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Preface

Regenerative medicine studies offer promising therapeutic approaches for damaged
tissues through tissue engineering, stem cell use, or utilization of biomaterials that
can replace, regrow, or repair these tissues. Due to the difficulties associated with
organ transplantation such as donor availability and immune problems, regenerative
medicine studies have attracted considerable attention for finding alternative thera-
peutic solutions for many degenerative diseases and organ or tissue damages caused
by other reasons such as accidents. Developing suitable materials for regenerative
medicine is an important part of delivering such therapeutic approaches from bench
to bedside.

In the recent decades, plenty of research efforts in materials science have been
focused on medical applications. Many researchers working in chemistry, materials
science, physics, etc. have been trying to learn more biology to apply their research
in developing a more value-added product such as medical products since there are
several important requirements for using materials for medical applications. This
book aims to provide knowledge on the requirements for the design of the optimal
nanomaterials for regenerative medicine and cover the most recent approaches in
nanomaterial design.

Nanotechnology is the use, control, and characterization of materials at nanoscale,
which is usually defined between 0.1 and 100 nm. We now know that the materials
behave differently at nanoscale than they do at macroscale and materials gain supe-
rior properties that can be effective for many therapeutic purposes at nanoscale. In
this book, we discussed the properties of nanomaterials and important information
for providing an efficient therapy for designing better materials for regenerative
medicine applications. We tried to cover a broad range of specific regenerative med-
icine applications while focusing on the most widely studies fields of regenerative
medicine such as neuroregeneration and cartilage regeneration to provide more in-
depth knowledge on the most widely used areas of nanomaterials for regenerative
medicine.

The topics that are covered will enable the reader to have a broad knowledge on
the state-of-the-art nanomaterials systems that are used for regenerative medicine
applications, providing guidelines for clinicians. In addition, the sections regarding
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the requirements of nanomaterials to be used for potential clinical applications will
guide chemists and materials scientists to make the most effective designs for spe-
cific regenerative purposes.

It should be kept in mind that the research that has been done in this field are only
the beginning steps of a vast area of developments and future research on novel
nanomaterials and more clinical research that will be pursued by larger pharmaceu-
tical companies can enable faster application of the newly found therapeutic meth-
ods from the bench to the bedside.

Ankara, Turkey Ayse Begum Tekinay
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Chapter 1
Nanomaterials for Regenerative Medicine

Check for
updates

Ayse Begum Tekinay

Abstract Organ or tissue loss due to accidents, diseases, or aging has been a major
problem in medicine which until recently could have only been alleviated with
organ or tissue transplantation. Tremendous efforts of scientists working in the
fields of tissue engineering and regenerative medicine have resulted in several suc-
cessful cases where engineered scaffold systems were used to replace several major
organs such as trachea (Hofstetter, Journal of Thoracic and Cardiovascular Surgery,
156(3):1273-1274, 2018). In addition, there are also many studies that have been
performed on animal models (Annesini et al., Artificial organ engineering, Springer,
Cham, 2017; Brohem et al., Pigment Cell and Melanoma Research, 24:35-50,
2011; Malchesky, Artificial Organs, 33:273-295, 2009), which are expected to pave
the way for novel treatment options for humans who need organ transplantation.
Extracellular matrix (ECM) is an especially important factor to consider when engi-
neering artificial organs or tissue replacements. In this chapter, we will overview the
major challenges and crucial design principles for engineering new materials for
regenerative medicine. To better explain these principles, we will also provide a
brief introduction on what regenerative medicine is and its major components and
the types of nanomaterials that are currently being used for regenerative medicine
applications.

1.1 Introduction

1.1.1 What Is Regenerative Medicine?

Tissue regeneration is the renewal or regrowth of cells and their ECM to replace the
lost tissue through an orchestrated chain of events that require cell division, cell
proliferation, cell migration, and production of ECM elements. This chain of events

A. B. Tekinay (P<)
Eryigit Research & Development Center, Ivedik OSB, Ankara, Turkey
e-mail: abt@eryigit.com.tr
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changes depending on the tissue and the type and the age of the organism in which
they take place. For many species, tissue regeneration results in the complete recon-
struction of the lost tissue, such as the tissue regeneration that is observed in pla-
naria, hydra, or different amphibians. In other species which have more developed
and complex structures, however, there is only limited regeneration of the tissues.
For example, although a Hawaiian starfish can regenerate even its whole body from
a limb, in amphibians, the organ or tissue regeneration is more limited and the abil-
ity for complete regeneration decreases with the age of the animal. In mammals, the
extent of tissue regeneration is even poorer and, like amphibians, older mammals
usually have poorer regeneration capability compared to younger ones. In humans,
most tissue regeneration takes place in epithelial cells in the skin, lungs, and intes-
tines. The difference in the regeneration capabilities of different species and the
change in regeneration capability through aging have attracted much attention form
scientists who work in the field of regenerative medicine.

Regenerative medicine is the study of tissue regeneration and spans a wide range
of scientific disciplines as it requires knowledge from different fields of science.
These fields include molecular biology, materials science, nanotechnology, pharma-
ceutical sciences, medicine, chemistry, physics, and engineering. Tissue engineer-
ing, biomaterials and stem cell biology are the major subdisciplines of regenerative
medicine and these fields are also cross-disciplinary. Although most of the previous
regenerative medicine studies have focused on decellularization or acellularization
of organs and their recellularization with the patient’s own cells, recent advances in
the fields of nanotechnology and engineering have enabled bottom-up approaches
such as reconstruction of the ECM elements with synthetic or natural alternatives
through self-assembly or layer-by-layer modelling and 3D-printing attempts for ref-
ormation of the ECM structure together with the cellular components. Although we
are still far from the type of tissue regeneration that were depicted in sci-fi movies,
the pace of advances in the regenerative medicine field shows strong promise that
the clinical trials of the bottom-up approaches with tailored treatment options will
soon enable therapies that will enable regeneration of most tissues.

1.1.2 Importance of Extracellular Matrix and Stem Cells

ECM is a combination of fibrous proteins, non-fibrous proteins, proteoglycans, gly-
cosaminoglycans (GAGs) and other secreted materials that surround the cells in the
body. It has many functions including providing structural support, allowing access
to nutrition and oxygen, guidance for cell migration and providing the signals for
cell division, differentiation, adhesion, and apoptosis. In humans, the composition
of the ECM molecules varies vastly among different tissues. Not only the ratio of
the fibrous vs. non-fibrous proteins or GAGs change, but also the types of the
proteins and GAGs vary enormously depending on the maturity of the tissue, its
inflammation state, the age of the person, and the type and the function of the tissue.
The complexity of the ECM molecules has fascinated the scientists working in this
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field, and analyzing the components of the ECM according to their regenerative
potential has paved the way for developing novel materials that can mimic these
components. Since developing and mature tissues have different ECM elements, the
comparison of these elements and the analysis of specific functions of each domain
of proteins or GAGs have also been providing clues for developing better materials
for regenerative medicine applications.

In addition to ECM components, stem cells also are important for tissue regen-
eration studies. Essentially, stem cells are the cells that can differentiate into more
than one cell type and they have been the major targets of regenerative medicine
studies due to their differentiation potential (Madl, Heilshorn, & Blau, 2018). The
differentiation potential of the stem cells varies depending on their types and the age
of the donor. In addition, the differentiation potential also gives clues about the tera-
togenic potential of the stem cells. The specific clues that can aid in navigating the
stem cell differentiation pathways have been the major focus of nanomaterial devel-
opment studies for regenerative medicine. Nanomaterials can also provide a suit-
able niche for stem cell transplantation in order to increase the viability of the stem
cells after transplantation. In this section, the major players of the ECM and the
fundamental characteristics of the stem cells will be described and how this infor-
mation can be used for developing better nanomaterials for regenerative medicine
will be discussed.

1.1.2.1 Extracellular Matrix

The major functions of the ECM include providing mechanical support to cells and
guiding cell migration, viability, differentiation, and proliferation. The ECM main-
tains these functions through the physical, chemical, and biological signals that it
harbors. The major structural characteristics of the ECM include porosity and the
self-assembly ability of its components. Porosity is a vital characteristic for any
ECM mimetic material and is crucial for the transfer and diffusion of nutrients
within the matrix, the discarding of waste materials, the transfer of signaling mol-
ecules from one cell to another and cellular growth, proliferation, and migration.
Several types of porous materials have previously been developed as ECM mimetic
materials and have been successfully used in in vitro and in vivo studies. These
include electrospun polymeric nanofibers (Pham, Sharma, & Mikos, 2006), elec-
trospun polysaccharides and other natural biomaterials (K. Y. Lee, Jeong, Kang,
Lee, & Park, 2009), cryogels (Hixon, Lu, & Sell, 2017), nanocomposites (Pina,
Oliveira, & Reis, 2015), natural biomimetic molecules such as collagen fibers, chi-
tosan, and alginate. (Hinderer, Layland, & Schenke-Layland, 2016), self-assem-
bling synthetic amyloid-like peptide molecules that form nanofibers (Feyzizarnagh,
Yoon, Goltz, & Kim, 2016), and self-assembling peptide amphiphile nanofibers
(Cui, Webber, & Stupp, 2010).

The size of the pores and the flexibility and biodegradability of the material are the
important factors in determining whether a porous material is suitable for a regenera-
tive medicine application. The type of the tissue that is aimed to be regenerated is also
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important when determining the pore structure. In humans, the cell size mostly varies
from 5 pm in diameter to 150 pm, although there are cells that are much longer than
these. Thus, the sizes of the pores should be in line with the diameters of the cells; that
is, they should not be much larger or much smaller that the cell sizes. The larger pores
will result in poor mechanical support while stiff materials that have smaller pores
might prevent the migration or proliferation of cells.

The flexibility and biodegradability of the material is also of utmost importance
when designing nanomaterials for regenerative medicine. While materials that
totally biodegrade in 2—4 weeks is desirable for applications such as soft tissue
regeneration in organs with highly proliferative cells such as skin, a faster biodegra-
dation rate would be more suitable for mesenchymal stem cell (MSC) transplanta-
tion and a much slower biodegradation rate is necessary for bone regeneration since
the mechanical support should be maintained until the bone cells have the time to
form natural stiff bone ECM to replace the synthetic one.

As explained above, the constituents of the natural ECM can be grouped depend-
ing on their structure under the following categories: fibrous components and the
non-fibrous components. The non-fibrous components include not only laminins
and GAGs which are important structural elements of the ECM, but also growth
factors, enzymes such as matrix metalloproteases or cytokines which are only pres-
ent in the ECM at certain times for specific functions. The fibrous constituents of the
ECM mostly include collagen and fibronectin. Depending on the type and the age
of the tissue, the collagen types that are prevalent in the ECM change. There are 16
different types of collagens; however, most of the collagens that are found in our
tissues are collagen type I, II, and III (Bornstein & Sage, 2003). Collagen type I
forms ordered fibrillar structures which are structurally important in many tissues
including bone or cornea (Cen, Liu, Cui, Zhang, & Cao, 2008; Viguet-Carrin,
Garnero, & Delmas, 2006). The ordering of collagen I determines the well-organized
structures of these tissues that are crucial for their basic functions such as strength
or transparency. On the other hand, cartilage, which is a less organized tissue, where
the flexibility and load-bearing capabilities are more important, has mostly collagen
type II, which forms a network-like structure (Lees & Partington, 2016).

The morphology of the fibrous proteins of the ECM is not the only characteris-
tics that should be mimicked while designing ECM like materials. There are many
biological signals that are present on these proteins as well. For example, GFOGER
is a short peptide sequence which has been derived from collagen type I and have
been used for various purposes from cell attachment to enhancing biomineralization
(Knight et al., 2000; S. Q. Liu, Tian, et al., 2010; Mhanna et al., 2013; Shekaran
et al., 2014). Another short peptide sequence, RGD, was originally derived from
fibronectin, but was later found in other ECM proteins as well. These short peptide
sequences interact with various integrins on the cell surface and modulate cellular
activities such as adhesion and differentiation (Bellis, 2011; Ruoslahti, 2002).

The non-fibrous proteins of the ECM have also attracted much attention for mod-
ulating cellular behavior. Laminins are a major example to such proteins and are
crucial components of basal lamina in addition to other ECM types. The peptide
sequences that were derived from laminins, such as IKVAV and YIGSR have also
been major players in nanomaterial design, from neuroregeneration applications to
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cardiac tissue regeneration and implant functionalization (T. Y. Cheng, Chen,
Chang, Huang, & Wang, 2013; Farrukh et al., 2017; Graf et al., 1987; Hamsici,
Cinar, et al., 2017; G. A. Silva et al., 2004; W. Sun, Incitti, et al., 2017;Y. Sun et al.,
2016; Yoon et al., 2012; Zhu et al., 2017).

Growth factors that are secreted into the ECM by different cell types are major
targets for biomaterial design due to their ability to significantly alter cell fate.
Growth factors are proteins that mostly function in cell division and differentiation,
and several growth factors have been approved to be used for therapeutic applica-
tions such as PDGF and NGF. Although the importance of growth factors for regen-
eration and cell proliferation has been known for more than 20 years, the scientists
have been cautious in using these proteins as therapeutic agents due to their tumori-
genic properties. The growth factor-based drugs that have been approved by
European Medicines Agency (EMA) or U.S. Food and Drug Administration (FDA)
carry warning signs about risk of tumor formation as a side effect. Thus, the initial
attempts and aims of using growth factors for regenerative medicine focused on
controlled delivery of these molecules in a specific tissue limiting their tumorigenic
potential while utilizing their regenerative capabilities (F. M. Chen, Zhang, & Wu,
2010; Cinar et al., 2017; Tekinay, Guler, Mumcuoglu, & Ustun, 2013). However,
like many other proteins, growth factors also have several different domains for
various functions and engineering these domains to obtain the optimal regenerative
effect while eliminating the side effects is the major challenge for their use (Mitchell,
Briquez, Hubbell, & Cochran, 2016). In addition, the size of a protein can be a criti-
cal factor for eliciting immune response, and for most regenerative medicine appli-
cations, immunogenicity of the material is not a desired quality. Thus, shorter
peptides derived from the growth factors have been tailored for mimicking the
growth factor activity (Cai, Dinh, & Heilshorn, 2014; Chan, Stahl, & Yu, 2011;
Colangelo et al., 2008; Lin et al., 2006; Perugini, Varelias, Sadlon, & D’Andrea,
2009; Zouani, Chollet, Guillotin, & Durrieu, 2010).

In addition to the proteinaceous components of the ECM, GAGs have also been
widely studied in order to understand the functions of the ECM and its molecular
characteristics. However, the molecular, genetic and biochemical techniques that
enable the study of the proteins are much more advanced and diverse compared to the
techniques that are currently available for the study of GAGs. Peptides are polymers
of amino acids which are bound to each other through peptide bonds. Although there
are 20 different amino acids, combination of these amino acids and the diversity of the
sequences is enormous, this diversity is not even comparable to the diversity of the
carbohydrates which are made of many different monomers, and can also form
branches at various points of the polymers with each different branch being able to
end up in a different GAG. The major classes of GAGs found in the ECM are heparan
sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate, heparin, and hyaluro-
nate. Among these GAGs, hyaluronate is the only type that is not sulfated. The ratios
of different GAGs and their sulfation degrees also vary in different tissues. Since
GAG:s also carry out important functions such as growth factor binding, water encap-
sulation and providing mechanical strength, different types of GAGs or GAG-mimetic
molecules have been utilized for regenerative medicine applications (Arslan, Guler, &
Tekinay, 2016; Rufaihah et al., 2017; Tansik et al., 2016; Yaylaci et al., 2016).
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MMPs have also been important targets for designing ECM mimetic nanomateri-
als for regenerative medicine applications. MMPs normally function in keeping the
homeostasis of the ECM by constantly reorganizing the structural protein compo-
nents such as collagens, aggrecan or fibronectin. There are various types of MMPs,
which can be present either by themselves or in combinations within different tis-
sues depending on the age and the type of the tissue. MMPs are especially important
during wound healing since they are key players in ECM remodeling. Thus, many
nanomaterial studies for regenerative medicine or drug delivery applications have
focused on MMP digest sites when designing new materials (D. S. Ferreira et al.,
2015; Olson et al., 2009; Salinas & Anseth, 2008).

Overall, the natural ECM is a complex combination of different types of biomac-
romolecules and this complexity aids in maintaining the homeostasis of the tissues.
This complexity also provides a wide array of opportunities for finding the best
design for producing nanomaterials tailored for specific regenerative medicine
applications.

1.1.2.2 Stem Cells

Stem cells are the cells that have the ability to renew themselves and differentiate
into more specialized cell types. They are the origins of all of the tissues in our body
and thus can potentially be used to regenerate any of those tissues. However, as
explained before, the niche in which the stem cells reside in, the ECM, and the epi-
genetic regulations inside the stem cells limit the potential of these cells for regen-
erative medicine applications.

The stem cells are classified into several groups depending on their differentia-
tion capabilities. Among these, the most widely known ones are MSCs, embryonic
stem cells, induced pluripotent stem cells (iPSCs) and tissue specific stem cells. The
potency of the stem cells to differentiate into different cell types is also used to clas-
sify them as totipotent stem cells, pluripotent stem cells and multipotent stem cells.
Totipotent stem cells are the cells that can differentiate into all of the cells of the
body and the placental cells, such as the embryonic cells that are in the first divi-
sions of the embryonic development. The multipotent cells, such as embryonic stem
cells, can differentiate into all of the cell types in the body; whereas multipotent
stem cells can only differentiate into several cell types. In this section, we will
briefly describe their characteristics and give examples of their uses with different
types of nanomaterials for regenerative medicine applications.

1.1.2.2.1 Mesenchymal Stem Cells

MSC:s are the most widely studied and used stem cell type for regenerative medicine
applications. They are multipotent stem cells that reside in the bone marrow and
provide a niche for the other bone marrow stem cells, hematopoietic stem cells.
Hematopoietic stem cells are the stem cells that form the blood cells. MSCs on the
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other hand can differentiate into osteoblasts, chondrocytes, adipocytes, and fibro-
blasts which can form the tissues that surround the bone marrow such as bone, car-
tilage, and fat. Many controversial therapies have been developed that utilize the
MSC:s for tissue regeneration and they are currently used in clinics in many coun-
tries around the world. Most of these treatments are focused on orthopedic applica-
tions; however, there are also applications ranging from antiaging cosmetic
applications to neuroregeneration.

1.1.2.2.1.1 The Variety Among MSCs

The reason that we have used the term “controversial” for the MSC-based treat-
ments is that many scientists who work in this field are concerned about several
aspects of these treatments. One major hurdle in stem cell transplantation in general
is the difficulty of keeping cells alive during and after the transplantation procedure.
Another major concern is regarding the heterogeneity of the MSCs (Kfoury &
Scadden, 2015; Lv, Tuan, Cheung, & Leung, 2014; Uccelli, Moretta, & Pistoia,
2008). This is a rather significant problem not only for MSC-based treatments in
clinics, but also for scientific studies which use MSCs as tools to study different
molecular processes. The differentiation potential of the MSCs vary depending on
the genetic and epigenetic makeup of the cells which is also affected by the age,
gender, overall health and lifestyle of the donor, in addition to the passage number
and the culture media components of the cells. So, depending on all these complex
variables the rates of proliferation and differentiation of MSCs to specific lineages
such as osteogenic or chondrogenic lineage can vary significantly. In order to fur-
ther understand the molecular basis under this complexity, several markers have
been identified to select only a certain group of MSCs for scientific research; how-
ever, the clinical studies are still far behind such developments.

Another major variability among MSCs comes from the tissue origin of the
MSCs. Although most of the current research on MSCs have been performed on
bone marrow-derived cells, several other tissue sources have also been suggested
and were investigated (Al-Nbaheen et al., 2013; Hass, Kasper, Bohm, & Jacobs,
2011; Kern, Eichler, Stoeve, Kliiter, & Bieback, 2006; Wagner et al., 2005). Adipose
and umbilical vein are the most widely studied tissues among them.

1.1.2.2.1.2 Bone Marrow Derived MSCs

Bone marrow derived MSCs are the most widely used MSC type both for scientific
studies and for clinical use. MSCs were first identified in the bone marrow and were
shown to differentiate into several specialized cells in their natural niche such as
osteoblasts, chondrocytes and adipocytes (Friedenstein, Gorskaja, & Kulagina,
1976). This differentiation capability into all three of these cell types later became a
trademark for MSCs and was checked after isolation before being able to classify
them as MSCs. MSC differentiation can be induced by addition of specific growth
factors or changing the chemical composition of the culture media. Osteogenic dif-
ferentiation of the MSCs can be easily induced by using growth factors such as bone
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morphogenetic proteins (BMPs) or simply by the addition of ascorbic acid,
B-glycerophosphate, and dexamethasone into the culture media after they are grown
to more than 85% confluency. Moreover, addition of other ions, nanoparticles or the
morphological characteristics of the culture surface have also been shown to induce
the osteogenic differentiation of MSCs to a great extent (Abagnale et al., 2015;
Dalby et al., 2007; D. Liu, Yi, Zhang, Zhang, & Yang, 2010; Yi, Liu, Fong, Zhang,
& Yang, 2010). Among the physicochemical characteristics of the culture surface,
stiffness has been shown to be one of the most effective methods for tuning the dif-
ferentiation potential of MSCs towards osteogenic lineage (Pek, Wan, & Ying,
2010; Shih, Tseng, Lai, Lin, & Lee, 2011). Mechanotransduction through integrins
are thought to modulate the transcription factor activity altering the differentiation
pathway and also change the ECM composition to further advance the differentia-
tion pathway, while changing the mechanical characteristics of the cells themselves
as well (Topal et al., 2017). The osteogenic differentiation may also be induced
through using specific peptide or chemical ligands. For example, tenascin-C and
collagen derived, alkaline phosphatase mimetic or BMP-mimetic peptides have
been shown to mediate the osteogenic differentiation of MSCs, while the spacings
between fibronectin derived RGD peptides were shown to alter their fate (Bilem
et al., 2016; Gulseren et al., 2015; Horii, Wang, Gelain, & Zhang, 2007; Mehta,
Madl, Lee, Duda, & Mooney, 2015; Sever, Mammadov, Guler, & Tekinay, 2014;
Tansik et al., 2016; X. Wang et al., 2013). The peptide ligands presented on nano-
materials can not only induce differentiation through binding specific cell surface
receptors, but also bind to the growth factors that are released by the cells them-
selves and induce their differentiation through a nanomaterial based feedback
mechanism (Arslan et al., 2016; Tansik et al., 2016). When the MSCs start differen-
tiating towards osteogenic or chondrogenic lineage, the cells aggregate to form
nodular structures. As they express more osteogenic proteins such as alkaline phos-
phatase (ALP), they also increase calcium accumulation which can be stained with
Alizarin red and von Kossa staining techniques. For assessing chondrogenic differ-
entiation of MSCs, it is customary to stain the GAGs that are deposited by the dif-
ferentiated cells with a method such as saffranin-O staining. Adipogenic
differentiation can also be assessed by measuring ALP activity, since adipogenic
cells also have elevated ALP activity. Adipogenic activity may also be analyzed by
cytostaining methods such as Oil-Red-O staining. All staining methods should be
accompanied by qRT-PCR and Western blot or ELISA analysis to make sure that the
differentiation markers are expressed. Due to the heterogenous nature of the MSCs,
the MSC cultures usually differentiate into multiple cell types depending on their
epigenetic state and the strength of the external cues that drive differentiation.

1.1.2.2.1.3 Adipose Derived MSCs

Adipose tissue derived MSCs are the second most studied MSC type in the litera-
ture. The ease of obtaining MSCs from discarded adipose tissue compared to isolat-
ing them from bone marrow has made this MSC type an attractive target for clinical
studies. Similar to bone marrow derived MSCs, adipose derived MSCs are also
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heterogenous as a cell population and can differentiate into osteogenic, chondro-
genic and adipogenic lineages. Adipose derived MSCs have been used for regenera-
tive medicine applications for various purposes including cardiomyocyte
differentiation after cardiac infarct, bone tissue regeneration and others (Konno
et al., 2013; Miyahara et al., 2006).

Similar to bone marrow derived MSCs, material stiffness is an important factor
for inducing differentiation of the adipose-derived MSCs into specific lineages
(Wen et al., 2014). Nanofibers made from natural biomaterials and synthetic poly-
mers have been utilized as ECM-mimetic materials to induce differentiation of
adipose-derived MSCs for neuroregeneration and bone regeneration (Fesharaki
et al., 2018; Francis, 2010; Hu et al., 2017; C. C. Lin & Fu, 2016; Ravichandran,
Venugopal, Sundarrajan, Mukherjee, & Ramakrishna, 2012).

1.1.2.2.1.4 Other MSC Types

MSCs have been located in tissues other than bone marrow and adipose tissue as
well, and since then, they have been studied for regenerative medicine applications
alone and together with different types of nanomaterials. ECM-mimetic nanofi-
bers have been extensively used for such purposes. Umbilical cord-derived MSCs,
for example, have been shown to differentiate into hepatocyte-like cells or used for
regeneration of tissues including cardiac tissue and bone tissue by using ECM-
mimetic scaffolds such as poly(e-caprolactone) nanofiber scaffolds, self-assem-
bling peptide nanofibers or fibronectin-immobilized polycaprolactone nanofibers
(W. Chen et al., 2013; M. S. V. Ferreira & Mousavi, 2018; Tahlawi et al., 2019).
Further studies should be performed in order to better understand the heterogene-
ity and molecular mechanisms underpinning the differences between different
MSC types. Methods to better sort MSCs from different tissue sources in order to
have more homogenous cell populations are also necessary in order to enhance the
efficiency of MSC treatments. In addition, use of synthetic, chemically well-
defined scaffolds as carrier systems for MSC transplantation would also increase
the efficacy of MSC-based therapies, which have shown promising results as not
only cellular sources for more differentiated cells but also as cytokine and growth
factor sources.

