). Hence, NCs are emerging fluorescent material with
excellent optical and physical properties (Zhang and Wang 2014; Cui et al. 2014;
Zheng et al. 2007; Obliosca et al. 2013; Yuan et al. 2014) that avoids the limitations
faced by common fluorophores.

Generally, the luminescence of metal NCs is due to the electronic transition
between the highest occupied orbital and the lowest occupied orbital
(HOMO-LUMO) as well as the electron transitions between the occupied “d” bands
and states above the Fermi level, such as the sp bands (Fig. 1) (Lu and Chen 2012).
Comparatively, bulk materials emit weak luminescence due to the absence of
energy gap and nonradiative decay (Zheng et al. 2007), while in metal NPs,
luminescent properties are highly dependent on surface plasmon resonance due to
collective oscillation of conduction electrons when it interacts in the visible light
(Díez and Ras 2011). However, in metal NCs, upon exposure to visible light,
electron transition between energy levels takes place which results in strong
absorption in the range of 400–1000 nm, shifting to longer wavelengths compared
to NPs, hence inspiring further explorations for various biomedical applications
(Zhang and Wang 2014; Zhu et al. 2008).

There are many excellent reviews reporting on the synthesis of metal NCs with a
wide focus area (Wilcoxon and Abrams 2006; Fang et al. 2016; Choi et al. 2012;
Latorre and Somoza 2012). In this chapter, an overview on the synthesis of metal
NCs focusing on graphene based particles are provided. Although this is an
emerging field, the fundamental concept and theory of metal NCs synthesis which
dates back to decades ago are briefly discussed. Graphene-based metal NCs syn-
thesis which are slowly gaining momentum in the application sector, especially for
biosensing and theranostics applications are discussed extensively. Theranostics is a
recent biomedical field that combines modalities of therapeutics and diagnostics
(Modugno et al. 2015; Orecchioni et al. 2015; Mokdad et al. 2015; Ma et al. 2016;
Tao et al. 2015). Toxicology concerns and future prospects of using graphene and
its derivatives in the biomedical field conclude this chapter.
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2 Introduction to Synthesis of Metal NCs

Generally, there are two design strategies to synthesize metal NCs, either by
top-down approach or bottom-up approach. In a top-down approach, various
lithographic methods are involved by working from macroscopic to nanoscopic
levels. Whereas in the latter, self-assembly of metal atoms takes place on the
surface of large structures. The bottom-up approach will allow fast processing time
and scalable for mass production (Dupas and Lahmani 2007; Dupraz et al. 2003;
Ndlovu et al. 2012).

One of the earlier methods for growing metal NCs on graphene is via the growth
of NCs on a graphene/metal Moiré pattern. This type of fabrication would allow
equally sized clusters to be arranged in a regular array on a flat large-scale substrate
(N’Diaye et al. 2006). In addition, the graphene/metal Moiré superlattice was found
to be versatile, whereby various transitional metals could be grown, did not suffer
from uncovered substrate patches, was continuous and had high thermal stability
(N’Diaye et al. 2009). These astounding properties are useful for coherent response

Fig. 1 Size related effects and the respective band energy in metals. Bulk metals have freely
moving electrons whereas in metal NPs the band energy is dependent on surface plasmon
resonance. In metal NCs, discrete energy levels exist, which allow interaction with light by
electronic transitions between energy levels. Metal nanoclusters bridge the gap between single
atoms and NPs. Reprinted with permission from Zhang and Wang (2014)
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especially for applications warranting superior catalytic and magnetic properties
(Weiss et al. 2005; Boyen et al. 2002; Talapin and Murray 2005).

The substrate or Moiré template is initially prepared by depositing graphene on a
metal surface by thermal annealing a metal crystal such as Ru, Rh, Ir, Cu, etc. The
reason for using a metal surface to grow the graphene is to overcome many
shortcomings found in the initial researches: (1) graphene prepared by cleavage of
highly oriented pyrolytic graphite (HOPG) suffers from uncontrollable size and
spatial distribution of metal NCs (Clark and Kesmodel 1993; Whelan and Barnes
1997), and (2) graphene formed on SiC surface has structural defects (Pan et al.
2007a). Moreover, the graphene Moiré template was found to be thermally and
chemically stable; homogeneous, thus forms well dispersed metal NCs and sim-
plifies the determination of nucleation site; and unreactive, making determination of
interaction between metal clusters and support much easier (Xu et al. 2011; Zhang
et al. 2009a; Zhou et al. 2010).

In a typical Moiré structure, to attain periodicity and to form long–range and
continuous pattern, moieties of C are either properly or improperly aligned with
underlyingmetal atoms. Various transitionmetals such as Ir(111), Rh(111), Ru(0001)
and Pt(111) have been exploited as the candidates for templated growth of metal
nanoclusters. In this design, the C atoms which are bonded with the metal substrate
become locally reactive and turn into a nucleation site for second depositedmetal, thus
forming NCs (Xu et al. 2011).

In this section, the fundamental theory behind the interaction of metals NCs and
graphene is briefly discussed. Some of the experimental description is also provided
for ease of understanding for subsequent sections. Due to the wide variety of
synthesis approaches, preparation techniques are segmented based on the type of
graphene Moiré templates used for metal NCs growth. Other conventional synthesis
approaches are discussed as well such as using HOPG and SiC as substrate. More
recent synthesis techniques are included based on simple chemical reduction of
metal salts using both harsh and mild reducing agents.

3 Theory—Interaction Between Metal NCs and Graphene

Different metals (transitional metals, rare earth metals or noble metals) display
unique growth morphology on graphene due to different bonding and interaction
strength between the metal and graphene (Liu et al. 2013a). The interaction of metal
NCs with the substrate should be weaker than in the epitaxial system. However, the
interaction should be strong enough to maintain mechanical bonding required for
surface analysis (Ndlovu et al. 2012). Density functional theory (DFT) has been
extensively used to determine the first-principle calculations to study the adsorption
properties of various metals and graphene (Ivanovskaya et al. 2010; Wehling et al.
2009; Wang et al. 2011b; Khomyakov et al. 2009). First-principle theory combined
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with quasi-atom minimal basis orbitals (QUAMBO) scheme has been used to
comprehend the growth behaviour of NCs on graphene (Chan et al. 2007; Qian
et al. 2008; Yao et al. 2010). In addition, first-principle theory combined with
Mulliken charge analysis has also been used to evaluate the electron transfer
between graphene and metal NCs (Liu et al. 2010, 2011d, 2012a, 2012b; Binz et al.
2012; Hupalo et al. 2011a, b; Yao et al. 2010).

4 Experimental

4.1 Scanning Tunneling Microscopy (STM)

STM is often used in metal deposition studies to examine the growth morphology
of the metals such as NC island shape, density (number of atoms) at various
deposition rate (based on monolayer or ML values) and coverage. Commonly,
surface coverage is given in ML, where 1 ML corresponds to surface atomic density
of the metal such as Ru(0001). STM is also used to determine NC island dimen-
sionality; either two-dimensional (2D) or three-dimensional (3D). In addition, the
deposition temperature can also be determined by STM, which is imperative to
evaluate the sintering effects of the metals. STM also allows direct imaging of the
deposition, to gauge whether islands or films are grown at the various parameters as
well as to determine whether the NC islands appear as crystalline or amorphous
(Liu et al. 2013a).

4.2 Quantum Yield Measurement

Generally, the quantum yield (QY) of synthesized metal NCs are measured in
reference to Rhodamine G6 in ethanol. Initially, a concentration series of
Rhodamine G6 and test samples are prepared followed by determination of their
absorption and fluorescence. The excitation wavelength is kept as 400 nm with
optical density <0.1. QY is then determined using the following formula:

QYs ¼ Is=Ir � Ar=As � n2s=n
2
r � QYr

where s and r stand for sample and reference, respectively. I is the integral area
under the fluorescence spectrum, A is the absorbance at a particular excitation
wavelength, n is the refractive index of the solvent used and QYr is fluorescence
quantum yield of reference (0.95) (Nguyen et al. 2015; Dong et al. 2010).
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5 Metals NCs Grown on Metal-Graphene Moiré Structure

5.1 Graphene Ir(111) Moiré Template

One of the pioneers in growing metal NCs on a graphene Moiré template dates back
to 2006. N’Daiye and co-workers deposited Ir clusters by vapour phase deposition
on graphene Moiré on Ir(111) lattice (N’Diaye et al. 2006). Briefly, ethylene was
adsorbed on the Ir(111) surface at RT, forming a layer of ethylidyne (Zhang et al.
2009b). At elevated temperature ethylidyne was thermally decomposed in an
ultrahigh vacuum (UHV) chamber, leaving behind only carbon atoms on the sur-
face of the template. Upon annealing the surface at high temperature, large gra-
phene flakes were formed on Ir(111) surface (Fig. 2). Graphene can also be grown
on the Ir(111) substrate via chemical vapour deposition (CVD) technique. It was

Fig. 2 a STM topograph of graphene on Ir(111) surface, which indicates a rhombic Moire’ unit
cell, b STM topography after deposition of 0.02 ML Ir on graphene at 350 K and c schematic
illustration of the DFT optimized C(10 � 10)/Ir(9 � 9) unit cell. Shading of the C atoms
corresponds to their heights as calculated by DFT. 1st, 2nd and 3rd layer Ir atoms are colored as
cyan, red and green. Hcp-type region: full circle, fcc-type region: short-dashed circle, reprinted
with permission (N’Diaye et al. 2006)
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found that this method of deposition ensures full coverage of the substrate and
avoids surface defect (Coraux et al. 2008, 2009).

Subsequently, Ir atoms were deposited by evaporation of Ir wire. The researchers
found that Ir clusters have strong bonding to hcp- and fcc- regions of the graphene
Moiré with average cluster size of 3.1 atomic layers with cluster height of 2.2 Å
(N’Diaye et al. 2006). In addition, the Ir cluster superlattice showed high thermal
stability of up to 600 K without sintering effects (N’Diaye et al. 2009). Feibelman
(2008) investigated further on how the graphene displays strong attachment towards
the Ir template. Local density approximation (LDA) measured by him showed that
local rehybridization of C-C bonds from sp2 to sp3 takes place, resulting in binding
of IrNCs to the graphene which simultaneously pins the graphene Moiré to the Ir
substrate.

Wforms aperfectNCsuperlatticewith an averageheight of6Åon agraphene/Ir(111)
surface. However, the cluster deviates from a perfect hexagonal superlattice, when
compared with Pt and IrNCs (N’Diaye et al. 2009). As for Re, which has high cohesive
energyof8.03 eV, only partial order of clusterwas obtained due to early coalescence and
cluster rearrangements. On the other hand, for other metals such as Fe, Au and Ni, no
defined shape or superlattice was formed which is mainly due to small cohesive energy:
4.28, 3.81 and4.44 eV, respectively. In addition, thesemetals have lowvalence d-orbital
radius,making binding of themetals to grapheneweak and unable to stabilize the cluster
growth (N’Diaye et al. 2009).

In a study by Cavallin and co-workers, Rh atoms were deposited on graphene/Ir
(111) Moiré template at 90 K (Cavallin et al. 2012). Thermal annealing was
investigated at 3 different temperatures: 170, 300 and 840 K. Regular and ordered
single-atomic layer clusters were formed at 170 K, in contrast to preferential
nucleation site observed by other researchers (Feibelman 2008; N’Diaye et al.
2008). In addition, large aggregates were found only at the step edges. At slightly
higher temperature of 300 K, the clusters gained mobility and decreased cluster
density was observed. Similar to Ir clusters on graphene/Ir(111) Moiré (Gerber et al.
2009), Rh cluster diffusion and coalescence were taking place at high temperature.
At 840 K, the periodicity of the Moiré lattice was lost and larger clusters were
formed with three-atomic layers (Cavallin et al. 2012).

PtNCs were also deposited at the hcp-site of a graphene/Ir(111) surface (Van
Gastel et al. 2009). The effect of sintering upon CO gas adsorption on PtNCs arrays
on graphene/Ir(111) Moiré template was investigated (Gerber et al. 2013). When
sintering takes place, clusters are disrupted from their array arrangements and
become a mobile metal reactant. This unfavourable effect decreases particle number
in a cluster, thus increases the particle size, causes mass transport and ripening
which consequently degrades their property as a catalyst (Sehested et al. 2004;
Berko et al. 2004). The above groups found that upon CO exposure, small clusters
(<10 atoms) detach from the graphene Moiré substrate and become mobile, whereas
larger clusters remain intact and become more of 3D-like. Sintering was found to
take place via Smoluchowski ripening that involve diffusion and coalescence of
intact clusters as shown in Fig. 3, rather than Ostwald ripening, as was commonly
reported (Gerber et al. 2013; Di Vece et al. 2008).
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Fig. 3 STM images of PtNCs on graphene/Ir(111) after exposure to CO with a after 0.05 ML Pt
deposition, b after exposure to 1.1 L CO to (a), c after 0.20 ML Pt deposition, d after 16 L CO
exposure to (c), e after 0.44 ML Pt deposition and f after 20 L CO exposure to (e). Clusters which
disappear during CO exposure and their former location are marked with circles in (a, c, e) and (b,
d, f), respectively. Reprinted with permission from Gerber et al. (2013)
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5.2 Graphene Ru(0001) Moiré Template

Since the graphene formed only on selective areas of the metal surface via vapour
phase growth, Pan Yi and co-workers produced graphene monolayer on Ru(0001)
surface by thermal annealing Ru crystals (Pan et al. 2007a). In this method, Ru
(0001) crystal wafer was annealed in a UHV chamber, followed by cooling to RT
and subsequently growing graphene on the Ru surface. A Moiré pattern was formed
by superimposition of a monolayer of graphene on the Ru substrate forming con-
tinuous hexagonal superstructure. Generally, Moiré patterns which were discovered
decades ago (Amidror and Hersch 1999) are formed by interference from rotation of
two layers of any regular lattice and in this case the Moiré pattern is formed by
overlapping two lattices with identical hexagonal patterns (Pong and Durkan 2005).

In another study, the same group produced a highly-ordered and continuous
graphene monolayer (in the scale of millimetres) grown on Ru(0001) substrate as
shown in Fig. 4 (Pan et al. 2009b). Superposition of the graphene and Ru lattice
forms hexagonal Moiré pattern (Pong and Durkan 2005) with the ratio of graphene

Fig. 4 a STM images of the atomically flat graphene layer on the Ru(0001) surface, b formation
of the hexagonal Moire’ pattern by superimposition of graphene and Ru substrate, c atomic
resolution image of one unit cell of the Moire’ pattern, d schematic illustration of one unit cell of
the superlattice and e an enlarged perspective view of the graphene Moire’ superlattice. Reprinted
with permission from Pan et al. (2009b)

Graphene Metal Nanoclusters in Cutting-Edge … 439



lattice constant to Ru about 12:11. Interestingly, the graphene layer formed was
perfectly crystalline with no bond breakage or defects.

Similar to the technique used by N’Diaye et al. (2008), another research group
fabricated PtNCs on a Ru(0001) graphene Moiré periodic template by vapour phase
deposition (Zhang et al. 2009a). Briefly, single Ru(0001) crystal was pretreated by
repeated Ar+ sputtering and UHV annealing until no impurities were detected by
X-ray photo-electron microscopy (XPS) and STM. Subsequently, graphene was
grown on the Ru surface by using ethylene and coverage of PtNCs was controlled
by the deposition time. Uniformly sized Pt clusters were produced with nucleation
at fcc-sites of the graphene, compared to Ir clusters nucleating at the hcp-sites of the
graphene/Ir(111) Moiré pattern (N’Diaye et al. 2006, 2008).

In another finding, PtNCs were grown on Ru(0001) graphene Moiré surface,
whereby 1–4 atomic layer of clusters were formed at a unique region of the Moiré
unit cell. Interestingly, the NCs remain monodispersed even with increasing Pt
coverage of up to 0.36 ML. It is deduced that the Moiré pattern provides con-
finement to limit NCs growing laterally to preserve size uniformity without for-
mation of islands via coalescence or coarsening (Pan et al. 2009a). In this report, the
density of PtNCs deposited on graphene/Ru(0001) observed is lower than the
previously reported IrNCs on graphene/Ir(111) (N’Diaye et al. 2006) due to the fact
that the bond enthalpy of Ir-C is higher than the bond enthalpy of Pt-C. Thus, the
diffusion coefficient (D) is larger in Pt than Ir which consequently contributed to
smaller nucleation rate of PtNCs compared to IrNCs.

A similar finding was also observed by Zhou et al. (2010) whereby highly
dispersed Pt clusters were formed on the fcc- site of a graphene/Ru(0001) template
with a diameter of 2 nm. They also investigated on other metal clusters: Rh, Pd, Co
and Au. Similar to Pt, Rh which has higher Rh-C bond dissociation energy or bond
enthalpy formed highly dispersed clusters, whereas Pd and Co formed large 3D
clusters with low density. Interestingly, small 2D Au clusters (0.4 nm) were
formed, though the Au-C bond dissociation energy is lower than that of Rh-C. This
could be due to the fact that the nearest neighbour distance of Au is 0.288 nm,
which is too large to match the graphene lattice of 0.245 nm, thus making the Au to
fit the underlying Ru support rather than the graphene (Van Gastel et al. 2009;
N’Diaye et al. 2009).

Other uncommon metals were explored as well for cluster formation such as
Ceria (CeO2) NCs, which are known for their catalytic properties. However, the
clusters grown at 330 K were found to be non-uniform as some regions were
crowded, whereas others were denuded. The ceria islands display fractal-like shape
in low density regions and the length dimension is generally larger (15 nm) than
densely populated areas (3–6 nm). This finding is mainly due to the tendency for
ceria to nucleate at the defect sites of the graphene Moiré surface (Novotny et al.
2016; Wang et al. 2016b).

In another study, Co metal was deposited on the graphene/Ru(0001) surface
where hcp- and fcc- regions of the graphene Moiré have low potential energies and
thus acted as nucleation centers (Liao et al. 2011). It was found that the Co clusters
were loosely bound to the surface of graphene with random occupation of fcc- and
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hcp-regions. This is in contrast with PtNCs grown on graphene/Ru(0001) template,
whereby nucleation took place at the fcc-regions of the Moiré unit cell via
self-assembly of PtNCs array. This finding is recorded due to stronger Pt–C bond
compared to Co–C bond and smaller diffusion coefficient seen in Pt compared to Co
(Brihuega et al. 2008). In addition, CoNCs did not form long-range ordered
structures. This is similar to the findings of PtNCs deposited on the same Moiré
template, where fewer and larger NCs were formed at temperature more than 190 K
(Jakob et al. 1999). In addition, the CoNCs growth were in 3-D islands. In the case
of Co growth was on the surface of Ru(0001) surface alone (without graphene),
thick wetting layer was observed which was due to lower surface energy of Co
(2.7 J cm−2) compared to Ru(0001) 3.4 J cm−2 (Vitos et al. 1998). Besides, strain
energy due to lattice mismatch between Co and Ru contributes to 3-D island growth
rather than layer-by-layer growth upon further Co deposition (Ding et al. 2005).

Similarly, the surface energy of Co on graphene/Ru(0001) template is even
smaller compared to Co, thus Co atoms possess mobility and thus 3D island clusters
were formed (Kitakami et al. 1996; Wang et al. 2009). Added to this, the interlayer
distance between graphene and Ru(0001) is around 0.145 nm, which is due to
strong electronic interaction between Co and Ru (Sutter et al. 2008). As a conse-
quence, this reduces the charge transfer from Co to graphene and thus the binding
energy between graphene and Co overlayer is reduced, weakening the interaction
between Co and graphene and forming small 3-D Co clusters (Yazyev and
Pasquarello 2010). Interestingly, at higher temperatures, intercalation and lateral
growth of Co atoms underneath graphene layer was observed (Liao et al. 2011).
A similar observation was also found in Fe and NiNCs grown on graphene/Ni(111)
surface, whereby the intercalation was due to intermediate destruction and subse-
quent reforming of graphene (Dedkov et al. 2008; Lahiri and Batzill 2010).
However, in the case of Co, intercalation between graphene and Ru(0001) is sus-
pected due to diffusion of Co atoms at defect areas such as steps and at dislocations.

Xu and co-workers used graphene/Ru(0001) Moiré structure as a template for
the growth of gold (Au) NCs. Besides affecting the size of NCs formed, the choice
of template affects stability, electronic properties, state of oxidation and geometric
structure of Au (Xu et al. 2011). In order for better stabilization and dispersion of
Au particles, strong interaction of Au with reactive oxide surfaces is necessary.
However, chemically unreactive support such as carbon results in Au agglomera-
tion (Chen and Goodman 2004, 2006b; Ketchie et al. 2007; Ma et al. 2007).
Circumventing this, the researchers used graphene Moiré as a template for Au
deposition. Low energy electron diffraction (LEED) pattern showed the formation
of graphene overlayer on Ru(0001) as shown in Fig. 5 (Marchini et al. 2007).
Based on DFT-optimized (12 � 12)-graphene/(11 � 11)-Ru(0001) model struc-
ture, the corresponding image shows bright, medium dark and dark regions, which
are representative of mound-, fcc- and hcp- sites (Wang et al. 2008). The highest C
atom was found at mound- region and the lowest at fcc- regions with the heights of
0.37 and 0.22 nm, respectively, which is in agreement with other previous reports
(Martoccia et al. 2010; Pan et al. 2009b; Moritz et al. 2010; De Parga et al. 2008).
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Upon deposition of Au onto the graphene/Ru(0001) Moiré lattice, small 2D
clusters were formed at RT, exclusively at fcc-sites. Upon further coverage, large
2D islands were formed and no intercalation between Ru and graphene layer was
observed. With exposure of CO gas at 85 K, CO was found adsorbed onto the
surface of AuNCs/graphene/Ru(0001), which can be titrated by O2, showing the
catalytic activity of AuNCs (Liu et al. 2011c). The same was not observed with bare
graphene/Ru(0001), confirming the chemical inertness of the Moiré template. The
catalytic activity was deduced due to enhanced reactant adsorption and activation
by the under-coordinated Au atoms (Overbury et al. 2006; Williams et al. 2010;
Lopez et al. 2004; Remediakis et al. 2005). Besides, the negative charge present on
Au could also be another reason for the enhanced CO oxidation catalysis (Molina
and Hammer 2005; Chen and Goodman 2006a).

A similar observation was also noted by Liu and co-workers (2011a, b, c).
AuNCs are suspected to exist in a bilayer structure which is weakly adsorbed on the
surface of graphene Moiré due to van der Waals energy between Au and graphene
surface. However, when compared to graphene supported on SiO2substrate, AuNCs
form 3D clusters (Luo et al. 2010; Neto et al. 2009). In addition, 2D clusters were
also observed in the graphene Moiré structure, which was postulated due to
interactions between Au atoms and Ru(0001) through graphene (Liu et al. 2011c).
The enhanced property of CO oxidation catalysis, as reported by Xu et al. (2011)

Fig. 5 a STM images of graphene Moiré structure on Ru(0001) and LEED pattern (inset figure) is
displayed. b Top and side view of DFT-optimized (12 � 12)-graphene/(11 � 11)-Ru(0001) model
structure. Hcp-, fcc- and mound-regions are indicated. Reprinted with permission from Xu et al.
(2011)
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was further confirmed by the researchers using high resolution electron energy loss
spectrometer (HREELS) and polarization modulation infrared reflection absorption
spectrometer (PM-IRAS). Based on HREELS and PM-IRAS results, CO stretching
was observed at 2095 cm−1 for graphene Moiré deposited with 0.5 ML Au. This
suggests that the deposited Au atoms are electron rich and was supported further by
DFT calculations, where electron transfer from graphene to Au was observed
(Giovannetti et al. 2008; Khomyakov et al. 2009). The adsorbed CO was found
reactive towards O2 at 85 K and was due to strong adsorption of molecular oxygen.
This was deduced due to the electron rich AuNCs, which can activate the O–O
bond and form superoxo-like species via charge transfer from Au (Yoon et al. 2003;
Liu et al. 2011c).