1.1.2.2.2  Embryonic Stem Cells

Embryonic stem cells are the cells that are isolated from the inner cell mass of blas-
tocysts, and can give rise to all the specialized cells in our body, that is, they are
pluripotent. Most of the human embryonic stem cells have been derived from
blastocysts which were produced for in vitro fertilization purposes, but have been
deemed unnecessary afterwards. Due to their potential to develop into a complete
human being, their use for research purposes has been highly debated for a long
time and is still illegal in several countries. However, due to their pluripotency, they
also provide an invaluable source for studying developmental processes and tissue
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regeneration. On the other hand, their pluripotency also makes these cells tumori-
genic when transplanted into an organism (Ben-David & Benvenisty, 2011).
Several different types of nanomaterials have been utilized for both extended
culture and directed differentiation of embryonic stem cells into specific cell lin-
eages. Neural differentiation of embryonic stem cells, for example, have been
induced by culturing them on three-dimensional electrospun poly e-caprolactone
nanofibers, peptide functionalized nanofibers, and graphene oxide or even culturing
with functionalized gold nanoparticles (Abbasi et al., 2016; Philip, Silantyeva,
Becker, & Willits, 2019; Wei, Li, Yang, Zheng, & Le, 2017; Yang et al., 2014). In
addition to neuronal lineage, nanomaterials have been used for directed differentia-
tion of embryonic stem cells into different cell fates including bone cells, chondro-
cytes or hepatocytes (Dehdilani et al., 2016; Farrukh et al., 2017; Gerecht et al.,
2007; Hwang, Varghese, Zhang, & Elisseeff, 2006; Smith, Liu, Hu, & Ma, 2010).
Even though embryonic stem cells are quite attractive for tissue regeneration due to
their diverse potential for differentiation, the ethical concerns behind their genera-
tion, their teratogenic potential and the limitedness of the source material have
encouraged the scientists to find alternative pluripotent cell sources such as iPSCs.

1.1.2.2.3  Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are pluripotent cells that have been engi-
neered from differentiated cells in the laboratory. With this technology, we can gen-
erate stem cells that behave like embryonic stem cells by using skin cells as the
starting material. Although this technology is fairly recent, due to the scarcity of
embryonic stem cells, iPSCs have been adopted for the molecular biology studies
quite rapidly and have been widely used ever since. iPSCs provide important tools
not only for studying normal development and pathophysiology of diseases but also
the high-throughput screening of novel drugs and therapeutics. A major advantage
of iPSCs over embryonic stem cells is that they can carry the same genetic informa-
tion as the host, which can make them ideal candidates for tissue regeneration pur-
poses in personalized medicine. In addition, they can also be used to study an
individual’s disease pathophysiology within the context of that person’s own genetic
makeup, which makes iPSCs invaluable tools for studying genetic diseases as well.

While they are similar to embryonic stem cells with respect to their differentia-
tion potential, embryonic stem cells and iPSCs are different cell types, since iPSCs
are generated through addition of genetic material by using viruses as tools, and
have different epigenetic characteristics. Thus, more comprehensive molecular
studies are needed before they can be used as alternatives of embryonic stem cells
for therapeutic purposes. Nevertheless, iPSCs have been used for many regenerative
medicine studies together with nanomaterials. Similarly to embryonic stem cells,
tissue regeneration studies of iPSCs have mostly focused on neural regeneration.
Polymeric nanofibers such as poly(y-caprolactone) and poly-L-lactic acid are among
the nanomaterials that have been shown to selectively induce neural differentiation
of iPSCs (C. Lin et al., 2018; Mohtaram et al., 2015; Pang et al., 2016). In addition
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to neural differentiation studies, iPSCs have also been shown to differentiate into
cardiomyocytes, hepatocytes and osteogenic cells in the presence of nanomaterials
(Khan, Johnson, Xu, Belevych, & Gyorke, 2015; Mahmoodinia Maymand et al.,
2018; J. Xie et al., 2016).

1.1.2.2.4  Tissue Specific Stem Cells

Tissue specific stem cells are found in almost all tissues and have the ability to self-
renew and differentiate into very specific cell types. Satellite cells that can renew
themselves and differentiate into skeletal muscle cells are a widely studied example
(Kuang, Kuroda, Le Grand, & Rudnicki, 2007). Recently different nanomaterials
with specific morphological characteristics have been used to induce cell prolifera-
tion and differentiation of satellite cells (Allur Subramaniyan et al., 2018; Cha, Lee,
& Koh, 2017). Peptide nanofibers that display laminin-mimetic epitopes which are
abundantly found in the natural basal lamina have also been used for the treatment
of acute muscle defects by inducing satellite cell proliferation and differentiation
(Eren Cimenci et al., 2017).

Hematopoietic stem cells are another widely studied tissue specific stem cell
type and have utmost importance for the treatment of various diseases that are either
hematological in origin or ones that may be treated by specific immune cells.
Nanomaterials, especially in the form of nanofibers, have been used for selective
proliferation, enrichment and culture of hematopoietic stem cells and their differen-
tiation into specific cell types. Electrospun nanofibers have been used for efficient
culture of hematopoietic stem cells (Chua et al., 2006; M. S. V. Ferreira & Mousavi,
2018; K. Ma et al., 2008). Nanofibers with specific functional groups have also been
used for selective differentiation of hematopoietic stem cells into distinct cell types
such as lymphocytes or megakaryocytes (Sabaghi et al., 2016; Zakrzewski, Tuckett,
& van den Brink, 2009).

There are many other types of tissue specific stem cells that are found in other
organs as well, and as their roles in maintenance of the tissue structure are studied
at a molecular level, their interaction with the natural ECM will continue to give
clues on how to design better nanomaterials for tissue specific regeneration.

1.2 Nanoscale Materials: Nanomaterials

Nanoscale materials, also called nanomaterials, are materials that were synthesized to
have at least one dimension between 0.1 and 100 nm. For the synthesis of nanomateri-
als, two different synthesis approaches can be used: top-down and bottom-up methods.
In top-town methods, the fabrication process starts with larger pieces of materials and
these materials are reduced to nanoscale by using different types of finely tuned nano-
fabrication tools. The most widely used nanofabrication method for top-down approach
is photolithography, where optical radiation is used to generate micro-nano sized
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patterns through the use of photoresist and a mask. This method has also been used for
the production of computer chips that are currently being used today. However, com-
pared to bottom-up methods, top-down methods are more expensive, require heavy
machinery and harsh chemicals and are slower. The bottom-up approaches start with
atoms or molecules and form larger systems through self-assembly either due to physi-
cochemical interaction between the smaller groups or by the use of externally applied
driving forces. Self-assembly is also a widely used method by the biological organisms
for the production of many biomacromolecules such as cytoskeletal components and
ECM elements. Thus, it has been widely adapted for producing materials for regenera-
tive medicine. Within the next subsections, we will provide a brief description of the
most widely used materials for regenerative medicine with several examples and
explain their advantages and disadvantages.

1.2.1 Nonbiological Nanomaterials for Regenerative Medicine

Due to their inherent biocompatibility, biological materials are frequently employed
for biomedical applications. However, the difficulties in extracting, purifying, and
processing biological materials and the exciting characteristics, ease of manufacture
and processing, and lack of immunogenicity have paved the way for wide usage of
nonbiological nanomaterials for regenerative applications.

1.2.1.1 Carbon-Based Nanomaterials

Due to their extraordinary electrical and mechanical characteristics, carbon-based
nanomaterials have attracted much attention from scientists who develop novel
materials for regenerative medicine. Especially for applications where electrical
conductivity might be a determinant factor, such as neurological applications or
implantable-sensors, carbon nanotubes have been extensively studied. The most
widely studied carbon-based materials for this purpose are zero-dimensional fuller-
enes, one-dimensional carbon nanotubes, and two-dimensional graphene. Fullerenes
have been mostly proposed as drug delivery vehicles or theranostic agents (J. H. Liu,
Cao, et al., 2010; Montellano, Da Ros, Bianco, & Prato, 2011; Partha, Mitchell,
Lyon, Joshi, & Conyers, 2008; Shi, Yu, et al., 2013; Shi, Zhang, et al., 2013); how-
ever, there are also a limited number of studies where the chemically modified
fullerenes were used for inducing cellular differentiation for tissue regeneration
purposes (J. Li et al., 2013; Minami et al., 2015; Xiao, Aoshima, Saitoh, & Miwa,
2010). General biomedical application areas of the carbon-based nanomaterials
include cancer therapy, targeted drug delivery, biosensors, bioimaging, and regen-
erative medicine. However, while functionalization of carbon-based materials
enables their water-solubility which is a most desirable characteristic for biomedi-
cal applications, it also brings the risk of high toxicity which has also been studied
for several different types of carbon-based nanomaterials.
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1.2.1.1.1 Carbon Nanotubes

One-dimensional carbon-based nanomaterials, known as carbon nanotubes, have
been one of the most controversial nanomaterials used for regenerative medicine
applications. The striking electrical characteristics of the carbon nanotubes make
them ideal candidates for biomedical applications such as neural prostheses, ECM-
mimetic scaffolds, and in-body sensors. Different post-processing methods enable
manufacturing of nanoribbon or nanoyarn forms of carbon nanotubes which can be
used for unique biomedical applications. Carbon nanotubes have been suggested to
be used for retinal applications where they can be used as both sensors and as part
of the electrical circuit in a wire-free way (Bareket et al., 2014; Shoval, 2009). In
addition, there are many studies where carbon nanotubes or composite carbon nano-
tubes have been suggested to be used for neuroregeneration. Peptide—carbon nano-
tube composites are one example of these composite materials (Antonucci,
Kupis-Rozmystowicz, & Boghossian, 2017; Erol et al., 2018; Shrestha et al., 2019).
Carbon nanotubes have been used by themselves or together with polymeric materi-
als for neural applications as well (Ahn et al., 2015; Fabbro et al., 2013; Fan et al.,
2012; Guo et al., 2017; P. Gupta, Sharan, Roy, & Lahiri, 2015; Massobrio,
Massobrio, & Martinoia, 2016; N. Singh et al., 2016; X. Xu et al., 2018). In addition
to neural regeneration, carbon nanotubes have also been proposed to be used for
bone, cardiac and muscle regeneration (Ahadian et al., 2017, 2016; E. E. da Silva
et al., 2009; A. Gupta, Liberati, et al., 2015; Im, Li, Wang, Zhang, & Keidar, 2012;
Mukherjee et al., 2016; Patel et al., 2016; Raucci, Alvarez-Perez, Giugliano,
Zeppetelli, & Ambrosio, 2016).

The toxicity of carbon nanotubes have been a major concern for their use in bio-
medical applications. The degree of toxicity of these materials depends on their type
(single or multiwalled), their size and the functional groups that are present on the
nanotubes (Lanone, Andujar, Kermanizadeh, & Boczkowski, 2013). The high-
aspect ratios and the fibrous nature of the carbon nanotubes, nanofibers, and
nanorods in addition to their persistence in biological systems might be several of
the reasons for their toxicity. The dosage and the mechanism of exposure are also
main determinants of their cytotoxic effects. Pulmonary exposure, for example, has
been one of the most widely studied factor since it also creates an occupational
safety risk for manufacturers of carbon nanotubes and devices made of carbon
nanotube-including composites (Bhattacharya, Andén, El-Sayed, & Fadeel, 2013;
Fenoglio et al., 2012; Lam, James, McCluskey, & Hunter, 2004; Magrez et al.,
2006; Muller et al., 2005; Warheit et al., 2004). Their toxicity on keratocytes, due to
skin exposure, and immune system has also been investigated (A. J. Andersen,
Wibroe, & Moghimi, 2012; Bottini et al., 2006; Shvedova et al., 2003). Although
minimal or no toxicity was shown for several types of the carbon nanotubes and
nanorods, it is crucial to investigate the cytotoxicity and genotoxicity of these mate-
rials in detail prior to proposing them for biomedical use since the toxicity and
carcinogenicity of multiple types and sizes of carbon nanotubes have been shown
both in vitro and in vivo.



14 A. B. Tekinay

1.2.1.1.2  Graphene

Graphene is a two-dimensional form of carbon-based materials. It is a single layer of
carbon atoms which are tightly bound in a hexagonal lattice with a molecular bond
length of 0.142 nm. Graphene is one of the most promising semimetals, and its bio-
compatibility, excellent mechanical characteristics, ease and flexibility of functional-
ization make it a suitable nanomaterial for regenerative medicine applications.
Several types of cells have been grown on graphene sheets in order to understand
their suitability for cell culture, including fibroblasts and osteoblasts (Mehrali et al.,
2014; Ryoo, Kim, Kim, & Min, 2010). Embryonic stem cells and other types of stem
cells have also been cultured on functionalized and non-functionalized graphene
sheets and were shown to differentiate into distinct lineages such as osteoblasts and
neuronal cells (Kenry, Lee, Loh, & Lim, 2018; W. C. Lee et al., 2011; Nayak et al.,
2011;Y. Wang et al., 2012; Yang et al., 2014).

1.2.1.2 Metal Nanoparticles

As one-dimensional nanomaterials, metal nanoparticles have been extensively stud-
ied for tissue regeneration and drug delivery applications in addition to theranostic
purposes. Metal nanoparticles have been utilized either by themselves or as parts of
scaffold systems and have been shown to extensively alter cell fate in both cases.
While their in vivo effects are based on the dosage of usage, several different types
of metal nanoparticles have been shown to be biocompatible. Similar to many one-
dimensional and two-dimensional nanomaterials, liver and spleen are the major
organs where nanoparticles accumulate as observed in in vivo studies when they are
administered intravenously. Various metal nanoparticles such as gold, silver, iron
oxide and zinc nanoparticles were proposed to be used for biomedical applications
and their characteristics differ depending on their size, shape and morphology. In
the next subsections, the most widely studied metal nanoparticles and their advan-
tages and disadvantages will be discussed.

1.2.1.2.1 Gold Nanoparticles

Gold nanoparticles can be produced in various sizes and shapes including nanocubes,
nanorods, nanoclusters, nanoshells, nanospheres, or even nanostars. The size and
shape of the gold nanoparticles change their electronic and optical properties dramati-
cally, which increases the benefits of their use for biosensing and bioimaging applica-
tions. Due to their biocompatibility and the ease of functionalization with targeting
agents, gold nanoparticles have also been investigated to be used for drug delivery
applications and as theranostic agents (Brown et al., 2010; Y. Cheng et al., 2008;
H. Zhang et al., 2017). Various sizes and shapes of gold nanoparticles and other engi-
neered nanomaterials that contain gold nanoparticles such as their combinations of
carbon nanotubes have been used as theranostic agents (Bishop, Tzeng, & Green,
2015; Curry, Kopelman, Shilo, & Popovtzer, 2014; Song et al., 2016).
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Gold nanoparticle containing scaffolds have also been developed for use in
regenerative medicine. For example, functionalized gold nanoparticles have been
used to increase the bioactivity of polymeric scaffold systems and for enhancing the
mechanical strength and conductivity of silk nanofibers (Cohen-Karni et al., 2012;
Jung et al., 2012). Gold nanoparticles have also been incorporated into hydrogels in
order to enhance the regeneration of various tissues including bone and cardiac tis-
sue (Baei et al., 2016; Heo et al., 2014). Incorporation of these nanoparticles enabled
modulation of the conductivity and mechanical properties of these hydrogels. Gold
nanoparticle-hydrogel combinations have also been investigated for drug delivery
and immunotherapy purposes (Baei et al., 2016; Yata et al., 2017).

1.2.1.2.2  Silver Nanoparticles

Silver nanoparticles are 1-100 nm sized nanoparticles of silver or silver oxide and
have been utilized for biomedical applications due to their optical and thermal char-
acteristics, high electrical conductivity and antibacterial effects. Especially, the anti-
bacterial activity of silver nanoparticles make them attractive targets for various
purposes where bacterial infection is an important problem such as dermal wound
healing or dental applications. The antibacterial activity of the silver nanoparticles
is dependent on the shape and size of the particles in addition to the functional
groups that are present on their surfaces (Martinez-Castaiién, Nifo-Martinez,
Martinez-Gutierrez, Martinez-Mendoza, & Ruiz, 2008; Pal, Tak, & Song, 2007). In
addition to their antibacterial activity, silver nanoparticles were also shown to have
antifungal and antiviral characteristics (Jo, Kim, & Jung, 2009; J. Lee, Kim, Sang,
Guk, & Gun, 2012; Milovanovic, Arsenijevic, Milovanovic, Kanjevac, & Arsenijevic,
2017; Mori et al., 2013). Thus, scaffold systems with silver nanoparticles have been
widely utilized for regenerative medicine. Electrospun nanofibers with different sil-
ver nanoparticle formulations have been used as wound dressing materials and for
bone regeneration and dental applications (Annur, Wang, Der Liao, & Kuo, 2015;
Bapat et al., 2018; Brennan et al., 2015; Corréa et al., 2015; L. Lu et al., 2013;
Thomas, Soumya, Mathew, & Radhakrishnan, 2015; S. Xu et al., 2013). Silver
nanoparticle incorporated hydrogels have also been developed for regenerative
medicine purposes by using natural and synthetic materials as hydrogels such as
chitosan, alginate and synthetic peptides and polymers. Several research areas of
these materials include dermal wound healing and orthopedics (Brennan et al.,
2015; Das, Kumar, Patil, Viswanathan, & Ghosh, 2015; Gonzalez-Sanchez et al.,
2015; Varaprasad, Mohan, Vimala, & Mohana Raju, 2011).

1.2.1.2.3 Other Metal Nanoparticles

Although gold and silver nanoparticles are the most widely used metal nanoparti-
cles that have been investigated for biomedical purposes, other types of metal-based
nanomaterials have also been shown to be biocompatible and bioactive in several
studies. For example, copper containing mesoporous glass nanoparticles have been
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shown to enhance bone regeneration and modulate angiogenesis (Bari et al., 2017;
Romero-Sanchez, Mari-Beffa, Carrillo, Medina, & Diaz-Cuenca, 2018). Although
iron oxide nanoparticles have been mostly utilized as MRI contrast agents and ther-
anostic purposes, they have also been used for tissue regeneration in several studies
(Fang et al., 2014; C. Li, Armstrong, et al., 2018; H. Mok & Zhang, 2013; Ozdemir,
Ekiz, Dilli, Guler, & Tekinay, 2016; Shi, Yu, et al., 2013; Z. Q. Zhang & Song,
2016). Zinc oxide nanoparticles are already currently used in many industrial prod-
ucts such as paints, coating, and cosmetics. Depending on their dose, zinc oxide
nanoparticles are also biocompatible and they have been proposed to be used for
cancer treatment due to their potent ability to trigger reactive oxygen species pro-
duction. For tissue regeneration, their antibacterial and anti-inflammatory activities
are attractive characteristics and have paved the way for their use for purposes such
as wound dressings (Rath, Hussain, Chauhan, Garg, & Goyal, 2016; Sudheesh
Kumar et al., 2012, 2013).

1.2.1.3 Synthetic Nonbiological Polymers

Biodegradable synthetic polymers are the largest and most versatile class of bioma-
terials and their use in tissue engineering and regenerative medicine has been stud-
ied for several decades. They can be designed and synthesized in various structures
with distinct physicochemical characteristics that are suitable for a variety of bio-
medical applications. Especially over the last 20 years, the polymer synthesis and
processing methods have developed dramatically, paving the way for designing
novel nanomaterials for biological purposes. Within the next subsections, we will
briefly describe some of these methods and their use for regenerative medicine.

1.2.1.3.1 Preparation Techniques

The preparation technique of the polymeric materials should be determined accord-
ing to the tissue where the material will be used. The main purpose is to provide an
environment where cells can easily live and thrive; and the main challenge regard-
ing this issue is to have a porous structure with interconnected channels. A high
surface-to-volume ratio is advantageous since it enables more cells to attach and
enhances their proliferation and migration. It also permits the diffusion of nutrients,
oxygen and waste to and from the cells to the microenvironment. Polymeric materi-
als can be manufactured through a variety of methods. For any fabrication method,
the important parameters are to have a suitable pore size, pore density and intercon-
nectivity of the pores. Another important factor is the functionalization of the sur-
face to have the desired bioactivity. Mechanical properties of the materials are also
important depending on the application and since increased porosity results in
decreased mechanical strength, these two values should be optimized with respect
to the final purpose. The fabrication methods for polymeric materials can be classi-
fied depending on the requirement for solvents during the process.
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1.2.1.3.1.1 Wet Methods

For wet methods, polymers are dissolved in solvents to form polymer solutions, which
are further processed to manufacture porous ECM like structures. Wet methods
include electrospinning, thermally induced phase separation and solvent casting/salt
leaching. One of the main concerns regarding wet preparation methods is the remains
of solvents after the fabrication due to the damaging effects of the organic solvents on
cells. Thus, all remaining solvents should be carefully removed after using these
methods. In addition, the scaffolds should be appropriately sterilized before further
use for biological applications.

1.2.1.3.1.2 Cryogels

Cryogels are macroporous gels that are made by using different types of synthetic
polymers in addition to natural biomaterials such as DNA and silk fibroin. The gels
exhibit high levels of toughness and fast responsivity which makes them ideal can-
didates for tissue engineering areas such as orthopedic applications. They can with-
stand high degrees of mechanical forces such as elongation and torsion. The cryogel
preparation technique is based on the insolubility of salts in ice compared to water.
In cryogelation processes, the monomer and initiator solution is cooled below freez-
ing point and their combinations are localized into dispersed zoned between crystal-
lized solvents where the monomers form polymers through the action of initiators.
After the removal of the ice, which acts as a porogen, by increasing the temperature
above the freezing point of the solvent, a macroporous scaffold is produced with
pore sizes of approximately 100 pm and average wall thicknesses of several microm-
eters. Cryogels have been used for various purposes in regenerative medicine stud-
ies including cartilage tissue regeneration, hepatocyte or lung epithelial cell growth,
and wound healing of the skin (Bolgen et al., 2011; Damania et al., 2018; Hixon
et al., 2017; Humpolicek et al., 2018; Odabas et al., 2013; Priya et al., 2016;
D. Singh, Zo, Kumar, & Han, 2013).

1.2.1.3.1.3  Electrospinning

Although electrospinning is a relatively old technique that dates back to the six-
teenth century, it is still one of the most desirable methods for preparing ECM-
mimetic scaffolds for regenerative medicine purposes. Electrospinning enables
production of fibers with diameters between nanometers to milimeters with an inex-
pensive and simple setup. The electrospinning equipment includes a syringe pump,
a collector, and a high-voltage supply. Polymer fibers are formed through electro-
static repulsion forces and surface tension. High-voltage is used to burst the poly-
mer droplets from the needle to the collector as fibers and the solvent evaporates
during the process leaving the jet to solidify into fibers. There are various parame-
ters that should be optimized for producing the perfect nanofibers for producing
ECM-mimetic scaffolds: solution parameters, processing parameters and environ-
mental parameters. Solution parameters include the types and characteristics of the
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solvent and the polymers, while processing parameters are the voltage, the distance
between the needle and the collector and the flow rate of the solution. Environmental
parameters are the temperature and humidity of the environment. Although most
nanofibers are nonwoven and randomly dispersed, the collector plates can also be
oriented to have woven or aligned nanofibers.

Electrospun nanofibers can be fabricated as single polymers, blends of polymers
and natural biomaterials, and core—shell fibers, which enhances their bioactivity
through addition of bioactive signals or enables precise modulation of their mechan-
ical characteristics. Briefly, the most widely used application areas for electrospun
nanofibers in regenerative medicine are neural tissue engineering, dermal wound
healing, dentistry, skeletal muscle regeneration, and bone tissue regeneration (Aviss,
Gough, & Downes, 2010; Jang, Castano, & Kim, 2009; Norouzi, Boroujeni,
Omidvarkordshouli, & Soleimani, 2015; Panseri et al., 2008; J. Xie, MacEwan,
Schwartz, & Xia, 2010; Zafar et al., 2016; Y. Zhou et al., 2008). Electrospun nano-
fibers are also utilized for manipulating stem cell fate in cell culture and in vivo
(Chua et al., 2006; Lim & Mao, 2009; C. C. Lin & Fu, 2016; J. Xie et al., 2016).

1.2.1.3.1.4 Solvent Free Methods

Unlike wet processing methods, solvent free methods are not based on dissolving
the monomers in solvents. Gas foaming, solid freeform fabrication, including 3D
printing, and blending and particle leaching are among these methods.

1.2.1.3.1.5 3D Printing

3D printing is a computer-guided printing method which enables to print any struc-
ture that you can design in 3D. Since its first invention in 1990s, it has become much
cheaper and more easily manipulated and more accessible to all researchers work-
ing in this field. In addition to printing three-dimensional scaffolds, 3D printers that
have been designed for biomedical applications can be used for printing cells and
hydrogels for the fabrication of three-dimensional artificial tissues (Gopinathan &
Noh, 2018; Murphy & Atala, 2014; Ratheesh et al., 2017). Although it will be a
while before several challenges such as hypoxia due to restricted diffusion of nutri-
ents and oxygen and correct alignment of the specialized cell types with respect to
each other will be overcome, 3D printing is still the best manufacturing option for
producing implant materials with specific shapes and sizes (S. W. Mok et al., 2016;
Oropallo & Piegl, 2016).

1.2.1.3.2 Advantages and Disadvantages of Polymeric Nanomaterials

Polymeric materials are easy to synthesize and handle, and their chemistry has been
extensively investigated for several decades. They can be manufactured in bulk and
are more economically feasible than many of the other nanomaterial types such as
DNA or peptide-based nanomaterials or metal nanoparticles. In addition, since their
chemistry is well known, their functionalization with specific chemical groups is
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relatively easier. In addition to small bioactive chemical groups, they can also be
readily functionalized with biomaterials such as peptides or DNA, which is usually
used to increase their bioactivity.

On the other hand, polymeric materials are mostly bioinert and need to be func-
tionalized in order to make them bioactive. Their biodegradability rates vary and are
usually longer than that of natural biomaterials which might render them unsuitable
for some regenerative medicine applications while making them ideal candidates
for others. While self-assembling natural biomaterials can be injected to the site of
injury with or without stem cells, most polymeric materials need to be placed surgi-
cally in the body. Nevertheless, these materials provide excellent efficiency for
many tissue engineering and regenerative medicine applications and studies on
making them more suitable are still underway.

1.2.2 Biological Nanomaterials

Biological nanomaterials are either derived from biological organisms or have the
same structural units as biological systems. Thus, any type of protein, glycoprotein,
glycosaminoglycan or lipids that are derived from living cells or dead organisms are
considered natural biological materials whereas peptides, carbohydrates or lipids
that are synthesized in the laboratory by using their basic units such as amino acids
as the beginning material are called synthetic biological materials. Biological mate-
rials in general constitute one of the most widely studied nanomaterials for regen-
erative medicine applications due to their inherent biocompatibility and their ability
to induce specific cellular functions. While nanoscale characteristics of the natural
biological materials are dictated by their original state most of the time, they can
also be modified and used as composites with different types of materials to obtain
more control over the material properties and enhance their efficacy. Synthetic
biological materials, on the other hand are usually self-assembled due to their
rational design.

1.2.2.1 Natural Biological Materials

Natural biomaterials that are used for regenerative medicine applications are usually
the materials that have been isolated from the ECM of various organisms, including
echinoderms, humans and other mammals, and fish. As they are naturally found mol-
ecules, they might carry various signals at the same time complicating their effect on
cells for tissue regeneration applications, or they might carry antigenic materials
since they are isolated from other organisms. While for some of them, like alginate
and chitosan, the original materials are in ample supply and the cost of the materials
is mainly due to processing expenses, for other natural biological materials, the origi-
nal donor material can be less accessible. Although many different types of natural
biological materials have been proposed to be used for tissue regeneration, the main
ones are collagen, fibronectin, alginate and chitosan.
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1.2.2.1.1 Collagen

Collagen is a widely used protein for biomedical applications and is the most widely
found fibrous protein in animals. As elongated fibrils, collagen is usually found in
both fibrous tissues including ligaments and tendons and other tissues such as bone,
cartilage and cornea. Due to its excellent tensile strength, collagens are present in
high amounts in these organs. Although different cell types can express collagen,
fibroblasts are the main producers. Twenty-eight different types of collagens have
been identified and they are found in different amounts in distinct tissues. Their
composition and chemical structure (crosslinking) also vary depending on the age
of the organism and whether there is a wound or scar tissue. Although over 90% of
the collagens that are found in the human body is collagen type I, collagen II is an
important structural element in cartilage, collagen IV is found in the basement
membranes. Collagens type I, II, III, and V are fibril forming and have triple helix
structure with repetitive amino acid sequences that are homologous in many spe-
cies. In other collagen types, the triple helixes are interrupted with non-helical
regions or have distinct structures for specific functions such as anchoring.

As a biomaterial, collagen has excellent tensile strength and weak antigenic
properties, and is biocompatible and biodegradable. Through self-assembly,
collagen fibers form strong, stable nanofibers that can be further stabilized through
crosslinking with different chemical agents. These characteristics have made colla-
gen one of the most widely used biomaterials for regenerative medicine applications
both in their natural form and after processing with several nanotechnology meth-
ods such as electrospinning and layer-by-layer formation (Fullana & Wnek, 2012;
Levingstone et al., 2016; Sell, McClure, Garg, Wolfe, & Bowlin, 2009). Collagen
has also been used in combination with other materials such as polymeric materials
or biological materials such as chitosan, hyaluronic acid, hydroxyapatite and algi-
nate (Baniasadi & Minary-Jolandan, 2015; Z. G. Chen, Wang, Wei, Mo, & Cui,
2010; Davidenko, Campbell, Thian, Watson, & Cameron, 2010; Fu et al., 2014;
Haaparanta et al., 2014; Kane et al., 2015; Kundu, Shim, Jang, Kim, & Cho, 2015;
L. Ma et al., 2003; Perez et al., 2014; Raftery et al., 2016; Schnell et al., 2007,
R. K. Singh, Seliktar, & Putnam, 2013; Wahl & Czernuszka, 2006; J. Xie et al.,
2016;Y. Z. Zhang, Venugopal, Huang, Lim, & Ramakrishna, 2005).

1.2.2.1.2 Fibronectin

Fibronectin is one of the essential components of the ECM and is synthesized by
adherent cells. Fibronectin assembly is the beginning step of the self-assembly of
other ECM molecules and enables many cellular functions such as cell adhesion and
migration. Fibronectin fibers harbor important binding sites for many cell surface
receptors and ECM proteins, and has important functions in cell adhesion, prolifera-
tion, migration and differentiation. Not only fibronectin itself, but also the signals
that are derived from fibronectin are widely used for modulating cellular behavior.
Fibronectin that is used for the production of scaffolds for regenerative medicine
studies has been usually obtained from human plasma. Different methods can be
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used for the assembly of fibronectin fibers including use of reducing or oxidizing
agents, force-based assembly and use of peptidic fragments. Fibrin glue, which is
made of two components contained in separate vials, one of which has fibrinogen,
fibronectin and Factor XIII while the other has thrombin, has been used as a sealant
for wounds in the clinics for many years. Thus, the biocompatibility of fibronectin
has been well assayed. On the other hand, the complexity of the signals and ligands
that are found on fibronectin might be a complicating factor for modulating stem
cell fate towards a specific lineage for tissue regeneration. Nevertheless, fibronectin
has been widely studied for tissue engineering and regenerative medicine applica-
tions. Fibronectin has been used either by itself or in combination with other natural
biomaterials or synthetic polymers to induce stem cell differentiation in various
studies (Battista et al., 2005; Gjorevski et al., 2016; Prichard, Reichert, & Klitzman,
2007; Rowlands, George, & Cooper-White, 2008; P. Singh & Schwarzbauer, 2012;
Tate et al., 2009).

1.2.2.1.3 Alginate

Alginates are anionic polymers that are isolated from algae. The alginate polymers
are composed of two types of uronic acid with approximately 500-5000 residues
per chain which results in their high molecular weight. The uronic acids that are
found in alginate are 1 — 4 linked a-L-guluronic acid (G) or f-b-mannuronic acid
(M), and the polymers are usually formed by alternating G and M units. Alginate
harbors several characteristics that are looked for in ideal biomaterials such as bio-
compatibility, low toxicity and comparatively low cost. It also resembles the natural
ECM due to its mechanical characteristics and water content; however, it usually
needs to be functionalized to gain ECM-like bioactivity. Both functionalized and
non-functionalized alginate have been used for various tissue regeneration applica-
tions. For example, blends of chitosan and alginate, peptide functionalized alginate,
electrospun alginate blends, alginate composite films and other preparation methods
have been used in wound healing applications (Balakrishnan, Mohanty, Umashankar,
& Jayakrishnan, 2005; Tarun & Gobi, 2012; Hashimoto, Suzuki, Tanihara,
Kakimaru, & Suzuki, 2004; Kataria, Gupta, Rath, Mathur, & Dhakate, 2014;
Y. H. Lee, Chang, Yang, Chien, & Lai, 2012; Murakami et al., 2010; Rezvanian,
Mohd Amin, & Ng, 2016). Alginate has also been widely used for the investigation
of the relationship between matrix stiffness and stem cell behavior which provides
crucial information for the design and development of more efficient materials for
regenerative medicine applications (Banerjee et al., 2009; A. Singh & Elisseeff,
2010; L. Warren et al., 2010). Alginate hydrogels and their composites have also
been utilized for bone tissue regeneration, neural regeneration, dentistry, cartilage
tissue regeneration and even 3D printing of tissue ECMs (Duan, Hockaday, Kang,
& Butcher, 2013; Prang et al., 2006; Srinivasan, Jayasree, Chennazhi, Nair, &
Jayakumar, 2012; Venkatesan, Bhatnagar, Manivasagan, Kang, & Kim, 2015).
Alginate has also been proposed to be an effective carrier material for cell transplan-
tation applications (Bidarra, Barrias, & Granja, 2014; Perez et al., 2014).
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1.2.2.1.4 Chitosan

Chitin is a polycationic polysaccharide that is found in the exoskeletons of crusta-
ceans and insects and it is the second most widely found polysaccharide on earth
after cellulose. It is formed by heavily acetylated p-1,4-linked glucosamine units.
Chitosan is the alkaline deacylated form of chitin, and has been widely studied as
drug delivery agents and for tissue engineering and regenerative medicine applica-
tions. Like alginate, chitosan is also biocompatible and has low cost which are both
desirable qualities in materials to be used for biomedical applications. Chitosan also
has low toxicity and is biodegradable and can be used as both hydrogels and fibers
by electrospinning. Hydrogels that are formed by chitosan and its blends have been
utilized for osteoregeneration, chondroregeneration, neural regeneration and for
enhancing dermal wound healing (Crompton et al., 2007; Dhivya, Saravanan,
Sastry, & Selvamurugan, 2015; Miguel, Ribeiro, Brancal, Coutinho, & Correia,
2014; Obara et al., 2005; Park et al., 2009; Ribeiro et al., 2009). Electrospun chito-
san nanofibers have been used for neural tissue regeneration in several studies (Du
et al., 2014; P. Gupta, Sharan, et al., 2015; W. Wang et al., 2009). In addition, elec-
trospun chitosan nanofibers and chitosan blends have been shown to enhance the
rate of wound healing in the skin tissue (Antunes, Moreira, Gaspar, & Correia,
2015; J. P. Chen, Chang, & Chen, 2008; Levengood, Erickson, Chang, & Zhang,
2017; Oryan & Sahvieh, 2017), induce bone regeneration (Oryan & Sahvieh, 2017,
Shin et al., 2005; Toskas et al., 2013) and have been used for controlled growth fac-
tor release (Z. Xie et al., 2013).

1.2.2.2 Self-Assembling Synthetic Biological Materials

Like other nanomaterials, two types of processes can be utilized for the synthesis of
biological materials: top-down and bottom-up approaches. Most of the natural bioma-
terials that were described above have been fabricated through top-down approach
where the materials were isolated from complex biological organisms and processed
further. In the bottom-up approach, the most widely applied strategy is to synthesize
smaller molecules which later self-assemble into complex biomacromolecules.
Synthetic biomaterials that mimic their natural counterparts are such molecules that
self-assemble into supramolecular structures and include peptides, peptide-amphiphi-
les, glycopeptides and sequences of nucleic acids. Self-assembly of such molecules is
driven by weak noncovalent interactions such as hydrogen bonds and Van der Waals,
hydrophobic and electrostatic interactions. Although these types of intermolecular
forces are weak when alone, they form very strong assemblies when there are many
of these interactions. This type of self-assembly is similar to that observed in natural
molecules after their synthesis inside the organisms, thus the biochemical rules that
drive the assembly of natural biomacromolecules are mimicked in synthetic self-
assembling nanomaterials. Several examples to self-assembling synthetic biomate-
rials are peptide nanofibers, nanotubes, nanoribbons and helical ribbons, aptamers,
nanostructures that are made by DNA origami, peptide amphiphile nanofibers and
nanospheres and glycopeptide nanofibers and nanospheres.
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1.2.2.2.1 Peptide Nanofibers

There are 20 natural amino acids that can be combined in a multitude of ways which
make up the extraordinary complexity of the biological systems. Self-assembling
peptide sequences are tailorable and biocompatible molecules which can be
designed to form not only ECM-mimetic scaffolds through their self-assembly into
nanofibrous systems, but also supramolecular structures that can mimic growth fac-
tors, cytokines, exhibit enzymatic activity, or be utilized as drug delivery vehicles.
As smaller examples of these self-assembling peptides, Fmoc dipeptides can form
nanofibers through self-assembly, which form networks of fibers that can encapsulate
water and form hydrogels (Jayawarna et al., 2009; Orbach et al., 2009; Yan et al.,
2013). These hydrogels resemble the natural ECM in terms of their nanofibrous
morphology and can be used as scaffolds for cell culture (Castelletto et al., 2011;
Gouveia, Jones, Hamley, & Connon, 2014; Yan et al., 2013).

Self-assembling peptides contain short peptide sequences with hydrophobic and
hydrophilic domains. In aqueous solutions, the intermolecular interactions between
the hydrophobic domains of these peptides and the interactions between the water
molecules and the hydrophilic domains drive the self-assembly of these peptides into
nanofibers or nanoribbons, depending on the peptide sequence. Some of these self-
assembling peptides are already commercially available and have been used for a
variety of in vitro and in vivo regenerative medicine applications. These peptides and
their composites with other nanomaterials have been used for neural regeneration
(T. Y. Cheng et al., 2013; Liedmann, Frech, Morgan, Rolfs, & Frech, 2012; J. Lu
et al., 2018; Y. Sun et al., 2016; X. Wu et al., 2017), ligament, cartilage and bone
regeneration (K. Chen, Sahoo, et al., 2012; Florine et al., 2013; Humpolicek et al.,
2018; Pan et al., 2013; Y. Wu et al., 2016), induction of angiogenesis (Kim, Jung,
Kim, & Kim, 2013; X. Liu et al., 2012; X. M. Wang, Qiao, & Horii, 2011; X. Wang,
Horii, & Zhang, 2008), and controlled release of drugs including growth factors
(Koss, Tsui, & Unsworth, 2016; X. Wang et al., 2008; A. Zhou et al., 2016).

1.2.2.2.2  Peptide Amphiphile Nanofibers

Peptide amphiphile molecules that can self-assemble into nanofibers are composed
of an alkyl tail, a f-sheet forming peptide sequence, and a hydrophilic bioactive
sequence at the end of the molecule. When mixed with oppositely charged peptide
amphiphile molecules, they self-assemble into nanofibers in aqueous solutions
through hydrophobic collapse of alkyl tails, f-sheet formation between p-sheet units
and electrostatic interactions between oppositely charged amino acids. They can
also be induced for self-assembly through pH change or addition of ions into the
solution. The hydrophilic bioactive peptide groups form the outside shell of the
nanofibers, whereas the alkyl tails form the core. Peptide amphiphile molecules
have been used for various purposes from making solar cells to extracellular matrix
mimetic scaffolds (Hamsici, Sardan Ekiz, Cinar Ciftci, Tekinay, & Guler, 2017;
Khalily, Gulseren, Tekinay, & Guler, 2015; G. A. Silva et al., 2004). Nanofibrous
peptide systems mimic the morphological characteristics of the natural extracellular
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matrix, support cells mechanically and allow diffusion of nutrients and waste
products in addition to supporting cell mobility. Glycosaminoglycan mimetic pep-
tide nanofiber systems have previously been used for inducing neurite growth,
angiogenesis, chondrogenic differentiation and biomineralization (B. Mammadov,
Mammadov, Guler, & Tekinay, 2012; R. Mammadov et al., 2011; Tansik et al.,
2016; Ustun, Tombuloglu, Kilinc, Guler, & Tekinay, 2013).

Use of peptide amphiphiles for regenerative medicine applications has several
advantages over traditional tissue engineering materials including natural
biomacromolecules such as collagen or chitosan, or synthetic polymeric scaffolds
such as polyethylene glycol scaffolds.

1.2.2.2.3 Glycopeptide Nanofibers

Carbohydrates in the form of GAGs and glycoproteins are widely observed in the
ECM and have crucial functions in regulating cellular behaviors including cell
adhesion, proliferation, migration and differentiation. Interaction of ECM carbohy-
drates with cell surface lectins is also important in health and pathogenesis of tis-
sues. In addition, posttranslational modifications of proteins with carbohydrates
through glycosylation are also important for correct functioning of the proteins
through modulating intermolecular interactions. All of these reasons have urged
scientists to develop glycopeptide nanomaterials that can mimic the natural ECM
for regenerative medicine applications. High density presentation of the carbohy-
drates is morphologically important for maintaining the functions of GAGs and
glycoproteins. Thus, self-assembling glycopeptides provide invaluable opportuni-
ties for mimicking the characteristics of the natural GAGs and glycoproteins due to
their inherent ability for high-density presentation of surface molecules. Peptide
monomers that are functionalized with glyco or glyco-similar groups can be used to
mimic natural glycoproteins and GAGs. Similarly to their natural counterparts,
asparagine or serine/threonine can be used for attaching these functional groups to
create N-linked or mucin-like glycosylations.

Supramolecular glycopeptide materials have been investigated for their use in
many different scenarios. Glycopeptides have been used as antibiotics (Kahne,
Leimkuhler, Lu, & Walsh, 2005), and vaccine materials in order to modulate the
immune system (McDonald, Byrne, & Payne, 2015; J. D. Warren, Geng, &
Danishefsky, 2006). Self-assembled glycopeptide nanomaterials have also been used
for stem cell differentiation, cartilage regeneration and immune system modulation
(Caliskan, Sardan Ekiz, Tekinay, & Guler, 2017; Gunay et al., 2017; Restuccia, Tian,
Collier, & Hudalla, 2015; Ustun et al., 2013). In addition, self-assembled peptide
nanofibers that have GAG-mimetic chemical groups have been utilized for inducing
angiogenesis, cardiac regeneration, neural regeneration, stem cell differentiation,
wound healing, cartilage and bone regeneration through growth factor binding and
presentation (Arslan et al., 2016; Kocabey, Ceylan, Tekinay, & Guler, 2013;
B. Mammadov et al., 2016; Rufaihah et al., 2017; Senturk, Mercan, Delibasi, Guler,
& Tekinay, 2016; Sever et al., 2016; Tansik et al., 2016; Yaylaci et al., 2016).
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1.2.2.2.4 Peptide Nanospheres

Peptide amphiphile systems can also be designed to self-assemble into nanospheri-
cal nanostructures. Nanospherical peptide systems are able to mimic non-fibrous
components of the extracellular matrix such as growth factors or other cytokines, in
addition to being used as drug delivery agents. The nanospherical peptide structures
can be self-assembled through rational design of the peptide sequences. The cores
of the nanospheres can be composed of either hydrophobic amino acids or lipid-like
molecules that come together in aqueous environment through hydrophobic interac-
tions. The outer cores of the nanospheres are usually made of hydrophilic and
charged amino acids that interact with each other through electrostatic interactions
and hydrogen bonds. Different short peptides that are designed by using this ratio-
nal design approach can also self-assemble to form non-homogenous nanospheres
which can be used to mimic several biological ligands at the same time. In addition,
these nanospheres can be used as excellent targeted drug delivery agents with ability
to carry both hydrophobic and hydrophilic cargo (S. Li, Zou, et al., 2018;
R. Mammadov et al., 2015; Mumcuoglu et al., 2016; Mumcuoglu, Sardan, Tekinay,
Guler, & Tekinay, 2015).

1.2.2.3 DNA and RNA as Biomaterials

The importance of DNA as the genetic material has been known since the beginning
of the twentieth century. The striking self-replicating ability has been a model for
many biomaterial and nanomaterial studies as one of the main pillars of biomimicry.
The base-pairing ability on the other hand has enabled many scientists to manufac-
ture materials through a method now known as “DNA origami.” Origami is a
Japanese word which means folding a plain sheet in different forms in order to
produce specific structures. In DNA origami long single strands of DNA are folded
into two-dimensional and three-dimensional structures through the use of 200-300
nucleotide long staple strands. The diameter of a single strand of DNA is less than
1 nm, which makes DNA origami a perfect method to produce precisely aligned and
organized materials at nanoscale (E. S. Andersen et al., 2009; Castro et al., 2011;
Sacca & Niemeyer, 2012). The biocompatibility of the two-dimensional and three-
dimensional structures that are formed through DNA origami has been shown in
many studies and has been reviewed extensively (Chandrasekaran, Anderson, Kizer,
Halvorsen, & Wang, 2016; Z. G. Wang, Song, & Ding, 2013; H. Zhang et al., 2017).
The potential of DNA nanoparticles that are made through DNA origami for drug
delivery and theranostic purposes has been studied where precisely placed fluoro-
phores or other chemical groups were utilized (Jusuk, Vietz, Raab, Dammeyer, &
Tinnefeld, 2015; Selnihhin, Sparvath, Preus, Birkedal, & Andersen, 2018; L. Sun,
Gao, et al., 2017). DNA nanoparticles have also been effectively used as drug deliv-
ery tools for cancer treatment (Z. G. Wang, Song, & Ding, 2013; H. Zhang et al.,
2017; Q. Zhang et al., 2014).
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Aptamers, which are short chemically synthesized DNA or RNA strands that
fold into three-dimensional structures can selectively bind to any type of ligand, and
have been promising tools as part of drug delivery applications for regenerative
medicine (N. Chen, Zhang, Soontornworajit, Zhou, & Wang, 2012; Feng, Lyu,
Offenhdusser, & Mayer, 2016; Lonne, Zhu, Stahl, & Walter, 2014; Wiraja et al.,
2014). The interaction between aptamers and their ligands resemble the antibody—
antigen interaction, however, due to their smaller size compared to antibodies, the
aptamers can reach target sites more efficiently; hence, they are more preferable for
targeted drug delivery applications. In addition, there are fewer immune reactions
against aptamers compared to antibodies at respective doses, which again makes
them ideal candidates as immunomodulatory regenerative nanomaterials.

1.3 Conclusions and Future Perspectives

Regenerative medicine and tissue engineering are the ultimate treatment methods
for tissue and organ failure due to diseases, accidents or aging since many of the
current therapeutic methods fail to provide complete or even partial recovery for
most of these medical problems. Although much research has been done on the
molecular biology of different types of stem cells and the possibility of transplant-
ing them for tissue regeneration or using them for tissue engineering in the labora-
tory, the cellular therapy is still controversial due to teratogenic activities of some
stem cell types and inconclusive clinical trials for others. Nanomaterials can be used
to aid in stem cell transplantation without compromising cell viability, protecting
the cells from immune cells and providing the right clues to cells for modulating
cellular behavior. They can also be used to modulate stem cell function and differ-
entiation for tissue engineering efforts in the laboratory, providing not only mechan-
ical support for cells while allowing diffusion of nutrients, oxygen, and waste, but
also the necessary biological signals for cell adhesion, viability, proliferation, and
differentiation.

The current nanomaterials have striking abilities to do the abovementioned func-
tions due to adjustable mechanical properties, and well-defined chemical character-
istics which is a requirement for clinical validation of biomedical devices and drugs.
They also have scaffold-like porous structures that enable not only the migration
and proliferation of cells but also the transport of nutrients and waste. On the other
hand, the current nanomaterials are limited by our knowledge on the identity and
function of precise biological signals that are already present in the natural ECM
and our ability to synthesize some of the known signals in an efficient manner.

The complexity of the ECM and its interactions with cells can only be unraveled
through molecular studies and complex bioimaging techniques which can also ben-
efit from nanomaterials. Since the natural ECM has a complicated array of natural
biomaterials, the use of only some of these materials or signals in three-dimensional
cultures of ECM-mimetic scaffolds can enable us to gain more precise information
on how individual biological signals affect cells, and use them as part of therapeutic
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materials. Lab-on-a-chip systems may also provide invaluable tools to study the
effects of various signals on cells in a high-throughput manner. In addition, advances
in chemical synthesis techniques can help us more efficiently fabricate complex
materials such as specific glycopeptides or lipoglycopeptides, expanding the num-
ber of building blocks that we can use for mimicking the natural ECM and effec-
tively modulating cell behavior for regenerative medicine purposes.
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Chapter 2
Design and Development of Electrospun
Nanofibers in Regenerative Medicine

Brabu Balusamy, Anitha Senthamizhan, and Tamer Uyar

Abstract The regenerative medicine field has promising solutions to overcome
existing clinical challenges in the repair or regrowth of injured tissues. To date, an
enormous progress has been made in developing numerous strategies for enhanced
regeneration. The nanofibers fabricated by electrospinning offer excellent charac-
teristics mimicking the extracellular matrix that support cell adhesion, migration,
and differentiation, which are responsible for the regeneration of tissues.
Furthermore, due to their ease of production, cost-effectiveness, and ability to have
various compositions and different morphologies, the electrospun nanofibers have
been extensively explored for their possibilities in the regeneration of various tis-
sues. In the present chapter, we summarize the examples of electrospun nanofibers
fabricated for the regeneration of dermal, neural, and orthopedic tissues.

2.1 Introduction

Regenerative medicine encompasses numerous strategies involving principles of
engineering and life sciences and aims to restore the form and function of injured
and diseased tissues and organs using different materials and cells in order to over-
come the obstacles of transplantation therapy. Over the last decade, several efforts
have been made in the regeneration of various tissues including dermal, neural,
bone, dental, liver, heart, and so on which has revolutionized clinical medicine
(Atala, 2012; Colombo, Sampogna, Cocozza, Guraya, & Forgione, 2016; Cui,
Nowicki, Fisher, & Zhang, 2017; Dzobo et al., 2018; Miao et al., 2017; Vacanti,
2010; Vijayavenkataraman, Yan, Lu, Wang, & Fuh, 2018). Bio-nano research
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enables the application of exciting concepts for efficient regeneration of several tis-
sues using different nanomaterials (Arora et al., 2012; Gu, Wu, Chen, & Xiao, 2013;
E. S. Kim, Ahn, Dvir, & Kim, 2014; Kumar, Griffin, & Butler, 2017; Verma, Domb,
& Kumar, 2011). Among various nanomaterials, nanofibers exhibit excellent fea-
tures including higher surface area, interconnected porous structure in the range of
submicron to nanoscale, suitable mechanical properties, and easy functionalization
that are more beneficial in all applications from environmental protection to bio-
medical purposes including regenerative medicine (Babitha et al., 2017; B. Ding,
Wang, & Yu, 2019; Liu, Thomopoulos, & Xia, 2012; Senthamizhan, Balusamy, &
Uyar, 2016; Shahriar et al., 2019; Shan et al., 2015; Sridhar et al., 2015; Uyar &
Kny, 2017). Although several approaches exist for the preparation of nanofibers,
electrospinning is a widely acknowledged and viable method for the fabrication of
nanofibers owing to its simplicity, cost-effectiveness, ability to be effectively scaled
up for mass production and versatility for fabrication of nanofibers with various
structures from a wide range of materials. As the term “Electrospinning” is a com-
posite word of electrostatic and spinning, the process applies principles of the elec-
trostatic force to spin the fibers. Basically, the main components of the electrospinning
setup include a high-voltage power supply, a syringe pump, a needle spinneret and
a grounded conductive collector. During the electrospinning process, the solution is
extruded from the spinneret and produces a pendant drop due to the surface tension
caused by the application of high voltage. Further, the electrostatic repulsion on the
surface charge deforms the air-liquid interface to a Taylor cone which facilitates the
ejection of the charged liquid jet that primarily extends into a straight line followed
by extensive whipping owing to the bending instabilities. The stretched jet forms
structures in finer diameters that solidifies and is collected as solid fibers in the
grounded collector.

Several parameters including applied voltage, flow rate, collecting distance, and
field strength generally influence the electrospinning process (Li & Wang, 2013;
Lin & Fang, 2017; Mitchell, 2014). Over the last two decades, intensive efforts have
been made on modification of the electrospinning setup for fabricating different
types of nanofibers including a variety of structures and alignment forms for enhanc-
ing the performance in specific applications (Aravindan et al., 2015; Y. Ding, Hou,
Zhao, Zhu, & Fong, 2016; Kny, Ghosal, & Thomas, 2018; C. Wang, Wang, et al.,
2019; Wendorff, Agarwal, & Greiner, 2012; Wu, Wang, Zhao, & Jiang, 2013; Xue,
Wu, Dai, & Xia, 2019). Figure 2.1 illustrates the schematic representation of the
electrospinning setup with variable needles, collecting substrates, and syringes and
examples of nanofibers with different morphologies obtained through electrospin-
ning (Aravindan et al., 2015; Y. Ding et al., 2016).