In another attempt, RuNCs were deposited on graphene/Ru(0001) surface with
slight modifications, whereby graphene were grown on polycrystalline Ru films on
SiO2 (Sutter et al. 2012). Briefly, Ru film with the thickness of 50 nm was grown
on SiO2 substrate in a UHV system. The polycrystalline Ru films have nearly
perfect (0001) surface orientation, with low roughness and average grain size of
0.5 µm. Graphene was then epitaxially grown on the surface of Ru film. RuNCs
were then deposited on the graphene/Ru(0001)/SiO2 by RF magnetron sputtering
(Sutter et al. 2009a, b, 2010). Due to the growth of graphene on polycrystalline Ru,
large scale single-crystalline graphene domain was produced, which covered many
underlying Ru grains. In addition, different Moiré patterns with varying periodic-
ities were formed due to misorientation of graphene and Ru lattice: 1.2, 1.7 and
2.5 nm Moiré patterns. When all 3 periodicities were compared, RuNCs deposited
on 2.5 nm Moiré surface showed narrow size distribution in diameter and height. In
comparison, NCs grown on 1.7 nm Moiré resulted in larger cluster sizes with no
preferential nucleation site. A similar observation was also noted for 1.2 nm Moiré
surface with large clusters. Graphene Moiré periodicity of 1.2 nm formed sparse
ensembles of NCs, whereas in the 2.5 nm, specific nucleation site at low-fcc was
observed, similar to previous findings (Sutter et al. 2011). Based on the density of
states (DOS) findings, the Ru-Ru interaction energy is 2.1 eV (Wang and Bocquet
2011). For the 1.7 nm Moiré periodicity, the Ru-Ru interaction exceeds that of
Ru-Graphene/Ru (−1.9 eV). Similarly, the Ru-Ru interaction equals to
Ru-Graphene/Ru (−2.1 eV). Therefore, Ru adatoms tend to attach to the existing
Ru islands and form large clusters. However, in a 2.5 nm Moiré pattern, the
Ru-Graphene/Ru interaction (−2.5 eV) is larger than Ru-Ru interaction, and thus
there is a preferential adsorption of Ru atoms to the vacant fcc- sites of the graphene
domain, forming well-dispersed and small clusters (Sutter et al. 2012).

5.3 Graphene Pt(111) Moiré Template

In another study, instead of using ethylene as a source of carbon to produce gra-
phene layer, Fujita and co-workers used benzene at elevated temperature (Fujita
et al. 2005) on a Pt(111) surface. A much clearer hexagonal Moiré pattern was
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observed as compared to growing graphene on Pt(111) via ethylene gas (Lang
1975). The group also observed that the graphene layer was continuous and grew
beyond the step edges of Pt(111) surface, similar to those observed in Ni(111)
(Rokuta et al. 1999).

5.4 Graphene/Cu(111) Moiré Template

With the success of graphene/Ir(111) and graphene/Ru(0001) synthesis, a group of
researchers tried using Cu(111) surface as the template for the growth of graphene
(Soy et al. 2015). The motive of employing Cu metal rather than the conventional
but rare metals (Ir and Ru) is due to its low cost and practicality in catalyst
applications. There were 4 types of different orientations produced in the Moiré
superlattice: rotational angles of 7°, 3° and 12° with the heights of 2, 3 and 5.6 nm,
respectively. Another rotational angle at 4° was in alignment with graphene with
the height of 6.6 nm. These different types of Moiré structure are similar to previous
reports (Süle et al. 2014; Gao et al. 2010) with an exception to the new rotation
angle observed at 4°. The graphene domain on Cu(111) was determined as 100 nm,
which is as large as noted in the previous reports (Gao et al. 2010; Martínez Galera
et al. 2011). Moreover, when compared with other metal surfaces such as Ir(111) or
Ru(0001), much larger graphene domain was observed in Cu(111). In addition, this
graphene domain was found coherent over several terraces and step edges, which
was not observed in Ir(111) (N’Diaye et al. 2008; Donner and Jakob 2009;
Wintterlin and Bocquet 2009).

Pt and RhNCs were then deposited on the graphene/Cu(111) Moiré template via
evaporation by a triple electron beam evaporator. From the STM topographic
images, Pt was found to form brims and fingers at the Cu step edges, along with the
formation of Pt-rich dendritic islands. It was deduced that intermixing of Pt and Cu
takes place, forming the islands and multiple metastable states (Evans et al. 2006;
Freire et al. 2014). The Pt clusters appear to grow layer-by-layer (2D), whereby the
Pt atoms diffuse to certain sites of the graphene/Moiré lattice and attach to the edges
of existing Pt islands. Upon reaching certain size, further addition of Pt atoms takes
place on the top of the existing islands, forming 3D clusters (Brune 1998).

On the other hand, Rh diffuses to the step edges and form Rh-Cu alloy.
Interestingly, it was found that Rh replace Cu below the graphene surface and the
topmost layer consists mostly of Cu (Freire et al. 2014; Graham et al. 1990). An
ordered array of RuNCs was observed only in graphene/Moiré pattern at 2.5 nm
periodicity. This is because high projected density of the carbon atoms at the Fermi
level was observed at the fcc- site. Thus, binding energy for Ru at the fcc- site was
higher than Ru-Ru binding energy, which favoured nucleation at these sites. At 1.7
and 1.2 nm graphene/Moiré periodicity, however, the binding energy for Ru was
not higher than Ru-Ru binding energies, and thus forming randomly distributed
larger Ru clusters (Soy et al. 2015).

444 K. Muthoosamy et al.



5.5 Graphene/Rh(111) Moiré Template

NiNCs are of specific interest due to their electronic and magnetic properties. Many
substrates have been exploited for the growth of NiNCs such as h-BN nanomesh
(Auwärter et al. 2002; Zhang et al. 2008), Au(111) surface (Repain et al. 2002;
Weiss et al. 2005), reconstructed surfaces (Chen et al. 2004; Fonin et al. 2003) and
alumina double layer on Ni3Al (Degen et al. 2004; Schmid et al. 2007). In order to
achieve regularly sized monodispersion, Sicot and co-workers deposited NiNCs on
graphene/Rh(111) Moiré pattern (Sicot et al. 2010). NiNCs were deposited at low
temperature (150 K) to suppress high mobility of small clusters and to induce
ordered array formation on the graphene Moiré template. Selective nucleation was
observed at fcc- site and deposition at higher temperature formed large epitaxial
islands with the loss of ordered arrangement. Interestingly, at room temperature
triangular-shaped islands were observed with large islands at the terraces. This
could be due to the high mobility of Ni on graphene surface at RT as well as the
weak bonding between Ni and graphene.

6 Intercalation of Metals at the Interface of Graphene
and Ru(0001) Moiré Surface

As described earlier, a strong interaction exists between graphene and Ru(0001)
which hybridizes the graphene’s pi bond, which in turn could disrupt the unique
electrical properties of the superlattice. To overcome this, several studies have been
directed towards intercalating another layer of metals between the graphene and the
Ru(0001) surface, such as Au, in order to retain graphene’s linearly dispersed
energy band (Varykhalov et al. 2008; Enderlein et al. 2010). With the same
intention, Huang et al. (2011) intercalated metal islands: Pt, Pd, Ni, Co, Au, In and
Ce at the interface of the epitaxially grown graphene and Ru(0001) surface.
A symmetric honeycomb lattice was observed for graphene on the top of interca-
lated islands, as compared to a hexagonal lattice in the non-intercalated areas. Pt,
Pd, Ni and Co did not show any difference in the height on the graphene Moiré
surface. However, Au, In and Ce exhibited a different graphene Moiré pattern with
obvious graphene nanomesh seen after the intercalation of rare earth metal, Ce
(Huang et al. 2011).

7 Metal NCs Deposition on HOPG

Besides growing clusters on a metal graphene Moiré template, metal clusters can
also be deposited on a HOPG surface. Pt clusters were deposited on HOPG with
1–3 atomic height via vapour phase deposition by heating Pt wire in a UHV
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chamber (Kondo et al. 2009). The carbon atoms around the Pt clusters were found
to possess Fermi level states, which were ascribed due to nonbonding pi electrons
of graphite, formed by Pt-C hybridization. However, the Pt cluster deposition was
found to be non-uniform. A similar finding was also observed in Fe and Pt metals,
whereby the metals tend to nucleate at defect sites (Clark and Kesmodel 1993;
Kholmanov et al. 2007). Thus, artificially made defects or nanopits have to be
created to produce monodispersed metal NCs on the surface of HOPG (Kholmanov
et al. 2007; Hövel et al. 1997).

Besides PtNCs, there is also specific interest in the production of AgNCs due to
various applications such as catalysis, electronic devices and gas sensors (Henry
1998; Dupas and Lahmani 2007). Similar to the synthesis of PtNCs, AgNCs were
deposited epitaxially on HOPG by Ndlovu et al. (2012). Many previous studies
have been conducted on the nucleation of AgNCs on HOPG by taking advantage of
the metallic properties of HOPG, which allows electron spectroscopy and micro-
scopy to be conducted without surface charging problems (Patthey and Schneider
1995; Dietsche et al. 2008). Upon deposition of Ag on HOPG, random distribution
of Ag atoms was observed with 15–18% coverage of HOPG’s surface. Based on
STM images, Ag exists as individual clusters, however, no signs of aggregation was
seen. This could be due to the difference in lattice between silver and HOPG,
consequently resulting in weak interaction between metal NCs and HOPG. Hence,
this allows Ag clusters to be mobile and diffuse within the surface of HOPG.
A similar observation was also noted (Dietsche et al. 2008; Goldby et al. 1996;
Couillard et al. 2003). Upon further deposition of Ag, the cluster islands grow in 3D
fashion via the Volmer-Weber growth mechanism. STM images revealed that the
preferred site of nucleation is on the top of C atom and the AgNCs are predicted to
be positively charged due to the charge transfer between the substrate, HOPG and
the metal, AgNCs (Ndlovu et al. 2012).

8 Metal NCs Deposition on Graphene Grown
on 6H-SiC(0001)

One of the advantages of using SiC substrate as a template for the growth of
graphene is that the interaction between graphene and Si-C substrate is weak and
thus the substrate does not play any role in controlling the growth morphology of
the metal NCs. The growth of metal NCs is predominantly controlled by the
interaction between graphene and the metal adatoms (Liu et al. 2013a). There has
been much pervious work reporting on how the graphene on Si-C terminated
substrate behaves differently from graphene grown on transition metals (Bartelt and
McCarty 2012; Gierz et al. 2008; McChesney et al. 2010; Sandin et al. 2012).
Briefly, graphene layers are grown on SiC substrate by thermal annealing. Due to
the slow and controlled desorption of Si, the graphene layers formed are of high
quality with domain extending up to micrometer range (Hupalo et al. 2009). Several
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metals have been selected for the growth of NC on graphene/SiCsubstrate such as
Gd, Dy, Eu, Fe and Pb. As for the first metal, fractal-like Gd islands in 3D were
formed which were stable up to 800 K, however, crystalline shape was formed at
higher annealing temperature (Liu et al. 2010, 2012a; Hupalo et al. 2011a). In
comparison, larger well-shaped islands were formed by DyNCs with lower thermal
stability, as annealing at 580 K formed multiple level islands and some were found
to coalesce (Liu et al. 2010; Hupalo et al. 2011a). As for Eu, flat films of large
terraces were formed and annealing at 365 K transformed the clusters to continuous
film (Liu et al. 2010, 2012a). Interestingly, for Fe, number of atoms deposited
continued to increase even at the maximum exposure of 2.3 ML, with half of the
graphene/SiC surface covered with 3D islands and possibly beyond. Only a slight
change in the density was observed even after annealing at 660 K (Hupalo et al.
2011a; Liu et al. 2013a). Fe showed similar thermal stability as Gd. Finally, for Pb
deposited on graphene/SiC substrate, only two large Pb islands were formed with
the height of 8 layers with regular fcc-shapes. This is mainly due to fast diffusion of
Pb atoms on the graphene surface and thus these atoms have moved to islands
(Hupalo and Tringides 2007; Liu et al. 2013a).

9 Other Synthesis Approaches

Aside from using graphene for the templated growth of NCs, a much simpler
alternative is by noncovalent physisorption of metal NCs on the basal plane of
graphene. There are many previous reports on the loading of polymer, aromatic
molecules and metal NPs via either van der Waals interactions, pi-pi stacking or
cation-pi interactions (Muthoosamy et al. 2014; Yang et al. 2011; Stankovich et al.
2006; Xu et al. 2008b).

One of the pioneering research was conducted by Wang et al. (2011a), whereby
AuNCs were grown on reduced graphene oxide (RGO). AuNCs were prepared in
organic phase by Brust-Schiffrin method (Brust et al. 1994). Briefly, an aqueous
solution of HAuCl4 � 4H2O was mixed with tetraoctylammonium bromide (TOAB)
in chloroform. HAuCl4 was then transferred into organic phase followed by the
addition of dodecanethiol. NaHB4 was then added dropwise and the organic phase
was evaporated using a rotary evaporator and the product was recovered in chlo-
roform. Dodecanethiol-stabilized AuNCs were then purified in ethanol and then
added to cetyltrimethylammonium bromide (CTAB) under vigorous stirring until
no obvious phase boundary was seen. Finally, chloroform was removed by heating,
thereby producing AuNCs (Wang et al. 2011a; Brust et al. 1994). In general, two
processes take place, first, phase transfer of metal precursors (1) and second, the
reduction of metal ions (2) as depicted below:
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AuCl�4 ðaqÞþNðC8H17Þþ4 ðChloroformÞ ! NðC8H17Þþ4 AuCl�4 ðChloroformÞ ð1Þ

mAuCl�4 ðchloroformÞþ nC12H25SHðchloroformÞþ 3me�

! 4mCl�ðaqÞþ ðAumÞðC12H25SHÞ nðchloroformÞ ð2Þ

where m and n are the number of moles of metal precursors (AuCI4
−) and the

protecting ligand (C12H25SH), respectively (Brust et al. 1994; Lu and Chen 2012).
The synthesis can also be done in a one-step using a polar solvent as reported
elsewhere (Brust et al. 1995).

RGO was then mixed with dodecanethiol-CTAB-capped AuNCs followed by
separation which produced water-soluble AuNCs-RGO. Generally, AuNPs exhibit
a broad absorption peak in the UV/Vis at 520 nm, which represents surface
Plasmon band. The absence of this characteristic peak in the AuNCs-RGO shows
that the clusters formed were of less than 3 nm (Yang et al. 2011; Zhou et al. 2009).
This is further confirmed using transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) and the absence of
deep-red colour that is usually observed in typical AuNPs.

Alternatively, AuNCs can also be grown by a simpler reduction process using
peptide as a template. There are various templates used for the growth of AuNCs
such as protein (Xiaofei et al. 2014), polymer (Zheng et al. 2003), DNA (Park and
Park 2015) and peptide (Song et al. 2015). Peptides have gained major interest
recently due to their simplicity and the following advantages: provide targeted site
for cluster growth; amino acid sequence and length can be designed; provide mul-
tiple contact point with Au ions during synthesis (Gu et al. 2014). Nguyen and
co-workers used a peptide that was designed for specific site for metalloproteinase-9
(MMP-9) cleavage, which is at Gly/Leu with a Cys residue at one of the terminal to
facilitate interaction with gold ions. The interaction between the Cys from peptide
and Au forms strong fluorescence due to the formation of Au(l)-thiol complex via
various complex mechanisms. It was reported that the Au(l)-thiol complex is formed
by ligand-to-metal nanoparticle core charge transfer (Koh et al. 2015),
ligand-to-metal charge transfer (Hong et al. 2014; Wu and Jin 2010) as well as
ligand-to-metal-metal charge transfer (Kennedy et al. 2012).

A one-step synthesis method was employed to prepare the peptide-AuNCs
loaded onto graphene oxide (GO) (Fig. 6) to quench the AuNCs fluorescence and to
obtain a turn-on biosensing system. Briefly, mercaptoundecanoic acid (MUA) was
added to AuCI4 salt and peptide, followed by mixing at RT in a dark room. MUA
was used as an auxiliary ligand to stabilize the AuNCs (Xiaofei et al. 2014; Zheng
et al. 2003). Cold NaBH4 was then added followed by further incubation and
purification. Peptide-AuNCs loaded GO (Peptide-AuNCs-GO) complex was then
prepared by simply mixing the peptide-AuNCs solution and GO at RT followed by
purification (Nguyen et al. 2015). HRTEM image revealed monodispersed AuNCs
with an average diameter of 4 nm, which emitted intense red fluorescence at
365 nm in UV and light brown color in the visible light. Using Rhodamine 6G as
reference, the quantum yield obtained was 4.35%.
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In another study, Chang and co-workers used an even milder approach by using
ascorbic acid or Vitamin C as a mild reducing agent for in situ reduction of GO and
Pt salt (Chang et al. 2015). The group has also successfully used the same proce-
dure to prepare PtNCs-RGO and applied in direct methanol fuel cell (Ji et al. 2012).
In this design, graphite was initially converted to GO via Hummer’s method
(Hummers Jr and Offeman 1958). After which, K2PtCl4 salt and a polymer,
polyvinyl-pyrrolidone (PVP) was added as a dispersing agent to obtain homoge-
nous PtNCs. Finally, ascorbic acid was added and the reaction was left under
stirring for 12 h at 85 °C. There have been many previous works carried on the
synthesis of PtNPs loaded onto graphene, however, these reports lack selectivity
and sensitivity (Bai et al. 2011; Kuila et al. 2011; Li et al. 2008). Based on the TEM
images, the PtNCs-RGO synthesized by adding PVP resulted in small NCs which
were well-dispersed on the basal plane and edges of RGO with an average particle
size of 22 nm in diameter. Whereas, PtNCs synthesized without PVP appeared to
agglomerate with average sizes in the range of 10–70 nm. PVP seems to have
increased the dispersity of PtNCs and thus a homogeneous deposition was
observed. This is due to strong interaction that exists between Pt precursors and
C=O groups on PVP (Shen et al. 2008; Borodko et al. 2006, 2007). Upon close
examination with HRTEM, interval between two lattice fringes was 0.224 nm,
corresponding to (111) interplanar distance of fcc-, thus confirming the formation of
Pt clusters (Chang et al. 2015; Shi et al. 2013). Further confirmation of the

Fig. 6 Scheme explaining the synthesis and application of fluorescent peptide-stabilized-gold
nanoclusters for the detection of proteins. Reprinted with permission from Nguyen et al. (2015)
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deposition of Pt clusters on RGO was also seen by XPS analysis. Two peaks were
observed at 71.8 and 75 eV in the XPS spectra which agrees to Pt 4f7/2 and 4f5/2
signals and confirms that the Pt clusters are in metallic form and not in ionic (Hsin
et al. 2007; Wei et al. 2011). Another characterization technique to confirm the
formation of PtNCs is the X-ray diffraction (XRD) analysis. Peaks of Pt’s fcc-were
observed at 39.9° and 46.5° which belong to the (111) and (200) crystal planes of Pt
(Zhang et al. 2011).

In a nutshell, there are various techniques to grow metal NCs, however, a
substrate or template is necessary to grow or deposit the metal NCs, in order to
obtain homogeneous metal NCs. The fundamental synthesis which started from
templated growth of metal NCs on a graphene/metal Moiré structure opens many
possibilities for further exploration using much simpler approaches such as protein,
polymer or peptide stabilized metal NCs. A more recent approach has avoided the
use of harsh reducing agents and has opted for milder versions such as ascorbic
acids. It is clear that the various synthesis techniques will produce metal clusters
with different sizes as shown in Table 1.

Table 1 Various types of metal NCs grown on graphene templatea

Metal
NCs
grown

Template/Moiré
type

Size/height Synthesis method References

Ir Graphene/Ir(111) 2.2 Å Vapor phase
deposition

N’Diaye
et al.
(2006)

Ir Graphene/Ir(111) 2.05–2.15 Å Vapor phase
deposition

Feibelman
(2008)

Ir Graphene/Ir(111) 2.2 Å Vapor phase
deposition

N’Diaye
et al.
(2009)

– Graphene/Ru(0001) 0.1 nm (height of graphene
Moiré)

Thermal annealing Pan et al.
(2007a)

– Graphene/Ru(0001) 0.4 Å (height of graphene
Moiré)

Thermal annealing Pan et al.
(2009a)

– Graphene/Pt(111) – Thermal annealing
of benzene

Fujita et al.
(2005)

– Graphene/Cu(111) 2, 4, 5.6, 6.6 nm (height of
graphene Moiré)

Thermal annealing Soy et al.
(2015)

Pt HOPG 0.4 nm Vapor phase
deposition

Kondo
et al.
(2009)

Pt Graphene/Ir(111) 2.3 Å Vapor phase
deposition

N’Diaye
et al.
(2009)

Pt Graphene/Ir(111) 1.09 Å Vapor phase
deposition

Gerber
et al.
(2013)
(continued)
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Table 1 (continued)

Metal
NCs
grown

Template/Moiré
type

Size/height Synthesis method References

Pt Graphene/Ru(0001) 3.06 nm Vapor phase
deposition

Zhang
et al.
(2009a)

Pt Graphene/Ru(0001) 2–3 nm Vapor phase
deposition

Pan et al.
(2009a)

Pt Graphene/Ru(0001) 2 nm Vapor phase
deposition

Zhou et al.
(2010)

Pt RGO 22 nm (dia) Reduction by
ascorbic acid

Chang
et al.
(2015)

Pta Graphene/Ru(0001) 2.88 Å Thermal annealing Huang
et al.
(2011)

Pt Graphene/Cu(111) 2.8 nm Vapor phase
deposition

Soy et al.
(2015)

Rh Graphene/Ru(0001) 0.3–1.2 nm Vapor phase
deposition

Zhou et al.
(2010)

Rh Graphene/Cu(111) 7 nm Vapor phase
deposition

Soy et al.
(2015)

Rh Graphene/Ir(111) 5 Å Vapor phase
deposition

Cavallin
et al.
(2012)

Pd Graphene/Ru(0001) 8–14 nm Vapor phase
deposition

Zhou et al.
(2010)

Pb Graphene/SiC(0001) – Vapor phase
deposition

Liu et al.
(2013a)

Pda Graphene/Ru(0001) 2.70 Å Thermal annealing Huang
et al.
(2011)

Co Graphene/Ru(0001) 10–12 nm Vapor phase
deposition

Zhou et al.
(2010)

Coa Graphene/Ru(0001) 3.00 Å Thermal annealing Huang
et al.
(2011)

Co Graphene/Ru(0001) 0.225 nm Vapor phase
deposition

Liao et al.
(2011)

Au Graphene/Ru(0001) 0.4 nm Vapor phase
deposition

Zhou et al.
(2010)

Au Graphene/Ru(0001) 0.55 nm Vapor phase
deposition

Xu et al.
(2011)

Au Graphene/Ru(0001) 0.55 nm Vapor phase
deposition

Liu et al.
(2011c)

Au RGO 2.5 nm (dia) Brust-Schiffrin and
physisorption

Wang et al.
(2011a)

Au Peptide-templated
and loaded onto GO

4 nm (dia) Reduction using
NaBH4

Nguyen
et al.
(2015)
(continued)
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Table 1 (continued)

Metal
NCs
grown

Template/Moiré
type

Size/height Synthesis method References

Au Graphene/Ir(111) 15 Å Vapor phase
deposition

N’Diaye
et al.
(2009)

Aua Graphene/Ru(0001) 2.78 Å (different superlattice
graphene Moiré pattern)

Thermal annealing Huang
et al.
(2011)

Ag HOPG 0.68 nm Thermal
evaporation

Ndlovu
et al.
(2012)

W Graphene/Ir(111) 6 Å Vapor phase
deposition

N’Diaye
et al.
(2009)

Re Graphene/Ir(111) apartial cluster arrangement Vapor phase
deposition

N’Diaye
et al.
(2009)

Fe Graphene/Ir(111) 23 Å Vapor phase
deposition

N’Diaye
et al.
(2009)

Fe Graphene/SiC(0001) – Vapor phase
deposition

Liu et al.
(2013a)

Ni Graphene/Ir(111) Nil. no superlattice formed Vapor phase
deposition

N’Diaye
et al.
(2009)

Nia Graphene/Ru(0001) 2.50 Å Thermal annealing Huang
et al.
(2011)

Ni Graphene/Rh(111) 0.85 nm Vapor phase
deposition

Sicot et al.
(2010)

Ina Graphene/Ru(0001) Nil. Different superlattice
graphene Moiré pattern

Thermal annealing Huang
et al.
(2011)

Cea Graphene/Ru(0001) Nil. Graphene nanomesh
formed

Thermal annealing Huang
et al.
(2011)

Ce Graphene/Ru(0001) 3.00 Å Vapor phase
deposition

Novotny
et al.
(2016)

Gd Graphene/SiC(0001) 0.29–1.05 nm Vapor phase
deposition

Liu et al.
(2013a)

Dy Graphene/SiC(0001) 1.93 nm Vapor phase
deposition

Liu et al.
(2013a)

Eu Graphene/SiC(0001) 0.75 nm Vapor phase
deposition

Liu et al.
(2013a)

Ru Graphene/Ru(0001)/
SiO2

4.8 Å Low-power RF
magnetron
sputtering

Sutter et al.
(2012)

aIntercalation of metal islands at the interface of graphene and Ru(0001) Moiré structure
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10 Applications of Graphene-Metal Nanocomposites

The tremendous acceptance and enormous interest of graphene–metal nanocom-
posites in the nano-therapeutics lead to their introduction to theranostic applica-
tions, where the diagnosis and therapy encourages on-time monitoring of the
progression of treatment. The single atomic layer of carbon atoms exposing its
wider surface area made graphene a great platform for the metal NPs to adsorb on
the surface which encouraged the evolution of synergistic properties as a
nanocomposite (Wintterlin and Bocquet 2009). Being very susceptible to conju-
gation, graphene and derivatives already performed as excellent carriers of drug and
genes; where the combination of metal NPs encouraged the imaging platform
through near Infrared (NIR) sensing, RAMAN spectroscopy, magnetic resonance
(MR) imaging, computed tomography/positron emission tomography (CT/PET)
scan etc. (Orecchioni et al. 2015; Yu et al. 2015; Swain et al. 2015; Yang et al.
2012). The combination of graphene derivatives with metal nanoparticles have been
a popular topic of research in recent nanotheranostic applications.

Among noble metals, Au and Ag have been mostly involved in theranostic
applications in combination with graphene due to their unique surface plasmon
resonance (SPR), surface enhanced Raman scattering (SERS) and photothermal
effects (Lin et al. 2016b). Hybrid plasmonic structures made of graphene-Au
composition were used in the delivery of anticancer drugs in cancer cells with
SERS imaging for chemo-phototherapy (Chen et al. 2016; Wang et al. 2014c; Xu
et al. 2013a; Li et al. 2015b). In vitro evaluation of similar Au–graphene combi-
nations lead to the development of highly sensitive SERS sensors for detecting
breast cancer stem cells (BCSCs), which could be a future theranostic agent by
introducing the photothermal interactions (Manikandan et al. 2014).

Likewise, the effectiveness of Au–graphene combinations in metastasis breast
cancer were analysed by employing them on orthotopic 4T1 breast tumor-bearing
nude mice for chemo-phototherapy, where effective tumor inhibition and growth
suppression were observed. The superior anticancer effect was contributed mutually
from the drug, Dox which caused apoptosis and hyperthermia-induced destruction
of tumor tissue (Wang et al. 2016a). GO based systems with Au nanostars, Au
nanorods and AuNPs have demonstrated both Raman imaging and photothermal
therapy which promoted the theranostic applications for imaging and phototherapy
(Nergiz et al. 2014; Dembereldorj et al. 2014; Zedan et al. 2012). Ag-Graphene
combinations were also successfully utilized for chemo-photo therapies in DU145-
human prostate cancer cell lines and HeLa-human cervical cancer cells. Here,
photodynamic therapy is utilized where irradiation of light induced the generation
of singlet oxygen by a multistate sensitization process and thus promoted the cancer
cell death (Habiba et al. 2016). Pt based nanoGO systems also were verified in
chemo-photo theranostic platform (Li et al. 2015a).

Gene delivery with imaging was another stepping stone in the theranostics.
Au-Graphene combinations were also found successful in the gene delivery
applications (Xu et al. 2013b; Zhi et al. 2013). The possibility of SERS imaging or
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the drug conjugation to this Au-Graphene gene carrier could contribute as a perfect
theranostic system based on efficient transfection results in gene therapy (Gehrig
et al. 2014; Wang et al. 2013b). Utilizing this concept, in vitro and in vivo
investigations of MiR-122-loaded graphene-Au composites were utilized for con-
trolling the tumor cell apoptosis and growth (Yuan et al. 2015).

Multimodality imaging of the infection site along with drug delivery was per-
formed when magnetic metals were utilized in combination with graphene mate-
rials. Photo-imaging in combination with MR, CT, NIR and fluorescence made
multimodal imaging an inevitable possibility. Nanoparticles of iron oxide (IONP),
gadolinium (Gd) and manganese (Mn) were utilized mostly in MR imaging arena
(Huang et al. 2015; Lux et al. 2015; Le et al. 2016). When chemo-phototherapy
were involved, AuNPs were used in combination with IONP for MR imaging
studies (Chen et al. 2015). In addition, GO-metal based theranostic platforms were
investigated for the MR imaging associated chemotherapeutic potential (Balcioglu
et al. 2013; Zhang et al. 2013; Ma et al. 2012; Li et al. 2016). Being MR contrast
agents, nanomaterials such as Fe, Gd, Mn, etc. enhance the signal strength of the
images, which improves the real time monitoring of the infectious site, drug
response and apoptosis effects. IONP–Mn decorated GO sheets were utilized in the
triple stimuli responsive (pH responsive, reduction responsive and magnetic field
responsive) imaging and hypothermia efficiency evaluation and monitoring of
tumour location (Chen et al. 2014). Multiple theranostics were performed when
multiple diagnoses combines with multiple therapies. Silica incorporated graphene
based systems were employed for MR imaging, active–passive targeting and
chemotherapy for the glioma cells, which is a perfect example of multiple thera-
nostics (Wang et al. 2014b).

Similarly, chitosan functionalized magnetic graphene nanosystem involved in
the gene–drug combo delivery and MR-fluorescence imaging of A549 lung cancer
cells and C42b prostate cancer cells, show the future of multiple theranostic agents
(Wang et al. 2013a). Another graphene nanosystem combined with IONPs showed
the potential of dual-modality mapping guided photothermal therapy in pancreatic
cancer (Wang et al. 2014a). Based on the performance of the proof-of-concept
design, the graphene-metal based theranostic nanosystems can be considered as a
novel approach for an efficient on-demand therapeutic system leading towards new
generation of nanomedicines.

10.1 Graphene-Metal NCs for Theranostics Applications

Based on the exhaustive applications of graphene-metal nanocomposites for ther-
anostics applications, the same has also been diligently explored for graphene-metal
NCs. One of the earliest biological applications being explored for graphene NCs is
as an imaging agent of cancer cells. When compared to quantum dots and organic
dyes, graphene NCs do not contain toxic heavy metals nor functional groups for
chemical reactivity (Lin et al. 2009; Retnakumari et al. 2009; Muhammed et al.
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2009). Thus near-infrared range emission is made possible as it also avoids inter-
ference from biological molecules. Due to the simplicity, graphene NCs are ideal
for bioimaging and superior compared to conventional fluorescent labels (Wang
et al. 2011a; Pan et al. 2007b). The following sections describe briefly about the
various applications of metals NCs loaded on graphene and its derivatives, by
giving specific attention to multi-functionalities such as biosensing, imaging and
in situ drug delivery.

NCs were reported to cause more cytotoxic effects than NPs in cancer cells. Thus,
the cytotoxicity effects of AuNCs deposited on RGO were explored by loading an
anti-cancer drug Doxorubicin (Dox) by pi-pi stacking (Wang et al. 2011a). The drug
loading efficiency achieved was 91% with an encapsulation efficiency of 40%, which
is high considering the aromatic groups on the graphene domain is also occupied by
AuNCs. (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT test
on HepG2cells showed that AuNCs in the free form caused more cytotoxicity than
AuNPs, which was also observed by Pan et al. (2007b). The highest growth inhi-
bition was observed in Dox loaded AuNCs-RGO, which was even more potent than
free Dox. It was deduced that the drugs are more efficiently transported to the cancer
cells by the AuNCs-RGO compared to free Dox. Dox was seen well-distributed
inside the cancer cells in the AuNCs-RGO system compared to poor drug distri-
bution and agglomeration at the cell membrane. In addition, karyopyknosis was also
observed in the AuNCs-RGO system, suggesting synergistic drug treatment might
have taken place (Wang et al. 2011a).

AuNCs-RGO produced quantum yield, matching those of free AuNCs (Lin et al.
2009). At 490 nm excitation, two emission peaks were observed at 606 and
705 nm. Though loading of AuNCs on RGO would result in partial quenching due
to electron transfer between AuNCs and RGO, however, it was found that
AuNCs-RGO could be readily used for cellular imaging as moderate fluorescence
intensity was observed. Clear imaging of HepG2 cells was observed including the
cell edges as shown in Fig. 7 (Wang et al. 2011a).

PtNCs anchored on RGO were found to have excellent electrochemical prop-
erties in non-enzymatic glucose sensing (Chang et al. 2015). Conventionally,
glucose sensing is carried out based on glucose oxidase immobilization on various
substrates which have shown good selectivity and sensitivity (Wang 2001; Jia et al.
2007; Bo et al. 2010; Wu et al. 2013). Nevertheless, immobilization of enzyme on
substrates are a tedious process as there are many factors to be considered in order
to retain the enzyme’s activity such as temperature, pH and denaturation due to long
exposure time (Bo et al. 2010; Wu et al. 2013; Holt Hindle et al. 2008). To address
these drawbacks, many attempts have been made to develop a non-enzymatic
glucose sensor by catalytic oxidation of glucose on the surface of a substrate (Wang
2001, 2008; Chen et al. 2010). Pt particles was chosen as a perfect candidate for
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glucose biosensing study as previous reports have shown excellent electro-
oxidation of glucose (Chen and Holt Hindle 2010; Di Vece et al. 2008; Niu et al.
2012). However, PtNPs pose problems of agglomeration and well-dispersed par-
ticles are of great interest due to the limited supply of Pt for commercialization
(Park et al. 2003; Di Vece et al. 2008; Qu et al. 2010; Zhang et al. 2011).
Thus RGO which is chemically inert and has large surface area will be the best
substrate to load these Pt particles to obtain homogenous clusters. The PtNCs-RGO
displayed excellent catalytic activity towards glucose in neutral media and exhibited
rapid response time (3 s) as shown in Fig. 8. The anodic peak at −0.35 V represents
the electrochemical adsorption and desorption of hydrogen (Meng et al. 2009). The
second anodic peak at 0.10 V is attributed to the oxidation of glucose molecules
(Gao et al. 2011). Upon further increase in potential, lower current response was

Fig. 7 Laser confocal microscopic images at 400X magnification with (a) and (b) HepG2 cells
after Dox treatment. c and d AuNCs-RGO conjugated with Dox. a and c is the fluorescence
micrographs images, whereas b and d is the overlay of morphological and fluorescence images.
Reprinted with permission from Wang et al. (2011a)
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observed due to the saturation of glucose on the surface of PtNCs-RGO and an
inability for further oxidation. At 0.4 V, an increase in the current was observed due
to further oxidation of glucose and glucose intermediates forming gluconolactone
and gluconic acid (Meng et al. 2009; Wu et al. 2013; Gao et al. 2011). The
PtNCs-RGO system also showed excelled stability and sensitivity with low
detection limit of 1.21 µAcm−2mM−1. The system also exhibited excellent selec-
tivity when tested against interfering molecules such as ascorbic acid, uric acid and
4-acetaminophen.

A turn-on detection of cancer cells was produced by immobilizing
peptide-stabilized AuNCs on a GO (Nguyen et al. 2015). One of the recent
applications was shown by Gu et al. (2014), whereby peptide templated AuNCs
were used for the detection of elastase, a biomarker for tumor progression. In
another study, the same template was used to prepare an enzyme-responsive
fluorescent nanocluster beacon for the detection of post-transitional enzyme (Wen
et al. 2013). Although they displayed high sensitivity, however, one of the major
drawbacks is regarding its turn-off sensing system. In a turn-off system, many
complex compounds in the sample can quench the fluorescence and thus results in
false positive. In addition, the emissions are mostly located in the UV region which
is undesirable due to interference from other biological compounds which limit its
use in in vivo applications (Zhang et al. 2011; Geddes and Lakowicz 2009). Thus a
turn-on biosensing system was necessitated.

In this turn-on biosensing system, the group loaded peptide stabilized AuNCs
onto GO, a fluorescent quencher. Through self-assembly peptide-AuNCs-GO was
formed with the fluorescence significantly quenched. However, upon detection of

Fig. 8 a CV response of PtNCs/graphene in 0.1 M PBS (pH 7.4) with the scan rate of 5 mVs−1 in
(a) the absence of glucose and (b) in the presence of 50 mM glucose. b CV response of Pt bulk
electrode, PtNCs/graphene in 0.1 M PBS (pH 7.4) solution containing 50 mM glucose with a scan
rate of 5 mVs−1. Reprinted with permission from Chang et al. (2015)
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MMP-9 proteins, peptide cleavage took place which simultaneously released the
AuNCs from the GO’s surface. This dequenched the AuNCs and thus a turn-on
signal was produced (Nguyen et al. 2015). The quenching ability of GO was
determined by adding an increasing amount of GO to the solution of AuNCs, where
81% quenching efficacy was achieved when 80 µg of GO was used. The quenching
effect was deduced due to various interactions between GO and metal NCs such as
electrostatic, pi-pi with aromatic amino acids in the peptide as well as hydrogen
bonding (Xiaofei et al. 2014). The quenching effect is further confirmed by
Stern-Volmer plot, whereby with an increase in the concentration of GO, a
reduction in the fluorescence intensity was observed in a linear fashion with a
quenching constant of 0.034 µg ml−1, which is in agreement with the previous
findings (Hidalgo 2012).

MMP-9 protein was chosen as a biomarker as it is the major constituent of
cellular basement membrane and promotes cancer cell invasion (Wu et al. 2008).
MMP-9 is also an important biomarker for an early detection of cancer metastasis as
an increased amount of MMP-9 was detected in serum and plasma sample of
humans with malignant tumors (Vasala and Turpeenniemi Hujanen 2007; Wu et al.
2008; Kang et al. 2015; Rucci et al. 2011). Upon addition of MMP-9 to the
peptide-AuNCs-GO complex, the peptide was cleaved and as a consequence the
quenched fluorescence was restored at 640 nm. When the concentration of enzyme
increased, the recovery of fluorescence also increased linearly.

With the success of these findings the researchers then tested in live cancer cells
by inducing MMP-9 secretion (Nguyen et al. 2015). Phorbolmyristate acetate
(PMA) was used to stimulate MMP-9 secretion as it is well known to strongly
stimulate cancer cell invasion by inducing overexpression of MMP-9 proteins
(Rucci et al. 2011; Kang et al. 2015). Based on the immunofluorescent images,
condensed distribution of F-actin (red) was observed after the treatment of cells
with PMA (Fig. 9). This finding is in accordance with previous reports on over-
expression of MMP-9 after the treatment with PMA (Chuang et al. 2014; Vargová
et al. 2012). When the synthesized peptide-AuNCs-GO was added to the cells, a
MMP-9 turn-on response was observed. The biosensor is selective as no turn-on
response was observed in the absence of MMP-9. It was also highly sensitive with
the limit of detection of 0.15 nM as compared to the previous reported findings
(Son et al. 2013; Biela et al. 2015).

Besides a turn-on for cancer cell sensing, NCs can also be used for DNA
sensing, specifically for hepatitis B virus gene (HBV), immunodeficiency virus
gene (HIV) and syphilis (Treponema pallidum) gene detection (Liu et al. 2013b).
Nucleic acid stabilized AgNCs were prepared and adsorbed onto the surface of GO
for quenching effects (Fig. 10). Upon recognition by the target gene or aptamer
sequence via DNA duplex structures or aptamer-substrate complexes, desorption of
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the nucleic acid-stabilized-AgNCs from GO takes place resulting in a turn-on
fluorescence generation. Two types of nucleic acid stabilized AgNCs were used:
red-emitting AgNCs (at 616 nm) and infrared-emitting AgNCs (775 nm). With the
introduction of GO modified with nucleic acid-AgNCs probe to the HBV gene,
red-emission was observed at 616 nm with the limit of detection for HBV gene of
0.5 nm. Using the near-infrared AgNCs for the HIV sensing, a limit of detection of
1 nm was achieved with emissions at 775 nm. The luminescent AgNCs were also
used for ATP sensing by using anti-ATP-aptamer stabilized AgNCs as probe,
which exhibited a detection limit of 2.5 µm.

Fig. 9 a and b represent the immunofluorescent images (red F actin, green vinculin, blue nucleus)
of MCF-7 cells after treatment with peptide-AuNCs-GO in a the absence of PMA, b in the
presence of PMA, c fluorescence response of peptide-AuNCs-GO nanocomplex (black line) and
ELISA (blue line) for in vitro detection of MMP-9 secreted from MCF-7 cells at different time (4,
8 and 12 h) and d bar chart of fluorescent response of peptide-inhibitor (dark grey), fluorescent
response of peptide-AuNCs-GO nanocomplex to cell secreted MMP-9 in the presence of MMP-9
inhibitor (light grey), and fluorescent response of peptide-AuNCs-GO nanocomplex in cell media
only (white). Reprinted with permission from Nguyen et al. (2015)
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11 Toxicity of Graphene-Metal Nanocomposites

Toxicity issues are the major concern limiting the application of any nanomaterials
in therapeutics. Very few studies were involved in reporting the toxicity evaluation
of the graphene family materials; where toxicity is often associated with dose,
surface coatings, size, administration routes, etc. (Yang et al. 2013; Kiew et al.
2016; Yin et al. 2015). Most of the graphene theranostic platforms exhibited
excellent solubility, biocompatibility and stability in the physiological pH and
specific cytotoxicity towards the cancer cells (Chowdhury et al. 2013; Lu et al.
2014; Fiorillo et al. 2015). From the limited data available about graphene based
toxicity, most of the cell viability issues are associated with size, dose or synthesis
approach (Bianco 2013; Das et al. 2013; Kanakia et al. 2014; Chng and Pumera
2013).

Few reports on toxicity analysis of graphene in liver, lung, epithelial, brain cells
and macrophages have exhibited dose dependant toxicity profiles. The cytotoxicity
effects are associated with either apoptosis or necrosis, which are triggered by acti-
vation of caspases, intracellular reactive oxygen species (ROS) generation, mito-
chondrial stress, DNA damage and etc. (Chng and Pumera 2015; Vallabani et al.
2011). Size dependent genotoxicity effects in human stem cells were also reported for
graphene materials (Akhavan et al. 2012, 2013). Above mentioned investigations of

Fig. 10 Multiple analysis of genes using near-infrared and red emitting AgNCs probes.
Gene HBV and HIV are labelled in the figure as 5 and 8 respectively. Reprinted with permission
from Liu et al. (2013b)
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cytotoxicity created an ambiguity in the selection of graphene for theranostic appli-
cations. However, preclinical investigations of graphene formulations on rodent and
non-rodent model showed no significant toxicity towards respiratory, cardiovascular
or haematological factors with a dose of <125 mg/kg. Graphene formulations caused
minor changes in the heart, liver, lung, spleen, or kidney, and no changes in the brain.
Moreover, the absence of accumulation or traces of the graphene formulation (after
30 days of injection) in major organs supports the effective clearance of graphene
from body (Kanakia et al. 2014). Studies on in vivo and in vitro cytotoxicity analysis
of metal NPs lead to the inflammogenic responses and immuno depression based on
surface area and reactivity (Duffin et al. 2007; Danielsen et al. 2015; Giovanni et al.
2015; Petrarca et al. 2015). Metal NPs were investigated on their absorption, distri-
bution, metabolism, excretion in cell lines and living model organisms and based on
the oxidative, inflammatory and genotoxic responses, cytotoxicity profiles were
evaluated. The uncertainties and the complexities in the cytotoxicity results depend on
size, dose as well as mode of administration of different metal NPs (Johnston et al.
2010; Cho et al. 2012; Schrand et al. 2010; Park et al. 2007; Djurišić et al. 2015; Ivask
et al. 2015).

To address the biocompatibility issues, graphene-metal hybrid materials were
examined in theranostic applications and most of the studies revealed extended
stability and good biocompatibility (Nergiz et al. 2014; Yang et al. 2015; Zhang
et al. 2015). For instance, the RGO–Au nanosystem was utilized in the photoa-
coustic detection and thermal phototherapy, which were used in in vitro and in vivo
analysis. No drop in body weight or any noticeable organ damage were observed
for the subjected animal models, however, successful elimination of brain tumour
cells and effective suppression of tumour recurrence was observed as a result of the
treatment (Dembereldorj et al. 2014). Another core shell structure of GO-Au
preparation was tested for chemo-phototherapy towards hepatoma with excellent
biosafety towards untargeted cells (Xu et al. 2013a). In another study, Zhou et al.
(2014) performed a quantitative analysis of intracellular interactions and cytotox-
icity of Au-graphene and Ag-graphene materials in A549 cells and HepG2-liver
hepatocellular carcinoma cells. From the observations, the graphene metal nano-
materials showed significant enhancement in the cellular uptake compared with the
NPs alone. In detail, the GO conjugated AuNPs and AgNPs exhibited significantly
higher toxicity than the corresponding bulk concentrations of metal nanoparticle
alone. Observations on A549 cells resulted in high lactate dehydrogenase
(LDH) release corresponding to the cell membrane damage, enhanced ROS levels
and relative lower cell viability for the GO-metal complexes as compared with the
metal NPs alone. In addition, Ag-GO nanocomposite showed the highest toxicity
followed by AuNPs and AgNPs, GO and then Au-GO with the least toxicity effects.
A similar observation was noticed in the case of HepG2 cells (Zhou et al. 2014).