The cellular environment of the human body consists of dynamic networks of
fibrillar proteins, proteoglycans and glycosaminoglycans (GAGs) which are col-
lectively named as the extracellular matrix (ECM) that plays key roles in tissue
regeneration and maintenance. The components of the ECM together with cell
adhesion receptors make a complex system that offers an ideal environment to regu-
late diverse cellular functions including cell adhesion, migration, differentiation,
proliferation, and maintaining the cell homeostasis in every tissue and organ
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( A) Single, Co-axial and multi spinneret [ Multi-nozzle spinnerets

Fig. 2.1 (A) Schematic representation of the electrospinning setup with variable needles, collect-
ing substrates, and syringes. (Reproduced with permission from (Aravindan et al., 2015) © 2015
The Royal Society of Chemistry). (B) Microscopic images of electrospun nanofibers with different
morphologies: (a) cylindrical (b) porous (c) hollow (d) core—shell (e) multichannel nanotubes (f)
nano-ribbons (g) bead-on-string and (h) carbon nanotube growth on electrospun carbon nanofi-
bers. (Reproduced with permission from (Y. Ding et al., 2016) © 2016 Elsevier)

(Fernandes, Moroni, Van Blitterswijk, & De Boer, 2009; Hynes, 2009; Y. Kim, Ko,
Kwon, & Shin, 2016; Kular, Basu, & Sharma, 2014; Kusindarta & Wihadmadyatami,
2018; Mackiewicz et al., 2016). The excellent characteristics of the electrospun
nanofibers offer a great deal of potential in tissue regeneration applications by mim-
icking the ECM and facilitate the possibilities to control anchoring of cells, and
their migration, proliferation and cell behavior. As the electrospun nanofibers mimic
the size and structure of the native ECM, accountable attempts have been made
using a wide array of materials with different compositions, orientations and dimen-
sions to imitate the roles of native ECM in tissue regeneration (Baker, Handorf,
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Tonescu, Li, & Mauck, 2009; Grafahrend, Heffels, Moller, Klee, & Groll, 2010;
McLane, Schaub, Gilbert, & Ligon, 2013; Sell et al., 2007; Wu & Hong, 2016).
Furthermore, the orientation of electrospun nanofibers is a crucial factor in regen-
erative medicine by influencing the cell adhesion, and directing the cell migration
and proliferation (Fee, Surianarayanan, Downs, Zhou, & Berry, 2016; Gui, Hu, &
Han, 2019; Huang, Hu, & Wei, 2016; Jahani et al., 2012; K. Wang et al., 2018). For
instance, Nedjari et al. prepared electrospun hybrid nanofibers consisting of poly(L-
lactide e-caprolactone) and fibrinogen (PLCL/FBG) with random, aligned and 3D
honeycomb architectures and used them to support osteogenic differentiation of
human adipose derived mesenchymal stem cells (ADMSCs). The outcome of the
study showed that the nanofibers with honeycomb architecture had synergistic
effects of on the behavior of ADMSCs entering the path of osteogenic differentia-
tion. Thus, this electrospun scaffold is expected to support the bone regeneration
process through mimicking the conditions in the osteogenic stem cells niche
(Nedjari, Awaja, & Altankov, 2017). Owing to the exceptional characteristics, and
modification and functionalization options of electrospun nanofibers, their potential
in regeneration of numerous tissues has been intensively explored. This chapter
presents various electrospinning approaches demonstrated for dermal, neural, and
orthopedic regeneration applications.

2.2 Designing Electrospun Nanofibers for Regenerative
Medicine

2.2.1 Skin Regeneration

Skin is largest organ of the body that covers about 15% of the adult body weight and
acts as a barrier between internal and external environment, protects the body against
unfavorable factors and plays key roles in thermoregulation. In addition, the skin is
considered as a sensory organ which also helps to maintain homeostasis. In anatomical
perspective, skin consists of three layers namely epidermis, dermis, and hypodermis,
which possess distinguished functionalities (Reinke & Sorg, 2012; Romanovsky,
2014; Vig et al., 2017; Yannas, Tzeranis, & So, 2017a, 2017b). The epidermis is the
external layer and the dermis is the inner layer between the epidermis and hypoder-
mis. The skin has the highest possibility of injury among all tissues owing to numer-
ous factors. In general, the injured epidermis can be self-regenerated due to the
presence of stem cells but this is not the same in the case of deep injuries as it
requires clinical attention (Reinke & Sorg, 2012; Romanovsky, 2014; Vig et al.,
2017; Yannas et al., 2017a, 2017b). Therefore, in the recent years, skin regenerative
medicine has attracted significant attention in various aspects.

The electrospun nanofibrous scaffolds have been extensively explored for their
potential in skin regeneration applications by using various materials and approaches
(Norouzi, Boroujeni, Omidvarkordshouli, & Soleimani, 2015). One of the early
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studies demonstrated the preparation of ECM mimicking polycaprolactone (PCL)
and collagen nanofiber matrices that induced enhanced proliferation of human der-
mal fibroblasts, which shows that it can be used as a dermal substitute for skin
regeneration (Venugopal & Ramakrishna, 2005). Chitin nanofibrous (Chi-N) matri-
ces prepared by electrospinning were tested for their biodegradability and their
effect on behavior of normal human keratinocytes in comparison to commercial
chitin microfibers (Chi-M, Beschitin W®). The electrospun chitosan nanofibrous
matrices were found to degrade in 15 and 28 days in vitro and in vivo, respectively.
The Chi-N demonstrated relatively high cell attachment and spreading of cells than
the Chi-M, and the Chi-N treated with type I collagen significantly promoted the
cellular responses showing its potential in enhancing skin regeneration (Noh et al.,
2006). Zhou et al. developed an electrospun water-soluble carboxyethyl chitosan/
poly (vinyl alcohol) (CECS/PVA) nanofibrous membrane for skin regeneration
applications (Zhou et al., 2008), where the membrane was fabricated through blend-
ing various ratios of CECS/PVA solution and then electrospun to obtain nanofibrous
mats and further cross-linked using glutaraldehyde. Afterwards, the potential of
CECS/PVA electrospun fiber mats as scaffolding materials in skin regeneration was
evaluated in vitro using mouse fibroblasts (L.929) as a reference cell line and the
nanofibrous mats were found to promote adhesion and proliferation of mouse fibro-
blasts (L929) cell line (Zhou et al., 2008).

Similarly, ultrafine fiber membranes of polyhydroxy butyrate (PHB) and organic-
soluble chitosan (O-CS) was prepared by electrospinning a mixed PHB and O-CS
solution. The cellular studies indicated that this nanofibrous membrane was benefi-
cial in promoting the cell attachment and proliferation of mouse fibroblast cells
(L929) which shows their potential for skin regeneration (G. Ma et al., 2010). In
another approach, plasma treated electrospun silk-fibroin (SF) nanofibers were used
for dermal regeneration applications. The SF nanofibers were prepared by electros-
pinning a regenerated SF solution and were further treated with plasma in the pres-
ence of oxygen or methane gas to modify their surface characteristics. After a
detailed investigation of their surface characteristics, the effects of the nanofibers on
both normal human epidermal keratinocytes (NHEK) and fibroblasts (NHEF) were
studied. The biological tests of O, plasma-treated SF nanofibers showed a higher
level of cell attachment on these nanofibers owing to their increase in hydrophilicity
as a result of the O, plasma treatment which can be beneficial for skin regeneration
application (Jeong et al., 2009). Yang et al. adopted emulsion electrospinning tech-
nique in order to obtain core—sheath nanofibers for encapsulating basic fibroblast
growth factors (bFGF) in the core of the nanofiber and the shell was prepared using
poly (ethylene glycol)-poly(pL-lactide) (PELA) (Y. Yang et al., 2011). The core—
sheath bFGF/PELA fibers were found to gradually release the growth factor in
about 4 weeks. The in vitro studies on mouse embryonic fibroblasts showed that
bFGF-loaded fibrous mats enhanced the cell adhesion and proliferation, and secre-
tion of extracellular matrix elements (ECM). Similarly, in vivo studies in rats with
diabetic skin ulcers revealed a higher wound recovery rate with complete re-
epithelialization and regeneration of skin appendages. The gradual release of bFGF
from fibrous mats enhanced collagen deposition and ECM remodeling, and the
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arrangement and composition of the collagen fibers were similar to normal tissues.
Likewise, chitosan nanofibrillar scaffolds prepared by electrospinning has been
demonstrated to enhance regeneration of both epidermis and dermis compared to
the evaporated films and freeze-dried sponges, when implanted in mice (Tchemtchoua
etal., 2011).

In the recent years, similar efforts were made by using a variety of natural or
synthetic materials and growth factors in regeneration of skin tissues using dermal
and keratinocyte cells. For instance, a novel gellan-PVA nanofibrous scaffold has
been prepared for skin tissue regeneration by Vashisth et al. by blending gellan with
polyvinyl alcohol (PVA) (Vashisth et al., 2016). Furthermore, to enhance the stabil-
ity, the nanofibers were cross-linked with heat at 150 °C for 30 min and then main-
tained at room temperature. For the purpose of comparison, gellan-PVA hydrogels
and films were also prepared. Following detailed characterization, cytocompatibil-
ity studies using human dermal fibroblast (3T3L1) cells were performed. Phase
contrast (Fig. 2.2A) and FESEM micrographs (Fig. 2.2B) of fibroblasts cultured on
gellan-PVA nanofibers, hydrogels and films for a week revealed the adhesion of
cells on prepared scaffolding materials. Figure 2.2C reveals the fluorescence micro-
scopic images of fibroblast cells cultured on different gellan-based formulations.
The overall results indicated that the nanofiber-based scaffold exhibited excellent
cell adhesion, viability, and proliferation. Importantly, the nanofibrous scaffold was

Gellan-based nanofibers Gellan-based hydrogels Gellan-based films

LV - ]

Fig. 2.2 (A) Phase contrast, (B) FESEM, (C) fluorescent micrographs of HDF cells after 1 week
of cultivation on different gellan-based formulations. (Reproduced with permission from (Vashisth
et al., 2016) © 2016 Elsevier)
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biodegradable and could be potentially used as a temporary substrate/or biomedical
graft to induce skin tissue regeneration.

Gandhimathi et al. (2014) prepared poly(L-lactic acid)-co-poly-(e-caprolactone)
(PLACL)/silk fibroin (SF)/vitamin E (VE)/curcumin (Cur) nanofibrous scaffolds
and evaluated their potential in skin regeneration applications using human dermal
fibroblasts cultures (Gandhimathi, Venugopal, Bhaarathy, Ramakrishna & Kumar
2014). Human dermal fibroblasts were cultured on the PLACL/SF/VE/Cur nanofi-
brous scaffolds and were evaluated for proliferation, cell morphology, F-actin
expression, 5-chloromethylfluorescein diacetate (CMFDA) staining, and secretion
of collagen in comparison to PLACL. The results of PLACL/SF/VE/Cur nanofi-
brous scaffolds in every parameter suggested that this scaffold has a promising
potential to be used for skin tissue regeneration. Another approach which used cord
blood-derived unrestricted somatic stem cells (USSCs) demonstrated that gelatin-
modified poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) scaffolds can
promote skin regeneration (Biazar & Keshel, 2014). For this study, the PHBV was
dissolved in 2,2,2-trifluoroethanol (TFE) at a concentration of 2% w/v and electro-
spun into a nanofibrous mat, dried in the vacuum to remove the solvents and then
cross-linked using gelatin. The USSCs were isolated from fresh umbilical cord
blood, cultured and analyzed for their cell proliferation and viability. The USSCs
were loaded on the nanofibrous scaffold and grafted on the damaged skin of the rats.
The unmodified nanofibrous scaffolds and gelatin cross linked nanofibrous scaf-
folds without stem cells were used for comparison. The results of cytokeratin stain-
ing, histological assessment and epidermis thickness assessment were investigated
for understanding the regeneration potential. On the post-operative day, gelatin
cross linked scaffolds loaded with USSCs enhanced formation of an intact epithe-
lium together with the development of new hair follicles and sebaceous glands and
the collagen deposition, which were reminiscent of the structures of the natural
skin. The results of immunostaining with cytokeratin and DAPI and also measuring
the thickness of the epidermis layer showed that implanting the cell-laden scaffolds
lead to the formation of a thicker epidermis layer due to the differentiation of stem
cells into keratinocytes and fibroblasts. The overall findings confirm an excellent
skin regeneration induced by gelatin cross-linked scaffold loaded with stem cells.

A highly porous nano-/microfibrous cotton-wool-like 3D scaffold with core—
shell architecture was created by emulsion electrospinning, and its effects on skin
tissue regeneration have been demonstrated by Pal et al. (2017). The 3D structure
was produced by using a PCL-chitosan emulsion. Under the electric field, the emul-
sion containing encapsulated charged chitosan droplets enhance charge of the spin-
ning solution and residual charge in the core of the deposited fiber, thereby creating
core—shell, cotton-like fluffy structure with an average pore size of 62 pm, fiber
diameter of ~1.62 pm, contact angle of 72° and 80% water uptake capacity. The
emulsions were prepared by mixing of PCL and chitosan at ratios of 1:1 (P1C1), 2:1
(P2C1), 3:1 (P3C1), and 1:2 (P1C2) for 5 min and electrospun. Similarly, electros-
pinning was also carried out for 12 h by using stirred P2C1 emulsion and 10 wt%
PCL. Figure 2.3 indicates the preparation of the emulsion solution and morphology
of the scaffolds. The in vitro and in vivo studies demonstrated that the gradual
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Fig. 2.3 (A) Microscopic observation of PCL, chitosan (Chn), and emulsion mix as in composi-
tion P2C1 at different time points after being kept under static conditions for 5 min and 12 h. (B)
Structural evaluation of the sample prepared using P2C1 emulsion through side view optical imag-
ing of as-spun sample and their scanning electron microscopy (SEM) images: cotton-wool-like 3D
nano-/microfibrous scaffold prepared by 5 min of stirring and the compact nanofibrous membrane
prepared by 12 h of stirring. (Reproduced with permission from (Pal et al., 2017) © 2017 American
Chemical Society)

release of chitosan from the scaffold was beneficial in their performances. The 3D
nano-/microfibrous scaffold was found to have efficient cellular infiltration and was
capable of healing full-thickness excision wounds created in a rat model with accel-
erated healing within 3 weeks, which proved the efficiency of the scaffold as skin
substitute.

Xu et al. developed a battery-operated e-spinning apparatus (BOEA) based on
miniaturization and integration that liberates the researchers from conventional
power supply and can be operated with a single hand owing to their small volume
and light weight as can be seen from Fig. 2.4 (Xu et al., 2015). The apparatus was
tested for its stable performance and real-time control capability by electrospinning
different polymers including polyvinylpyrrolidone (PVP), PCL, PS, poly(lactic acid)
(PLA) and poly(vinylidene fluoride) (PVDF). The study results indicated that the
BOEA has a potential to be utilized mainly in biomedical applications including skin
damage. Similarly, another technique reported the development of new prototype
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Fig. 2.4 Optical images showing the process of PLA fibers directly electrospun onto the skin
using the BOEA in 2 min. (a) BOEA was operated by one hand and the inset shows the spinning
process of the BOEA in a dark environment. (b) A PLA fibrous membrane was fabricated on
another hand within 2 min. (¢) The electrospun fibrous membrane has good flexibility and com-
pactness. The inset is the SEM image of the electrospun fibers. (Reproduced with permission from
(Xu et al., 2015) © 2015 The Royal Society of Chemistry)

with epidermal-like layers containing pseudo-rete ridge structures for studying the
effect of topographical cues on cell behavior (Asencio et al., 2018). Briefly, stereo-
lithography was used to produce photocurable pre-polymer polyethylene glycol
diacrylate (PEGDA) templates using a blue laser beam focused into a DMD (digital
multimirror device). Then, the template was fixed on a carbon tape using SEM on an
electrospinning mandrel. The poly(3-hydrroxybutyrate-co-3-hydroxyvalerate)
(PHBV) polymeric solution was electrospun into templates and the scaffold was
used for studying the keratinocyte cell behavior. Overall fabrication process is illus-
trated in Fig. 2.5. The outcome of the cell behavior study indicated that the rete ridge-
like electrospun membranes demonstrated excellent cell attachment, proliferation
and migration. The metabolic assessment revealed that the keratinocytes were more
viable in microfabricated scaffolds than the cells placed on the plain scaffolds thus
indicating their potency in skin regeneration (Asencio et al., 2018).

Another effort was made by Sheikh et al. by using a facile and efficient strategy
for the production of 3D silk fibroin nanofibers through cold-plate electrospinning
that counteract limitations of the conventional and salt-leaching electrospinning
(Sheikh et al., 2015). The developed 3D nanofibrous scaffolds possess higher poros-
ity with controllable thickness which is more beneficial in overall yield and cell
infiltration. This cold plate electrospinning technique can be directly applied for the
fabrication of biomaterials with exact shapes and morphologies; in particular, such
nanofibers are highly desirable for creating structures that resemble the dermis, nose,
or ear or for repairing other facial defects. In the continuous progress of developing
several strategies for fabricating electrospun nanofibers for regenerative medicine
applications, cross-linking of nanofibers and plasma treatment also demonstrated a
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Fig. 2.5 Schematic of the manufacturing of the constructs. Panel (a) shows a schematic of the
in-house developed microstereolithography setup in which a blue laser is focused into a digital
multimirror device via the use of a telescopic lens set; the beam is later directed to a focusing lens
followed by a mirror; a bath containing a photocurable polymer (PEGDA) is placed on a xyz stage.
Panel (a) also shows a schematic of the individual projected layers for two types of microfeature.
Panel (b) shows a schematic of the electrospinning process performed using the PEGDA tem-
plates; these templates are attached to a metallic base in order to create electrospinning collectors
in which to spin a PHBYV solution. Panel (¢) shows a histology image of the native Rete Ridges in
the skin; this specific image corresponds to a sample of tissue engineered skin produced in our
laboratory and exemplifies the type of native topography that was aimed to be emulated in this
work. (Reproduced from (Asencio et al., 2018))
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significant improvement. As an example, Dias et al. demonstrated that electrospun
gelatin nanofiber meshes can be cross-linked in situ using 4-butanediol diglycidyl
ether (BDDGE) at different concentrations (2, 4, and 6 wt%) and incubation time-
points (24, 48 and 72 h) at 37 °C. The physicochemical and biological studies
revealed the well-defined morphology and mechanical properties of the cross-linked
meshes, in addition to their induction of biocompatibility, cell adhesion, proliferation
and new extracellular matrix synthesis, indicating their potential to be used for skin
regeneration (Dias et al., 2017). Roman-Doval et al. reported enhancing electrospun
scaffolds of PVP with polypyrrole/iodine for tissue engineering of skin regeneration
by coating via plasma process (Romdn-Doval et al., 2019). The polypyrrole/iodine
coating of polyvinylpyrrolidone fibers enhanced viability, adhesion, and healing of
HaCaT cells.
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2.2.2 Neural Regeneration

The functional and anatomical recovery of the nervous system following injury to
normalize the human life remains an important clinical challenge. Generally lower
organisms have potential of neural regeneration, while the higher evolutionary organ-
isms like humans comparatively lack regeneration capacity. Great strides in neural
regeneration of peripheral and central nervous system have been made over the
decades using various approaches and materials, but only limited treatments are
available (L6pez-Cebral, Silva-Correia, Reis, Silva, & Oliveira, 2017; So & Xu,
2015; Stoll, 2014). Consequently, electrospun nanofibers have also been explored in
the neural regeneration research (Xie, MacEwan, Schwartz, & Xia, 2010). Apart
from the general studies, the effect of alignment of nanofibrous scaffolds on the neu-
ral regeneration was also investigated extensively. For instance, Xie et al. reported
neurite outgrowth on the nanofibrous scaffold with different orders, structures and
surface characteristics by culturing primary DRGs (Xie, MacEwan, Li, Sakiyama-
Elbert, & Xia, 2009). The outcome of this study suggests that the neurites were
evenly distributed on the scaffolds consisting of random fibers and grew preferen-
tially along the fibers on uniaxially aligned samples as depicted in Fig. 2.6. In the
case of stacked nanofibers with double layer meshes, the neurites were guided to
grow into complex patterns.

In another early demonstration, Yang et al. investigated the efficacy of aligned
poly(L-lactic acid) (PLLA) nano/micro fibrous scaffolds for neural tissue engineer-
ing, and their performance was compared with random PLLA scaffolds (F. Yang,
Murugan, Wang, & Ramakrishna, 2005). The PLLA fibrous scaffolds were named
as aligned nanofibers (ANF), aligned micro fibers (AMF), random nanofibers (RNF)
and random micro fibers (RMF), based on their alignment and fiber diameter.
Further, the suitability of the scaffolds in neural tissue engineering was evaluated
using neural stem cells (NSCs) and the cell morphology, differentiation and neurite
outgrowth were studied by various microscopic techniques. The phase contrast light
microscopy (PCLM) images confirmed that culturing for 1 day on different scaf-
folds resulted attachment of the NSCs on all the scaffolds and the cells changed
their original round shape to elongated and spindle-like shapes indicating extensive
neurite-like outgrowth. Furthermore, the direction of NSC elongation and neurite
outgrowth was exactly parallel to the direction of fibers. Although no significant
changes were observed on the cell attachment between the fibers with different
diameters, the rate of NSC differentiation was higher for PLLA nanofibers than that
of micro fibers, suggesting that the aligned nanofibrous PLLA scaffold could be
used as a potential cell carrier in neural tissue engineering.

In the recent years, various efforts have been made towards fabricating aligned
electrospun nanofibers and their application in neural regeneration. For example, a
simple method for fabrication of electrospun fibers with controlled degrees of align-
ment having potential for nerve regeneration applications has been reported (Vimal,
Ahamad, & Katti, 2016). In this study, an in-house developed electrospinning setup
was used to fabricate electrospun fibers with controlled degrees of alignment
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Fig. 2.6 (A) SEM image of disorder-to-aligned fiber mat. The Fourier fast transfer (FFT) patterns
in the inset indicate that the fibers were aligned on one side and randomly oriented on the other
side. (B) Typical morphology of DRGs cultured at the border between random and aligned PCL
nanofibers (bare). (C) Typical morphology of DRGs cultured at the border between random and
aligned PCL fibers coated with laminin. The dashed line indicates the borderline between aligned
(right side) and randomly oriented (left side) fibers. (D) An enlarged view of (C). (Reproduced
with permission from (Xie et al., 2009) © 2009 American Chemical Society)

including non-aligned (NA), moderately aligned (MA, 75%) to highly aligned
(HA, 95%) submicron fibers, while keeping other physical properties unchanged.
The modified electrospinning setup used for fabrication and the aligned fibers are
depicted in Fig. 2.7i. For this study, human astrocytoma epithelial like cells (U373
cell line) were chosen due to their ability to exhibit sensitivity for topographical
cues on a substrate and were seeded on the fibers exhibiting different alignments.
The SEM images clearly indicated that the fibers were deposited with different
degrees of alignment—from non-aligned (NA), moderately aligned (MA), to highly
aligned fibers (HA) as can be seen from Fig. 2.7ii. Furthermore, cell viability and
morphology were analyzed using SEM and fluorescence microscopy. The cell via-
bility analysis indicated that the cells were able to proliferate irrespective of fiber
alignment. The morphological and structural changes observed in cells cultured on
fibrous surfaces using fluorescence microscopy indicated that the cells grown on
NA fibers acquired elongated morphology at initial incubation for 12 h, however,
this effect was lost when incubated for 24 h and also did not show any preferred
orientation. On the contrary, cells grown on MA, and HA fibers aligned themselves
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Fig. 2.7 (i) Schematic representation of the electrospinning setup used for the fabrication of PS
submicron fibers with controlled alignment. (ii) Scanning electron micrographs of electrospun PS
submicron fibers showing morphology at varying magnifications. Where A, D, and G are at 1000x
(scale bar 100 pm); B, E, and H are at 5000x (scale bar 20 pm); and C, F, and I are at 30,000x
(scale bar 1 pm). A—C are non-aligned (NA), D-F are moderately aligned (MA), and G-I are
highly aligned (HA) submicron fibers. (Reproduced with permission from (Vimal et al., 2016) ©
2016 Elsevier)
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parallel to the direction of the alignment of fibers, which clearly demonstrated that
the degree of alignment showed direct effect on the cell growth. Interestingly, the
cells grown on HA fibers appeared to have greater elongation than that of cells
grown on MA fibers at both 12 and 24 h of incubation. In summary, this study dem-
onstrated a modified electrospinning setup to fabricate differentially aligned fibrous
scaffolds with HA fibers showing their potential use in neural tissue engineering.
Similarly, Xue et al. also demonstrated that uniaxial alignment of the nanofibers
not only promoted the differentiation of BMSCs into Schwann cells but also dic-
tated the morphology and alignment of the differentiated cells (Xue et al., 2017).
Briefly, four different types of scaffolds comprising random fibers with an average
diameter of 488 + 23 nm (RF500), aligned fibers with an average diameter of
521 = 15 nm (AF500), aligned fibers with an average diameter of 986 = 31 nm
(AF1000), and aligned fibers with an average diameter of 1001 + 24 nm, whose
surface was coated with laminin (AF1000L) were prepared for possible application
in the neural regeneration. The immunofluorescence images indicated that follow-
ing 19 days of culture, the transdifferentiated BMSCs were observed to have a ran-
dom distribution in terms of orientation when cultured on TCP and random fibers as
shown in Fig. 2.8. In contrast, the cells differentiated on the aligned fibers showed a
uniaxial alignment parallel to the fibers, indicating the presence of contact guidance
provided by the underlying fibers. After deeper observation, AF1000L was observed
to contain the largest number of cells among the different scaffolds. These results

’
AF1000 AF1000L AF1000L-1

100 pm

Fig. 2.8 Representative immunofluorescence micrographs of the cells transdifferentiated from
BMSCs on different types of scaffolds after culturing for 19 days according to the in vitro chemical
induction procedures. The BMSCs were seeded separately at a cell density of 250 cells/mm? on
TCP, RF500, AF500, AF1000, and AF1000L, and at a density of 50 cells/mm?* on AF1000L-1.
S100 expressed from the differentiated cells was stained with anti-S100 (red) and the cell nuclei
were stained with DAPI (blue). The double-headed arrows indicate the alignment directions of the
underlying electrospun fibers. (Reproduced with permission from (Xue et al., 2017) © 2017
American Chemical Society)
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show that the BMSCs could be successfully transdifferentiated into Schwann cells
on both TCP and electrospun fibers, with the AF1000L scaffold giving the highest
differentiation induction efficiency. Further to prove the function of the derived
Schwann cells, PC12 cells and DRG were co-cultured separately for observing the
induction capability of the cell differentiation. The overall results indicated that the
neurite outgrowth on the aligned nanofibrous scaffold was significantly higher than
the neurites grown on TCP under similar conditions.