Being the part of cell-mediated immune system, macrophage cells were also
used for testing the biocompatibility of nanomaterials in a recent study.
Nanocomposite made of GO and pristine Ag were tested against 2 macrophages—a
tumoral lineage (J774) and peritoneal macrophages collected from Balb/c mouse.
When tested along with GO and AgNPs, the GO-Ag nanocomposite materials
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showed less cellular uptake by macrophages but induced a significant toxicity
profile with higher oxidative stress. Additionally, the stability of the nanocomposite
in terms of zeta potential values was drastically reduced in the cellular medium. The
cytotoxicity analysis on peritoneal macrophages showed a dose and time dependent
toxicity profile with half-inhibitory concentration (IC50) of 2.9 µg/ml for Ag-GO
nanocomposite, whereas the counterpart AgNPs and GO showed 3 and 24.7 µg/ml,
respectively. But in the case of J774 macrophage, Ag showed the highest toxicity
profile. The mechanism is explained by endocytosis of Ag–GO nanocomposite by
the macrophage followed by nanocomposite degradation. Where, the Ag ions are
released to the cytoplasm leading to the impairment of mitochondrial function thus
generating toxic radicals and oxidative stress (Luna et al. 2016).

In another study, the microbial toxicity of RGO-Ag nanocomposite was evalu-
ated qualitatively and quantitatively both in Gram positive and Gram negative
bacterial cells. The results displayed enhanced cytotoxic effects of RGO-Ag as
compared to RGO and Ag alone due to the synergistic antibacterial potential of
RGO and AgNPs. The species specific cytotoxic response of RGO-Ag was com-
parable with standard antibiotic Chloramphenicol (Geetha Bai et al. 2016).
Graphene nanoplatelets intercalated with Mn ions (10–500 µg/ml) were tested on
NIH3T3 mouse fibroblasts and A498 human kidney epithelial cell for the analysis
of biocompatibility, which resulted in dose and time dependant LDH release and
dose dependent cytotoxicity. However, the therapeutic dosages introduced for its
theranostic application involving CT and MR imaging was 5–10 times lower than
the lethal dose 50% (LD50) values which ensures the cytocompatibility,
in vivo safety and efficacy of the graphene-Mn system (Lalwani et al. 2014).

Utilization of Pt incorporated GO with drug was also tested for the theranostic
application in 4T1 breast cancer xenograft mouse models. From the investigations
of biodistribution of the nanosystem in different organs, significant accumulation
and apoptotic effects in tumour site were observed. No obvious weight loss or organ
damage was found corresponding to the introduction of the nanosystem which
confirmed the minimal systemic toxicity (Li et al. 2015a). In a separate study,
graphene manganese ferrite system exhibited cytotoxicity towards bacterial model
E. coli which showed 82% loss of viability after 2 h of treatment with 100 lg/ml,
indicating its potential as an antimicrobial agent. The toxicity was contributed by
membrane and oxidative stress (Chella et al. 2015). Another study focussed on the
toxic potential of graphene-Cu nanocomposite performed on another model
organism, Drosophila melanogaster larvae which displayed a dose and time
dependent toxicity profile corresponding to higher dosage and longer incubation
time. The dose dependent toxicity was correlated with the ROS generation, lipid
peroxidation and apoptotic index, where, a concentration of 0.033 µg/µl was
evaluated as the no observed adverse effect level (NOAEL) (Siddique et al. 2013).
In a nutshell, there are very limited reports available on the graphene–metal based
nanosystems, thus their biocompatibility and molecular interactions are not very
clear. Further investigations are highly recommended for clarifying the fundamental
mechanism of toxicity issues related with graphene metal nanotheranostic systems.
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However, it is apparent that the cytotoxicity of the synthesized graphene-metal
nanocomposite is highly dependent on the size, morphology of the nanocomposite
as well as the synthesis of the graphene itself.

12 Conclusion

When the metal size is reduced to less than 20 nm and in cluster size, various
amazing properties were observed including high catalytic activity, high magnetic
potential as well strong luminescence which can be fabricated into a turn-on or
turn-off biosensing system. As NCs tend to agglomerate or undergo coalescence, a
substrate is required for homogeneous growth of the clusters. As reported in this
chapter, graphene is an excellent platform or substrate for the growth of metal NCs
as can be seen by the astounding single ML growth that can be achieved by
depositing metal NCs on graphene. By changing the type of graphene/metal Moiré
template, the nucleation site for the growth of NCs can be manipulated to either fcc-,
hcp- or both depending on the type of metal substrate used. This property is highly
advantageous for the development of magnetic devices. The graphene/metal Moiré
template is also robust as it was thermally stable up to the tested temperature of
800 K. A much simpler approach for the synthesis of NCs loaded graphene in the
form of GO or RGO was also explored. Metal NCs were either directly deposited
on the graphene surface or was stabilized by inducing the growth of NCs in
polymers, peptides or DNAs. Various applications are cited which range from drug
delivery, to biosensing of glucose, cancer cells as well as specific genes. With the
lucrative applications of NCs loaded graphene in theranostics, this raises the
question of toxicity of the material for potential clinical applications. Based on the
reports, it could be found that NCs are toxic, however, the toxicity is greatly
subdued by the presence of graphene. It was also found that the cytotoxicity of
graphene correlates well with the synthesis approaches towards its production.
Thus, a more biocompatible graphene synthesis can be employed to produce metal
NCs loaded graphene which are non-toxic to normal human cells. Although the
practicality of utilizing comparatively new materials such as graphene and metal
clusters in the biomedical field is still an ocean to be explored, however, with the
fast growth of research in this sector and with recent huge focus for in vivo
applications, metal NCs loaded graphene is not that far off for clinical applications.
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Development of Nano-antimicrobial
Biomaterials for Biomedical Applications

Shekhar Agnihotri and Navneet Kaur Dhiman

Abstract Around the globe, there is a great concern about controlling growth of
pathogenic microorganisms for the prevention of infectious diseases. Moreover, the
greater incidences of cross contamination and overuse of drugs has contributed
towards the development of drug resistant microbial strains making conditions even
worse. Hospital acquired infections pose one of the leading complications associ-
ated with implantation of any biomaterial after surgery and critical care. In this
regard, developing non-conventional antimicrobial agents which would prevent the
aforementioned causes is under the quest. The rapid development in nanoscience
and nanotechnology has shown promising potential for developing novel biocidal
agents that would integrate with a biomaterial to prevent bacterial colonization and
biofilm formation. Metals with inherent antimicrobial properties such as silver,
copper, zinc at nano scale constitute a special class of antimicrobials which have
broad spectrum antimicrobial nature and pose minimum toxicity to humans. Hence,
novel biomaterials that inhibit microbial growth would be of great significance to
eliminate medical device/instruments associated infections. This chapter comprises
the state-of-art advancements in the development of nano-antimicrobial biomate-
rials for biomedical applications. Several strategies have been targeted to satisfy
few important concern such as enhanced long term antimicrobial activity and sta-
bility, minimize leaching of antimicrobial material and promote reuse. The pro-
posed strategies to develop new hybrid antimicrobial biomaterials would offer a
potent antibacterial solution in healthcare sector such as wound healing applica-
tions, tissue scaffolds, medical implants, surgical devices and instruments.

Keywords Antimicrobial biomaterial � Immobilization � Nanocomposites � Silver
nanoparticles � Metal nanoparticles � Biomedical coatings � Surface modification �
Hydrogel � Cytotoxicity � Carbon nanotubes � Implant � Wound healing � Tissue
scaffold

S. Agnihotri (&) � N.K. Dhiman
Department of Biotechnology, Thapar University, Patiala 147004, Punjab, India
e-mail: shekharagnihotri@gmail.com; shekhar.agnihotri@thapar.edu

© Springer Nature Singapore Pte Ltd. 2017
A. Tripathi and J.S. Melo (eds.), Advances in Biomaterials
for Biomedical Applications, Advanced Structured Materials 66,
DOI 10.1007/978-981-10-3328-5_12

479



List of Abbreviations

2D Two dimensional
3D Three dimensional
A549 Human lung adenocarcinoma epithelial cell line
AB Anti bacterial
AF Antifungal
AgNP Silver nanoparticles
AV Antiviral
BAI Biomaterial assisted infection
BEAS2B Human normal bronchial epithelial cells
CACC Calcium alginate-cotton cellulose
CFU Colony forming units
CMC Carboxymethyl chitosan
CNS Carbon nanoscrolls
CNTs Carbon nanotubes
CSNPs Chitosan nanoparticles
CuNPs Copper nanoparticles
CuO NPs Copper oxide nanoparticles
DD Degree of deacetylation
GNPs Gold nanoparticles
GO Graphene oxide
HA Hydroxyapatite
HaCaT Human keratinocyte
HAIs Hospital acquired infections
HepG2 Human hepatoma cells
HNC Hybrid nanocomposite
HNTs Halloysite nanotubes
IPN Inter-penetrating network
LBL Layer-by-layer
MBC Minimum bactericidal concentration
MDR Multiple drug resistance
MIC Minimum inhibitory concentration
MWCNTs Multiple-walled carbon nanotubes
NCs Nanocomposites
ND Not Determined
NIR Near-Infrared
NSP Nanosilicate platelets
PTFE Polytetrafluorethylene
QCS NPs Quaternary ammonium chitosan derivative nanoparticles
rGO Reduced grapheme oxide
ROS Reactive oxygen species
SWCNTs Single-walled carbon nanotubes
TEM Transmission electron microscopy
USEPA US environmental protection agency
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VRE Vancomycin resistant Enterococci
ZnO Zinc oxide
ZoI Zone of inhibition

1 Introduction

The recent progresses in health care sector have witnessed the use of biomaterials
for improving life quality of critically ill patients. Biomaterials have revolutionized
a few emerging areas such as biomedical engineering and tissue engineering by
facilitating less-invasive techniques for continuous monitoring, improving drug
administrating and enhanced mobility by either restoring or replacing organ func-
tions (Hench and Polak 2002; Place et al. 2009; Hubbell 1995). As compared to the
conventional technologies, biomaterials with improved functionality and durability
have been utilized in form of vascular grafts, biocompatible coatings, medical
implants, stents tissue scaffolds which might remain functional even for several
months (Place et al. 2009; Ratner et al. 2004). Despite considerable success of
biomaterials in ageing society, only a few biomaterials can prove their safety
concerns under practically relevant conditions. Regardless of implant composition
and applications, i.e., from prosthetic joints, artificial heart and dental implants to
vascular valves and intraocular lenses, virtually all biomaterials behave as a “niche”
to pathogenic microorganisms (Zaat et al. 2010; Busscher et al. 2012; Stewart and
Costerton 2001). Under in vivo conditions, the microbes get attracted and subse-
quently lead to biofilm formation on biomaterial surface, leading to one of the major
clinical complications often referred as biomaterial-associated infections (BAIs)
(Percival et al. 2015; Campoccia et al. 2013a; Zaat et al. 2010; Busscher et al. 2012;
Stewart and Costerton 2001). The greater incidences of biomaterial-associated
infections thus compromise with the intended use of any implant or device and add
risk to humans in terms of high morbidity and even mortality (Parsek and Singh
2003; Hall-Stoodley and Stoodley 2009). Moreover, it marks an adverse impact on
economy since the existing treatment strategies to cure infection could cost even
more than the initial biomaterial implantation. In a broad sense, a biomaterial faces
two major challenges when implanted within the body i.e., to make suitable inte-
gration with native tissue while preventing colonization of microbes on its surface.
In 1987, an orthopedic surgeon Anthony Gristina introduced a phrase “the race for
the surface” referring that there exists a stern competition between tissue integration
and bacterial attachment on biomaterial surface (Gristina 1987). A successful
implantation of biomaterial without any infection would thus be a ‘winning’ situ-
ation for its intended use, though it is not the case with few of them.

Biomaterial-associated infections are most commonly caused by Staphylococcus
epidermidis, Staphylococcus aureus, Staphylococcus haemolyticus, Staphylococcus
capitis, Staphylococcus saprophyticus, Staphylococcus warneri, Staphylococcus
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cohnii, Staphylococcus xylosus, Staphylococcus chromogenes, Staphylococcus
schleiferi, Staphylococcus lugdunensis‚ Escherichia coli, Pseudomonas aeruginosa,
Proteus mirabilis, Proteus vulgaris, Candida albicans, Propionibacterium acnes
including a few other bacterial strains having low virulence potential on healthy
individuals but resides within skin and mucous membranes (Jukes et al. 2010; Mack
et al. 2013). The cascade for pathogenesis of BAIs follows a series of common
events (Costerton et al. 1999; Parsek and Singh 2003; Busscher et al. 2012; Stewart
and Costerton 2001). First step involves an initial attachment of microbial cells to
biomaterial surface while the attached cells start accumulating in multiple layers
leading to the formation of biofilm as a second step. Subsequently, the maturation of
microbial biofilm takes place and finally, microbial consortium is detached for
spreading to other parts of biomaterial surface. The implants are thus susceptible to
many infections, as direct contamination to biomaterial surface during surgery starts
even after few hours of implantation i.e., preoperative contamination (Maathuis et al.
2005; Campoccia et al. 2013b). The site of implant can also be accessed to microbes
during hospitalization, known as hospital-acquired infections. The spreading of
microbes occur due to microbial contamination on several locations other than the
implant site through blood stream i.e., post-operative infections and is inevitable
(Siegel et al. 2007; Campoccia et al. 2013b). As a result, the durability and func-
tionality of biomaterial implants is severely affected which is manifested by severe
complications that arise during patient’s recovery.

The accumulation of microbial biofilm leads to the secretion of extracellular
polymeric substance (EPS), which tends to hide microbes within its polymeric mesh
and make them inaccessible to host immune system and antimicrobial therapies
(Costerton et al. 1999; Hall-Stoodley et al. 2004; Hall-Stoodley and Stoodley 2009;
Stewart and Costerton 2001). Sessile and adherent bacteria are thus intrinsically
more resistant towards host clearance and require nearly 500–5,000 times higher
concentration of common clinical antibiotics than planktonic or non-biofilm
forming pathogens (Boucher et al. 2009; Donlan and Costerton 2002; Subbiahdoss
et al. 2013). The therapeutic and prophylactic use of antibiotics for curing post
operative infections has even contributed towards the development of microbial
strains with high resistance against those drugs making conditions unmanageable.
Ultimately, the removal of an infected implant would be the only possible solution
followed by weeks of antibiotic treatment to remove infection before implantation
of new device (Maathuis et al. 2005; Campoccia et al. 2013b; Busscher et al. 2012;
Ratner et al. 2004). For these reasons, local or topical administration of antibacterial
agents is preferred over routine systemic approaches which would minimize an
initial attachment of bacteria on implant surfaces. Accordingly, a promising strategy
for reducing the occurrence of BAIs is to prevent an initial attachment of bacteria to
implant and device surfaces (Bazaka et al. 2012; Salwiczek et al. 2014; Monteiro
et al. 2009). This has spurred research efforts on developing antimicrobial surfaces
and coatings that can be applied to biomedical devices so as to confer resistance
against bacterial colonization. To achieve this, the antibacterial biomaterial surface
should reflect non-cytotoxic characteristics against mammalian cells and it should
not pose any adverse effects on healthier tissues and body fluids of patients
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(Harding and Reynolds 2014; Norowski and Bumgardner 2009). Moreover, ther-
apeutic approaches to inhibit bacterial colonization yet retaining the intended
properties of biomaterials is always advisable, such as the visual clarity of contact
lenses or the flexibility of vascular grafts would not be compromised.

In last few years, nanotechnology has provided immense opportunities to
manipulate substances at nano scale altering their physicochemical properties and
transform them into potential antimicrobial agents. Owing to its small size, nano-
materials have high surface area to volume ratio which makes them more effective
even at relatively lower dose concentration than their bulk form (Mauter and
Elimelech 2008; Sharma et al. 2009; Rai et al. 2009; Singh et al. 2008). Moreover,
the mechanism of antimicrobial action of nanomaterials can be mediated through
several pathways, i.e., disruption of bacterial membrane, formation of holes and pits
on cell wall, generation of ROS, binding to sulfhydryl groups of metabolic enzymes
of the bacterial electron transport chain to inhibit respiratory activity, and inte-
gration with DNA (Kumar et al. 2008; Morones et al. 2005; Rai et al. 2009; Hill
2009; Zhang et al. 2012a; Panáček et al. 2006; Sharma et al. 2009; Chopra 2007).
This provides inability of microorganism to develop resistance against them.
Recently few reports have elucidated a more efficient, direct contact killing action
of silver nanoparticles to the bacterial cell wall, which do not even require the
internalization of nanoparticles into the cells and thus would be more efficient than
antibiotics to inhibit bacterial resistance. As a result, nanomaterials are particularly
very effective to kill the multiple drug resistant microbial strains. In particular, the
inherent antimicrobial properties of coinage metals i.e., silver, gold and copper were
known to us from ancient times, these metallic nanoparticles have been utilized by
researchers as potential disinfectants in biomedical and water purification applica-
tions (Atiyeh et al. 2007; Russell et al. 1994). They are being introduced as one of
the important component in our daily life style. Imagine an odorless textiles (an-
tibacterial T shirts) to public hygiene (deodorants, toothbrushes, washing machines)
to water purifier to processed foods packing material, to antibacterial bandages,
sunscreen lotions, and cosmetics that you would certainly feel the existence of
nanomaterials. More recently, silver nanoparticles are used in the coating of
medical equipments such as catheters, infusion systems and dental composites. In
addition, there is increasing interest in utilization of ‘nanoparticulate’ forms of
metal, metal oxides like copper/copper oxides, zinc oxides (ZnO) and biopolymers
which exhibit remarkable antimicrobial properties.

Despite this, materials at nano scale pose certain challenges which limit their
development as an efficient antimicrobial agent. In the absence of any support
material, the nanoparticles tend to aggregate due to their high surface reactivity
such that their actual antimicrobial efficacy is severely inhibited (Gupta and Silver
1998; Li and Lenhart 2012; Morones et al. 2005; Agnihotri et al. 2012, 2013,
2015). Moreover, colloidal nanomaterials cannot be used repeatedly and thus seem
to be uneconomical under practically relevant conditions. Over past few years,
tremendous research activities have been focused to minimize these limitation
by either immobilizing or incorporating nanoparticles onto solid support with
an aim to enhance their antibacterial activities and promote their reusability

Development of Nano-antimicrobial Biomaterials … 483



(Agnihotri et al. 2015, 2012, 2013; Zhou et al. 2014; Bakare et al. 2016; Cao et al.
2010; Lin et al. 2013; Ifuku et al. 2015; Zheng et al. 2016; Chernousova and Epple
2013). In general, various immobilization approaches fall in one of three categories;
(1) incorporation and entrapment of segregated nanoparticles inside a porous
matrix, (2) simultaneous in situ generation and immobilization of nanoparticles on
to a support matrix and (3) immobilization of nanoparticles on a surface func-
tionalized solid support. Among all approaches, one common procedure that would
facilitate a stable association between nanoparticles and the support matrix is the
selection of appropriate surface modification methods. However, the choice of the
method to be employed for immobilization would certainly depend on many other
factors such as type of solid support used, size/shape, morphology, surface func-
tionalization and stability of nanoparticles, and the kind of application for which it
is used. For example, a low-moderate level of immobilization may give the desired
signals for optical/biosensor applications (Johnsson et al. 1991) while, a relatively
higher level of immobilization would always be desired for the long term
antibacterial effects. Moreover, in order to develop a antimicrobial biomaterial, the
physical behavior of a biomaterial during nanomaterials integration must be in
compliance with clinical requirements (Stickler 2000). For example, the mechanical
specifications of antimicrobial biomaterial would be desirable for a very high load
as in case with hip and knee implants. On the other hand, a biomaterial should
either have high transmittance for designing intraocular/contact lenses or should be
highly elastic while fabricating artificial blood vessels. In many cases, haemo-
compatibility and cytocompatibility of a biomaterial is compromised while intro-
ducing the nano-antimicrobial component, which ultimately would lead to
immunological rejection of implant. A thorough understanding of the interaction of
nano antimicrobial moiety with the biological environment like proteins, cells and
tissue, is therefore crucial in order to be able to improve the functionality of
nano-biomaterial interfaces.

The current chapter summarizes the recent progress and state-of-art facts on
developing novel hybrid nanomaterials based systems as antimicrobial agents for
various biomedical applications. The fabrication of nano-antimicrobial biomaterials
would be explained on the basis of various mechanism through which a nanoma-
terial is bound to a biomaterial surface such as by (i) covalent immobilization
(ii) impregnation (iii) sustained release of antimicrobial component (iv) synergistic
action due to inherent antimicrobial action of support material. The aforementioned
strategies aim for one common objective i.e., to provide an effective, stable and
long term antibacterial efficacy to the biomaterial, promoting their reuse without
causing any cytotoxicity responses against normal cells. The role of silver, gold,
copper/copper oxide, zinc oxide, chitosan and their hybrid nanocomposites will be
considered while designing new nano-antimicrobials for much needed applications
in wound healing, tissue scaffolds, medical implants, coating surgical devices and
instruments.
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2 Unsupported Nano-Silver as Antimicrobial Agent

Silver and its compounds have been recognized for its antimicrobial efficacy since
antiquity. Greeks and Romans used silver coins and vessels to disinfect potable
water and keeping the milk fresh (Hill 2009). However, silver based antimicrobial
therapy was first documented by Ravelin in 1889 which demonstrated that silver
when used in ultra low concentration, proved to be highly germicidal (Zhang et al.
2012a). In late eighteenth century, eye drops constituting of 2% silver nitrate
solution were also used to thwart the ocular infections in newborns which lead to
blindness and against the treatment of typhoid and anthrax. In 1920s, the US Food
and Drug Administration (FDA) agency has recognized colloidal silver as an
effective agent to manage wound healing (Chopra 2007). Silver was then continued
as a promising strategy for controlling infections during burns till World War II,
which outraged its role with huge demands and development of new antibiotics
(Dunn and Edwards-Jones 2004). However, such a heavy use of antibiotics lead to
the development of drug resistant microbial strains which propelled the researchers
to find novel remedies based on silver. In concurrence with growing interest in
exploiting materials at nano level, nano silver has shown the highest level of
commercialization (Agnihotri et al. 2014). Silver nanoparticles constitute an
important component in nearly 57% (435 out of 762 products) of nano enabled
consumer products (health care and fitness sector) available in market (Vance et al.
2015). As a result, AgNPs have emerged as the most exploited antimicrobial
nanomaterial in diverse applications such as cosmetics, textiles and fabrics, dietary
supplements, food packaging, surgical coatings, silver dressings, water sanitation
and disinfection (Rai et al. 2009; Chen and Schluesener 2008; Dunn and
Edwards-Jones 2004; Raghupathi et al. 2011; Dorobantu et al. 2015; Gajbhiye and
Sakharwade 2016).