As many studies demonstrated, nanofibers can guide the neurites to extend along
the direction of alignment, mimicking the native hierarchy of the nerve tissue. The
neurite outgrowth on electrospun nanofibers with uniaxial alignment was evaluated
by considering the effects of fiber density, surface coating, and supporting substrate
(Xie, Liu, Macewan, Bridgman, & Xia, 2014). This study was an effort to determine
the effects of the contact cues provided by the nanofibers that can be far more com-
plicated than just guiding the neurites to extend along them. The DRGs were used
as a model system to systematically investigate the interactions between neurites
and uniaxially aligned nanofibers. The investigation demonstrated for the first time
that the neurites could not only project along the nanofibers, but also can be directed
to grow along a direction perpendicular to the aligned nanofibers, depending on the
following parameters: (1) the density of nanofibers, (2) the proteins deposited on the
surfaces of the nanofibers, and (3) surface properties of the substrate on which the
nanofibers were placed. As an initial experimental step, the fiber density on the
neurite outgrowth was investigated by culturing DRGs on free-standing scaffolds of
uniaxially aligned nanofibers that were prepared by collecting for 4 min and 15 min,
respectively. When DRGs were cultured on the free-standing scaffolds with a low
fiber density (collected for 4 min), the neurites tended to grow in parallel to the
direction of fiber alignment (Fig. 2.9A). The trend remained the same on the low
density fibers coated with laminin (Fig. 2.9B), while the DRGs tended to grow per-
pendicular to the fiber alignment in the case of high fiber density (collected for
15 min) as illustrated in Fig. 2.9C. Surprisingly, when cultured on scaffolds with a
high fiber density (collected for 15 min) and laminin coating, the resultant neurite
fields presented a pattern of parallel growth (Fig. 2.9D), similar to what was
observed for the scaffolds with a low fiber density (regardless of laminin-coating).

Furthermore, the effects of support on the neurite growth were evaluated by
immobilizing a set of nanofibers with different fiber densities on a bare glass cover-
slip. It was observed that the neurites extending from DRGs grew in parallel to the
direction of fiber alignment when the fiber densities were relatively low (3 min),
whereas the neurites tended to form bundles and grow perpendicular to the direction
of fiber alignment when the fiber collection time was equal to or longer than 8 min.
As a next attempt, the effects of coating were observed by coating the nanofibers
with poly(L-lysine) (PLL), laminin and PEG. On the basis of the experimental
results, two models were proposed to account for the outgrowth of DRG neurites on
uniaxially aligned nanofibers. In the first model, uniaxially aligned nanofibers
coated with laminin could interact strongly with the neurites through transmem-
brane receptors. The neurites could adhere to the fibers very well and leading to the
formation of filopodia and lamellipodia that elongated along the long axis of the
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Fig. 2.9 Fluorescence micrographs showing the typical neurite fields of DRGs cultured on free-
standing scaffolds of uniaxially aligned nanofibers that were prepared by collecting for (A and B)
4 min and (C and D) 15 min, respectively. The surfaces of the nanofibers in (B) and (D) were
coated with laminin prior to DRG culture. The arrow in (A) indicates the direction of fiber align-
ment and it applies to all other samples. The inset in (C) shows a blow-up of the splitting tips. All
the samples were stained with anti-neurofilament 200. (Reproduced from (Xie et al., 2014) © 2014
American Chemical Society)

uniaxially aligned fibers. By depositing laminin on the surfaces of the nanofibers
with a relatively high density, the projection of the neurites would switch from per-
pendicular to parallel outgrowth. In the second model, the interaction between the
neurites was much stronger than the interaction between neurites and fibers. The
neurites tended to form bundles or fascicules due to their poor adhesion to the pris-
tine fibers. As the fibers were deposited on PEG-coated coverslips, the neurites
switched to perpendicular outgrowth. Due to the repelling effect of the PEG, the
neurites kept exploring the microenvironment around them, protruding, and retract-
ing until they found the right direction to pursue.

As next stage of advancements in fabricating electrospun aligned nanofibrous
scaffold for neural regeneration, several methodologies were recently developed. To
evident for the purpose of peripheral nerve regeneration, aligned polycaprolactone
(PCL) scaffolds were prepared by combining use of electrospinning and micropat-
terning template and their potential in inducing the Schwann cells growth was
evaluated (Zhang et al., 2018). The obtained fibers were analyzed for their morpho-
logical behavior, wettability, stability, chemical structure and crystalline phases.
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The outcome of the study indicated that the micropatterned PCL scaffolds demon-
strated a porous micro/nano complex structure with enhanced hydrophobicity and
mechanical properties and possess good stability, thus can effectively regulate the
attachment and orientation of Schwann cells at the early stages after cell culture.
This study is considered as a first report of combining use of electrospinning and
micromolding methods for preparing artificial nerve implants, and the technology is
anticipated to have potential applications in peripheral nerve regeneration.

In another study, Zhu et al. prepared highly aligned nanocomposite scaffolds for
neural tissue regeneration by combining electrospinning and electrospraying tech-
niques (Zhu, Masood, O’Brien, & Zhang, 2015). Briefly, a novel tissue engineered
scaffold, which possesses highly aligned PCL microfibrous framework and adjust-
able bioactive factor embedded poly(DL-lactide-co-glycolide) (PLGA) core—shell
nanospheres was fabricated by combining electrospinning and electrospraying tech-
niques. Figure 2.10a schematically shows several important parameters for an ideal
tissue engineered neural construct and electrospinning setup used for the fabrication
of aligned (Fig. 2.10b) and random microfibers (Fig. 2.10c) and the schematic illus-
tration of the coaxial electrospraying technique for producing PLGA nanospheres
into PCL electrospun scaffolds (Fig. 2.10d). Briefly, the electrospun PCL fibrous
scaffolds with aligned and random orientations were fabricated using electrospin-
ning, whereas core—shell PLGA nanospheres encapsulating BSA were produced by
coaxial electrospraying process. The nanospheres were collected on an electrically
grounded PCL mat placed at 15 cm vertical distance to the needle tip. The obtained
scaffold was subjected to surface topography, hydrophilicity, tensile strength,
release profile, PC-12 cells proliferation, immunocytochemistry of PC-12 cells and
astrocytes analysis. The overall outcome of the study indicated that the highly
aligned scaffold increased the average length of the neurites and directed neurite
extension along the fibers in both PC-12 and astrocyte cell lines, which indicates
that the scaffold is promising for guiding neural tissue growth and regeneration.

In another approach, fabrication of 3D tubular nerve guides was reported using
simulation of a two-pole (2P) electrospinning system (Panahi-Joo et al., 2016). The
scaffold structure was optimized through Taguchi statistical method and then mor-
phology, crystallinity, tensile strength and protein adsorption capacity of these 2P
highly aligned fibers were studied and further compared with semi-aligned and
random fibers fabricated through conventional mandrel electrospinning. In vitro
studies were conducted using PC12 and PC6 cells by measuring cell attachment,
proliferation and migration. The results indicated that the 2P fibers can be potent
stimulators for elongation of neurons and promote the growth of PC12 cells uni-
formly over the scaffold. In summary, the distribution, growth, elongation and
migration of the cells were enhanced on uniform aligned fibers and higher adsorp-
tion was obtained in a protein adsorption assay. The results of this study indicated
that the conduits fabricated using 2P electrospinning are highly suitable to be used
for peripheral and even spinal nerve regeneration application.

3D aligned electrospun fibers has promising applications in a wide range of bio-
medical areas, since aligned nanofibers (3D AFs) offer a larger surface area for cell
adhesion and growth than the 2D nanofibers. Therefore, Jin et al. reported a novel
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Fig. 2.10 Schematic illustration of (a) the key components of an ideal neural scaffold, and the
electrospinning setup for (b) aligned and (c¢) random microfiber fabrication. (d) Schematic dia-
gram of the coaxial electrospraying technique for producing PLGA nanospheres into PCL electro-
spun scaffolds. (Reproduced with permission from (Zhu et al., 2015) © 2015 Elsevier)
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yet facile preparation process of 3D AFs by an improved electrospinning technique
that can be used for neural regeneration (Jin et al., 2017). In a typical experimental
step, the electrospun nanofibers are ejected toward a plate collector or a rotating
mandrel that is covered with aluminum foil to obtain 2D structures with random or
aligned arrangement. In the novel fabrication method that was proposed to achieve
3D aligned nanofibers with fluffy structures, the nanofibers were electrospun onto a
special collector with a constantly rotating mandrel (500 rpm), half of which was
immersed in an ethanol solution. After a certain period of time, the fluffy 3D aligned
nanofibers were successfully fabricated through a three-step treatment procedure.
In order to further evaluate the effects of obtained fibers on the neural regeneration,
neurons were seeded into the 3D AFs and 2D AFs, which were used as a control.
The confocal images obtained following 7 days of culture suggested that the neu-
rons could attach tightly on the individual fibers with highly aligned orientations.
Whereas, in the case of the neurons cultured on 2D AFs, they grew along multiple
fibers instead of one individual fiber and the orientation was not well-defined. This
might be ascribed from the tightly packed fibers on the 2D plane. These overall
observations indicated that the neurons seeded on the fibers of the 3D AFs could
interact with individual fibers, grow along an individual fiber, the neurites could
grasp and pull fibers together because the 3D fibrous scaffold could mimic the
in vivo cellular environment that leads for enhanced cell behavior.

Similarly, a controlled design of aligned and random nanofibers for 3D bi-
functionalized nerve conduits were fabricated via a novel electrospinning setup
(J. I. Kim, Hwang, Aguilar, Park, & Kim, 2016). Using this approach, a mat with
both aligned and randomly oriented nanofibers made from a co-polymer of
poly(lactic-co-glycolic acid) (PLGA) and polyurethane (PU) has been prepared in
one step as schematically depicted in Fig. 2.11. In this method, copper wires were
set up horizontally on the collector and cellophane tapes were set over the fixed cop-
per wires in the vertical and horizontal axis (Fig. 2.11a, b). The direction of the
nanofiber alignment was influenced by the way the cellophane tape was attached on
to the copper wires. A horizontal cellophane tape attachment yields a vertical nano-
fiber alignment, while a vertical cellophane tape yields a horizontal nanofiber align-
ment. After optimization trials, the ideal rotation speed for the collector was found
to be 1000 rpm. The nerve guide conduits (NGCs) were manufactured by rolling up
the highly aligned nanofibrous mats fabricated in an angled U-shape, as seen in
Fig. 2.11d-f. The electrospinning set up was capable of producing a single mat with
multiple angled U-shaped nanofibrous mats with a diameter of 1-7 mm in one ses-
sion and also could produce more than 50 nerve guide conduits at once, which
indicates the mass production capability of the modified electrospinning device.
The obtained scaffolds were subjected FFT analysis, SEM, transparency, porosity,
mechanical, wettability electric field analysis.

Each one of the angled U-shaped patterns was used as the final layout for the
neural guidance conduit. In order to create an neural guidance conduit with an
aligned nanofiber interior, the mat was rolled from part A to part B, as seen on
Fig. 2.12a and the actual protocol of neural guidance conduit formation is shown in
Fig. 2.12b, c. This protocol of neural guidance conduit fabrication ensures that the
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Fig. 2.11 (a) Schematic illustration of fabrication for the controlled design of aligned and ran-
domly oriented nanofibers. (b) Schematic illustration of the direction of the nanofiber alignment
influenced by the cellophane tape attachment. (¢) Macrograph of the mat with randomly oriented
nanofibers with aligned nanofibers at regular intervals. (d) Single mat with multiple angled U
shape aligned nanofibrous mat. (e) Single angled U shape aligned nanofibrous mat. (f) Different
sized angled U shape aligned nanofibrous mat. (g) Macrograph of the border of aligned and ran-
dom nanofibrous mat. (h) The SEM image of the border of aligned and random nanofibrous mat.
(Reproduced from (J. I. Kim et al., 2016) © 2016 Nature Publishing Group)

interior part with aligned nanofibers support the nerve cells proliferation in line with
the orientation of the nanofibers and the exterior part with random nanofiber orien-
tation increases the mechanical properties of the neural guidance conduit and fur-
ther reduce the risk of fibrous tissue infiltration inside the conduit. The effects of the
scaffold on adhesion and proliferation of cells were evaluated through culturing
PC12 cells and S42 cells on PLGA and PU nanofibrous mats with aligned and ran-
dom orientations. Each scaffold with cells were cultured for 1, 3 and 5 days and in
vitro biocompatibility evaluations were performed by using CCK-8 assay, SEM and
confocal laser scanning microscopy. The overall results indicated a superiority of
the aligned nanofibrous scaffold to randomly oriented nanofibrous scaffolds as a
substrate for tissue engineering that offer selective permeability, hydrophilicity and
directional steering of nerve growth.
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Fig. 2.12 (a) Schematic 3D illustration of the nerve guidance conduit (the position map of the
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(b, ¢) SEM images of the cross section view of the nerve tube. (d) A digital photo of rolling the
angled U shape mat on a rod. (e) A digital photo of the nerve guide conduit after rolling.
(Reproduced from (J. I. Kim et al., 2016) © 2016 Nature Publishing Group)

2.2.3 Orthopedic Tissue Regeneration

Orthopedic regenerative medicine holds promising features for healing injured or
diseased musculoskeletal tissues. Although several surgical procedures are avail-
able for the treatment of musculoskeletal injuries, such practices suffer from several
limitations (Corsi, Schwarz, Mooney, & Huard, 2007; Zamborsky, Kilian,
Csobonyeiova, & Danisovic, 2018). Various musculoskeletal tissues including
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bone, cartilage, tendon, muscle, ligament, tendon-to-bone insertion and meniscus
possess fibrous organization. Indisputably, the electrospun nanofibers embraces
promising applications in orthopedic regeneration as the electrospinning can pro-
duce nanofiber assemblies mimicking the structural organization of musculoskele-
tal tissues (Liu et al., 2012; B. Ma, Xie, Jiang, Shuler, & Bartlett, 2013; Narayanan
et al., 2016). To date, electrospun nanofibers have been extensively explored for
their tremendous potential in regeneration of musculoskeletal tissues including
bone, tendon and cartilage.

2.2.3.1 Bone Regeneration

The designing of nanofibrous scaffolds for bone regeneration requires complete
understanding of the composition and structural organization of the bone tissue as
the bone consists of an inorganic phase that is constituted by hydroxyapatite and an
organic phase which is made of mainly glycoproteins and proteoglycans. The col-
lagens connect the nearby fibers and hydroxyapatite crystals that arrange them as
layers within each fiber. Thus, the designed electrospun nanofibrous scaffolds
should possess a highly porous nature, growth factors and hydroxyapatite/collagen
or mimicking agents. Taking this requirements in account, one of the early studies
demonstrated the preparation of biocomposite polymeric nanofibers containing
nanohydroxyapatite by electrospinning and evaluated their potency in bone regen-
eration (Prabhakaran, Venugopal, & Ramakrishna, 2009). Poly-L-lactide/hydroxy-
apatite (PLLA/HA) and PLLA/collagen/hydroxyapatite scaffold were fabricated by
electrospinning and tested biologically. The outcome of the biocompatibility studies
with osteoblasts revealed that PLLA/collagen/hydroxyapatite nanofibers exhibit a
synergistic effect of the collagen and hydroxyapatite in nanofibers and provide cell
recognition sites for excellent cell proliferation and osteoconduction which is nec-
essary for mineralization and bone formation.

Similarly, cellulose based nanofibers coated with hydroxyapatite were fabricated
for tissue regeneration applications. The cellulose acetate nanofibers were deacety-
lated in order to produce cellulose nanofibers that further converted to sodium car-
boxymethyl cellulose and then coated with hydroxyapatite. The cell proliferation of
osteoblastic MC3T3-El cells on hydroxyapatite coated carboxy methyl cellulose
nanofibers confirmed its suitability for bone regeneration (Yamaguchi et al., 2016).
In addition to the simple coating approaches, there have been numerous strategies
adopted in fabrication of electrospun nanofibers aiming bone regeneration. For
instance, basic fibroblast growth factor (bFGF)-encapsulated PCL nano/microfi-
brous scaffolds were fabricated by combining emulsion electrospinning and melt-
electrospinning, which was designated as hybrid electrospinning, for improving cell
viability and tissue regeneration (Park et al., 2015). The in vitro and in vivo evalua-
tions of the bFGF-encapsulated nano/microfibrous scaffolds revealed that the scaf-
folds were capable of generating new bone at the defect site.

Recent studies demonstrated more approaches in fabricating electrospun nanofi-
bers for bone regeneration. Wang et al. fabricated dual functional electrospun
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core—shell nanofibers for anti-infection bone regeneration membranes (Y. Wang,
Jiang, et al., 2019). The purpose of this approach was to not only enhance the bone
induction but also prevent bacterial growth. On a brief note, metronidazole (MNA)
and nanohydroxyapatite (nHA) loaded core—shell nanofibers were prepared via
coaxial electrospinning. The shell of the nanofiber was composed of PCL and nHA,
whilst the core contained gelatin and MNA. The osteogenic measurements of the
fabricated core—shell nanofibers showed that these nanofibers enhanced bone for-
mation and the anti-bacterial experiments confirmed preventing colonization of
anaerobic bacteria. Overall, this approach offers enhanced osteogenesis and anti-
infection protection for optimal clinical application using guided bone regeneration
membranes.

Another report demonstrated the preparation of mineralized nanofiber segments
coupled with calcium-binding bone morphogenetic protein 2 (BMP-2) peptides for
alveolar bone regeneration (Boda et al., 2019). The electrospun nanofibers of
PLGA-collagen-gelatin were mineralized in simulated body fluid and further cryo-
cut into segments and then loaded with various amounts of heptaglutamate
E7-domain-conjugated BMP-2 peptide. Mineralized short fiber grafts with and
without E7-BMP-2 peptides were implanted. A sustained release profile of
E7-BMP-2 from the mineralized nanofiber segments, greater new bone volume and
bone mineral density and histopathology findings indicated that the BMP2 peptide-
loaded nanofibers can be an effective treatment option for alveolar bone loss and
defects. Figure 2.13 illustrates the schematic for application of mineralized nanofi-
ber segments loaded with the E7-BMP-2 peptide for healing critical-sized in defects
in rat maxillae.

In continuation of developing different electrospinning based approaches for
bone regeneration, ultralight 3D hybrid nanofiber aerogels composed of electrospun
PLGA-collagen-gelatin and Sr—Cu co-doped bioactive glass fibers with incorpora-
tion of heptaglutamate E7 domain specific BMP-2 peptides were developed and
evaluated for their potential in cranial bone defect healing (Weng et al., 2018). Wang
et al. developed mesoporous silicate nanoparticle (MSN)-based electrospun PCL/
gelatin nanofibrous scaffold for dual delivery of alendronate (ALN) and silicate
aiming for modulating bone remodeling where the ALN inhibited the bone-resorbing
process through preventing guanosine triphosphate-related protein expression and
silicate promoted the bone-forming process by improving vascularization and bone
calcification (Y. Wang, Cui, et al., 2019).

2.2.3.2 Tendon Regeneration

Tendons are the complex structures with dense connective tissues that attach muscle
to bone and are capable of transferring muscle force to skeleton. The microstruc-
tural compositions of tendons are highly organized by the ECM (80%) and cellular
collagen type I (MacLean, Khan, Malik, Snow, & Anand, 2012; Paredes &
Andarawis-Puri, 2016; G. Yang, Rothrauff, & Tuan, 2013). Designing scaffolds
for tendon regeneration requires good mechanical strength, shape and good
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Fig. 2.13 Schematic illustrating the application of mineralized nanofiber segments immobilized
with calcium coupling of the E7-BMP-2 peptide for periodontal bone regeneration in maxillary
defects (2 mm diameter x 2 mm depth) created following the extraction of the first molar tooth
(M1). (Reproduced with permission from (Boda et al., 2019) © 2019 Elsevier)

degradation behavior. As the tendon tissues possess aligned fibrous ECM architec-
ture, the electrospun nanofibers have great stride in tendon regeneration applica-
tions. Manning et al. developed a scaffold capable of delivering growth factors and
cells in a surgically manageable form for tendon repair (Manning et al., 2013).
Briefly, platelet-derived growth factor BB (PDGF-BB) and adipose-derived mesen-
chymal stem cells (ASCs) were first incorporated into a heparin/fibrin-based deliv-
ery system (HBDS) and then the hydrogel was layered on a PLGA electrospun
nanofiber. Figure 2.14 shows the HBDS/nanofiber scaffold consisted of 11 alternat-
ing layers of aligned electrospun PLGA nanofiber mats and HBDS (i.e., six layers
of PLGA and five layers of fibrin). The in vitro studies demonstrated the sustained
release of growth factors and in vivo studies in large animals confirmed the devel-
oped tendon model was clinically relevant and the cells remained viable. Therefore,
this novel layered scaffold was proposed to offer potential tendon healing abilities
due to the delivery of both cells and growth factors simultaneously.

Lipner et al. reported improved tendon-to-bone healing by promotion of aligned
collagen deposition and increased bone formation using a biomimetic scaffold seeded
with pluripotent cells (Lipner et al., 2015). In another study, a tendon construct was
fabricated using electrospun aligned PLLA nanofibers to mimic the aligned collagen
fiber bundles and layering PLLA fibers with chitosan-collagen hydrogels to mimic the
glycosaminoglycans for tendon regeneration (Deepthi, Nivedhitha Sundaram, Deepti
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Fig. 2.14 A representative HBDS/nanofiber scaffold with 11 alternating layers of aligned electro-
spun PLGA nanofiber mats separated by HBDS containing 1 x 10° ASCs is shown. (A-D)
Micrograph showing the HBDS/nanofiber scaffold in vitro; the PLGA was labelled with FITC
(green), the HBDS was labeled with Alexa Fluor 546 (red) and the ASC nuclei were labeled with
Hoechst 33258 (blue) (scale bar = 200 pm). (B, inset) SEM image of the scaffold showing PLGA
nanofiber alignment. (E) Micrograph showing the HBDS/nanofiber scaffold in vivo 9 days after
implantation in a tendon repair. Eleven alternating layers of PLGA and HBDS can be seen (i.e., six
layers of PLGA and five layers of fibrin); the PLGA was labelled with FITC (green) (scale
bar = 100 pm). (F) A schematic of the layered scaffold is shown. (Reproduced with permission
from (Manning et al., 2013) © 2013 Elsevier)

Kadavan, & Jayakumar, 2016). Based on the biological studies, the alginate gel coated
chitosan-collagen/PLLA scaffolds induced excellent cell proliferation thus indicating
the scaffold might be ideal for flexor tendon regeneration.

In another study, a layered electrospun and woven surgical scaffold to enhance
endogenous tendon repair was reported by Hakimi et al. (2015). In this study, a
bonding technique that enables the processing of electrospun sheets into multilay-
ered, robust, implantable fabrics was developed resulting in a prototype scaffold
where an electrospun sheet was reinforced with a woven layer as depicted in
Fig. 2.15. The resulting scaffold holds a maximum suture pull out strength of 167 N,
which closely matched with human rotator cuff tendons, and the desired
nanofiber-mediated bioactivity in vitro and in vivo. Overall, the approach combin-
ing a woven medical fabric with an aligned electrospun layer created a promising
surgically implantable scaffold with potential to enhance the endogenous repair of
rotator cuff tendon tears.

2.2.3.3 Cartilage Regeneration
Cartilage is a critical tissue that does not possess nerves, blood vessels and lymphat-

ics. The cartilage tissues can be easily damaged with many factors including aging,
trauma and congenital issues. Therefore, to date significant efforts have been made
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Fig. 2.15 Creating multilayered scaffolds from electrospun and non-electrospun mats and the
architecture of the prototype layered electrospun/woven scaffold. (A) The technique used to stack
and bond electrospun and non-electrospun layers using a thermoplastic mat. Resulting constructs
can be adjusted to have the appropriate thickness, texture, and tensile properties depending on the
application. (B) and (C) are SEM images of different prototypes that can be assembled using this
method: (B) Multilayered electrospun sheets; and (C) a woven polydioxanone textile sandwiched
between two electrospun mats. (D) A schematic diagram of the prototype scaffold designed and
tested in this study. (E) A cross-sectional view of the layered scaffold. (F) The woven layer. (G)
The random electrospun PCL thermoplastic adhesive layer. (H) The aligned PDO electrospun mat,
which is the tendon-facing layer of the scaffold. (I) A schematic description of the design rational
behind the layered scaffold. Unless specified scale bars are 100 pm. (Reproduced with permission
from (Hakimi et al., 2015) © 2015 Elsevier)

in the area of cartilage regeneration using several strategies (Nam, Rim, Lee, & Ju,
2018; Pak et al., 2018; Tiku & Sabaawy, 2015). Owing to the exceptional character-
istics of electrospun nanofibers, accountable attempts using these nanofibers were
also made on cartilage regeneration. As an example, Thorvaldsson et al. used
electrospinning technique to coat microfibers with nanofibers. The nanofiber coated
microfibers were expected to have benefits of nanostructured surface morphology
for cellular growth and tailored porosity for infiltration. The biological studies con-
ducted by seeding human chondrocytes on these scaffolds indicated their potential
in cartilage regeneration (Thorvaldsson, Stenhamre, Gatenholm, & Walkenstrom,
2008). Shafiee et al. used poly(vinyl alcohol)/PCL (PVA/PCL) nanofiber scaffolds
seeded with rabbit bone marrow-mesenchymal stem cells (BM-MSC) for cartilage
tissue regeneration (Shafiee et al., 2011). The study results indicated that that PVA/
PCL scaffolds supported the proliferation and chondrogenic differentiation of
MSCs and the in vivo studies showed good healing of defects. The electrospun
nanofibers are often immobilized with chondroitin sulfate and hyaluronic acid for
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cartilage regeneration (Lee et al., 2014; Piai et al., 2017). In another approach, a
hydrogel-fiber composite scaffold was used to encapsulate chondrocytes and used
in cartilage tissue regeneration (Mohabatpour, Karkhaneh, & Sharifi, 2016).

2.3 Conclusion and Future Outlook

As the nanofibers produced by electrospinning offers excellent characteristics for
cellular environment, significant efforts have been exploited in the development of
nanofibers and nanofibrous mats for various tissue regeneration applications. In this
chapter, we have summarized the overview of different approaches for functional-
izing, various compositions, diverse electrospinning technologies and fiber align-
ment methods improving the regeneration of dermal, neural, and orthopedic tissues.
The exceptional characteristics of the electrospun nanofibers have brought numer-
ous advancements in the field of regenerative medicine. Although electrospun nano-
fibers were extensively explored for their potential in regenerative medicine, several
challenges exist to transform electrospun based scaffolds into clinical settings. To
date, to the best of our knowledge, we are not aware of any electrospun nanofiber
based products that have been approved by FDA to be used in clinical practice for
regenerative medicine applications. Apparently, several in vivo studies have been
conducted using numerous animal models for different tissue regeneration applica-
tions; however, their performance may vary in clinical trial phases thus resulting
failure of transforming the scaffolds to clinical practice. Therefore, a concentrated
effort is needed in designing of electrospun nanofibrous scaffold architecture and
their composition to mimic the spatial distribution of native tissues to enhance the
regeneration of different tissues and meet the remaining clinical challenges.
Furthermore, scaling up of such developed scaffolds with similar performance and
high reproducibility need to be optimized. Overall, the future efforts should be
directed in order to transform the electrospun nanofibrous scaffolds from laboratory
bench to clinical practice.
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Chapter 3
Nanomaterials for Wound Healing

Gozde Uzunalli

Abstract Tissue wounds cause a significant social and economic burden, which
results in diminished quality of life and increased patient mortality. In the USA
alone, the estimated cost of wound care ranges from $28.1 to $96.8 billion. The
rapid rise of an aging population with chronic debilitating diseases, including obe-
sity and diabetes, contributes to the unmet critical need for better therapeutics for
impaired wound healing in patients. Conventional wound management fails to pro-
vide rapid tissue repair and restoration of function, particularly in these diseased
states. Wound healing is a tightly orchestrated, complex, and dynamic physiological
process occurring in a tightly controlled manner that requires more advanced alter-
native therapeutic approaches. An understanding of the basic biological mecha-
nisms in wound repair underpins the development of novel therapeutic approaches
for restoration of tissue function. The use of nanomaterials in wound management
represents a unique tool that can be specifically designed to closely reflect the
underlying physiological processes in damaged tissues. Harnessing this technology
results in a cost-effective and individualized approach to wound management,
which has the potential to revolutionize wound management. This chapter presents
a basic overview of the pathophysiology of wound healing and an approach to uti-
lizing nanomaterials for wound healing therapy.

3.1 Pathophysiology of the Wound Healing

3.1.1 Wounds

Wounds are defined as tissue injuries (e.g., trauma or surgical incisions) that disrupt
the anatomic structure and function of an organ. Injury primarily affects the external
structure of the skin and can also extend to any direction through underlying soft
tissues including muscles, tendons, nerves, and blood vessels (Lazarus et al., 1994;
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Velnar, Bailey, & Smrkolj, 2009). The skin is a protective barrier from the external
environment, and is easily exposed to mild and severe external factors (Boateng &
Catanzano, 2015). Thus, the structural and functional integrity of the damaged skin
must be restored quickly to maintain the homeostasis.

Wounds are clinically classified as acute or chronic wounds based on the dura-
tion of repair. Acute wounds are usually healed within several weeks, accompanied
by the formation of scar tissue, which may be functionally and aesthetically imper-
fect. The primary causes of acute wounds include mechanical forces (i.e., lacera-
tions, punctures, abrasions, tears), chemical, and thermal damage. In contrast,
chronic wounds often fail to heal due to pathological conditions such as movement,
immune dysfunction (i.e., diabetes), ischemia, or infection and severely affect
underlying tissues (Clark, 2013; Han & Ceilley, 2017; Lazarus et al., 1994).

3.1.2 Acute Wound Healing and Scar Formation

Wound healing is one the most complex, dynamic, and fundamental biological pro-
cess of all living organisms, which is orchestrated by local and systemic cellular
processes and closely regulated via intra and intercellular signaling. Interactions
between biochemical mediators including cytokines and growth factors, extracel-
lular matrix (ECM) components, and progenitor cells mediate inflammation and
tissue repair to restore normal tissue function (Clark, 2013). The usual outcome of
the wound healing process in the skin is scar tissue formation, or fibrosis, which is
analogous to the intact skin. After injury, an ordered process of repair occurs begin-
ning with inflammatory cells infiltrating the affected region, followed by wound
contraction, and finally fibrosis (Wadman, 2005). The formation of fibrosis, or scar
tissue, can cause severe and irreversible functional and cosmetic deficits in the skin,
and possible physiological damage to the patients (Holavanahalli, Helm, &
Kowalske, 2010; Sen et al., 2009). Although the scar tissue may be structurally and
functionally adequate for acting as a physical barrier, it is not equivalent to skin
regeneration with the exception of fetal wound healing (Atala, Irvine, Moses, &
Shaunak, 2010; Singer & Clark, 1999).

Immediately after the injury, the body responds with a series of biochemical
events known as the wound-healing cascade to promote healing. Wound healing is
divided into four dynamic and overlapping phases that are either activated or sup-
pressed to complete the tissue repair.

3.1.2.1 Hemostasis

Hemostasis is the process of controlling the amount of blood loss and hemorrhage
from a wound, which occurs in many species, ranging from zebrafish to humans.
The hemostasis phase of wound healing begins immediately following the injury
with hemorrhage due to blood vessel damage and extravasation of the blood con-
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stituents to the wound bed. The primary function of hemostasis is to restrict blood
loss to ensure survival, and form a mechanical plug to fill the wound bed. Hemostasis
also serves to protect the wound from infection and provides a provisional matrix
(Lawrence, 1998; Robson, 1997). Three crucial steps are present in hemostasis;
vasoconstriction of the blood vessels to decrease the blood flow, rapid formation of
a platelet plug (hemostatic plug), and the coagulation process to form a fibrin mesh
clot (Clark, 2013; Kirsner & Eaglstein, 1993).

Within minutes, platelets are recruited to the site of injury where they are acti-
vated by the exposed ECM of the injured subendothelium. Activated platelets
adhere and aggregate to the damaged vascular wall to form bridges with collagen
and fibronectin (Hawiger, 1987). Platelets also release mediators including sero-
tonin, thromboxane A2, and adenosine diphosphate to promote vasoconstriction of
the injured vessels, while the secretion of fibrinogen and von Willebrand factor
(vWF) trigger recruitment of additional platelets.

Fibrinogen, vWF, and thrombin mediate platelet aggregation and act as a bridge
between platelets and crosslinking them (Nurden, Nurden, Sanchez, Andia, &
Anitua, 2008; Steed, 1997). Platelet aggregation relies on both the intrinsic and
extrinsic pathways of coagulation. The intrinsic system of coagulation is the contact
activation pathway in which subendothelial tissues are exposed to blood and it is
activated by a specific enzyme called Hageman Factor XII (and other factors VIII,
IX, XI). That activates Factor X and results in the conversion of prothrombin to
thrombin (Young & McNaught, 2011). In contrast, extrinsic pathway is the tissue
factor pathway that initiates tissue factor release to the blood and the activation of
Factor VII for thrombin formation (Versteeg, Heemskerk, Levi, & Reitsma, 2013).
Both pathways eventually lead to a complex common pathway where soluble fibrin-
ogen is converted into polymerized fibrin by thrombin (Palta, Saroa, & Palta, 2014).
This fibrin clot becomes an early wound cover and also functions as a scaffold for
cellular migration through the wound bed.

Spatial and temporal platelet activation and aggregation not only maintain
hemostasis but also contributes to initiation of inflammation, proliferation, and
tissue remodeling phases by releasing chemoattractants (Clark, 2013; Lawrence,
1998; Singer & Clark, 1999), transforming growth factor-beta (TGF-f) and
platelet-derived growth factor (PDGF) (Derynck, 1988; Li, Chen, & Kirsner,
2007; Lynch, Nixon, Colvin, & Antoniades, 1987; Ross, Raines, & Bowen-
Pope, 1986).

3.1.2.2 Inflammation

After hemostasis commences, an immune barrier against pathogens becomes neces-
sary to ensure proper repair. Coagulation stimulates the release of inflammatory
mediators including prostaglandin, histamine, leukotrienes, interleukins, and prote-
ases (Wulff & Wilgus, 2013). Prostaglandins cause vasodilation and vascular
permeability, which stimulates the migration of monocytes and fluid leakage to the
wound bed (edema). Diminished prostaglandin expression results in impaired
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wound healing (Syeda et al., 2012). Edema formation and increased chemotaxis of
immune cells are the characteristics of the inflammation phase. In the early phase of
inflammation, neutrophils are recruited to site of injury by TGF-f, tumor necrosis
factor-a (TNF-ar), and formyl methionyl peptides. Neutrophilic migration occurs
within 6 h and peaks at 24—48 h post-injury (Dorward et al., 2015; Robson, Steed,
& Franz, 2001). The function of neutrophils is producing antimicrobial substances
and proteases against bacteria to remove the damaged tissue debris. Neutrophil
activation and migration to the site of injury begins with selectin-mediated rolling
along the endothelium and then adhesion to the endothelial cells. The weak adhe-
sion with selectins is followed by more enhanced ECM-cell interactions between
integrins and their binding molecules (Schmidt, Lee, Zemans, Yamashita, &
Downey, 2011). Finally, neutrophils migrate in between the endothelial cells to
reach the site of injury. Resolution of early inflammation is achieved by elimina-
tion of the neutrophils from the wound bed via the process of apoptosis, program-
mable cell death.

Platelet activation and subsequent increased vascular permeability promotes the
next phase of inflammation and repair, to recruit circulating monocytes into the
wound bed. Monocytes are the circulating progenitor cells of the macrophages and
undergo phenotypical changes and transform into wound healing macrophages
within tissues, when they are activated by interferon-y (IFN-y) (Mosser & Edwards,
2008). Together, recruitment of neutrophils and monocytes are coordinated by cer-
tain cytokines such as PDGF, TGF-f, and leukotrienes. Initially, activated macro-
phages display inflammatory response at the wound bed and release cytokines like
TNF, interleukin-1 (IL-1), and biologically active oxygen and nitrogen intermediates
like superoxide and nitric oxide (NO), which have antimicrobial effects (Murray &
Wynn, 2011; Serbina, Salazar-Mather, Biron, Kuziel, & Pamer, 2003). Macrophages
are fundamental for the phagocytosis of the remaining bacteria, the damaged tissue,
and the cellular debris. Following phagocytosis, macrophages switch to a regulatory
phenotype by expressing immunoregulatory proteins (Pesce et al., 2009). The secre-
tion of PDGF, TGF family proteins, vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF) from the regulatory macrophages stimulate cellular
proliferation and migration of epithelial cells, fibroblasts, and vascular endothelial
cells. In addition, they contribute to the ECM production to promote further repair.
Hence, they play a pivotal role in wound healing, and their depletion attenuates the
repair of the tissue.

3.1.2.3 Proliferation

The proliferation phase of wound healing begins at day 3 and lasts for 3—4 weeks.
Once homeostasis is established with essential immune response, intense cellular
activity starts to dominate the wound healing with focus on rebuilding the new ECM
enriched with new vascular network and resurfacing the wounded area.
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3.1.2.3.1 Reestablishing the Dermal Cover: Re-epithelialization

The denuded wound surface represents a potential threat to the skin itself and the
underlying internal organs. Although a provisional fibrin-based and pathogen-free
matrix is contructed during the hemostasis and inflammation phases, a rapid rees-
tablishment of the epithelial layer of the wound is crucial for protection from the
external environment. Re-epithelialization is defined as the shielding of the injury
area with continuous epithelial tissue and constitutes a crucial step of successful
healing. It begins within a few hours to 1 day following injury. The reestablishment
of a functional epidermis depends on the migration and proliferation of the kerati-
nocytes, the reconstitution of the desmosomal adhesions and finally terminal dif-
ferentiation of the keratinocytes to form a protective barrier.

Adjacent epidermal keratinocytes and epithelial stem cells migrate to the skin
surface and proliferate to complete the re-epithelialization process. Keratinocyte
mobility requires dissolution of the cell—cell and cell-basement membrane interac-
tions as well as retraction of the intercellular tonofilaments and growth of lamelli-
podia (Cavani et al., 1993; Martin, 1997). Hence, keratinocytes gain the ability to
crawl over the new granulation tissue (Li et al., 2007). Migrating cells also deposit
laminin-5 to guide the sequential cells (Nguyen, Ryan, Gil, & Carter, 2000). The
keratinocytes undergo proliferation alongside migration to ensure a sufficient num-
ber of cells to cover the wound. Once migration terminates forming a monolayer of
cells, focal adhesions and hemidesmosomes are reestablished. In addition, a base-
ment membrane consisting of laminins, perlecan, heparan sulfate proteoglycans,
fibronectin, and collagens starts to form with hemidesmosomal bridges (Behrens
et al., 2012; Li et al., 2007; Martin, 1997). Concurrently, keratinocytes terminally
differentiate to organized and stratified epidermis phenotype to restore epithelial
integrity. All these steps of re-epithelialization are to be known controlled by the
local release of epithelial growth factor (EGF), TGF, and keratinocyte growth factor
(KGF) (reviewed in Martin, 1997).

3.1.2.3.2 Reconstitution of Dermis: Granulation Tissue Formation

Wound healing is completed by the formation of the granulation tissue, which is
composed of activated fibroblasts that produce the new ECM (fibrosis) and cells that
are required for angiogenesis. Angiogenesis is the formation of new blood vessels
to provide nutrients and oxygen needed to support healing. Macroscopically, granu-
lation tissue appears as a pink and granulated tissue, which, at the microscopic level,
is composed of perpendicularly arranged collagen bundles, blood vessels, and fibro-
blasts surrounded by edema (Singer & Clark, 1999). The external appearance of the
granulation tissue is indicative of its healing status. Dark red or pale color is an
indicator of devitalized granulation tissue, which is indicative of poor healing. In
patients, excessive granulation tissue formation, or hyper-granulation, frequently
occurs due to problems in repair, including excessive inflammation, infection,
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movement, or immune dysfunction. Larger defects can produce islands of dead,
or necrotic tissue detached from the underlying blood supply. Due to the high
amount of debris, inflammation is more intense, thus, the wound healing requires a
greater volume of granulation tissue, which eventually results in greater scar tissue.

3.1.2.3.2.1 Fibrosis

Fibrosis, instead of regeneration, is the pathopyhsiological response of the injured
tissue that drives rapid healing for performing the fundamental functions of the skin.
It involves fibroblast proliferation and migration into the fibrin-based provisional
matrix and the synthesis of collagen and other ECM proteins. Dermal fibroblasts are
the predominant cell type in fibroplasia, and proliferate within 3 days. Fibroblast
proliferation and migration is induced by PDGF and TGF-$1 released from the
macrophages (Enoch & Leaper, 2005). Once they reach the wound bed, they adopt
a (proto-)myofibroblast phenotype and then mature to form a differentiated myofi-
broblast (Van De Water, Varney, & Tomasek, 2013). Proto-myofibroblasts are char-
acterized by augmented bundles of actin-myosin stress fibers and fibronectin
expression as well as larger adhesion sites (Dugina, Fontao, Chaponnier, Vasiliev, &
Gabbiani, 2001). Fibroblasts are activated by structural, mechanical, and physical
changes of ECM and local cytokines.

The fibrin-based provisional matrix, that is enriched with growth factors in the
inflammation phase, has 10-100 Pa Young’s modulus. It has been demonstrated that
stress fiber formation appears when the elastic modulus reaches 3—6 kPa in 2D cul-
ture conditions. Moreover, after 20 kPa, fibroblasts start to transform into differenti-
ated myofibroblasts with dramatically increased a-smooth muscle actin (a-SMA)
expression, which is the actin isoform specific for vascular endothelial cells.
Besides, differentiation of fibroblasts to myofibroblasts and expression of a-SMA
are also modulated by TGF-p1 and fibronectin (Hinz, 2007; Van De Water et al.,
2013). Myofibroblasts are the crucial cells of the scar tissue formation due to their
highly contractile force generation features.

The provisional wound matrix consists of a fibrin and fibronectin matrix which
is gradually replaced with polymerized collagen, elastin, proteoglycans, and glycos-
aminoglycans (GAGs) synthesized by the fibroblasts. Early granulation tissue con-
tains hyaluronic acid and fibronectin that forms a woven scaffold to the proliferating
cells at the wound bed. Later, collagen type III predominates the granulation tissue.
Type III is the weaker type of the collagen, which can be synthesized rapidly.

3.1.2.3.2.2  Reconstruction of Blood Vessels: Angiogenesis

Angiogenesis is a crucial stage where the endothelial cells initiate the sprouting of
the preexisting vessels adjacent to the wound bed for providing enough nutrients
and oxygen to the regenerating tissue. Vessel sprouting occurs through a similar
process to the epithelial cell migration in re-epithelialization. At the tip of the capil-
laries, the endothelial cells have two distinct phenotypes called the tip cells and the
stalk cells. The tip cells lead the migration of the other cells by using their cytoplas-
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mic pseudopod extensions. These cells do not contain a vascular lumen and have
minimal proliferation capacity while the stalk cells are located behind the tip cells
can proliferate and form lumens (Motherwell, Anderson, & Murfee, 2018). The
phenotypic alteration of the EC and migration into the perivascular space are pro-
moted by PDGF, FN, and heparin (Greaves, Ashcroft, Baguneid, & Bayat, 2013).
Even when the endothelial cells are provided by proper signaling, collagen and
proteoglycan-rich ECM might not allow cell migration due to its dense structure.
Hence, cell migration also requires proteolytic dissolution of the basement mem-
brane by MMPs (Li et al., 2007).

Once the wound healing begins, production of substances such as lactic acid
and hypoxia-inducible factor-1 (HIF-1) following hypoxia—a condition in which
tissues are inadequately oxygenated—are amplified and trigger cytokine release
from macrophages to stimulate angiogenesis (Hong et al., 2014; Li et al., 2007). In
addition to cytokines, the endothelial cells are responsive to the angiogenic growth
factors including FGF-2, VEGEF, angiopoietins, and TGFs. FGF-2 is released from
the macrophages and the endothelial cells and functions to regulate the migration
and proliferation of the endothelial cells through internal integrin signaling. Among
several integrins on the endothelial cells, avf3 integrin is expressed only on the
granulation tissue vessels—not the healthy skin the endothelial cells—and regu-
lates MMP-2 and, subsequently dissolution of the collagen matrix (Brooks et al.,
1994). FGF-2 also binds to heparan sulfates on the proteoglycans as a tetramer to be
able to augment the cell-receptor binding (Schultz & Wysocki, 2009). The deple-
tion of FGF-2 triggers delayed wound healing (Ortega, Ittmann, Tsang, Ehrlich, &
Basilico, 1998).

VEGF is another key growth factor that functions in wound angiogenesis, and it
is highly expressed following injury in the skin. Its high affinity for fibrin facilitates
the mitogenic activity regarding the EC migration and capillary sprouting which is
mediated by integrins including avf3, alpl and a2p1 (Senger et al., 1996, 1997).
In the hypoxic wound microenvironment, VEGF gradient occurs alongside the oxy-
gen gradient. Hence, the gradient directs EC migration towards the wound core to
trigger vessel formation (Knighton, Silver, & Hunt, 1981). In addition to integrin-
VEGF communication, re-establishment of the vascular network is also dependent
on ECM organization. It has been shown that laminin 8 that is produced by human
dermal endothelial cells stimulates EC attachment, spreading, migration, and capil-
lary formation, which are mediated by avf33 and 1 integrins (Li et al., 2006).

VEGF is expressed from keratinocytes, platelets, the endothelial cells, fibro-
blasts, and vascular smooth muscle cells. In addition, macrophages also function as
VEGF-secreting cells during the wound healing process. During the early stages of
wound healing, an inflammatory subset of macrophage precursors—Ly6C" cells—
recruit at the wound bed as a result of chemokine receptor-2 (CCR2) signaling and
release proangiogenic VEGF to start vascularization (Willenborg et al., 2012). The
studies on selective macrophage depletion (Lucas et al., 2010) and keratinocyte-
restricted VEGF secretion (Rossiter et al., 2004) demonstrated that the initiation of
angiogenesis by secreting VEGF is performed by monocyte/macrophages.
Angiogenesis is continued by other cell types in the late stage.
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3.1.3 Wound Contraction

Wound contraction is a process where contractile forces pull wound margins
together recruiting the adjoining tissue to shrink the volume of the wound. The pro-
cess is tuned by complex cell-ECM interactions influenced by a number of cyto-
kines. Fibroblasts are the key cells for contraction.

In healthy tissue, fibroblasts reside in the collagen-rich ECM of the dermis and
are responsible for the synthesis of collagen, proteoglycans, and other proteins
which keep the fibroblasts in resting state. However, injury demolishes not only the
gradient of signaling molecules and the composition of the ECM (discussed in Sect.
3.1.2.3.2.1) butalso the mechanical strength of the microenvironment. Myofibroblasts
sense these changes through mechanotransduction. Since migration and contraction
require cell polarization, they arrange the assembly and disassembly of the ECM,
integrins, and focal adhesions within a dynamic range (reviewed in Hoffman,
Grashoff, & Schwartz, 2011). Contractile forces are formed by myosin motor pro-
teins linked to the stress fibers. With the help of the actin—-myosin complex, myofi-
broblasts extend, and their actin bundles bind the fibronectin in the extracellular
space. Together, the binding and retraction of collagen result in the wound contrac-
tion. In conjunction with re-epithelialization, the wound contraction enables com-
plete wound closure. The strength of the wound contraction varies depending on the
rigidity, the type of the wound, and the cell number. If integrin-binding occurs on a
rigid surface, contractile force transmission can be more adequate. Traction forces
in the full-thickness wounds are more effective than partial-thickness wounds (Li
et al., 2007). The contraction also contributes to the remodeling of the ECM by
significantly deforming the granulation tissue.

3.1.4 Tissue Remodeling and Scar Formation

The last phase of wound healing, the remodeling, consists of deposition of the
ECM, development of the new epithelium and maturation of the scar tissue. The
remodeling starts almost 3 weeks after damage and may last up to a year or more.
This final stage of wound healing is regulated by several cellular/metabolic degra-
dation and synthesis events to be able to reach an equilibrium at the wound bed.
Scar tissue is the regular response of the organisms and form after the complete
wound healing.

The critical feature of the remodeling phase is the alteration of the ECM compo-
sition to recover the normal tissue structure and integrity. The collagen composition
of the uninjured dermis is 80% collagen type I and 15% collagen type III, which are
responsible for the mechanical strength and structure of the dermis. Healthy skin
collagen organization is mainly reticular (rodents) (Whitby & Ferguson, 1991) or in
basket weave formation (humans) while injured skin displays more cross-linked
collagens that lie parallel to the skin (Ehrlich & Krummel, 1996). The proliferation
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phase demands a rapid granulation tissue formation to provide a temporary scaffold
for the invading and proliferating cells. The loose and hydrated ECM that mainly
consists of type III collagen is gradually replaced by denser collagen type I during
scar tissue maturation (Xue & Jackson, 2015). Matrix turnover is the consequence
of the degradation of collagen type III and synthesis of type I, which are controlled
by MMPs. At the end, MMPs are no longer needed and tissue inhibitors of metal-
loproteinases are responsible for the fine tuning of MMP activity (TIMPs) (Visse &
Nagase, 2003). Collagen replacement also increases the tensile strength of the
injured tissue to almost 50% of the healthy skin within a month. However, the
desired strength is never achieved as normal tissue, and it can reach up to 70% of
uninjured skin (Li et al., 2007). In addition to the weaker structure, skin appendages
including hair follicles and glands cannot grow back in the newly formed dermis
following injury.

Upon wound closure, excessive blood vessels regress until few remain. All domi-
nant cell types in granulation tissue undergo apoptosis and scar tissue becomes rela-
tively avascular and acellular (Reinke & Sorg, 2012). In addition, the
re-epithelialization is fully completed at the end of scarring without rete ridge
formation.

3.1.5 Healing of Chronic Wounds

Wound healing process encompasses orderly and timely cellular and metabolic
events. However, some wounds fail to complete the process and show no effective
healing within 3 months of the injury (Nunan, Harding, & Martin, 2014). Preclinical
and clinical data demonstrate chronic wounds do not follow a linear progression of
classical wound healing cascade and subsequently result in structurally and func-
tionally poor outcome. Chronic wounds cause major complications, despite many
begin as a minor injury. Several etiological factors in chronic wound development
result in structurally and functionally poor outcome. These can be local factors such
as prolonged hypoxia and pressure or systemic problems such as age, ischemia,
diabetes mellitus, obesity, medications or smoking (Guo & DiPietro, 2010). Chronic
wounds are prone to result in severe pathologies and comorbidities including
chronic pain, persistent infections, cancerogenous wound, and sometimes amputa-
tion (Menke, Ward, Witten, Bonchev, & Diegelmann, 2007).

The main difference between acute and chronic wounds is the healing rate. Many
chronic wounds are characterized by an excessive and prolonged inflammatory
phase (Xue & Jackson, 2015). As discussed before, MMPs are inhibited by TIMPs
at the end of the wound healing to protect the wound bed from excessive degrada-
tion in health. On the contrary, increased MMP amount released by activated neu-
trophils in chronic wounds unbalances the MMP and TIMP ratio, which favors
wound degradation (Lobmann et al., 2002). As a result of pathologically increased
inflammatory response, more inflammation is observed by triggering the cytokine
production such as TNFa and suppressing the mitogenic activity of the cells
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(Goldman, 2004). Persistent infection of the wound can also be associated with the
formation of bacterial biofilms, which are resistance to antibiotic treatment and
delay re-epithelialization (Demidova-Rice, Hamblin, & Herman, 2012; Schierle, De
la Garza, Mustoe, & Galiano, 2009).

Keratinocytes at the wound edges fail to get activated and differentiated which
result in epidermal hyperproliferation in other words a thick epithelium formation.
In addition, fibroblasts undergo senescence and become insensitive to growth fac-
tors particularly TGF-f (Pastar et al., 2010).

Chronic wounds are categorized into diabetic foot ulcers, venous stasis, arterial
ulcers, and pressure ulcers. Diabetic ulcers result from both arterial and venous
insufficiency and neuropathy due to the diabetes complications. Diabetes causes
sensory neuropathy that decreases the ability to sense pain, pressure, and tempera-
ture as high blood glucose levels damage the nerves of the extremities. Pathological
phenotypic abnormalities of the cells are present in chronic wounds, including a low
mitotic activity (Demidova-Rice et al., 2012; Singer, Tassiopoulos, & Kirsner,
2017). Venous ulcers caused by damaged valves in the leg veins result in venous
hypertension, which in turn results in edema, leakage of fibrin, and eventually leu-
kocyte activation which triggers persistent inflammation (Gohel, Windhaber,
Tarlton, Whyman, & Poskitt, 2008). Subsequently, MMPs induce matrix degrada-
tion and result in ulcer formation. Compared to venous ulcers, arterial ulcers are less
common and are seen in patients with atherosclerosis, embolism, diabetes, or macro
and microvascular diseases. They occur due to reduced arterial blood flow in the
lower extremities, which leads to ischemia and subsequent necrosis (Demidova-
Rice et al., 2012). Pressure ulcers, on the other hand, are skin and underlying tissue
injuries due to the unrelieved pressure and shear force. Ulceration is caused by tis-
sue necrosis following local ischemic zones, and it is common in patients with
reduced mobility (Cox, 2011).