It is widely accepted that smaller the size of nanoparticles, higher would be its
antimicrobial action. These results might be possible due to higher penetration rates
of small sized nanoparticle owing to their high surface to volume ratios (Chen and
Schluesener 2008; Rai et al. 2009). The antimicrobial property of AgNPs is gov-
erned by several other factors such as shape, aggregation state, stability, dispersion
medium, types of capping agents, and methods of surface functionalization of
nanoparticles. Even similar sized nanoparticles show variation in antimicrobial
action against two different strains of same microbial species, known as
strain-specific biocidal killing (Agnihotri et al. 2014; Mukherji et al. 2012;
Ruparelia et al. 2008). Regarding shape, the truncated AgNPs appear to be more
potent than spherical AgNPs in terms of their antimicrobial efficacies (Pal et al.
2007). However, spherical AgNPs are usually preferred over other shapes due to
their ease in synthesis, control on particle size, handling and recovery for use either
as colloidal state, or immobilized form (Agnihotri et al. 2013, 2014).

Regarding in vitro evaluation of the antibacterial activity of AgNPs, the potency
is quantified either by using disk diffusion tests in solid media or by serially diluting
the antibacterial material in liquid culture (Agnihotri et al. 2014; Ruparelia et al.
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2008). In disk diffusion studies, the sensitivity of a microbe is tested by calculating
the diameter of zone of inhibition (ZoI) created by nanoparticles-laden disc by
inhibiting the microbial growth surrounding that disc. Thus, a higher value of ZoI
would indicate a more sensitive microbial strain and a more effective antimicrobial
nanomaterial (Fig. 1). On the other hand, the liquid broth assay is used to quantify
the minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of nanoparticles as shown in Table 1. The minimum inhibitory
concentration (MIC) is defined as the minimum concentration of antimicrobial

Fig. 1 Disk diffusion tests for different sized (5–100 nm) silver nanoparticles against the E. coli.
The zone of inhibition (ZoI) is highlighted with a dashed circle indicating a noticeable antibacterial
effect. The number in parentheses indicates the average size of silver nanoparticles in nanometer
(Reproduced from Agnihotri et al. (2014), Royal Society of Chemistry)

Table 1 (a) Minimum inhibitory concentration (MIC, lg ml−1) and (b) minimum bactericidal
concentration (MBC, lg ml−1) values for silver nanoparticles of varying sizea. (Reproduced
(Agnihotri et al. 2014), Royal Society of Chemistry)

Bacterial strain Different sized silver nanoparticles (nm)

(5) (7) (10) (15) (20) (30) (50) (63) (85) (100)

(a)

E. coli MTCC 443 20 20 30 30 40 50 80 90 90 110

E. coli MTCC 739 60 90 90 90 100 100 120 140 160 160

B. subtilis MTCC 441 30 40 40 50 50 60 80 90 110 120

S. aureus NCIM 5021 70 70 80 100 90 100 130 160 180 200

(b)

E. coli MTCC 443 30 30 40 50 50 80 100 110 130 140

E. coli MTCC 739 90 100 100 110 120 120 140 170 170 180

B. subtilis MTCC 441 40 50 50 60 70 80 100 120 130 140

S. aureus NCIM 5021 80 90 100 110 100 120 160 200 >200 >200
aStudies were done at 105–106 CFU ml−1 initial bacterial concentrations
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agent that inhibits the visible growth of microbes whereas, the lowest concentration
of biocidal agent that kills 99.9% of microbial population is termed as minimum
bactericidal concentration (Ruparelia et al. 2008).

The antimicrobial property of silver nanoparticles strongly depends on synthesis
routes by which they were produced. Out of several methods (physical, chemical
and biological) explored for producing silver nanoparticles, biological methods are
gaining enormous interest due to its eco-friendly, non-toxic nature and often syn-
thesize AgNPs with higher antimicrobial properties than that of produced by any
other means (Panáček et al. 2006; Sharma et al. 2009). For instance Nanda and
Saravanan (2009) investigated the antibacterial activity of biogenic AgNPs
(160–180 nm) using S. aureus and found that these NPs showed excellent biocidal
efficacy against clinically pathogenic multidrug resistant Staphylococcus aureus
(MRSA), multidrug resistant Staphylococcus epidermis (MRSE), and S. pyogenes.
Similarly, Ingle et al. (2008) reported the extracellular synthesis of AgNPs using
Fusarium accuminatum, isolated from infected ginger and demonstrated nearly 2–3
times higher biocidal activity of AgNPs than bulk silver (Ag+) against highly
pathogenic bacterial strains i.e., MRSA, Salmonella typhi, S. epidermidis, and
Escherichia coli. Results revealed that the antimicrobial activity of silver
nanoparticles is 2.4–2.9 times that of silver ions. In a recent study, AgNPs (average
size, 19–54 nm) synthesized using whole plant extract and callus extract of Linum
usitatissimum demonstrated good efficacy against pathogenic strains E. coli,
Klebsiella pneumoniae and S. aureus (Anjum and Abbasi 2016). Similarly, Shanthi
et al. (2016) used cell free extract of Bacillus licheniformis to produce 18–64 nm
AgNPs which exhibited strong antibacterial and antibiofilm properties against
Vibrio parahaemolyticus Dav1. Silver nanoparticles synthesized through green
route have also demonstrated good antimycotic activity against various fungal
species viz, Candida albicans, Dermatophyte Trichophyton and Mentagrophytes
(Panáček et al. 2009; Rodrigues et al. 2013). These strains are among few of the
most common pathogens that cause hospital-acquired sepsis in immunocompro-
mised patients with nearly 40% mortality rate (Panáček et al. 2009).

Silver nanoparticles can prove to be effective to prevent infectious diseases
mediated through viruses. Rogers et al. (2008) demonstrated that AgNPs (10 nm)
with biocompatible coating would significantly inhibit Monkey pox virus infection
under laboratory conditions. Speshock et al. (2010) elucidated that AgNPs are
capable of inhibiting viral infection by significantly reducing the production of viral
RNA and release of progeny viruses. The authors however claimed that AgNPs
treatment would be effective only if administered within initial 2–4 h of replication
stage. A recent study showed antibacterial, antifungal and antiviral activity against
variety of microorganisms E. coli, K. pneumoniae, S. sonnei, P. aeruginosa, S.
epidermidis, MRSA, S. bovis, A. flavus, C. albicans, and Bean Yellow Mosaic Virus
(BYMV) by AgNPs produced from micro organisms (Elbeshehy et al. 2015).
Similarly, Lu et al. (2008) elucidated antiviral activity of AgNPs against Hepatitis B
virus. Another study reported the potential antiviral activity of biogenic AgNPs
(size range, 20–46 nm) against human parainfluenza virus type 3, Herpes Simplex
Virus 1, and Herpes Simplex Virus 2 (Gaikwad et al. 2013).
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3 Silver Based Hybrid Nanocomposites

Considering several limitations associated with using conventional antibiotics and
rising demands for better hygiene has motivated researchers to develop effective yet
affordable antimicrobial nanomaterials. Antimicrobial activities of metals like sil-
ver, gold, copper, zinc etc. can be enhanced by incorporating them into a material
matrix thus obtaining a composite material. Nanocomposites are defined as com-
posites in which at least one of the phases shows dimensions in the order of
nanometre range. On the basis of types of matrix material, silver based nanocom-
posites fall into four major categories, silver-polymeric, silver-inorganic,
silver-organic, and hybrid metal nanocomposites each with distinct properties that
can be utilized in several biomedical applications.

3.1 Silver-Polymeric Nanocomposites

The use of polymers in medical sector continues to grow, thanks to some of its
interesting properties like its resistance towards heat, irradiation and chemicals,
inert nature, clarity, durability and flexibility to be molded into various sizes and/or
shapes (Sastri 2013). Admittedly, the growing concerns for single usage disposable
items that have succeeded in reducing the chances of infection in hospitals are made
up of polymeric materials. However, the major drawback associated using polymers
is that they also provide the necessary surface for microbial contamination, colo-
nization, migration and somehow mimic the conditions require for their subsequent
biofilm formation (Hall-Stoodley et al. 2004; Hall-Stoodley and Stoodley 2009). As
a result, a large portion of hospital acquired infections (HAIs) are spread through
surface contacts with disposable syringes, blood sachets, bottles, pipings, hospitals
furniture/wardrobes, which are mostly based on polymeric (polypropylene and
polyethylene) materials. It was estimated that roughly 80% of hospital-acquired
urinary tract infections originate from urinary catheters, which are of polyvinyl
chloride (PVC) origin (Curtis 2008).

Polymer-silver nanocomposites (NCs) are gaining importance as a new gener-
ation broad spectrum antimicrobial material in biomedical applications due to their
ease in modifications, haemocompatibility, biodegradable nature, and enhanced
activity of incorporated AgNPs within the polymeric network. Moreover, the
presence of AgNPs would impart an additional biocidal feature to polymer without
compromising its properties desired for a particular application. For the preparation
of polymer/metal nanocomposites, metals can be incorporated via two approaches;
(1) ex situ, in which pre synthesized nanoparticles are incorporated into the surface
modified polymeric matrix and (2) in situ, in which polymeric matrix acts both as a
nano reactor for synthesizing nanoparticles as well as a template for their subse-
quent immobilization. The immobilization is achieved through surface modification
that allows favorable interaction between the nanoparticles and the support matrix.
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Although the current discussion is limited to the incorporation of AgNPs on to
polymeric template, similar methods can also be employed for immobilization
copper, gold, ZnO nanoparticles in later sections.

AgNPs are quite commonly used as antimicrobial filler in polymeric
nanocomposites (Muñoz-Bonilla and Fernández-García 2012) with diverse
biomedical applications ranging from wound dressings, coating medical implants
and devices, to tissue scaffolds. The polymeric support can be fabricated into
various structures such as nanofibers, thin films, solid support and porous gel that
act as a template for immobilizing silver nanoparticles (Mukherji et al. 2012).
Among various structures, nanofibers have emerged as the most promising bio-
material scaffolds owing to its nano scale architecture similar to natural human
tissue along with microporous morphology which facilitates adhesion, proliferation,
and differentiation of cells for tissue engineering application (Dahlin et al. 2011).
Nanofibers posses a high surface area to volume ratio while its characteristics such
as composition, biodegradation, and mechanical strength can be manipulated to the
intended role, which is beneficial for other biomedical applications as well (Peng
et al. 2016). For example, Almajhdi et al. (2014) incorporated AgNPs (1–7 wt%,
5–10 nm diameter) on polylactic-co-glycolic acid (PLGA) nanofibers through
electrospinning process (Fig. 2) and the antibacterial activities were tested against

Fig. 2 a A highly dense incorporation of silver nanoparticles on the surface of PLGA nanofibers
as shown through transmission electron microscopy (TEM). b Variation in the sensitivity of
microbial pathogens against silver/polymer nanocomposite as marked by difference in their zone
of inhibition. (Reproduce with permission from Almajhdi et al. (2014), Springer)
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five pathogenic strains E. coli o157:H7, S. aureus ATCC 13565, Bacillus cereus
EMCC 1080, Listeria monocytogenes EMCC 1875 and S. typhimurium
ATCC25566 using disc diffusion method. PLGA nanofibers with 7 wt% AgNP
demonstrated the best antimicrobial action displaying the highest ZoI (10 mm)
against all tested strains. PLGA/Ag nanofibers were found to be suitable for ther-
apeutic applications since they enhanced the anticancer activity along with the
biocidal nature without posing any cytotoxicity effects to normal cells.

In another study, Raghavendra et al. (2013) synthesized polymer/Ag
nanocomposite fibers based on cellulose for antibacterial skin scaffolds using
gum acacia and gaur gum (0.3–0.7 wt%) as biogenic reductants. The incorporation
of AgNPs improved mechanical strength and thermal stability of resulting
nanocomposite than pristine cellulose fibers along with promising antibacterial
activity against pathogenic strains of E. coli. Kim et al. (2009) successfully pre-
pared a biodegradable electrospun poly(ethylene oxide)/AgNP NC which showed
efficient biocidal control against S. aureus and K. pneumoniae pathogens. Similar to
previous study, they also reported that incorporating AgNPs on to polymeric
nanofibers enhanced their mechanical strength without any significant decline in
antimicrobial efficacy of AgNPs. Regarding biocompatibility and biodegradability,
electrospun nanofibers made from PLGA, polylactic acid (PLA), polycaprolactam
(PCL) polymers have been used in many biomedical applications such as fabri-
cating sutures, scaffolds, guided conduits for nerve tissue regeneration wherein the
antimicrobial effect to fibers is bestowed due to the presence of AgNPs
(Vargas-Villagran et al. 2014).

Currently, the use of natural polymers in tissue scaffolds, drug delivery systems,
layer by layer (LBL) assembled films, and as a cargo for bioactive compounds has
increased the demand for investigation in biomedical fields. Polymers of natural
origin like cellulose, chitosan, dextran, hyaluronan, collagen, alginate have been
traditionally used as sources of wound dressings, suture threads, vaccines, and as
bioactive compounds (anti-ageing, anti-coagulants and antibacterial agents) in their
natural or modified forms (Travan et al. 2009; Ahamed et al. 2015; Anna et al.
2013; Azizi et al. 2014; Lavorgna et al. 2014; Pinto et al. 2009; Raghavendra et al.
2013; Zahran et al. 2014). Interestingly, polymers from natural sources offer many
advantages over synthetic ones which make them suitable as biomaterials in
regenerative medicine and therapeutics (Allen et al. 2015). Being natural, they are
inherently biocompatible, biodegradable, renewable, nontoxic and are relatively
cheaper (Dang and Leong 2006). Moreover, natural polymers are easy for chemical
modifications thereby improving the structural and functional properties required
for the biomaterials (Allen et al. 2015). With this approach, several biocidal agents
including AgNPs have been incorporated on natural polymers after surface func-
tionalization in order to enhance their utility as nano-antimicrobials in biomedical
applications.

In order to design an efficient and greener polymeric nanocomposites, Pinto et al.
(2009) reported in situ synthesis of AgNPs on the surface of cellulosic fibers for
biomedical applications. Authors demonstrated that positively charged Ag+ ions can
form stable electrostatic interactions with functional moieties available at the surface
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of cellulose, and subsequently can be reduced to nanoscale under UV irradiation. The
successful immobilization of AgNPs was evidenced by observing a visual change in
the color of nanocomposites after immobilization (Fig. 3). Electron microscopy
analyses confirmed a highly dense and homogenous distribution of AgNPs over the
nanocomposite. The nanocomposite with high Ag content (0.57–4.4 wt%) exhibited
strong antibacterial activity toward S. aureus, K. pneumoniae and B. subtilis strains.
A modified form of cellulose i.e., carboxymethylcellulose has also been utilized as a
template for incorporating copper, silver and even iron oxide nanoparticles with an
aim to fabricate antimicrobial and antifungal coatings as novel therapeutics
(Nadagouda and Varma 2007).

Azizi et al. (2014) synthesized poly(vinyl alcohol)/chitosan (PVA/CS) based
nanocomposites using different proportions of zinc oxide and silver nanoparticles as
multifunctional nano fillers. As compared to pristine PVA/Cs, presence of nano
ZnO and AgNPs increased the mechanical strength (from 0.055 to 0.205 GPa),
demonstrated good visibility and UV-shielding effects along with excellent
antimicrobial properties against Salmonella choleraesuis and S. aureus strains.
Recently, a cellulose-chitosan hybrid nanocomposites containing a unique blend of
AgNPs and antibiotic gentamicin was prepared for wound dressing applications
(Ahamed et al. 2015). For preliminary experiments performed on rats, the
physicochemical and biochemical studies revealed faster healing pattern in wounds
while the presence of AgNPs ruled out the chances for contamination. The authors
claim this nanocomposite as an eco-friendly wound dressing material for humans
after being successfully implemented on other animals. Zahran et al. (2014)
described an eco-friendly approach for synthesizing Ag/alginate nanocomposite
using a one step in situ reduction of Ag+ ions in alginate solution, which acted as
both reducing and stabilizing agent. The resulting nanocomposite was applied on
cotton fabrics so as to testify its antimicrobial potential on clinical isolates. The

Fig. 3 Photographic images of a pristine cellulose membrane and b Ag-cellulose nanocomposite
membrane fabricated by in-situ synthesis of AgNPs. (Reproduced with permission from Pinto et al.
(2009), Elsevier)
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modified cotton fabrics showed excellent antibacterial activity towards E. coli, S.
aureus and P. aeruginosa strains. A slight reduction in the antibacterial efficacy of
modified fabrics was observed when used repeatedly for 20 washing cycles,
however 90% bacterial killing was still achievable with such high number of
washing steps. Authors claimed this NC as a promising approach for fabricating
antibacterial finishing for wound healing purposes. Similarly, Ag/collagen based
hybrid nanocomposites have been exploited as tissue scaffold for promoting bio-
cidal response against E. coli, P. mirabilis, B. cereus, and S. aureus pathogens
(Mandal et al. 2012). Due to their good mechanical strength, biological function-
alities and potential to immobilize metallic nanoparticles, collagen based scaffolds
can successfully be utilized in fabricating prosthetic heart valves. Polymers isolated
from non-primate sources such as crustaceans (chitosan, chitin), Bombyx mori (silk
fibroin) has also been employed as a bio-template for in situ production of AgNPs
besides acting both as a reducing agent and stabilizer to prevent their aggregation
(Fei et al. 2013; Lavorgna et al. 2014). The resulting nanocomposites have
demonstrated efficient killing of MRSA, S. epidermidis, and K. pneumoniae with
disruption of biofilm formation afterwards. Nevertheless, the scientific advance-
ments prompted towards establishing polymers-silver nanocomposites as an ideal
antimicrobial biomaterial are still poised with several challenges such as broadening
their applicability while combating against virulent pathogens.

3.2 Silver-Inorganic Nanocomposites

In past two decades, the application of inorganic nanomaterials in biomedical fields
has drawn attention among the researchers. Inorganic nanocomposites consisting of
micro and mesoporous silica, glass (silicon dioxide), silicates and zeolites have
particularly been exploited for potential antimicrobial actions. Other than being
inert, inorganic nanomaterials can easily be engineered into desired morphology
while its porous architecture contributes toward dense immobilization of AgNPs
(Agnihotri et al. 2013). Moreover, inorganic nanocomposite are inherently hydro-
philic due to the presence of several functional groups such as hydroxyl,
carboxyl,–SH and act as cargo vehicle for delivering drugs, bioactive molecules and
even antimicrobial agent owing to its high surface area.

For instance, Song et al. (2013) reported synthesis of silver/polyrhodanine
nanocomposites on silica nanoparticles as potential antimicrobial therapeutics. In
this study, metal binding affinity of thiol-functionalized silica NPs was exploited for
loading Ag+ ions on its surface followed by treatment with rhodanine monomer
solution. The polymerization of rhodanine was then carried at the silica surface,
where silver ions were subsequently reduced to silver nanoparticles (average size,
7 nm) forming stable silver-polyrhodanine complex (Fig. 4). The antibacterial
potential of Ag/PRh–SiO2 nanocomposite was evaluated toward E. coli and S.
aureus strains which showed MIC values of 1.5 and 2.5 mg ml−1 at an initial
bacterial concentration of 105 − 106 CFU ml−1. The enhanced antimicrobial
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activity of silver/polyrhodanine-silica nanocomposite was attributed to the dual role
of microbial killing through release of silver ions as well as direct contact with
polyrhodamine.

In another study, fully exfoliated clay, i.e., nanosilicate platelets (NSP) were
used as a dispersing agent and immobilizing matrix for depositing AgNPs and the
Ag/NSP/Poly(ether)urethane (PEU) hybrid nanocomposites were evaluated for its
biocompatibility, immunological response, and antimicrobial activities against few
clinical isolates (Lin et al. 2013). Owing to its immobilization, AgNPs could not
enter inside cells thereby lowering the risk associated with cellular uptake of
AgNPs. The Ag/NSP composite having 20 ppm AgNP concentration were trans-
lated into an effective biocompatible material by further mixing with PEU which
showed no cytotoxic responses to mouse skin fibroblasts (L929 cells) and human
hepatoma cells (HepG2), yet exhibiting complete bacterial killing (99.9%) of E. coli
cells (Fig. 5). The amount of leachable silver in form of either free Ag+ or AgNPs
was found to be 170 and 270 ppb, respectively, whereas the supernatant of silver
nanohybrids did not show antibacterial activity after aging for 6 months. Authors
thus claimed that this antimicrobial biomaterial can effectively be employed in
biomedical application considering the biosafety associated with minimizing the
excessive discharge of silver.

Fig. 4 Schematic representation for the synthetic protocol of Ag/PRh-SiO2 nanocomposite. TEM
images of a thiol-modified silica nanoparticles and b, c Ag/PRh-SiO2 nanoparticles at lower and
higher magnifications, respectively. d High resolution TEM image of Ag/PRh-SiO2 nanocom-
posite. (Reproduced with permission from Song et al. (2013), American Chemical Society)
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Fig. 5 Cytotoxic effects of AgNP/NSP (silver-nanosilicate platelets), NSP, and AgNPs on a L929
cells and b HepG2 cells. The concentration of NSP or AgNPs corresponded to the content of each
component within the AgNP/NSP hybrid. The concentration was based on the total weight, e.g.,
AgNP/NSP 1/99 10 ppm contains 9.87 ppm NSP and 0.13 ppm AgNPs. * indicates a statistical
difference from the control, p < 0.05. (Reproduced with permission from Lin et al. (2013),
American Chemical Society)
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It is a matter of immense discussion whether the mode of antibacterial action of
AgNPs is mediated solely on the basis of either release of silver ions or
nanoparticles-specific, or may be both (Li et al. 2006; Hoop et al. 2015; Wang et al.
2013). Another study hypothesizing the dual role of antibacterial action of Ag/SiO2

based nanocomposites was given by (Agnihotri et al. 2013) where a high localized
immobilization of AgNPs (8.6 nm, average size) was achieved on an
amine-functionalized silica substrate using 3-(2-aminoethylaminopropyl)
trimethoxysilane as a cross linker molecule. The bactericidal potential of AgNP–
glass nanocomposite was tested against two E. coli strains, MTCC 443 and MTCC
739, and one Bacillus subtilis strain, MTCC 441, in both deionized water and
phosphate buffer medium. The antibacterial tests were performed independently at
two different initial bacterial concentrations i.e., 103 and 105 CFU ml−1, where
bacterial counts were reduced to zero within 120 min under all the test conditions. It
was concluded that contact killing is the predominant bactericidal mechanism and
surface immobilized nanoparticles showed greater efficacy than other sources of
silver (free AgNPs, bulk Ag and bulk AgCl) and released even less than 25 ppb of
silver in solution (Fig. 6). Interestingly, AgNP–SiO2 substrate was reused 11 times

Fig. 6 Comparative effect of various Ag sources, i.e., pure silver, AgCl and AgNP–glass
substrate, all with same dimensions on a disinfection and b silver release profile is presented.
c Comparative bactericidal potential of AgNP–glass substrate and AgNP colloidal suspension
(average size 8.6 nm) against the E. coli MTCC 443 strain having a similar content of silver.
(Reproduced with permission from Agnihotri et al. (2013), Royal Society of Chemistry)
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without losing its bactericidal efficacy. This indicates that the proposed immobi-
lization protocol could prove to be effective while minimizing the toxicity issues
associated with excess release of AgNPs into solution as required in case with
antimicrobial coatings, especially for surgical devices and synthetic implants.