3.1.6 Insights from Regenerative Wound Healing

During the evolutionary process, our body is adapted to prioritize closing the
wounded area before fine-tuning the structure and function of the tissues, which
allows rapidly reunited wounds without having original strength and organization.
However, scarring causes healthcare and economic burden worldwide. It has been
estimated that scarring costs $12 billion annually while postsurgical wound man-
agement costs $38 billion (Sen et al., 2009). Moreover, scarring causes function loss
of the injured tissue and subsequently increases the morbidity and even mortality.
Therefore, investigating alternative methods of wound repair and rapid restoration
of tissue function are of paramount importance to the field. In 1979, it was discov-
ered that fetal wounds heal without scar tissue formation (Rowlatt, 1979).
Subsequent studies in fetal animal models, including mice, rats, rabbits, sheep, and
nonhuman primates have demonstrated the regenerative fetal wound healing
(Colwell, Krummel, Longaker, & Lorenz, 2006; Thara & Motobayashi, 1992;
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Longaker et al., 1994; Lorenz, Whitby, Longaker, & Adzick, 1993; Somasundaram
& Prathap, 1970). Fetal wounds heal by complete regeneration of the dermal tissue
to the normal structure, strength, and function with differentiation of functional
appendages, nerves, and blood vessels. Although the stages of wound healing are
similar in both fetal and adult healing, there are some fundamental changes that
cause different outcomes. A hallmark of fetal regeneration is minimal inflammatory
response. Additionally, there is a decreased expression of leukocyte cytokines,
resulting in minimal neutrophil migration and notably, and a lack of macrophages
(Olutoye, Zhu, Cass, & Smith, 2005). Finally, platelets remain unbound and disso-
ciated in fetal regeneration (Hopkinson-Woolley, Hughes, Gordon, & Martin, 1994).
The characteristics of postnatal and fetal wound healing are summarized in
Table 3.1.

Paucity of TGF-p1 and PDGF secretion from platelets come into prominence
throughout the prenatal healing, whereas TGF-p3 expression is increased (O’Kane
& Ferguson, 1997). In addition to the cytokine and inflammatory differences in
prenatal regeneration, there are striking differences in the surrounding extracellular
matrix which support regaining the function and structure. The pattern of collagen
deposition in fetal wounds is replete with type III collagen in contrast to mature
wound healing, which is predominately carried out by collagen type I (Burd,
Longaker, Adzick, Harrison, & Ehrlich, 1990). Type III collagen a fine reticular pat-
tern and is smaller compared to type I collagen.

It was previously hypothesized that the warm, sterile, and nutrient-rich intrauter-
ine environment contributes to the intrauterine regeneration. However, studies in
young opossums demonstrated that the fetal regeneration can occur in an extrauter-
ine environment lacking amniotic fluid (Armstrong & Ferguson, 1995). Additionally,
a xenograft model of human fetal skin to immunodeficient mice proved that human
fetal skin can heal without scar in adult environment. Thus, these results suggest
that fetal wound healing has intrinsic characteristics rather than environment-
dependent feature (Lorenz et al., 1992).

3.2 Nanomaterials for Wound Healing Applications

3.2.1 Nanomaterials of Natural Origin

For the modern concept of wound management, it is critical to envisage the require-
ments of damaged tissue and fulfill the expectation for regeneration. Although there
have been advances in developing suitable wound healing materials, there remains
a critical need for rapid and efficient wound management methods. Natural poly-
mers have been applied to a myriad of wound healing strategies due to their promi-
nent biological functions. In the body, these nanobioblocks orchestrate growth,
migration, tissue organization and function as a 3D structural scaffold. Benefits of
utilizing natural biomaterials in wound healing development include a high



Table 3.1 Characteristics of postnatal and fetal wound healing

Postnatal wound

Prenatal wound

healing healing References
Scarring Liver and bone have | Regeneration Colwell et al. (2006), Ihara
regeneration abilities. | prior to 24-weeks | and Motobayashi (1992),
Other tissues of gestation Longaker et al. (1994),
primarily rely on Lorenz et al. (1993), Rowlatt
fibrosis (1979)
Re-epithelialization Slow Rapid Armstrong and Ferguson
(1995), Whitby and Ferguson
(1991)
Wound closure Slow Rapid
Oxygen tension Low High
Extracellular characteristics
ECM structure Rigid and densely Flexible and fine | Burd et al. (1990)
arranged parallel reticular woven
bundles of collagen | collagen
Collagen Collagen type 1 Collagen type I1I | Burd et al. (1990)
ECM deposition Slow Rapid Khatib, Cass, and Adzick
(2018)
Hyaluronic acid Low levels, inhibits | High levels, Khatib et al. (2018), Lo,
cell migration enhances cell Zimmermann, Nauta,
migration Longaker, and Lorenz (2012)
Adhesion proteins and | Low levels High levels, Lo et al. (2012), Longaker
cell surface receptors promotes faster | et al. (1991), Whitby and
migration Ferguson (1991)
Cellular characteristics
Platelets Highly aggregated Decreased Olutoye et al. (1995)
aggregation
Mast cells High, mature, and Few, immature, | Wulff and Wilgus (2013)
degranulated fail to
degranulate
Neutrophils High infiltration Rare infiltration | Olutoye et al. (2005)
Macrophages Numerous Few Hopkinson-Woolley et al.
(1994)
Fibroblasts Present with scant Two- to fourfold | Alaish, Yager, Diegelmann,
surface hyaluronic more hyaluronic | and Cohen (1994)
acid receptors acid receptors
Myofibroblast Abundant Notably absent at | Estes et al. (1994)

day 14

Biochemical composition of the inflammatory response

TGF-1 and 2 High Low Cowin, Holmes, Brosnan,
and Ferguson (2001), Lo
etal. (2012)
TGF-3 Low High Lin et al. (1995), Nath,
LaRegina, Markham,
Ksander, and Weeks (1994)
PDGF Transient Sustained Haynes et al. (1994)
Interleukins IL-6 and 8 Increased IL-10, | Gordon et al. (2008), Liechty,
decreased IL-6 Adzick, and Crombleholme
and 8 (2000), Liechty,
Crombleholme, Cass, Martin,
and Adzick (1998)
VEGF Low High Colwell et al. (2005)
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biological compatibility and minimal inflammatory response and degradation.
However, low strength, limited supply, and high cost remain limitations of natural
nanomaterials.

3.2.1.1 Protein-Based Polymers
3.2.1.1.1 Collagen

Collagen is the most abundant protein in the body and accounts for two-thirds of the
dry weight of the skin. Collagen networks form the majority of the ECM and pro-
vide integrity and strength to skin. In addition to its structural functions, collagen is
essential for cell migration and differentiation during granulation tissue develop-
ment. It is composed of three helical polypeptide chains, which assemble into fibrils
(Chattopadhyay & Raines, 2014; Shoulders & Raines, 2009). As previously men-
tioned (Sects. 3.1.4 and 3.1.6), type I and type III collagen are the principal constitu-
ents of the postnatal and fetal skin tissue, respectively. Type I collagen is composed
of a single a2 chain and two a1 chains. In contrast, type III fetal collagen is a super-
coiled homotrimer of al chains (Ricard-Blum, 2011). Collagen can be obtained
from cows, horses, marine mammals, and rodents. A high degree of homology is
present between different species: however, recombinant technologies can be also a
great source of collagen production (Ashtikar & Wacker, 2018; Pinkas, Ding,
Raines, & Barron, 2011; van der Rest & Garrone, 1991).

Collagen is regarded as an ideal healing scaffold due to its high water uptake
abiliy (Malafaya, Silva, & Reis, 2007). In clinical practice, collagen-based materials
have been widely used in a variety of forms, concentrations, and applications
(Bakhshayesh et al., 2018; Willerth & Sakiyama-Elbert, 2007). Collagen sponges
are effective scaffolds that provide a moist and protected environment to the tissues.
Apligraf® is the first tissue-engineered commercial dressing material composed of a
two-layered collagen hydrogel with human keratinocytes and fibroblasts, approved
in 1998 and 2000 for venous ulcer treatment and diabetic ulcers in the skin, respec-
tively (Zaulyanov & Kirsner, 2007). Taking the success of engineered dressing into
account, more effort has been devoted to increasing the efficacy of the material.
Helary et al. developed a more concentrated collagen hydrogel to improve the
dermal part of Apligraf®. Results demonstrated that concentrated collagen hydro-
gels improved the mechanical resistance of collagen compared to Apligraf®. It also
promoted fibroblast proliferation, stimulated KGF and inhibited TGF-B1 expression
in vitro (Helary, Zarka, & Giraud-Guille, 2012).

Following Apligraf®, other collagen-based materials have been successfully
developed to accelerate wound healing and they have also been used in clinic.
AlloDerm®, a collagen-based skin equivalent, has been used in the management of
full-thickness burn injuries and support fibroblast migration and neovascularization.
Helistat®, an absorbable sponge, acts as a mechanical hemostat by forming a physi-
cal matrix to promote platelet aggregation (Gabay & Boucher, 2013; Zwischenberger
& Robert, 1999). Enrichment of collagen within bioactive molecules has also been
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demonstrated to promote wound healing. Integra®, a cellular bilayered membrane
enriched with glycosaminoglycans (GAGs) and chondroitin-sulphate-6, showed
improved skin quality in reconstructive surgery and burn patients (Clayman,
Clayman, & Mozingo, 2006; Heimbach et al., 2003; Muangman et al., 2006).
Additionally, the silicone outer layer of Integra® provided a moist environment free
from bacterial invasion.

Apart from skin wound healing, collagen-based materials have been intensively
studied for cornea injuries in the eye, since collagen is the predominant protein in
the cornea (Michelacci, 2003). Hydrogel implants have been shown to stimulate
cornea regeneration with no evidence of rejection for over 4 years in human patients
(Fagerholm et al., 2014). Hydrogels can also improve cell migration into the corneal
pouch and accelerate wound healing in vivo (Watanabe et al., 2011).

Despite the excellent biological and relatively strong mechanical properties, col-
lagen often loses its characteristic shape and stiffness without proper chemical mod-
ifications (Aramwit, 2016).

3.2.1.1.2 Fibrin

Fibrin is a biopolymer derived from fibrinogen, and is used to create a fibrin mesh
at the site of the damage. The fibrin structure captures platelets to form a primary
clot and reduce bleeding (Wolberg, 2007). Fibrin has been used clinically as a
hemostatic agent and sealent. The versatility of fibrin, including being used as a
delivery agent for inflammatory cells and growth factors, makes it a promising
material for skin tissue regeneration (Ahmed, Dare, & Hincke, 2008; Parani,
Lokhande, Singh, & Gaharwar, 2016).

Fibrin based materials can be utilized in the form of hydrogels, sheets, and fibrin
nanoparticles (NPs). Fibrin gels and sheets are used for autologous transplantation
of human keratinocytes to improve re-epithelialization and organization of fibro-
blasts in burn injuries (Hunyadi, Farkas, Bertényi, Oldh, & Dobozy, 1988; Ronfard
et al., 1991; Sun, Haycock, & Macneil, 2006). Fibrin glue incorporated with NPs
loaded with growth factors are produced as well (Losi et al., 2013; Zhou, Zhao,
Zhao, & Mou, 2011). EGF-loaded chitosan NP containing fibrin-based scaffold
increased the stability of EGF and resulted in its sustained-release for 2 weeks
in vitro (Zhou et al., 2011). Furthermore, diabetic wounds treated with VEGF and
FGF-2 loaded-NPs on a fibrin scaffold fabricated by the spray phase-inversion tech-
nique accelerated wound closure, improved re-epithelialization, and collagen orga-
nization in granulation tissue (Losi et al., 2013).

Fibrin NPs can be loaded with various drugs and growth factors to stimulate
various signaling pathways in wound healing. Fibrin NPs loaded with angiogenic
growth factors have been utilized to increase cell proliferation and differentiation
in vitro (Praveen, Sreerekha, Menon, Nair, & Chennazhi, 2012). Fibrin NPs are
also suitable for antimicrobial drug encapsulation and delivery to infected
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wounds. Fluconazole and ciprofloxacin delivery within fibrin nanoconstruction
displayed selective cytotoxicity against certain bacteria species such as E. coli,
S. aureus, and C. albicans, but not against human dermal fibroblasts (Alphonsa
et al., 2014).

3.2.1.1.3 Other Protein-Based Nanomaterials

The skin’s elasticity and resilience is attributed to elastin filaments present in the
dermis (Rodriguez-Cabello, Gonzdlez de Torre, Ibafiez-Fonseca, & Alonso, 2018).
Elastin also triggers differentiation and migration of the fibroblasts, terminal dif-
ferentiation of the keratinocytes, and vasculogenesis by modulating myofibrillar
organization of the smooth muscle cells during wound healing (Almine et al., 2010;
de Vries et al., 1994; Karnik et al., 2003). The soluble form of elastin, tropoelastin,
is composed of alternating hydrophobic and hydrophilic domains which self-
assemble into fibrils for the construction of nanomaterials. The complexity of the
elastin scaffolding in the body can be created in the laboratory with a variety of
techniques including electrospinning or sol-gel transition in combination with
cross-linkers or alkali conditions (Mithieux, Tu, Korkmaz, Braet, & Weiss, 2009;
Rodriguez-Cabello et al., 2018). Highly porous electrospun elastin fibers promoted
dermal fibroblast attachment and spreading, proliferation and migration in vitro and
new vessel formation in vivo (Rnjak-Kovacina et al., 2011). Elastin-based nanoma-
terials are often combined with other natural and synthetic materials to increase
their tensile strength (Rnjak-Kovacina et al., 2012).

Silk fibroin is a natural protein from silkworms and it is used in biomedical appli-
cations due to its mechanical robustness. It has been established as a wound dress-
ing in diverse form such as fibers, films, and sponges. Silk wound dressings
improved keratinocyte and fibroblast adhesion and spreading (Min et al., 2004).
Additionally, silk/elastin film increased dermal fibroblast proliferation and acceler-
ated re-epithelialization in vitro burn model (Vasconcelos, Gomes, & Cavaco-Paulo,
2012). The sponge form of silk—elastin composite, which forms a hydrogel at body
temperature in exudative wounds, improved granulation tissue formation in cutane-
ous wounds (Kawabata et al., 2017). In addition, compared to conventional hydro-
gels, silk/elastin hydrogel exhibited better healing capacity by promoting the
reepithelization in diabetic mice (Kawabata et al., 2018).

Keratin is a filament-forming protein produced by keratinocytes, and it can be
engineered to have optimal flexibility in wound healing applications due to its
strength (Park, Kim, Shin, Park, & Kim, 2013). Keratin is often extracted from
sheep wool or human hair. The Arg-Gly-Asp and Leu-Asp-Val motifs within the
keratin promote cell adhesion, proliferation, and migration (Srinivasan et al., 2010).
In allogenic mice full-thickness wound model, a hair-derived keratin dressing pro-
moted re-epithelialization and accelerated wound closure (Konop et al., 2017).
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3.2.1.2 Polysaccharide-Based Polymers
3.2.1.2.1 Chitosan

Chitin is the most abundant mucopolysaccharide in nature and contributes to the
rigidity in the crustacean exoskeleton and fungal cell walls (Jayakumar, Reis, &
Mano, 2006). The hydroxyl and amino groups of the backbone confer chemical
modification to manipulate the physicochemical properties of chitin. Chitin is a
non-immunogenic and nontoxic biomaterial. However, both forms of natural chitin,
the o and f crystalline types, have poor solubility in solvents, which makes its utili-
zation challenging. A deacetylated form of chitin, chitosan, exhibits improved solu-
bility (Pillai, Paul, & Sharma, 2009), and therefore, is used in biomedical
applications.

Chitosan, which is a linear copolymer of D-glucosamine and N-acetyl-D-
glucosamine, exhibits highly biocompatible features. This versatile material can be
used as a hydrogel, film, fiber, sponge, or NP with or without addition of other
polymers and cells. It is rapidly dissolved in acidic conditions, such as the condi-
tions during wound healing. Its polycationic structure limits microbial growth by
forming polyelectrolyte complexes with the phospholipid-containing cell surfaces
of pathogens, including fungi, algae, and bacteria. Therefore, it is a potent anti-
microbial agent for wound healing (Ahmed & Ikram, 2016). A commercially avail-
able chitosan acetate bandage HemCom® decreased the number of P. aeruginosa
and P. mirabilis colonies and increased survival of mice over 15 days post-wounding
compared to alginate/silver sulfadiazine treatments on infected wounds
(Burkatovskaya et al., 2006). Recently, chitosan loaded silver inlaid gold NPs were
engineered and provided better porosity, swelling, and retention properties than chi-
tosan, chitosan-gold, and chitosan-silver NPs alone. This nanocomposite exhibited
enhanced antibacterial activity on E. coli and S. aureus in vitro and faster healing
in vivo (Li et al., 2017). Besides being pathogen-resistant, chitosan enhances plate-
let attachment and activation (Lord, Cheng, McCarthy, Jung, & Whitelock, 2011) to
potentiate wound healing early in hemostasis (Okamoto et al., 2003). Recently, it
has been demonstrated that 80% deacetylated chitosan selectively stimulates leu-
kotriene B, production which assists neutrophil chemotaxis into the wound bed
(Hoemann, Marchand, Rivard, El-Gabalawy, & Poubelle, 2017).

The amino groups on the chitosan that are protonated at physiological pH confer
the ability to interact and crosslink between chitosan and other natural molecules
(Mao, Liu, Yin, & Yao, 2003). Therefore, it is preferable to use chitosan composites
rather than chitosan alone to enhance stability and healing. The self-assembled
chitosan-coated halloysite nanotubes formed by electrostatic interactions were
recently created as a pourable powder. In this study, the chitosan-coated nanotubes
supported angiogenesis, re-epithelialization, and regeneration of hair follicles in a
cutaneous wound model (Sandri et al., 2017).
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3.2.1.2.2  Alginate

Alginate is a commercially extracted anionic polymer obtained from brown algae.
Alginate contains p-(1—4)-linked D-mannuronic acid (M-block) and a-(1-4)-linked
L-glucuronic acid (G-block). It is typically used in hydrogels due to its ease of gela-
tion, which occurs through dimerization of the G-residues through crosslinking of
divalent cations (Kristiansen et al., 2009). The composition of the G-block in algi-
nate determines the mechanical properties of the hydrogel. Increasing the molecular
weight and length of the G-residue blocks can enhance the stiffness of the material,
but also may increase the viscosity (Lee & Mooney, 2012), which limits its manu-
facturing and application potential.

Alginate has high water absorptivity (up to 20 times of its weight) and therefore,
functions to create a moist wound environment and limits wound exudation
(Mogosanu & Grumezescu, 2014). Therefore, it is suitable for wounds that require
abundant drainage, but may not be used for dry wounds, including burns (Dhivya,
Padma, & Santhini, 2015). Alginate-based material activity is pH-dependent, which
can enable a designed controlled release system. Alginate shrinks to prevent drug
release in acidic conditions, while basophilic conditions accelerate its degradation
and induces a rapid release of desired molecules (Kuo & Ma, 2001).

Some commercially available alginate-based dressings are used for surgical
wounds, diabetic foot ulcers, and infected cutaneous wounds (listed in Aderibigbe
& Buyana, 2018). For example, Kaltostat® is an absorbent fibrous alginate salt.
Following application on exudative wounds, it forms a gel due to the ionic inter-
actions. The endotoxin in alginates promoted wound healing by increasing TNF-a
secretion from macrophages (Thomas, Harding, & Moore, 2000). Incorporation
of zinc oxide (ZnO) NPs into alginate hydrogel resulted in rapid clotting and re-
epithelialization compared to Kaltostat® (Mohandas, Kumar, Raja, Lakshmanan,
& Jayakumar, 2015). Although alginate alone has positive effects on wound heal-
ing, composite materials are commonly investigated to enhance the healing prop-
erties. A hydrogel sheet composed of the chitosan-fucoidan-alginate blend
improves granulation tissue formation and angiogenesis in mitomycin C treated
wounds compared to a commercially available alginate dressing (Murakami et al.,
2010). Another composite material utilized in wound healing is strontium loaded
silk fibroin/sodium alginate film. This composite can potentially stimulate angio-
genesis through VEGF and FGF-2 activation (Li, Li, Guo, Qin, & Yu, 2017).
Sustained release properties of alginate hydrogels have been demonstrated by
incorporating alginate with simvastatin-containing mesoporous hydroxyapatite
microspheres. This combination triggered vascular tube formation VEGF and
FGF-2 secretion of human umbilical vein endothelial cells in an in vitro model.
Incorporated simvastatin also enhanced angiogenesis, collagen deposition and
maturation, re-epithelialization, and wound contraction in a rodent full-thickness
wound model (Yu et al., 2016).
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3.2.1.2.3  Other Polysaccharide-Based Nanomaterials

Hyaluronic acid (HA) is a non-sulfated GAG that plays essential roles in acute and
chronic cutaneous wound healing including early inflammation and angiogenesis
(Dechert, Ducale, Ward, & Yager, 2006). In addition, it is involved in prenatal
wound healing (Table 3.1). Due to its hygroscopicity, it regulates cell adhesion and
attachment during wound healing (Voigt & Driver, 2012). Commercially available,
bilayer hyaluronic acid autografts, Hyalograft® and Laserskin®, demonstrated
improved healing on the patients with extensive burn wounds (Hollander, Soranzo,
Falk, & Windolf, 2001). In addition, long-term outcomes of the HA-based matrix
promoted connective tissue growth and dermal regeneration (Faga et al., 2013).
Recently, HA-based materials, used as a stem cell carrier to full-thickness exci-
sional wounds, exhibited improved healing by supporting the long-term release of
stem cell-derived soluble factors (Skardal et al., 2017). A novel amniotic membrane-
derived material composed of a combined UV crosslinked HA hydrogel system
demonstrated great potential in wound healing by promoting angiogenesis, kerati-
nocyte proliferation, and wound closure (Murphy et al., 2017).

Nanocellulose is a novel material for wound healing management obtained from
woody plants and bacteria via chemical or enzymatic treatments. Nanocellulose
contains lignocellulosic, which enables a remarkable strength, flexibility, and
strength-to-weight ratio. Nanocellulose can be used as cellulose nanocrystals or cel-
lulose nanofibers for wound healing (Lin & Dufresne, 2014). Nanocellulose is a
hydrophilic material due to its hydroxyl groups and its high fiber surface area
enables the formation of a strong hydrogel through chemical interactions with the
surrounding environment (Klemm et al., 2009). As a xeno-free material, bacterial
cellulose is particularly promising for wound applications due to its high swelling
properties in neutral and alkaline conditions (Chinga-Carrasco & Syverud, 2014).
Nanocellulose fibers induced rapid re-epithelialization in the treatment of skin graft
donor sites in preclinical studies (Hakkarainen et al., 2016). Moreover, bacterial
nanocellulose was shown to reduce the healing time on diabetic foot ulcers and skin
tears in patients (Solway, Clark, & Levinson, 2011; Solway, Consalter, & Levinson,
2010). Application of a bacterial nanocellulose dressing incorporated with poly-
hexamethylene biguanide and sericin accelerated wound closure and collagen for-
mation in a full-thickness wound healing rodent model within 14 days compared to
standard care (Napavichayanun, Yamdech, & Aramwit, 2016).

3.2.2 Synthetic Nanomaterials
3.2.2.1 Synthetic Polymers
Synthetic polymers are highly useful in biomedical applications as they possess

homogenous physical and chemical properties and higher stability compared to
natural polymers (Zhong, Zhang, & Lim, 2010). They can be cheaply synthesized
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on a large scale and tailored for specific wound healing applications. These materi-
als can be engineered with various physical and mechanical features such as high
porosity, adhesiveness, biodegradability.

3.2.2.1.1 Polyethylene Glycol (PEG)

As anonionic and hydrophilic polymer, polyethylene glycol is one of the most com-
monly used polymers in various medical applications. It is has been approved by
Food and Drug Administration (FDA) for human use and has a well-characterized
safety profile and biocompatibility.

A major challenge in utilizing nanomaterials for wound healing development is the
possibility of a detrimental immune reaction, which degrades the nanomaterial and
causes surface chemistry changes. The presence of polyethylene chains within the
polymer resists protein adhesion and therefore, PEG had demonstrated low immunoge-
nicity under in vivo conditions (Alcantar, Aydil, & Israelachvili, 2000). Although PEG
can form thermosensitive hydrogels, it has poor mechanical strength. Cross-linking
with other polymers increases its mechanical properties to produce proper biomaterials
for wound management (Gokarneshan, Anitha Rachel, Rajendran, Lavanya, &
Ghoshal, 2015; Peppas, Keys, Torres-Lugo, & Lowman, 1999). In PEG hydrogels, the
hydroxyl ends of the chains are left uncovered, suitable for biological modifications
(Zhu, 2010). Application of a PEG hydrogel system on a full-thickness cutaneous inci-
sion demonstrated improved wound closure and hemostasis compared to a standard
wound dressing. PEG hydrogel can be degraded after 14 days of application, following
cutaneous wound healing. In addition, rapid re-epithelialization and collagen produc-
tion were observed on PEG hydrogel treated wounds (Chen et al., 2018). Dong et al.
also engineered an injectable PEG-gelatin hydrogel system with high tunable cross-
linking and hydrogel properties. It has been revealed that adipose-derived stem cell-
encapsulated hydrogel provides better cell retention due to the 3D matrix support of
the system. Furthermore, stem cells accelerate the wound closure, and enhance the
reepithelization and granulation tissue formation when they are encapsulated in a
PEG-based hydrogel system (Dong et al., 2017).

3.2.2.1.2 Polylactic Acid (PLA)

Polylactic acid, PLA, is another biocompatible and biodegradable thermoplastic
polymer that has been investigated over the last several decades for tissue engineer-
ing and medical device applications (Vink et al., 2004). The FDA has approved the
direct contact of PLA with biological fluids. Optically active and inactive forms
of PLA offer an adjustable degradation rate and tensile strength (Farah, Anderson,
& Langer, 2016). As an inactive biomolecule, PLA has many desirable features for
wound healing including a high stiffness, hydrophobic charge to retain a moist heal-
ing environment, and close modeling of the ECM. PLA nanofibers are also favor-
able as drug delivery vehicles (Mohiti-Asli et al., 2017; Perumal et al., 2017).
Recently, a skin graft made of bone marrow derived stem cells (BMSC) seeded on
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a highly porous 3D PLA nanofiber system via wet-electrospinning was evaluated on
full-thickness skin wound healing. BMSC/PLA nanofiber treated wounds exhibited
progressive healing including the formation of organized granulation tissue with
compact collagen deposition surrounded by a differentiated epithelium (Ghorbani
et al., 2018).

3.2.2.1.3 Poly(lactic-co-glycolic acid)

Polylactic-co-glycolic acid (PLGA) is an amorphous and biodegradable copolymer
composed of polylactic acid and polyglycolic acid molecules. It has been approved
by FDA for parenteral administration and has been studied in medical applications
ranging from wound healing, drug delivery, and skeletal implants (Makadia &
Siegel, 2011; Zhang, Wu, Jing, & Ding, 2005). Under in vivo conditions, ester
bonds of PLGA can be easily hydrolyzed to produce lactic acid (Shenderova, Burke,
& Schwendeman, 1999). Since lactic acid is produced by macrophages to kill bac-
teria (Hussain, Ghani, & Hunt, 1989) and plays a role in collagen synthesis and
angiogenesis (Constant et al., 2000; Porporato et al., 2012), it has been considered
as a promising wound dressing material.