A research group lead by Prof. Alexander Seifalian at University College
London (UK) has developed a novel nanocomposite biomaterial based on poly-
hedral oligomeric silsesquioxane-poly(carbonate-urea)urethane (POSS-PCU) hav-
ing required mechanical properties and histo-compatibility for cardiovascular
applications (Ghanbari et al. 2016; Kannan et al. 2006; Raghunath et al. 2009). This
polymer has been successfully implanted in humans in form of vascular bypass
graft, a lachrymal duct, and tracheal implants. However, the biomaterial suffers
from graft infection involving MRSA, S. epidermidis which prevails with serious
consequences including bacteremia, systemic sepsis, higher incidences of ampu-
tation, and even death. With an aim to impart biocidal component to this polymer,
pre synthesized silver nanoparticles (average diameter, 15 nm) were mixed with
POSS-PCU at different concentrations (16, 32, 64, 128 mg) and its effect on the
platelets was evaluated (de Mel et al. 2012).

Platelet adhesion on test surfaces was quantified using the Alamar blue assay,
which is a direct measurement of metabolic activity of platelets and is proportionate
to the color intensity. Authors demonstrated that POSS-PCU up to 64 mg AgNPs
marked no significant variation in platelet adhesion as compared to POSS-PCU
without AgNPs. However, for higher conc. of AgNPs (i.e., 128 mg), POSS-PCU-
demonstrated a 50% reduction in platelet adhesion as with pristine POSS-PCU.
While comparing the morphology of the platelets, the positive controls (Collagen
and PTFE) showed the existence of platelets in a highly aggregated state with
extended pseudopodia. In contrast to this, the platelets treated with Ag incorporated
POSS-PCU showed a very few platelets with a rounded appearance at their initial
state of adhesion. Comparing other results, it was evidenced that the incorporation
of AgNP not only enhanced the anti-thrombogenic properties of POSS-PCU, it also
provided an additional benefits in terms of its biocidal nature, and thus potentially
can be used in fabrication of cardiovascular implants.

Shameli et al. (2011) developed a new method for in situ synthesis and
immobilization of AgNPs within interlayer space of montmorillonite (MMT), a
modified silicate clay. To this composite, chitosan polymer was intercalated through
cationic exchange and hydrogen bonding processes so as to convey some important
properties like biocompatibility, biodegradability, non toxicity, and bioactivity in
the resulting nanocomposites for potential biomedical applications. The modified
clay (MMT/chitosan) not only acted as a stabilizing agent preventing the AgNPs
from being aggregated, it also assisted in reducing silver ions to AgNPs under room
temperature conditions. The antibacterial activity of Ag/MMT/chitosan bio-
nanocomposite was examined against S. aureus, MRSA E. coli O157:H7,
and P. aeruginosa by disc diffusion method having different sizes (6.2–9.8 nm) of
AgNPs. Results indicated that bio-nanocomposite was found to be highly bacteri-
cidal against all pathogenic strains where the range of ZoI varied from 7.6 to
11.9 mm showing its strain specific sensitivity. Authors claimed that the
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Ag/MMT/chitosan nanocomposites can successfully be applied as biocompatible
antimicrobial coating in surgical devices and as drug delivery vehicles. In a dif-
ferent study, Ag/MMT/chitosan nanocomposites have also been evaluated for
topical treatment of chronic skin lesions during the treatment of skin ulcers (Sandri
et al. 2014). The antimicrobial properties were examined against four bacterial
strains, S. aureus, S. pyogenes, E. coli, and P. aeruginosa which often complicate
skin lesions during wound healing.

3.3 Silver-Carbon Nanocomposites

Several attempts have been made to incorporate silver on various carbon based
nanostructures like single-walled carbon nanotubes (SWCNTs), multi-walled car-
bon nanotubes (MWCNTs), graphene, graphene oxide and carbon aerogels for
antibacterial applications. The size (diameter) of nanotubes is considered to be an
important factor for assessing the bactericidal potential of CNTs since SWCNTs are
more lethal to microbes than MWCNTs (Kang et al. 2008). Through gene
expression data, it was evidenced that E. coli expressed a higher levels of
stress-related gene products when treated with SWCNTs as compared to MWCNTs.
The enhanced toxicity of SWCNTs is attributed to their sharp edges which acted as
nanosyringes for inducing a direct contact to microbes thereby causing damage to
cell membrane (Afzal et al. 2013). In addition to this, the presence of carbon
nanotubes in Ag-CNTs nanocomposite serves many purposes. First, CNTs act as an
immobilizing template for dense localization of silver nanoparticles owing to its
high surface area. Secondly, CNTs may undergo simple surface functionalization
procedures and the modified CNTs can offer the required nucleation sites for in situ
synthesis of AgNP via forming stable silver-CNTs complexes (Wildgoose et al.
2006). Most importantly, Ag-CNTs often mediate synergistic antibacterial effect
due to the inherent bactericidal action of CNTs and thus strengthen their antimi-
crobial performance in addition to being acted as an immobilizing substrate material
(Akhavan et al. 2011; Yu et al. 2014; Seo et al. 2014; Rangari et al. 2010).

Exploring the above possibilities, Mohan et al. (2011) described a wet chemical
approach to immobilize AgNPs onto carbon nanotubes following surface func-
tionalization procedure. In this study, silver ions were initially grafted over acid
functionalized surface (–COOH) forming stable silver-MWCNTs complexes, which
acted as the template for AgNP growth. After exposing it to reducing agent, AgNPs
were decorated onto MWCNTs in a highly ordered fashion with dense packing. The
antibacterial experiments performed against E. coli strain had shown that while
Ag-MWCNT contributed toward 97% bacterial killing, the acid functionalized
MWCNTs (without AgNPs) killed only 20% of bacterial population. Authors
suggested their role as antibacterial coatings in biomedical devices and antibacterial
controlling system.

In order to construct an orthopedic implant biomaterial, Afzal et al. (2013)
described Ag-reinforced composite material containing hydroxyapatite (HA) and
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MWCNTs, where the presence of silver landed an antimicrobial character to the
biomaterial without compromising their inherent mechanical, physiochemical and
biological properties. In this study, HA-CNT composites were mixed with 5% Ag
powder (particle size < 100 nm) while the samples were sintered in vacuum under
uniaxial pressure of 30 MPa at 950 °C for 5 min. The antibacterial tests performed
using E. coli and S. epidermidis showed a significant decrease (65–86%) in the
number of bacteria adhered to Ag/HA/MWCNT composites. The density of E. coli
on HA, Ag/HA, only CNT, and Ag/CNT was found as 330, 70, 1320, and 430
cells/mm2, respectively. Similarly, the density of S. epidermidis on the corre-
sponding substrates was estimated to be 370, 130, 350, and 50 cells/mm2,
respectively. This indicates that bacteria were proliferating more over the surface of
pure HA and CNTs whereas the addition of Ag particles resulted in the inhibition of
bacterial growth and bacterial proliferation was retarded. Later, the same group
reported synthesis of ceramic biomaterial based on Ag/HA/CNTs for minimizing
bacterial infections for bone replacement prosthesis (Herkendell et al. 2014).
Introducing small amounts of silver (2–5 wt%) demonstrated a profound antibac-
terial effects as the bacterial adhesion was reduced to 60% in contrast to pure-CNTs
and pure-HA who promoted bacterial growth on their surface by 8.5%. Several
other approaches have also been applied to synthesize Ag/CNTs nanocomposites
employing biocompatible, environmental benign molecules such as dendrimers
(Murugan and Vimala 2011), PMMA (Rusen et al. 2014), and liposomes
(Barbinta-Patrascu et al. 2014) which demonstrated excellent antibacterial activity
against various pathogens strains B. subtilis, S. aureus, E. coli, and E. faecalis.

The development of toxic free biomaterials has become a great challenge in recent
times. The chemical procedure for synthesizing Ag-carbon nano hybrids mainly
involves the use of either sodium borohydride or hydrazine hydrate as reducing
agents. These chemicals are inflammable, toxic and potentially hazardous, and their
left over residues persists in the system despite several washing steps. As a result, they
elicit cytotoxic effects both under in vitro and in vivo conditions and limit the
applicability of synthesized biomaterial for long term use. Synthesis of nanocom-
posites by green method using some biocompatible reducing agents can potentially
eliminate this problem. Recently, Yallappa et al. (2015) proposed a green method for
synthesizing Ag-MWCNTs composite using Terminalia arjuna bark extracts under
microwave irradiation. In this study, AgNO3 precursor was introduced in aqueous
dispersion containing MWCNTs and the biological extract. The phytochemicals
present in the extract acted as reducing and stabilizing agent such that AgNPs were
synthesized in situ and subsequently grown on the surface of MWCNTs. The hybrid
nanocomposite was found to be very effective against bacterial and fungal strains,
which are the causative agents for hospital-acquired infections. The antimicrobial
activity was evaluated on the basis of disc diffusion studies, where the zone of inhi-
bition (ZoI) was calculated in the range from 10–16 mm for bacterial strains and
7–8 mm for fungal strains. While comparing the antibacterial results with pristine
MWCNTs, the order of bactericidal and antifungal potential of Ag/MWCNTs was
observed as E. coli > S. typhi > S. aureus > P. aeruginosa and C. albicans > T.
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rubrum � C. indicum, respectively. Authors explained this enhanced antimicrobial
activity of nanobiohybrids as a combined effect of CNTs, AgNPs, and the presence of
phytochemicals from plant extract in the dispersing media. These results suggest that
the biohybrid nanomaterials can compete with commercial antimicrobial agents.

Graphene i.e., a monolayer array of carbon atoms linked together in a 2D
hexagonal lattice constitutes another class of nanomaterials that exhibits broad
spectrum antimicrobial activity. The potential for using graphene based nanocom-
posites in films and coatings applications has been rapidly expanded over the past
decade. Graphene is considered as a biocompatible material towards mammalian
cells and osteoblasts while graphene oxide has been utilized as a carrier matrix to
deliver bioactive agents and drugs into the cells. Hu et al. (2010) described a novel
route for synthesizing graphene-based antibacterial paper via introducing several
functional groups (hydroxyl, epoxy, and carboxyl) over graphene sheets enabling it
to be water dispersible. The antibacterial activity of graphene paper was validated by
observing a significant reduction (up to 70%) in metabolic activity of E. coli DH5a
cells and suppressing bacterial growth up to 98.5% in presence of GO nanosheets. In
another study, Wang et al. (2015) investigated the antibacterial potential of reduced
graphene oxide/magnetic NPs/polyethylenimine nanocomposite onto which AgNPs
were grown through in situ approach. The resulting biomaterial exhibited excel-
lent antibacterial performance against model strain, E. coli O157:H7 with 99.9%
killing rate (initial bacterial count, 107 CFU ml−1) using a dosage of 0.1 lg ml−1

followed by a photothermal treatment (5 min) under a near-Infrared (NIR) laser
irradiation. Moreover, a MBC value of 0.1 lg ml−1 could be achieved under near
infrared (NIR) laser irradiation for 10 min, while no colony of E. coli O157:H7 was
found in solid agar plate. The strong absorbance characteristics of graphene in NIR
has been exploited in another study (Tian et al. 2014), where AgNP/GO/iron oxide
nanocomposite showed synergistic antibacterial effect against E. coli and S. aureus
strain. Moreover, due to the presence of iron oxide nanoparticles, the antibacterial
composite were recoverable and hence can be used repeatedly.

Recently, a sandwich-like antibacterial nanomaterial was constructed by intro-
ducing halloysite nanotubes (HNTs) to Ag/graphene nanosheets combining the
adhesive potential of 3, 4-dihydroxyphenylalanine (DOPA) after self polymerization
(Yu et al. 2014). It was a single-step synthesis protocol and was performed under
mild atmosphere without involving any hazardous chemicals or specific process
conditions. Electron microscopy studies indicated that the presence of DOPA not
only facilitated the intercalation of HNTs within GO sheets, it also caused reduction
of silver ions to AgNPs and their subsequent attachment to both HNTs and graphene
oxide (GO) nanosheets (Fig. 7). Synthesized AgNPs were found to be in a range
between 5–15 nm through TEM micrographs. The antibacterial experiments indi-
cated a very high bactericidal potential of Ag/HNTs/rGO (reduced graphene oxide)
towards E. coli and S. aureus having MIC value of 2 µg/ml as compared to their
control groups, i.e., Ag/GO (16 µg ml−1), Ag/HNTs (32 µg ml−1), colloidal Ag
(64 µg ml−1) and GO nanosheets (1064 µg ml−1). Authors also demonstrated that
Ag/HNTs/rGO nanocomposite can be fabricated into a paper-like antibacterial film

Development of Nano-antimicrobial Biomaterials … 499



by introducing a small proportion of polyethersulfone which showed excellent
flexibility and can be used for biomedical purposes as antimicrobial coatings.

As evident from literature review, most of the studies involving use of
Ag-graphene nanocomposites as antimicrobial biomaterial have targeted to exploit
their efficacy either in terms of their ability to preventing bacterial colonization
and/or inhibiting bacterial growth on the biomaterial surface. However, the clinical

Fig. 7 TEM images of a HNTs, b GO nanosheets and c, d, sandwich-like nanomaterials at
different magnifications. e HRTEM image of single entity silver nanoparticles with fringe spacing.
f Photograph of antibacterial film prepared from Ag/HNTs/reduced GO. (Reproduced with
permission from Yu et al. (2014), Nature publishing group)
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relevance of these nanocomposites is not limited to their antibacterial nature since a
few studies have specifically evaluated their antifungal effects as well. For exam-
ples, Li et al. (2013) explained a method for synthesizing carbon nanoscrolls
(CNS) filled with AgNPs and was tested against Candida albicans (ATCC 90029)
and Candida tropical fungal strains, isolated from a patient suffering from urethritis
at a local hospital. The synthetic process involved in situ reduction of silver ions
followed by their anchoring on the surface functionalized GO resulting in the
formation of Ag–GO nanocomposite. Moreover, the composite was sonicated for
next 6 h so that most of the exfoliated GO could be curled into scroll while
wrapping most of AgNPs into it, called as carbon nanoscrolls.

At first, the antifungal activity of GO, Ag–GO and CNS–AgNPs were evaluated
by modified agar disk diffusion method. Results indicate while no inhibition zone
was observed for pure GO samples during 24 h of incubation, both GO–AgNPs and
CNS–AgNPs showed a clear zone of inhibition (ZoI) even after an incubation
period of 8 h. However, as the incubation time was increased to 12, 20, and 24 h,
the no. of viable colonies were much lesser in CNS–AgNPs treated samples as
compared to GO–AgNPs for same strains under similar test conditions. The anti-
fungal activity of GO, GO-AgNPs and CNS–AgNPs also was evaluated by liquid
culture assay broth micro dilution method. The MIC values of CNS–AgNPs against
C. albicans and C. tropical strains were calculated as 0.25 and 0.125 mg mL−1,
respectively. On the contrary, GO–AgNPs demonstrated a higher MIC value of
0.5 mg mL−1 against both fungal strains. In order to elucidate the enhanced

Fig. 8 Scanning electron micrographs (SEM) of a native C. albicans cells, b C. albicans cells
treated with pure GO and c CNS–AgNPs for 24 h. d and e C. tropical cells treated with CNS–
AgNPs. f C. tropical cells treated with GO–AgNPs for 24 h. Red, green and yellow arrows
indicate breakage of yeast cells, CNS–AgNPs and AgNPs on GO surface, respectively.
(Reproduced with permission from Li et al. (2013), Elsevier)
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antifungal activity of CNS-AgNPs over GO, scanning electron microscopy was
employed (Fig. 8). The SEM micrographs indicated that no significant morpho-
logical change was observed in C. albicans and C. tropical cells treated with pure
GO. However, both fungal strains treated with CNS-AgNPs demonstrated a distinct
damage to cytoplasmic membrane such that their intracellular contents were leaked
completely. Moreover, release of silver ions from CNS-AgNPs also caused a more
severe effect such that a clear concave zone was observed in the cell membrane.
Similarly, a hydrogel based contact lens has recently been tested as antimicrobial
biomaterial comprising of quaternized chitosan, AgNPs and graphene oxide
(Huang et al. 2016). Contact lenses loaded with AgNP and GO demonstrated good
mechanical properties and excellent antifungal efficacy under both in vitro and
in vivo conditions. Authors indicated its therapeutic use as drug delivery vehicle for
the treatment of fungal keratitis, a severe ocular disease in developing countries
which often leads to blindness and ocular morbidity. Analogous antimicrobial
performance of various silver based nanocomposites and their biomedical appli-
cations has been summarized in Table 2.

3.4 Nano Silver Based Antimicrobial Hydrogels

Hydrogel is a porous 3D semi interpenetrating polymeric network which has high
water holding capacity than its own weight without getting dissolved into it
(Mukherji et al. 2012; Agnihotri et al. 2012). Due to their soft architectures and
ability to mimic the microenvironment of native tissue, they can be engineered to a
myriad of applications such as in drug delivery, tissue engineering, stem cell
engineering, immunomodulation, molecular therapies and even in cancer research
(Lee and Mooney 2001; Drury and Mooney 2003). Another expanding area where
hydrogels have gained enormous attention is in wound dressings and coating sur-
gical devices to prevent nosocomial infections. Other than being non-toxic,
hydrophilic, biocompatible and biodegradable, hydrogel exhibits several other
remarkable properties such as oxygen permeability, good adhesion and easy han-
dling, which make them an ideal candidate for biomedical applications (Peppas
et al. 2006; Hoffman 2012; Zhu and Marchant 2011; Jones and Milton 2000).
Especially for wound healing purposes, the water holding ability of hydrogel keeps
the wound hydrated and prevents scar formation, which is inevitable several times.
Moreover, their low abrasion characteristics and ability to supply nutrients in a
controlled manner accelerates healing process and alleviate pain. Some commercial
hydrogel based products like Hydrofiber® and Aquagel® are already in the market
which allow to keep a moist environment around the wound site and promotes
wound healing (Jones et al. 2006).

Despite several advantages associated with hydrogels, their utilization had been
limited for two main reasons. First, hydrogels suffer with poor mechanical dura-
bility which restrict their applications in several domains such as tissue engineering
and corneal implants where tough and flexible properties are specifically needed
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(Zhu and Marchant 2011). Secondly, with few exceptions, hydrogels are generally
more susceptible to get infected and their applications at the infected site may
elevate the risk of spreading infection to surrounding tissues (Jones and Milton
2000). Integration of nanotechnological advances to hydrogel thus have succeeded
to minimize these limitations and extended its accepted applications beyond treating
sloughy and necrotic wounds. Reinforcing hydrogel with nanomaterials such as
silica nanoparticles, graphene oxide, carbon nanotubes, clay nanosheets as nano-
fillers have tremendously improved their mechanical strength. On the other side,
introduction of nano-antimicrobials to hydrogel is becoming an utmost concern for
its clinical relevance in much needed areas such as prostheses, ocular surgery,
biodegradable sutures, and coating surgical implants and devices.

There exists a plethora of techniques for making nanocomposites hydrogels for
diverse applications (Fig. 9). However, the development of nano antimicrobial
hydrogels involves two classical approaches. In one approach, a wide range of
nanomaterials with antimicrobial characteristics such as metallic nanoparticles (Ag,
Au, Cu), carbon based (nanotubes, graphene, graphene oxide), polymeric, and
inorganic materials (SiO2, TiO2) can be incorporated within the hydrogel structure
so as to obtain nanocomposites with tailored functionalities. Secondly, polymeric
materials which can form hydrogels and also contain innate antibacterial properties
can be used with nanomaterials to demonstrate their synergistic effects. As com-
pared to synthetic polymers, polymers having natural origin (cellulose, starch,
chitosan, alginate, etc.) are increasingly utilized for biomedical applications due to
their biocompatible, biodegradable and low cost attributes.

For example, Sacco et al. (2015) demonstrated the use of AgNP impregnated
tripolyphosphate-chitosan hydrogels for the treatment of non-healing wounds. They
investigated that there exist a synergism between AgNPs and chitosan, responsible
for the enhanced antibacterial action of hydrogel against S. aureus, E. coli, S.
epidermidis, and P. aeruginosa strains. Moreover, the hybrid gel contributed
toward inhibiting the maturation of their biofilms whereas no harmful effects on the
viability of keratinocytes and fibroblasts cells were observed through the biocom-
patibility tests. Another natural polymer isolated from microbial strain Acetobacter
xylinum TISTR 975 i.e., bacterial cellulose was tested as an immobilizing template
for AgNPs (Maneerung et al. 2008). Silver nanoparticles were synthesized in situ
within bacterial cellulose by introducing polymeric material into AgNO3 solution
followed by the borohydride mediated reduction. The resulting hydrogel exhibited
good physicochemical properties and a strong bactericidal performance against
E. coli and S. aureus strains. Panacek et al. (2014) synthesized sodium polyacrylate
stabilized AgNPs (size 10 nm) and incorporated into methylcellulose to form a
hydrogel based nanocomposite which could be used as a potential topical antimi-
crobial formulation for treatment of burns and wounds. The hybrid nanocomposite
showed excellent antibacterial and antifungal efficacy against infective pathogens
S. aureus, C. albicans, E. coli, P. auregenosa, S. epidermis with MIC values of
25 mg L−1. As claimed by the authors, this material could act as a barrier pre-
venting the attack of microorganisms causing infections at wound site.
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Fig. 9 Various techniques for synthesizing nanocomposite hydrogels. a Physical, but unstable
interactions between polymeric chains and nanoparticles. b Nanoparticles are chemically bonded
to polymers, often during radical polymerization processes. c Nanoparticles are chemically
crosslinked within semi interpenetrating polymeric chains so as to enhance its antimicrobial
properties. d Polymer–magnetic nanocomposites, with NPs dispersed within and/or crosslinking
polymer chains for drug delivery applications. e Electro-osmotic flow of NPs embedded within
polymeric matrix for the mass transport of drugs, proteins, and bioactive molecules. f Template
block-copolymer gel with nanoparticles residing in the interstitial space between neighboring
micelles. (Reproduced with permission from Schexnailder and Schmidt (2009), Springer)
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Similarly, Vimala et al. (2011) incorporated an additional agent, curcumin
obtained from Curcuma longa which has intrinsic wound healing, antibacterial,
anti-inflammatory and anti-cancer properties into chitosan-PVA/Ag nanocomposite
hydrogel. Antimicrobial assays yielded a noteworthy antibacterial and antifungal
activity against E. coli, Staphylococcus, Micrococcus, C. albicans, P. aeruginosa
with the diameter of ZoI ranging from 1 to 2.1 mm whereas, pristine hydrogel could
not contributed towards forming a distinct zone of inhibition. In addition to that, the
hydrogel nanocomposites exhibited satisfactory mechanical properties in order to
employ them for wound dressings in treating/preventing infections. Agnihotri et al.
(2012) also exploited chitosan–PVA-based hydrogel with dual functionalities

Fig. 10 FEG-SEM images of pure chitosan–PVA hydrogel (CP-50) at a 9500, and b 97,000
magnification. c–f demonstrated Ag-loaded chitosan–PVA hydrogel at different magnifications:
c 9500, d 97,000, e 920,000, f 933,000. (Reproduced with permission from Agnihotri et al. (2012),
Springer)
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serving as a nano reactor in addition to its role for AgNP immobilization. SEM
analyses indicated that semi-interpenetrating network of hydrogel not only facili-
tated a controlled and uniform distribution of AgNPs (Average size, 13 nm), it also
precluded the requirement of adding any stabilizer to keep AgNPs in segregated
state (Fig. 10). Swelling studies confirmed that the incorporation of silver incor-
poration enhanced the porosity and chain entanglement of the polymeric species of
the hydrogel. The AgNP-hydrogel exhibited good antibacterial activity and was
found to cause significant reduction in growth of E. coli in 12 h while such activity
was not observed for the hydrogel without AgNPs.

A series of antibacterial superabsorbent hydrogels have been successfully pre-
pared using polyacrylamide for biomedical applications. For example, Varaprasad
et al. (2010) synthesized a semi-IPN Ag/poyacryalamide nanocomposite through
free radical polymerization of acrylamide monomer in aqueous suspension con-
taining desired amount of ammonia persulfate (as a cross linker), polyvinyl acetate,
and ionic silver. The polymerization process was continued up to 8 h at 35 °C
where silver ions were anchored at the surface of hydrogel through electrostatic
interactions. To this polymeric mixture, sodium borohydride was introduced as to
convert silver ions into AgNPs yielding hydrogel–silver nanocomposites. The
antibacterial tests performed in solid agar demonstrated a significant and distinct
ZoI while good antibacterial activity was observed against E. coli strains using
liquid broth assays. Murthy et al. (2008) demonstrated the use of
polyacrylamide/polyvinyl pyrrolidone semi-IPN hydrogel with AgNPs (size 3–
5 nm) as excellent antibacterial biomaterials with 100% reduction in growth rate of
E. coli under in vitro conditions. On a similar concept, Aggor et al. (2010) incor-
porated AgNPs (average size range, 1–12 nm) into polyacrylamide-co-acrylic acid
hydrogel network and found that the hydrogel nanocomposite exhibits strong
antibacterial and antifungal activity against E. coli, S. aureus, B. subtilis, and C.
albicans strains. While increasing the dose of silver in hydrogel from 0.01 to
0.04 g/g of monomer mixture, there was a significant rise in antimicrobial study as
manifested through a rise in the zone of inhibition (ZoI) from 10 to 20 mm.
Moreover, the extraordinary swellable characteristics of hydrogel nanocomposite
established its suitability as antimicrobial coatings for diverse biomedical
applications.

A novel approach combining the antimicrobial therapy with nano-dressings has
recently been cited for controlling foot infection in diabetic patients (El-Naggar
et al. 2016). The nano-formula describes the fabrication of starch-chitosan/AgNP
based dressing membranes through the conventional in situ synthesis of AgNPs
within porous chitosan networks. The antibacterial experiments were tested against
clinical pathogens isolated from the patients suffering from diabetic ulcers which
mainly include S. aureus, P. aeruginosa, K. pneumoniae, Proteus mirabilis and S.
pyogenes. Results indicated that chitosan-AgNP hydrogels always mediated higher
antibacterial performance than pure chitosan under relevant conditions, regardless
of the bacterial species tested. Specifically, the diameter of ZoI was calculated as
14.67 and 15.67 mm for the chitosan-AgNP against S. aureus and P. aeruginosa
strains which was reduced to 11.88 and 14.11 mm when tested with pure chitosan
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against respective strains. Interestingly, The MIC values of all bacterial isolates
treated with pure amikacin (antibiotic) were lowered from 48 to 2 µg ml−1 after
combining amikacin with chitosan-based silver nanoparticles, indicating their
synergistic role. The proposed nano-formulation having 4 µg ml−1 amikacin with
chitosan-AgNP hydrogel (5 ppm Ag in 6.9 mg ml−1 chitosan) was recommended
for the treatment of MRSA and P. aeruginosa chronic wound infection without
emergence of any nephrocytotoxicity or liver biochemical functions.

Another study hypothesized the concept of multifunctional biomaterial as a
synthetic bone draft by encapsulating AgNPs (60–80 nm) within porous
methacrylate hydrogels containing Na2HPO4 and CaCl2 micro particles
(Gonzalez-Sanchez et al. 2015). The antimicrobial efficacy of AgNP-hydrogel
composites were determined on the basis of variation in the apparent lag phase and
growth rate of S. aureus and S. epidermidis cells. Results indicate that hydrogel
with 0.1 mM AgNP concentration demonstrated a better antibacterial activity than
hydrogel having lower (0.5 mM) AgNP content. The maximum antibacterial effect
of AgNP-hydrogel was achieved in 48 h while a further increase in contact time
marked no increment in its antibacterial activity. Moreover, the presence of AgNPs
did not pose either any cytotoxic effects on osteoblast cells or rheological charac-
teristics of hydrogel. With both osteoconductive and antibacterial features, such
hybrid gel could effectively be used in biomedical and dentistry applications as
bone graft material.

In recent years, catheters with hydrogel coatings loaded with antimicrobial agents
have been used to reduce the burden of catheters related infections. In a recent
article, Loo et al. (2014) demonstrated the importance of AgNP-PVA hydrogels as
antimicrobial coating on commercial endotracheal tubes. The antibacterial potential
of hydrogel nanocomposite was evaluated on the basis of their degree of colo-
nization on its surface after desired durations. Results showed that the density of
P. aeruginosa colonization on pure PVA hydrogels was estimated to be in the range
of 2.2–5.5 � 103 CFU cm−2 after 6 h of incubation whereas, no adherent bacterial
colony was found on AgNP loaded PVA hydrogel for initial 6 h. After 18h, the
bacterial colonization in pure PVA was increased up to 2.0–3.0 � 105 CFU cm−2

however AgNP-PVA hydrogel severely inhibited biofilm formation with density of
colonization ranging from 1.2–9.0 � 104 CFU cm−2. Similar trend was observed in
case of S. aureus strains attachment to the hydrogels surface. Moreover, exposing
hydrogel to human normal bronchial epithelial (BEAS2B) cells showed no cyto-
toxicity consequences. In another perspective, incorporating AgNPs into PVA
matrix enhanced Young’s modulus and ultimate tensile strength whereas its elon-
gation at break was decreased than pristine PVA hydrogel. The mechanical property
of hydrogel was found to comparable with commercially available endotracheal
tubes and hence their utilization as antibacterial coatings for preventing nosocomial
infections was envisaged by the authors. The details of other silver-based hydrogel
nanocomposites and their potential biomedical applications have been summarized
in Table 3.
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4 Nanomaterials Based on Chitosan/Chitin

After cellulose, chitin is the most abundant mucopolysaccharide on earth.
Chemically, it is a long chain polymer of poly (b-(1-4)-N-acetyl-d-glucosamine)
virtually present in the exoskeleton of crustaceans/invertebrates as internal sup-
porting structure and in the cell walls of fungus and yeasts (Jayakumar et al. 2010).
Chitosan is a deacetylated form of chitin derivative which is a linear copolymer of
N-acetyl glucosamine and glucosamine. Owing to its poor solubility in both
aqueous and organic solvents, chitin polymer limits its practical applications and
was widely accepted in the form of chitosan, which provided ample opportunities
for further development (Dash et al. 2011). Moreover, chitosan offers some
extraordinary properties such as innate biocompatibility, biodegradability, intrinsic
antimicrobial efficacy, bone forming capability, and wound healing knack difficult
to achieve with any other natural or synthetic polymer, making it a promising
biomaterial to be used in various biomedical applications (Dash et al. 2011). With
the shift of dimension from macro to nano, chitosan nanomaterials have also been
shown to have expansive antibacterial, antiviral, and antifungal activity (Rabea
et al. 2003), which depend upon several factors, including pH, degree of
deacetylation, and the type of solvent (Tavaria et al. 2013; Chung et al. 2003).
Moreover, the average molecular weight is also an important parameter that sig-
nifies the solubility of chitosan in various solvents.

In past two decades, chitosan has been proved to be a safer carrier for drug
formulations (Felt et al. 1998). A number of delivery vehicles based on colloidal
chitosan have been recently cited for delivering drugs, peptides, proteins, vaccines,
DNA and siRNA (Almeida and Souto 2007; Mao et al. 2010). Due to its excellent
mucoadhesive nature to a variety of hard and soft tissues, chitosan based hybrid
materials may serve as a temporary skeleton in bone tissue engineering (Cañas et al.
2016). Fortunately, most of the chitosan based formulations has not been reported
to provoke either inflammatory responses or allergic consequence within human
body which has established its wide acceptability and utilization as biocompatible
implants, injection, oral ingestions, topical applications for diverse biomedical
purposes. Chitosan films/membranes has been tested as an efficient biomaterial for
wound healing applications (skins, burns) and coating implants, thanks to its innate
antimicrobial nature which inhibits biofilm formation yet promoting cell (e.g.,
fibroblasts, keratinocytes) proliferation for epidermal regeneration (Blažević et al.
2016). For example, Qi et al. (2004) synthesized chitosan and copper loaded chi-
tosan nanoparticles (CSNPs) based on ionic gelation interaction between positively
charged chitosan and negatively charged tripolyphosphate molecules. The pro-
cessing was operated at room temperature and copper ions were absorbed on to
CSNPs via ion exchange resins and/or surface chelation respectively. The average
size of pure CSNPs and Cu-loaded CSNPs was calculated as 40 and 257 nm,
respectively through AFM. These NPs showed effective antibacterial activity than
their pristine counterparts against E. coli, S. choleraesuis, S. typhimurium, and S.
aureus with MIC values ranging between 0.01 and 0.13 µg ml−1. AFM analyses
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revealed that CSNPs severely killed S. choleraesuis cells via membrane disruption
such that membrane permeability was severely damaged resulting in the leakage of
intracellular components. In another study, a synergistic antibacterial activity of Cu
loaded CSNPs was observed against E. coli K88 strain with MIC (9 µg ml−1) and
MBC values 21–42 folds lower than the individual antibacterial entities i.e., copper
ions and chitosan nanoparticles (Du et al. 2008). Therefore, it is anticipated that
CSNPs often integrated with metallic nanoparticles can be used as potential
antibacterial agents in biomedicine.

Anitha et al. (2009) synthesized CSNPs (average size, 40–50 nm) and their
water soluble derivatives i.e., O-carboxymethyl chitosan (O-CMC, 90–100 nm) and
N,O-carboxymethyl chitosan (N,O-CMC, 80–85 nm) nanoparticles, to compare
their antibacterial efficacy against S. aureus. They found that among modified
NPs; N,O-CMC NPs showed maximum antibacterial efficiency than O-CMC and
CSNPs, with 100% inhibition rate at a maximum concentration of 1 mg ml−1. The
greater antibacterial effect of N,O-CMC NPs was attributed to their relatively higher
degree of substitution of carboxymethyl groups on chitosan than unmodified chi-
tosan, (Sun et al. 2006). Earlier, It was hypothesized that the introduction of car-
boxymethyl groups strengthen the overall positive charge on chitosan molecules,
resulting in greater interaction with negatively charged components (lipopolysac-
charides, proteins) present in the bacterial membrane, thereby causing membrane
disruption and release of major content of intracellular material outside cells
(Sudarshan et al. 1992).

Yien et al. (2012) evaluated the antifungal activity of CSNPs prepared from both
low and high molecular weight chitosan against Candida albicans, Fusarium solani
and Aspergillus niger species. Results showed a significant antimycotic activity
with MIC values ranging from 0.6–1.0 and 0.5–1.2 mg ml−1 against C. albicans
while 0.25–0.86 and 0.86–1.2 mg ml−1 against F. solani for high mol. wt. and low
mol. wt. CSNPs, respectively. Among all the tested strains, A. niger appeared as the
most resistant strain since there was an increase in MIC values by ten times (2–
3 mg ml−1). Therefore, these types of NPs could be incorporated into biomaterials
for natural antifungal effect.

Biofilm formation due to the growth of Streptococcus mutans bacterial colonies
in oral cavities is a major concern because it can cause diseases like caries, gum
inflammation (gingivitis), and dilapidation of periodontal tissues i.e., periodontitis
(Marsh 2004, 2005). In order to combat this problem nanoscale systems with
antibacterial properties are being developed as a biological carrier materials to
inhibit biofilms formation, maturation and growth. For the above mentioned reasons
endodontic irrigants like sodium hypochlorite have been used for successful elim-
ination of biofilms but these irrigants when retained in higher amounts for longer
period of time may even cause more structural damage into the dentin (Zhang et al.
2010). Also, they leave smear layers because of incomplete elimination of bacteria
and hence there is a need of chelating agents used as final irrigant to get rid of smear
layers from the root canals (Çalt and Serper 2002). However the chelates may cause
additional damage by compromising the mechanical integrity and amplified bacterial
adherence on collagen (Kishen et al. 2008). Inspired by this approach, de Paz et al.
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(2011) tested the antibacterial efficiency of chitosan nanoparticles prepared from
chitosan (high and low mol. wt.) against Streptococcus mutans biofilms. Confocal
scanning laser microscopy (CSLM) image analysis showed high antibacterial
potency of low MWCSNPs with more than 95% destruction rate of bacterial cells as
compared to 25% killing rate for high MW CSNPs. In line to this, a recent study has
demonstrated the chelating and antibacterial effect of CSNPs to remove the smear
layer and inhibit bacterial colonization on bovine dentin (del Carpio-Perochena et al.
2011). Results showed noteworthy chelation and antibacterial potency of
NaOCl-EDTA, NaOCl-EDTA-CNPs and NaOCl-CNPs in comparison with that of
the control and NaOCl groups, with 73% of live cells in case of NaOCl-EDTA-CNPs
compared to 92% of control. This establishes the fact that CSNPs can be used as
anti-biofilm and chelating agent in dental applications, however, further work on the
above issues is needed.

Degradation of root canal system and the periradicular spot by bacterial infection
and its toxin release can cause apical periodontitis and tissue demolition. These
defects can be treated with guided tissue regeneration (GTR) method using collagen
membrane barriers which prevents the apical migration of gingival epithelial into
the bereaved root surface with improved healing and bone closure
(Stoecklin-Wasmer et al. 2013) however, bacterial colonization still persists.
Therefore, Barreras et al. (2016) used chitosan nanoparticles with chlorhexidine to
demonstrate its antibacterial activity against E. faecalis in infected collagen
membrane. Results show that CSNPs displayed significant antibacterial efficacy on
conjugating with chlorhexidine since no bacterial growth was observed even at its
lowest concentration, i.e., 0.08%. Thus, CSNPs/chlorhexidine nanosystems can be
applied into membrane barriers to prevent periodontal infections.

Regarding fabrication of a drug delivery vehicle, Lee et al. (2016a) developed a
method to load two drugs, tetracycline and lovastatin into PLGA/CSNPs (Average
size, 107.8 nm) for fighting against bacterial infection concurrently with mini-
mizing bone material loss. Preliminary studies conducted in dogs for potential
antibacterial, bone formation/regeneration ability showed promising results against
A. actinomycetemcomitans and P. nigrescens pathogens with a distinct ZoI
appearing in PLGA/CSNPs/lovastatin-tetracycline (0.3%). Histopathological
examination of tissue treated with prepared nanocomposite showed no sign of
inflammation, though new deposits of cementum on the root surface and active
plasmacytoid osteogenic activity were observed than in the control
group. Therefore this material can be applied for controlled release of tetracycline
and lovastatin into the periodontic defect for antibacterial and osteogenic activity.

Joint replacement procedures are being done now with high success rate how-
ever microbial colonization on artificial biomaterial still remains a problem causing
serious implant rejections. Poly(methyl methacrylate) (PMMA) has been being
used as bone cement for joint replacements however due to no intrinsic antibacterial
activity, it is susceptible to infections due to biofilm formation over its surface
(Hendriks et al. 2004). The addition of antibacterial agent in bone cement can really
help to solve the persisting problem. Therefore, doping of CSNPs into PMMA and
quaternary ammonium chitosan derivative nanoparticles (QCS NPs) has been done
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to check their potential use as bactericidal agents (Shi et al. 2006). CSNPs & QCS
NPs embedded cements showed decrease in viability of S. aureus and S. epider-
midis with two and three orders of magnitude, respectively (Fig. 11). Moreover, the
cytotoxicity assays of CSNPs and QCSNP-loaded bone cements showed no adverse
effects on 3T3 mouse fibroblasts compared to pure PMMA cement.

Regarding the development of antibacterial coatings for medical devices and
wound healing applications, a few reports have been published in recent times. For
example, Romainor et al. (2014) demonstrated the potential of CSNPs (216 nm)
doped cellulose films as an antibacterial wound dressing material. Disk diffusion
assays revealed that while pure cellulose film could not exhibit any inhibitory
effects on bacterial growth, no colonies were able to grown on the surface in contact
with either chitosan-doped or chitosan nanoparticles-doped cellulose films. It was
hypothesized that being polar in nature, both chitosan and CSNPs were able to
diffuse slowly from films to agar plate, facilitating a direct contact killing action.
The polar nature of film was further increased after cross linking with citric acid,
which demonstrated a larger diameter of zone of inhibition i.e., an enhanced bac-
tericidal potency of CSNP-doped cellulose films, validating the above hypothesis.
The antibacterial assays showed the highest activity against E. coli with 85% and

Fig. 11 Number of viable adherent S. aureus (a) and S. epidermidis (b) cells on the different
substrates based on Smart set bone cement without (Left) and with gentamicin (Right).
(Reproduced with permission from Shi et al. (2006), Elsevier)
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81% inhibition rate in bacterial growth at 5% and 10% doping concentration of
CSNPs and chitosan in cellulosic films, respectively. The value MIC and MBC
values of CSNPs/cellulose films were determined as 10 and 13 µg ml−1 respec-
tively, which was significantly lower than the bulk chitosan/cellulose films (MIC:
16.37 µg ml−1; MBC: 19.70 µg ml−1). Similarly, Jamil et al. (2016) developed
cefazolin loaded chitosan nanoparticles (CSNPs) and tested their antimicrobial
activity against K. pneumoniae, P. aeroginosa and extended spectrum beta lacta-
mase (ESBL) positive E. coli. Antibiotic loaded CSNPs showed ZoI ranging from
15 to 22 mm with increasing concentration of drug from 200 to 2000 µg ml−1. It
indicates that CSNPs can be used to fabricate antibacterial agent for effective
therapeutic solutions against MDR bacteria and can be employed in antimicrobial
coatings on medical devices.

5 Other Nano-Antimicrobials

Despite the highest antibacterial potency manifested by silver, an overwhelming
demand of nano-based products in biomedical and healthcare sector has obliged
researchers to explore a few other materials, such as gold, copper/copper oxide,
ZnO due to their inherent antibacterial properties. A number of publications
describing antimicrobial applications of these nanomaterials for targeted drug
delivery, antimicrobial coatings, biocidal medical devices and wound dressings
have risen exponentially. While most research focused on claiming antimicrobial
potential of these nanomaterials have employed either the colloidal state or often
conjugated with antibiotics/drugs, the hypotheses of using them as next generation
antimicrobial agents has limited clinical relevance. It is worth mentioning that for
treating biomaterial associated infections, it is an important concern that a biocidal
agent would not only kill the invaded microbes, but it should also prevent further
bacterial adhesion and colonization on biomaterial surface. At the same time,
antimicrobial agent must also encourage tissue integration at the implant site
(Subbiahdoss et al. 2013). The incorporation of nanomaterials on to some support
materials would thus be the most promising approach for developing novel
nano-antimicrobial surfaces with multiple functionalities, durability with an
enhanced biocidal response against clinical pathogens. In this section, only those
studies are included where the antimicrobial potency of gold, copper oxide, and
zinc oxide nanomaterials were explicitly assessed for specific biomedical
applications.

5.1 Gold Based Antimicrobial Nanomaterials

Gold in bulk form is generally considered as an inert metal with feeble antimi-
crobial properties. However, it can be modified to introduce antimicrobial
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properties when synthesized as nano sized particles. Similar to nano silver, a variety
of biological synthesis approaches for gold nanoparticles (GNPs) has been pub-
lished in recent times. For example, MubarakAli et al. (2011) used Mentha piperita
plant extract to synthesize GNPs (150 nm) which were found to be active against
clinically isolated human E. coli pathogen. Similarly, Ramamurthy et al. (2013)
reported a simple and economical approach for synthesizing gold nanoparticles
using aqueous extract of Solanum torvum fruit for treating several oxidative stress
diseases and controlling human and veterinary infections. Gold nanoparticles
demonstrated a noticeable zone of inhibition against E. coli, Pseudomonas and
Bacillus while serving as a strong hydroxyl, superoxide, nitric oxide radical
scavengers. Some recent reports employing fungal and bacterial mediated routes
have shown the existence of phytochemicals in biological extracts, which might
play a major role in improving the antibacterial efficacy of biogenic GNPs than
conventional antibiotics (Prema et al. 2016; Balakumaran et al. 2016).

Another promising aspects of using GNPs in nanomedicine as carrier of
antimicrobial agents and antibiotics is currently under investigation (Dykman and
Khlebtsov 2012). GNPs are appropriate to deliver drugs to cellular addresses due to
their ease in fabrication, functionalization, biocompatibility and their ability to cross
cellular barriers while interacting with cell surface lipids (Huang et al. 2009). On
the other hand, antibacterial efficacies of GNPs can be increased by adding
antibiotics (Grace and Pandian 2007; Rai et al. 2010) whereas on conjugating with
target-specific biomolecules, GNPs can be used as powerful therapeutics to destroy
even cancerous cells. Gu et al. (2003) synthesized vancomycin-conjugated GNPs
exploiting the strong binding affinity of gold to thiol (–SH) groups such that the
antimicrobial activity of vancomycin was significantly improved on coating with
gold nanoparticles (5 nm) against vancomycin resistant Enterococci (VRE) well as
E. coli. These gold NP conjugates were more effective than vancomycin itself
against various bacterial strains. Similar findings were presented in another study
(Huang et al. 2007) where polygonal shaped GNPs after immobilizing vancomycin
were used as an effective photothermal agents for the selective killing of VRE,
MRSA, and other potentially drug-resistant microorganisms. Authors revealed that
the dual functionalities of GNPs (to absorb near-infrared radiations) and van-
comycin (binding with the terminal D-Ala-D-Ala moieties of the peptide units of
bacterial cell wall) contributed towards its photothermal destruction with high
efficiency without eliciting any toxic effects on human cells.

Rosemary et al. (2006) also demonstrated that ciprofloxacin-encapsulated
gold-silica nanoshells mediated enhanced antibacterial activity as compared to free
ciprofloxacin against E. coli DH5. The ability of Cefaclor, a second-generation
antibiotic for synthesizing GNPs showed potent antimicrobial activities on both
Gram positive S. aureus and Gram-negative bacteria E. coli strains (Rai et al. 2010).
As compared to individual components, GNPs-antibiotic conjugate facilitated more
severe perforations in bacterial cell wall followed by disrupting the bacterial DNA
leading to cell death. Demurtas and Perry (2014) created a proficient drug
delivery/carrier system by conjugating stable GNPs with antibiotic amoxicillin (a
member of the penicillin family) which also reduced the chloroauric acid to form
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nanoparticles (30–40 nm) and simultaneously coated them to afford the function-
alized nanomaterial. Figure 12 shows the comparative antibacterial performances of
pure amoxicillin, pure GNPs and amox-GNPs conjugates with various proportions
over duration of 4 h. Results indicate that amoxicillin-conjugated GNPs showed an
enhancement in antibacterial potency against E. coli as compared to the antibiotics
and GNPs alone. The conjugated form exhibited 100% inhibition of E. coli growth
in minimum time (2 h) with an MIC value of 300 lg ml−1. Authors claimed that
these GNPs conjugates can be used to coat a wide variety of biomaterial surfaces
for instance implants, fabrics for treatment of wounds and glass surfaces to maintain
hygienic conditions in the home, in hospitals and other infected prone areas (Das
et al. 2009).

In a recent article, Naveena and Prakash (2013) evaluated ciprofloxacin-
conjugated GNPs for its antibacterial activity against S. aureus, E. faecalis, E.
aerogenes and E. coli pathogenic bacteria and demonstrated the highest ZoI in case
of antibiotic conjugated GNPs with E. coli (24 mm) and E. aerogenes (21 mm),
and S. aureus (19 mm) bacteria whereas a reasonable activity was observed against
E. faecalis (14 mm). The combined antibacterial and antifungal activities of GNPs
on conjugating with 5-fluorouracil (5-FU, anti-cancer drug) was also testified
againstMicrococcus luteus, S. aureus, P. aeruginosa, E. coli, Aspergillus fumigatus
and Aspergillus niger (Selvaraj and Alagar 2007). 5-FU conjugated GNPs were

Fig. 12 Histogram plot showing antimicrobial activity of pure amoxicillin (Amox), pure gold
nanoparticles (GNP) and amoxicillin-conjugated GNPs against E. coli after different incubation
times (0, 2, and 4 h). All concentrations are in units of lg ml−1. The ‘blank’ without addition of
amoxicillin or amoxicillin-conjugated gold nanoparticles is shown for t = 0 only where it was
possible to measure the colony forming units. (Reproduced with permission from Demurtas and
Perry (2014), Springer)
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found to be more effective on Gram negative bacteria than Gram positive due to
their easier permeability into the cells. Additionally, they showed antifungal activity
on A. fumigates and A. niger.

Apart from nano colloids, gold based nanocomposites have also been employed
in biomedical applications as they prove to be a promising multifunctional platform,
combining various diagnostic, therapeutic and antimicrobial modalities. For exam-
ple, Chen et al. (2010) synthesized lysozyme-protected gold nano clusters com-
bining the individual antibacterial properties of lysozyme and gold nanoclusters
which inhibited the growth of antibiotic-resistant bacteria, such as Acinetobacter
baumannii and vancomycin-resistant E. faecalis (VRE). Zaporojtchenko et al.
(2006) produced an antibacterial metal/polymer nanocomposite coating system
employing Ag/Au together with polytetrafluorethylene (PTFE) film having thick-
ness between 100 and 300 nm. Higher antimicrobial effect of Ag–Au/PTFE
nanocomposite coatings was estimated as compared to either individual Ag/PTFE or
Au/PTFE as manifested by evaluating the extent of inhibition of S. aureus and S.
epidermidis model bacterial strains. Marsich et al. (2011) prepared a nanocomposite
hydrogel based on natural polysaccharides alginate and chitlac with incorporated
GNPs (Average size, <20 nm). A good antimicrobial efficacy of these hydrogels
was tested against S. aureus and P. aeruginosa though the GNPs containing
nanocomposites showed some cytotoxic effects towards eukaryotic cell lines HepG2
and MG63. Recently, a novel biodegradable hydrogels based on gold nanocom-
posites was synthesized using acrylamide and wheat protein isolate through an
environmentally benign route (Jayaramudu et al. 2013). GNPs were synthesized by
reducing HAuCl4 using neem leaf extract (Azadirachta indica) within the hydrogels
network with an average size of 10 nm. The gold-nanocomposite hydrogel showed
potential applications for wound/burns dressings as it exhibited a strong antibacterial
activity against S. pyogenes and E. coli with ZoI 0.9 cm and 1 cm respectively,
however it was entirely absent for hydrogel without GNPs. Zhou et al. (2014)
synthesized cellulose nanofiber mats by alternatively depositing negatively charged
GNPs (Average size 18.7 nm) and positively charged lysozyme through
layer-by-layer (LBL) self-assembly technique. Multiple functional moieties present
in lysozyme provided the necessary electrostatic interactions required for binding
GNPs and lysozyme to the supporting substrate. The resulting GNPs/lys/cellulose
LBL multilayer assembly was found to be highly stable while exposing them under
dilute acid, alkali and surfactant solutions. These film coated mats were tested
against E. coli and S. aureus which showed good antimicrobial potency for food
packing, tissue engineering, wound dressings applications. The fabrication process
for GNPs coated cellulose mats is shown in Fig. 13.

In a more recent study, Regiel-Futyra et al. (2015) have developed chitosan-gold
nanocomposite (CS-GNPs) films, where biodegradable chitosan polymer was used
both as reducing and stabilizing agent for GNPs. Three different grades of chitosan
with low, medium, high average molecular weight & having different degrees of
deacetylation (DD) were used for nanoparticles synthesis. Films based on chitosan
with medium molecular weight and the highest DD exhibited the highest antibac-
terial activity against multi-drug resistant pathogens S. aureus and P. aeruginosa.
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Moreover, small sized GNPs (16 nm) did not pose any cytotoxic effects on A549
(human lung adenocarcinoma epithelial cell line) and HaCaT (human keratinocyte)
cell lines thereby these nanocomposites can be used for wound dressings as an
adhesive bandages, or as antimicrobial coatings.

5.2 Copper/Copper-Oxide Based Antimicrobial
Nanomaterials

The antimicrobial properties of copper have been known to us since ancient times
contemporary with silver (Longano et al. 2012b). Later, the use of copper for
treating sores and skin infections was well accepted by Greeks and Americans
while a similar approach is still functional in many parts of Africa and Asia
(Dollwet and Sorenson 1988). Copper materials combined with metals like cad-
mium and lead have been considered for sanitary and hygienic purposes since
1980s because of its biocidal activity against a varieties of microbes (Domek et al.

Fig. 13 a Hydrolysis scheme of cellulose acetate and b Schematic diagram illustrating the
fabrication process of the layer by layer film of GNP/lysozyme coated cellulose mats (b).
(Reproduced with permission from Zhou et al. (2014), Elsevier)
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1984; Gould et al. 2009). CuNPs are currently gaining enormous interests due its
low cost, availability and are considered to be practically more safe for humans
(Grass et al. 2011; Longano et al. 2012b). In addition to this, CuNPs exhibit
excellent antimicrobial activity against a varieties of clinically relevant pathogens
including bacteria, fungi, and algae while a recent few reports have demonstrated
their antimicrobial and catalytic efficacies similar to other metallic nanoparticles,
i.e., silver and gold (Wei et al. 2010; Usman 2013) with intrinsic antimicrobial
activities. Nano copper is considered as a potential candidate for new generation of
antimicrobials since in trace amounts it is necessary for the execution of several
metabolic processes in organisms (Krupanidhi et al. 2008) and at the same time it
shows bactericidal activity at a relatively higher dose due to membrane disruption,
nucleic acid and protein damage (Gant et al. 2007) and ROS production (Pelgrift
and Friedman 2013; Longano et al. 2012b).

As compared to other popular antimicrobial nanoparticles of silver, a few studies
in accordance with antimicrobial property of copper and CuO NPs have been
reported. This is because of the fact that the antimicrobial potency of CuNPs is
inferior as compared to silver or ZnO and hence, a higher concentration of CuNPs
would be required to show similar biocidal effect as of other potential NPs (Ren
et al. 2009). Nevertheless, being more economical than silver, CuO NPs are useful
in combating against nosocomial infections and after immobilizing on to some
support matrix, they can be utilized effectively with enhanced antibacterial prop-
erties (Xu et al. 1999; Longano et al. 2012b).

Nicola Cioffi and coworkers have done pioneer research for exploiting the nano
copper based nanocomposites for antimicrobial applications (Longano et al. 2012a,
b; Cioffi et al. 2004, 2005a, b). In 2005, they first reported the synthesis of bioactive
coatings made from polymeric thin films loaded with copper nanoparticles for
antibacterial and antifungal applications (Cioffi et al. 2005b). Copper nanoparticles
(average size, 3.2 nm) were synthesized employing a novel electrochemical method
under an inert and stabilizing environment. The synthesized CuNP were embedded
in polymer matrices of polyvinylmethyl ketone (PVMK), poly(vinyl chloride)
(PVC), and polyvinylidene fluoride (PVDF) followed by spin casting the resulting
solution on to some substrate in order to get Cu-polymeric mixture in form of films
with an average thickness of 400–500 nm. The bioactivity of three nanocomposites
was screened against S. cerevisiae (yeast), E. coli, S. aureus, Lysteria monocyto-
genes, and molds, where CuNPs-PVMK films exhibited the strongest biostatic
effect with more than 99.9 and 95% inhibition of bacterial and molds colonies,
respectively. The higher antimicrobial activity of Cu nanocomposites was attributed
to their higher release kinetics of Cu into the solution which was in turn linearly
correlated with CuNPs loading. CuNPs-PVDF nanocomposites showed minimum
antibacterial activity since the amount of Cu loading among all three coatings
followed order as PVMK > PVC > PVDF. Authors envisaged the application of
these CuNP based nanomaterials for the preparation of antibacterial coatings in
household, biomedical and hospital, which are prone to receive infections. In
another study, (Cioffi et al. 2005a), same research group investigated the electro-
chemical synthesis of copper and silver core-shell nanoparticles (range, 1.7–
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6.3 nm) using tetraoctylammonium (TOA) salts as both base electrolyte and sta-
bilizing agents to NPs. The nanocoatings formed after incorporating them onto
PVMK polymer showed an extraordinary inhibitory effect on both eukaryotes and
prokaryotes microbes, thanks to the synergistic action of nanoparticles and
tetraoctylammonium as potential disinfectants. The enhanced physicochemical
properties with good stability of Cu nanocoatings thus prompted the authors to find
applications in antifouling paint and coating formulations. In a different study,
CuNPs synthesized using laser ablation method were deposited on to polylactic acid
after drop casting so as to make a self assembled antimicrobial film. The resulting
nanocomposite showed good bioactivity against Pseudomonas spp. which is the
most causative pathogen in food processing (Longano et al. 2012a).

A few other researchers have exploited the antimicrobial potential of CuNPs
after incorporating onto some support material. For example, Grace et al. (2009)
embedded CuNPs (37.5 nm) on alginate-cotton Cellulose (CACC) fibers for fab-
ricating an antimicrobial package for wound dressing applications. The hybrid
nanofibers demonstrated a noticeable antibacterial activity against E. coli with a
MIC value of 5 CFU cm2 when composites were loaded with 4% wt. of copper
had. In addition to this, the presence of cellulose provided the required mechanical
strength to alginate nanofibers for holding CuNPs for intended applications. In
another study, polyurethane nanofibrous scaffold (Fig. 14) was used as a template
for incorporating CuNPs (5–10 nm) for making antimicrobial wound dressing
material (Sheikh et al. 2011). Ahmad et al. (2012) synthesized a CuO NPs doped
polyurethane coatings by infusing CuO NPs (50 nm) into polyurethane
(PU) elastomer and showed 90% reduction in growth of methicillin resistant S.
aureus after an incubation period of 4 h with CuO (10% w/w)as a dopant. Owing to
its good mechanical stability and excellent biocompatible properties, the prospects
of CuO-PU nanocomposite in designing new antibacterial dental fillers, coatings,
and tissue engineering constructs was discussed.

Similarly, Cady et al. (2011) synthesized CuNPs/cellulose nanofibrous com-
posites as wound care materials exhibiting strong antibacterial activity against a
multi-drug resistant pathogen, A. baumannii. The nanocomposite was fabricated by
an alternative deposition of copper ions onto functionalized (negatively charged)
cotton nanofibers followed by its reduction resulting in the synthesis of copper
nanoparticles (Average size, 5 nm) onto cellulose substrate as a self assembled
multilayer coatings. The antibacterial properties of CuNPs coated cotton substrates
were assessed in solid media using zone of inhibition assay and growth inhibition
assay in liquid broth. ZoI results indicated while ActicoatTM (a commercial silver
dressings) exhibited the largest zone of inhibition, which is an indicative of high
Ag+ ions release from sample into the solid agar medium, CuNP-cotton
nanocomposite did not shown any distinct ZoI, thanks to non-leachable CuNPs
that were bound firmly to the functionalized cotton surface. Contrary to this,
CuNP-cotton caused a 8 log reduction in growth of A. baumannii in liquid assay
within 10 min of incubation as compared to merely 1 log reduction for bacterial
cells treated with AgNP-cotton samples. Moreover, CuNPs coated cotton exhibited
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more effective bacterial killing than ActicoatTM despite having approximately 90%
less metal cm−2. Authors envisaged the enhanced bactericidal killing of Cu-coated
cotton samples to be predominantly contact killing activity, a similar mechanism of
action proposed by (Agnihotri et al. 2013) in a different study related to immobi-
lized silver nanoparticles. Several examples of Cu/CuO nanoparticles based
nanocomposites and their biomedical applications are summarized in Table 4.

5.3 Zinc/Zinc-Oxide Based Antimicrobial Nanomaterials

Zinc oxide is a wurtzite-type semiconductor material with unparalleled physical and
chemical properties such as piezoelectric behavior, high chemical stability, capa-
bility to absorb broad range radiations and photocatalytic activity. In recent years, It
is being widely accepted in a variety of applications related to sensors, UV-light
shielding, semiconductors, piezoelectric devices, field emission displays, pharma-
ceuticals, agriculture, photocatalytic degradation of pollutants, and as antimicrobial
agents (Kołodziejczak-Radzimska and Jesionowski 2014; Wang 2004). Owing to
its innate broad range antimicrobial features, ZnO nanoparticles represent another
class of antimicrobial biomaterial which are considered to be safe, biocompatible,

Fig. 14 SEM images for nanofibers that contain different amounts of Cu: a 0%, b 5%, c 7% and
d 10%. (Reproduced with permission from Sheikh et al. (2011), Elsevier)
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economically viable and have been used in our daily products such as cosmetics,
delivery vehicles, and even as nanofillers in medical implants. Furthermore, ZnO
posses some remarkable features such as low toxicity, biocompatibility and
biodegradability which makes it a multifunctional material of interest for
biomedical applications (Stoimenov et al. 2002).

ZnO NPs tend to have an extensive range of antimicrobial activity against
various microorganisms which in turn dependent on concentration, size, shape,
surface charge, porosity, surface functionalization and ligand binding ability of ZnO
NPs (Yamamoto 2001). For instance, Narayanan et al. (2012) synthesized ZnO NPs
of size ranging between 41–167 nm by precipitation method using zinc nitrate and
NaOH. The antimicrobial activity was tested against common human pathogens
such as S. aureus, E. coli, K. pneumoniae, E. faecalis, and P. aeruginosa with an
average ZoI of nearly 21, 17, 13, 16, and 30 mm for respective strains at 100 lg
concentration of ZnO NPs. In addition to this, the biogenic synthesis of nanopar-
ticles can alleviate various limitations associated with the involvement of toxic
chemicals and reagents through chemical approaches. For example, the antimi-
crobial efficacies of ZnO nanoparticles synthesized using green (average size,
40 nm) and chemical (average size, 25 nm) approaches were tested against various
bacterial and fungal pathogens viz. S. aureus, Serratia marcescens, Proteus mir-
abilis, Citrobacter freundii, and fungal strains Aspergillus flavus, Aspergillus
nidulans, Trichoderma harzianum, and Rhizopus stolonifer (Gunalan et al. 2012).
Amongst the various tested bacterial strains, ZnO NPs showed the highest
antimicrobial activity against S. aureus as demonstrated through a larger ZoI
(26 mm) than P. mirabilis (27 mm), S. marcescens (24 mm) and C. freundii
(19 mm). Among fungal pathogens, the order of antifungal effect was noticed as R.
stolonifer > A. flavus > A. nidulans > T. harzianum. Interestingly, ZnO NPs syn-
thesized through green route exhibited enhanced antibacterial & antifungal activity
than chemical ones, despite having larger nanoparticle size. Several other studies
have also reported the improved antimicrobial potency of ZnO NPs synthesized
through green routes over chemical approaches (Gnanasangeetha and Thambavani
2013; Salem et al. 2015; Sharma et al. 2010).

In order to design antimicrobial coatings based on ZnO NPs, surface function-
alization or immobilization to a support material would be utmost concern for
facilitating their ease in handling, utilization and applicability. Antimicrobial
activity and stability of ZnO nanoparticles can be improved by incorporating them
into some carrier matrix. Moreover, ZnO in the form of nanorods can even act as an
immobilizing template for other nano-antimicrobials like AgNPs and may con-
tribute towards an unprecedented antimicrobial performance. For instance,
Agnihotri et al. (2015) described a facile approach for dense immobilization of
silver nanoparticles (AgNPs) on ZnO nanorods using arginine molecule as an
eco-friendly cross linker. Various characterization studies indicated that arginine
molecules provided numerous nucleation sites on ZnO nanorods forming stable
silver-arginine complexes, which was subsequently reduced into silver nanoparti-
cles (Fig. 15). The resulting Ag/ZnO hybrid nanocomposite (HNC) demonstrated
an extraordinary antibacterial activity against E. coli and B. subtilis strains under the
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given test conditions. A dual mode of bactericidal action of HNCs, i.e., mediated
through direct-contact as well as release of silver ions was hypothesized. Ag/ZnO
HNCs showed no significant reduction in antibacterial efficacy even after being
recycled multiple times. A good extent of immobilization was confirmed by mea-
suring the amount of Ag and Zn release in potable water which was found to be
well below the USEPA recommended standard. Interestingly, the Ag/ZnO HNC did
not show any cytotoxic effects on the human hepatocarcinoma cell line (HepG2)
and no significant generation of ROS was observed by the treated cells after an
exposure of 24 h. The immobilized substrate thus showed good biocompatibility
and sustained bactericidal activity and has good potential as a nano-antimicrobial
biomaterial.

A hybrid nanocomposite based on ZnO & soluble starch (stabilizer) for coating
onto cotton fabrics in order to make antimicrobial textiles was described earlier
(Vigneshwaran et al. 2006). Incorporation of 1% ZnO NPs (average size, 38 nm)
exhibited good antibacterial activity against S. aureus and K. pneumonia strains and
inhibited biofilm formation by 99.9% along with preventing damage of cotton
fabrics under UV illumination. In another study, dental composites made from
polymer resin and ZnO NPs (as nanofillers) were employed to inhibit dental plaque
(biofilm) formation that contribute to dental caries and often leads to degradation of
resin composite (Aydin Sevinç and Hanley 2010). The plaque inhibition potency of
polymer/ZnO nanocomposites were examined against various strains Streptococcus
sobrinus, which is known to cause dental caries and possesses a superior adherence
on tooth surfaces as compared to other Streptococcus species. The MIC and MBC
values of ZnO NPs against S. sobrinus were found to be 50 and 150 µg ml−1,
respectively while the incorporation of 10% ZnO-NPs in polymeric resin reduced
biofilm growth by 80% as compared to polymeric resin without ZnO NPs.
Moreover, the adherence of S. sobrinus cells was found to be significantly higher on

Fig. 15 Schematic representation shows in situ synthesis and immobilization of silver nanopar-
ticles on ZnO nanorods using arginine as a linker. (Reproduced with permission from Agnihotri
et al. (2015), Royal Society of Chemistry)
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pristine polymer resin as compared to 10% ZnO/polymer nanocomposites. On a
similar account, higher biofilm coverage was observed on pure polymer resin after
3 days of incubation whereas, 10% ZnO/polymer nanocomposite showed signifi-
cantly less colonies of S. sobrinus attached on its surface which discouraged the
formation of a continuous biofilm layer.

Shalumon et al. (2011) synthesized an electrospun hybrid nanofibrous scaffold
from sodium alginate/polyvinyl alcohol co-polymeric mixture containing dispersed
ZnO NPs. Three nanocomposites were designed with varying amount (0.5, 1, 2 and
5%) of nano ZnO (average size, 160 nm) incorporated inside the polymeric
nanofibers. The addition of ZnO NPs leads to increase in diameter of electrospun
magnifiers from 190–240 to 220–360 nm. The evaluation of antibacterial activity
on the basis of disc diffusion assays revealed that a larger ZoI was obtained for
nanocomposites with higher ZnO concentration. Among the two strains, S. aureus
appeared to be more sensitive to nanofibrous composite where the diameter of ZoI
was calculated in the range of 15–16 mm as compared to 14–15 mm in case with
E. coli. For assessing cytocompatibility, the nanofibrous scaffolds with low con-
centrations of ZnO (up to 0.5%) showed good adherence and spreading of L929
cells up to 96 h while a further increase in ZnO concentrations, the cell spreading is
severely affected (Fig. 16). Moreover, a significant change in cell morphology was
also observed and the existence of more rounded cells was attributed to cytotoxic
consequences of ZnO NPs. Thus, nanofibrous composite with 5% ZnO was con-
sidered as a suitable material for wound dressing applications by providing good
antibacterial activities yet remaining non cytotoxic.

Similarly, Ul-Islam et al. (2014) synthesized a potential wound dressing/healing
nanocomposite films using bacterial cellulose with different concentrations of ZnO
NPs (size range, 70–90 nm). The antimicrobial efficacies of nanostructured films
were tested against E. coli where an introduction of 1 and 2% ZnO to cellulosic

Fig. 16 Cytotoxicity studies on sodium alginate/PVA/ZnO mats using L929 at 48 and 96 h of
attachment. A, P and Zn respectively represents alginate, PVA and ZnO. (Reproduce with
permission from Shalumon et al. (2011), Elsevier)
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depicted a ZoI of 34 and 41 mm, respectively. Also, there was a significant up
gradation in thermal, mechanical and biological properties of composites with
addition of ZnO NPs. The resulting nanocomposites were also found to be non
toxic and biocompatible to be used in biomedical applications. In a similar sense,
several other polymeric and inorganic nanocomposites have been translated as an
effective antimicrobial coating material for medical implants, devices after incor-
porating ZnO NPs which remain active for months without posing any cytotoxicity
to human cells (Sudheesh Kumar et al. 2012; Applerot et al. 2010; Schwartz et al.
2012). A summary of various ZnO based nanocomposite and their biomedical
applications are shown in Table 5.

6 Conclusions

The demands for high living standards and hygienic disciplines call new challenges
for exploring some advanced, reliable but effective antimicrobial agents that should
be environmentally benign and extremely safe for human use. Moreover, there is a
daunting concern about the reoccurrence of drug-resistant microorganisms in
infection prone areas such as hospitals, where the development of new antimicro-
bial materials for therapeutics, antisepsis or disinfection purposes are anticipating
new strategies for employing them under clinically relevant conditions. In this
context, nanotechnology is playing major role in some high priorities areas such as
biomedical implants, surgical devices, catheters, stents, and antimicrobial coatings
where the application of nano-antimicrobials based on metallic nanoparticles (sil-
ver, gold, copper/copper oxide), zinc oxide, chitosan nanoparticles along with their
hybrid nanocomposites have been evaluated at various parameters such as their
broad spectrum antimicrobial nature, efficacy, reusability and potential cytotoxicity
towards mammalian cells. Each nanomaterial has shown its advantages and limi-
tations therefore, accepting an ideal strategy or procedure for developing the
antimicrobial biomaterials is not feasible. However, in future the involvement of
“translational research” for making nano-antimicrobial biomaterials needs to be
urgently constructed so as to implement the actual transformation of laboratory
research for the realization of product for commercial applications.
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