PLGA can be easily tuned by changing the surface chemistry and the properties;
for example, the degradation rate of PLGA depends on the ratio of lactic acid and
glycolic acid. PLGA-based materials can form nanofibers, nanoparticles, or hydro-
gels for wound management in combination with drugs, especially hydrophobic
drugs, or growth factors. Chen et al. developed a drug loaded PLGA/collagen blend
using an electrospinning technique. The nanofibrous membrane provided a sus-
tained release at the injury site and effectively accelerated wound healing in bacteria
infected wounds (Chen, Liao, Liu, & Chan, 2012). The synergistic effect of GF
delivery and the maintenance of bioactivity was reported in diabetic and nondia-
betic animals using PLGA-NPs. VEGF or VEGF/FGF-2 loaded PLGA-NPs pro-
mote granulation tissue formation and complete re-epithelialization (Losi et al.,
2013) and formation of an organized epithelium with aligned dermal collagen
(Chereddy, Vandermeulen, & Préat, 2016). In addition, a thermosensitive PLGA/
polyethylene glycol (PEG) hydrogel containing a TGF-p1 plasmid supported
moisture retention at the injury site resulting in faster wound healing in a diabetic
mouse model (Lee, Li, & Huang, 2003).

3.2.2.1.4 Poly(caprolactone)

Polycaprolactone (PCL) is a semi-crystalline synthetic polymer with high elasticity
(Dash & Konkimalla, 2012). A nanofibrous form of PCL, largely similar to collagen
fibers, had been widely investigated for wound healing applications (Saeed,
Mirzadeh, Zandi, & Barzin, 2017). The structure of PCL is suitable for chemical
modifications and blending with other polymers to obtain intended properties.
Complete degradation of PCL can take 2-3 years with hydrolytic and enzymatic
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cleavage based on its molecular weight (Sun et al., 2006). Due to its stability at
ambient conditions, it is a favorable material for nanofiber production using electro-
spinning. PCL was evaluated for wound and burn management where it was gener-
ally used as a supporting material. Chitosan/HA-coated electrospun PCL nanofibers
has shown promise in wound healing advancement, as they promoted keratinocyte
adhesion and proliferation in vitro (Croisier, Atanasova, Poumay, & Jérome, 2014).
Another PCL composite with gelatin and collagen type I remains a candidate for
wound healing, as it enhanced fibroblast adhesion and proliferation (Gautam, Chou,
Dinda, Potdar, & Mishra, 2014). In a study examining the combination of PCL with
HA membrane, the material retained the exudate at the injury site compared to a
commercially available dressing. However, no significant difference between con-
trol and PCL/HA membrane regarding the wound healing process was demonstrated
in this study (Cai et al., 2014). Mussel adhesive protein blended PCL nanofibers
have been demonstated to facilitate keratinocyte migration and increased FGF-2
binding in vitro and improved wound healing in vivo (Kim et al., 2017).

3.2.2.1.5 Other Synthetic Nanomaterials

Polyurethane (PU) has been extensively studied as a dressing material due to its
biocompatibility, flexibility, and barrier properties. PU-based wound dressings have
been shown to restrict bacterial contamination and wound dehydration, while allow-
ing crucial gas exchange at the site of injury (Hinrichs, Lommen, Wildevuur, &
Feijen, 1992). PU-based materials can be used as films or foams. Films are transpar-
ent, thin and self-adhesive materials suitable for uninfected and superficial wounds.
Foams are highly absorbent and prevent injection and are utilized in burns and
chronic wounds (Kamoun, Kenawy, & Chen, 2017). PU-based commercially avail-
able wound healing products include Pellethane®, Tegaderm®, and Opsite®.

3.2.2.2 Metallic Nanomaterials

Metal and metal oxide NPs have been extensively investigated in wound healing
applications for decades. They have been proven to prevent wound infection with an
antimicrobial action against bacteria, viruses, yeast, and fungi (Lara, Garza-Trevifio,
Ixtepan-Turrent, & Singh, 2011).

Silver is the most common metal used in wound management for centuries as a
topical solution of silver nitrate (Parani et al., 2016; Tocco, Zavan, Bassetto, &
Vindigni, 2012). In an aqueous environment, silver nanoparticles (AgNPs) release
silver ions as a result of oxidization. Metallic silver is an inert material. In contrast,
the ionized form, which forms in acidic conditions with exudative wounds, exhibits
antimicrobial properties (Rai, Yadav, & Gade, 2009). It should be emphasized here
the antimicrobial activity is attributed to the silver, not nanoparticle enhancement.
The importance of utilizing a NP system is to create a larger surface area for
improved cell surface interactions and microbial penetration. The antimicrobial
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activity is dependent on the size and shape of the NPs. Triangular shaped NPs size
between 7 and 20 nm demonstrate a higher bactericidal activity due to the larger
surface area and rapid release of silver ions (Tocco et al., 2012; Xiu, Zhang, Puppala,
Colvin, & Alvarez, 2012) (Pal, Tak, & Song, 2007). AgNPs treated patients with
second degree burns demonstrated wound healing 13 days earlier without any
adverse effects compared to silver sulfadiazine, a standard topical antimicrobial
treatment for burns (Adhya et al., 2014). Studies on diabetic ulcer treatment revealed
that an antifouling hybrid hydrogel containing AgNPs have superior wound healing
activity with increased fibroblast migration, granulation tissue formation, and
angiogenesis (Shi et al., 2018). Additionally, mice treated with AgNPs showed
increased keratinocyte proliferation and migration, and myofibroblast differentia-
tion with improved wound contraction (Liu et al., 2010).

Another metallic material that has been used as an inorganic antibacterial agent is
zinc oxide (ZnO). Utilization of ZnO resulted in reduced inflammation and bacterial
growth and improved re-epithelialization on chronic wounds and burn injuries
(Rajendran, Kumar, Houreld, & Abrahamse, 2018). Compared to AgNPs, ZnONPs
show less cytotoxicity to mammalian cells in vitro (Bondarenko et al., 2013).
Incorporation of ZnONPs within chitosan hydrogel showed enhanced blood clotting,
and antibacterial activity. In addition, treatment of partial thickness wounds with
ZnONPs/chitosan hydrogels promoted wound healing and faster collagen deposition
and re-epithelialization (Sudheesh Kumar et al., 2012). Recently, ZnONPs incorpo-
rated within heparinized polyvinyl alcohol/chitosan hydrogels were shown to exhibit
strong antimicrobial activity and are considered a promising dressing material
(Khorasani, Joorabloo, Moghaddam, Shamsi, & MansooriMoghadam, 2018).

Gold NPs (AuNPs) also have been tested for wound healing applications due to
their stability, optical, and chemical properties and ease of surface modifications.
For AuNPs, surface modification or incorporation with other biomolecules is
required prior to wound healing applications. Adding peptides, or polysaccharides,
or GF modifications to AuNPs increased their potency to enhance healing (Akturk
et al., 2016). AuNPs can inhibit free radicals including hydrogen peroxide, nitric
oxide and hydroxyl, and function as a strong antioxidant (Medhe, Bansal, &
Srivastava, 2014). The application of AuNPs on cutaneous wounds showed an
increase in collagen, VEGF, and angiopoietin expression and a decrease in TGF-f1
and MMP levels (Kim et al., 2015). Furthermore, antibiotic-coated AuNP doped
PCL/gelatin nanofiber mat was investigated on infected full-thickness wounds and
showed decreased bacterial load and improved healing (Yang et al., 2017).

3.2.2.3 Self-Assembling Peptide Nanomaterials

Supramolecular self-assembly is the spontaneous organization of nanoblocks,
which occurs in biological systems to build complex structures, including peptides
and proteins. By using principles found in nature, self-assembling peptide nanoma-
terials can be designed using various combinations of amino acids with astonishing
speed and efficiency compared to top-down conventional approaches. Fabrication
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of self-assembled peptide nanostructures create stable materials, which lack immu-
nogenicity compared to other natural materials. Therefore, self-assembling peptide
nanomaterials is an emerging field in synthetic biology.

Self-assembly occurs between individual building blocks through electrostatic
interactions including hydrophobic and hydrophilic forces, hydrogen bonding, van
der Waals interactions, and n—r stacking. In contrast to the covalent bonding system
used in polymeric systems, the combination of these weak interactions in self-
assembled peptide system generates non-energy driven and thermodynamically
stable materials (Cui, Webber, & Stupp, 2010; Hosseinkhani, Hong, & Yu, 2013).
Self-assembled peptide systems can mimic the natural ECM and interact with the
cells and tissues (Cui et al., 2010). These materials have been investigated for vari-
ous nanomedical applications due to their excellent biodegradability, biocompati-
bility, bioactivity and ease of bottom-up synthesis (Chen et al., 2015; Liu et al.,
2009; Schneider, Garlick, & Egles, 2008; Yeboah et al., 2016).

Peptide amphiphiles (PA) are a promising class of self-assembling peptide-based
materials inspired by the lipid structure of the cell membranes. These contain a
hydrophobic alkyl tail and a hydrophilic head, which mediate self-assembled nano-
fibers (Toksoz, Mammadov, Tekinay, & Guler, 2011). The hydrophilic head consists
of a short B-sheet forming peptide sequence capable of generating the non-covalent
interactions to build one-dimensional nanofiber structures (Matson, Zha, & Stupp,
2011). The self-assembly process can occur as a result of neutralization of acidic or
basic amino acid-containing PA (Hartgerink, Beniash, & Stupp, 2001), the addition
of divalent cations (Hartgerink, Beniash, & Stupp, 2002), or combining two oppo-
sitely charged PA molecules (Niece, Hartgerink, Donners, & Stupp, 2003).

PA nanofibers can be designed to bear bioactive peptide epitopes on their sur-
faces to mimic biological conditions. In aqueous solutions, the hydrophobic col-
lapse of the aliphatic tails due to the presence of the f-sheet domain exposes the
bioactive signals, which stimulates the desired biological activities (Hendricks,
Sato, Palmer, & Stupp, 2017). The cellular response to the bioactive epitopes are
dependent on the local concentration of the available epitopes. In addition, physical
entrapment of these epitopes on to the PA nanofibers induces rapid cellular differ-
entiation compared to soluble epitope treatments (Silva et al., 2004).

Given the cellular, molecular, and metabolic complexity of wound healing, bio-
active epitopes can be specifically designed to trigger a myriad of biological pro-
cesses. Heparin-mimetic PA nanofibers have been shown to promote angiogenesis
through binding to proangiogenic growth factors, VEGF and FGF-2 (Mammadov,
Mammadov, Guler, & Tekinay, 2012). The presence of sulfonate, carboxylate, and
hydroxyl groups was sufficient to induce the vascular tube formation of endothelial
cells without additional growth factors. The self-assembled heparin-mimetic PA
hydrogel demonstrated an effective bioactive wound dressing for rapid and func-
tional repair of acute wounds and burns (Uzunalli et al., 2016; Yergoz et al., 2017).
The excisional and burn wounds exhibited better granulation tissue organization
with increased collagen deposition and angiogenesis. Cutaneous adnexa were also
observed in wounds treated with heparin-mimetic PA. Furthermore, the presenta-
tion of the bioactive scaffolds is crucial for wound healing applications.
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In the corneal stroma of the eye, the wound healing process is similar that previ-
ously discussed for the skin. In a corneal wound model, the fibronectin-derived
peptide RGD coupled silk film has been shown to enhance cell attachment and
proliferation (Gil et al., 2010), whereas RGD-bearing PA scaffold did not (Uzunalli
et al., 2014). Laminin-derived YIGSR-sequence containing PA scaffold supported
keratocyte proliferation and attachment in an in vitro system and corneal stromal
healing in vivo (Uzunalli et al., 2014).

Beyond carrying biological cues, 3D nanofibrous PA scaffolds provide a wound
specific topography to mirror the ECM. Fibroblasts have the ability to modulate their
cellular and molecular behaviors depending on the matrix morphology (Andrews &
Hunt, 2008). Furthermore, keratinocyte proliferation and migration depends on the
stiffness of the underlying substrate (Zarkoob, Bodduluri, Ponnaluri, Selby, & Sander,
2015). In addition, a porous structure supports the development of granulation tissue
and wound resolution (Doillon, 1988). PA nanofibers can be designed with a desired
pore size and stiffness by modifying concentrations or adding divalent cations (Cui
et al., 2010; Dagdas, Tombuloglu, Tekinay, Dana, & Guler, 2011).

In conclusion, this designable emerging technology represents an untapped
resource, which offers great potential for wound regeneration and restoration of tis-
sue function.

3.3 Conclusion and Future Directions

Wound healing is a dynamic physiological process with an end goal of restoring the
function of the devitalized tissue. Ideally, complex cellular activities and signaling
cascades interact in the body to facilitate rapid wound closure. However, natural
healing through fibrosis results in loss of tissue structure and function. Therefore, as
the mean age of the population and number of patients with chronic diseases
increase, the economic burden of wound management continues to rise. The limita-
tions of the conventional wound care strategies including dressing, debridement,
and antibiotic treatment cause failure of the completely regeneration of the wounded
tissues. In the past three decades, tremendous effort was made to promote tissue
regeneration by therapeutically manipulating repair-based interventions for wound
treatment. A variety of natural and synthetic nanomaterials and their combinations
have been engineered for individual pathways in wound healing. Using nanomateri-
als has enormous potential to promote self-healing mechanisms that can mimic fetal
regeneration.

However, there are still several challenges regarding the use of nanomaterials for
wound healing. The heterogeneous nature of the wounded tissues requires a better
understanding of the underlying mechanisms and cellular cascades to personalize
nanomaterials for different wound healing applications. Additionally, limited data is
present regarding the systemic toxicity of the nanomaterials that can interfere with
the biological functions. Novel analytic techniques that can assure the quality and
reproducibility of the nanomaterial synthesis are crucial. Although significant
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advances have been made using animal models of wound healing, they fail to reca-
pitulate the physiology of human patients. Therefore, animal models in combination
with organ-on-a-chip systems and clinical trials can provide a better insight and
reveal their true potential. Further knowledge of cellular and molecular changes in
adult and fetal wound healing including advances in technology, stem cell research,
and -omics will play a bigger role for engineering personalized therapies for wound
healing.
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Chapter 4
Immunomodulatory Nanomaterials

Turgay Tekinay

Abstract The immune system provides protection against infections and toxins and
serves as a guard for all tissues against pathogens and malfunctioning cells. Modulation
of the immune system to use immune cells as therapeutic agents has been an impor-
tant target for the treatment of many diseases that could not be cured otherwise such
as cancer and autoimmune diseases. In addition, modulation of the immune system is
crucial for tissue regeneration, since tissue regeneration and wound healing processes
consist of a complicated and ordered array of events, a considerable part of which
include the involvement of immune cells. Nanomaterials in the form of nanoparticles
and nanofibers provide a wide array of tools for modulation of the immune system.
Different types of nanomaterials have been developed to be used for effective target-
ing and treatment of cancer, as vaccines, and for the treatment of autoimmune disor-
ders. In this chapter, different nanomaterials with immunomodulatory effects will be
reviewed with an emphasis on cancer, autoimmune diseases, and vaccine develop-
ment. In addition, future perspectives for developing materials with more refined
immunomodulatory characteristics will be discussed.

4.1 Introduction

The immune system protects against infections and toxins, and plays crucial roles in
the regeneration of the tissues after injury, including fighting against pathogens that
might attack the regenerating tissue; removal of debris of the wounded and scar
tissues; and degradation of the materials that are used for regenerative purposes. It is
composed of many different types of cells and lymphoid organs that are tightly regu-
lated and plays an invaluable role in the defense against invading microbes (Moon,
Huang, & Irvine, 2012). Spleen, nasal-associated lymphoid tissue, Peyer’s patches in
the gut, and lymph nodes distributed throughout the body are all parts of the immune
system and immune cells are generated at the thymus and bone marrow.
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There are two major types of immune response which are innate and adaptive
immunity. Innate immunity is nonspecific and acts as the initial defense against
invading microorganisms and foreign particles. Macrophages, dendritic cells, neu-
trophils, and mast cells perform phagocytosis to destroy the foreign cells and release
cytokines. Adaptive immunity plays a role as the second line of defense. In that
response, antigen presenting cells (APCs) bring specific antigens to highly special-
ized T cells and B cells. Antigen is recognized and an immune response that is
specific to the invading microorganism is elicited and the target is cleared (Hussain,
Vanoirbeek, & Hoet, 2012; Norman, 2005).

The immune system is important in the fight against diseases; however, incor-
rect regulation of the immune response, immunosuppression and immunostimula-
tion may also lead to pathological conditions (Norman, 2005). Immunosuppression
is the state in which the immune system functions are decreased and the response
is weakened, which may result in invasion by the pathogens or rapid growth of
tumor cells. Immunostimulation enhances the immune response, overactivity of
which may lead to a strong adverse response and may result in autoimmune dis-
orders. Since immune system is a very complex mechanism and is very tightly
regulated, any effect, inhibition or activation of a pathway may cause unexpected
side effects to other pathways or different cells or tissues. Thus, the inflammatory
agents are used in a controlled manner due to possible side effects (Chou
et al., 2013).

Vaccines are great examples of protection against diseases in which the immune
system is stimulated to protect individuals from infectious microbial organisms
(Pulendran & Ahmed, 2011). Although there are very successful vaccines against
various diseases, there is still a need for vaccines against many other severely infec-
tious pathogens, such as HIV, malaria, tuberculosis, and hepatitis C. Current vac-
cine development approaches are centered on rational design to have more potency
and less immunogenicity, and the number and types of vaccine candidates are
increasing rapidly (Mamo & Poland, 2012; Oberg, Kennedy, Li, Ovsyannikova, &
Poland, 2011; Rappuoli, Mandl, Black, & De Gregorio, 2011).

Immune system may also provide protection from tumors by using cancer vac-
cines to stimulate the immune system to inhibit tumors (DeMaria & Bilusic, 2019;
Hodi et al., 2010; Kalos et al., 2011; Lollini, Cavallo, Nanni, & Forni, 2006;
Williams et al., 2011). Cancer immunotherapy is a popular field that aims to develop
novel cancer therapy approaches by understanding and utilizing immune pathways
(DeMaria & Bilusic, 2019). On the other side of the spectrum, over-stimulation of
the immune system may cause autoimmune disorders that require suppression of
the immune system (Feldmann & Steinman, 2005).

Immunomodulatory drugs have been highly coveted for balancing the immune
system for autoimmune diseases or specifically enhancing certain immune cells
for protection against or treatment of cancer or other infectious diseases and for
aiding tissue regeneration. However, due to the complexity of the immune system,
using a single-agent immunomodulatory drug may result in severe side effects.
Nanomaterials are suggested to be ideal for selective delivery of immune regulating
molecules.
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4.2 Nanomaterials and Immune System

Nanotechnology gives the scientists ability to design nanomaterials at different
sizes, shapes, chemical and physical properties and composition for use in the
treatment of different diseases (Couvreur & Vauthier, 2006; Hubbell, Thomas, &
Swartz, 2009; Mamo & Poland, 2012; Moghimi, Hunter, & Murray, 2005;
L. Zhao et al., 2014). Nanomaterials have been the subject of research for being
used as drug delivery vehicles or adjuvants for vaccines (Hubbell et al., 2009;
Kasturi et al., 2011; Moon et al., 2011; Reddy et al., 2007). There is also interest
in use of them in diagnostic systems (Cho et al., 2011; Noh, Jang, Ahn, Lim, &
Chung, 2011). Moreover, they may be used for the treatment of cancer (Hellstrom
et al., 2001; Kalos et al., 2011; Steenblock & Fahmy, 2008) and as delivery
vehicles for immunotherapy drugs (Ali & Mooney, 2010; Peer et al., 2007;
Svenson, 2012). The shape, size and surface properties of the nanoparticles can
be engineered to aid in cell specific responses (Treuel, Jiang, & Nienhaus, 2013).
An important advantage of the nanoparticles is their ease of functionalization
through adding or removing properties.

Nanomaterials with immunomodulatory properties are highly coveted for regen-
erative medicine applications to enable the immune cells to work in a controlled man-
ner. Depending on the material that they are made of, nanoparticles might be perceived
as foreign materials when they enter the body, eliciting an immune response in the
form of either suppression or stimulation (Dobrovolskaia & McNeil, 2007).
Immunomodulatory properties of nanoparticles may be used in development of vac-
cines or anti-allergy drugs (Parween, Gupta, & Chauhan, 2011; Ryan et al., 2007).

There is ongoing research on targeted delivery of nanoparticles to specific tissues
and cells for treatment or diagnosis. Nanoparticles should be relatively stable in the
body and should not elicit immune response to prevent degradation, but they should
also reach the target site and stay there. Nanoparticles may accumulate in the desired
tissue through blood vessels or bind to specific biological structures at the target site
(Pelaz et al., 2017). Also, nanoparticles may be tailored to prevent nonspecific binding.
Recent advances in nanoengineering methods allowed production of nanoparticles that
may be used to target diseased tissues, in diagnostic applications or to regulate the
immune system to produce vaccines, inhibit tumors or prevent autoimmunity.

In the following sections, we will describe how nanomaterials can be used for
different immunomodulatory purposes and for aiding immunotherapeutics. We will
also summarize recent developments in the design and implementation of immuno-
modulatory particles.

4.3 Nanomaterials for Immunotherapy of Cancer

According to World Health Organization data, cancer is the second leading cause of
death in the world, and approximately 1 in 6 deaths is caused by cancer. The eco-
nomic burden of cancer among both developed and under-developed countries is



122 T. Tekinay

also devastating, and even though an incredible amount of effort has been spent on
cancer research and therapy, the currently available methods are still limited, which
causes the high lethality rate of cancer.

Main methods for treating cancer are surgery, radiation and chemotherapy.
Immunotherapy has recently been developed and it is suggested to be a promising
approach for the treatment of various diseases including cancer, because it regulates
the immune system to target and destroy cancer cells and tumors (Song, Musetti, &
Huang, 2017). Immunotherapy is the regulation of the immune system (activation
or suppression) for treatment of diseases. Immunosuppressive approaches may be
used to reduce allergic reactions and reduce excessive inflammation in organ trans-
plants. In contrast, in cancer patients, immune system is aimed to be more active
and new methods are developed to activate the system against malignant cells.
There are different approaches and materials used in cancer immunotherapy, which
is expected to result in more durable antitumor responses and reduce metastasis and
recurrence compared to previous treatment methods. Currently, immunotherapy is
one of the most highly coveted treatment methods; however, it is also a very expen-
sive treatment method and is not suitable for all cancer types.

4.3.1 Nanomaterials for Cancer Immunotherapy

Tumor microenvironment prevents the activity of the immune system, and tumor
cells inhibit the activity of tumor-specific T-cells (Munn & Bronte, 2016; Vasievich
& Huang, 2011). New research focuses on regulating the tumor microenvironment
by inhibiting immunosuppressor molecules or activating soluble mediators, which
in turn may elicit an immune response. Nanomaterials have the ability to activate or
suppress immune system depending on their type, size, side groups, and functional-
ization and use of nanomaterials may reduce these side effects by achieving specific
delivery to target tumors. Nanomaterials may be used to selectively distribute
immune checkpoint regulators to the tumors to inhibit their growth. For example,
PLGA nanoparticles that were conjugated with anti-OX40 mAbD resulted in stronger
cytokine production and increased overall antitumor cytotoxic cell response when
injected into the tumor compared to the administration of free antibody (M. Chen,
Ouyang, Zhou, Li, & Ye, 2014). Targeted inhibition of cytokines using various
approaches is also important for preventing the immunosuppressive environment of
the tumor. Park et al. developed nanoscale liposomal polymeric gels (nanolipogels,
nLGs) for co-delivery of IL-2 and small molecule TGF-f receptor-I inhibitor
SB505124 for this purpose (Park et al., 2012).

Targeted delivery to tumors may also allow the use of highly potent drugs with
reduced side effects. Intratumoral injection of anticancer antibodies from function-
alized nanoporous silica inhibited tumor growth more efficiently and at a longer
duration than systemic antibody injections (Lei et al., 2010). In another study, anti-
CD137 mAbD and engineered IL-2Fc fusion protein that were anchored to PEGylated
liposomes prevented lethal toxicity and increased systemic antitumor immunity
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compared to free anti-CD137 antibodies. In this study, it was also determined that
the size of the nanomaterials is important. The nanoparticles that are small enough
to reach into the tumor but large enough to join the systemic circulation were found
to be highly efficient (Kwong, Gai, Elkhader, Wittrup, & Irvine, 2013). Heo et al.
found that after injection with immunomodulating oligodeoxynucleotides or siRNA
encapsulated PLGA’s in addition to chemotherapy, dendritic cells become active and
migrate to the tumor-draining lymph nodes. This combination therapy using immu-
nomodulatory nanomaterials inhibited tumor growth and increased the survival rate
(Heo, Kim, Yun, & Lim, 2015).

Cell therapy is an alternative for treatment of many diseases; however, it has
major limitations such as loss of function of the transplanted cells. A novel approach
uses nanoparticles, created from liposomes and liposome-like synthetic nanoparti-
cles 100-300 nm in diameter with a drug-loaded core and phospholipid surface
layer, which carry adjuvants. These nanoparticles continuously stimulate donor
cells and were shown to increase the efficiency of tumor elimination (Stephan,
Moon, Um, Bersthteyn, & Irvine, 2010).

4.3.2 Cancer Vaccines

There are two types of cancer vaccines, therapeutic and prophylactic. Prophylactic
vaccines are used to prevent cancers such as the hepatocellular carcinoma secondary
to hepatitis B virus and squamous cell carcinoma secondary to human papillomavi-
rus (HPV) (DeMaria & Bilusic, 2019). Therapeutic vaccines, on the other hand, are
aimed to treat cancer.

Tumor cells express a variety of antigens, some of which are specific to them,
and are not produced by healthy cells. In earlier studies, the cancer vaccines were
developed with whole-cells together with adjuvants to target tumor cells. However,
because of a need to develop more potent vaccines with fewer side effects, current
research focuses on antigens that are specific to tumors (Herlyn & Birebent, 1999).
Some of these targets are products of mutated oncogenes (p53, ras, PSA, GP-100,
MART-1, B-raf). For cancer to occur, the cells have to have many mutations and
escape through many checkpoints, thus every tumor has a different composition.
Therefore, a personalized approach may be more effective for cancer treatment, and
new developments in genomics allow scientists to determine the specific mutations
in the patients. Together with the developments in nanotechnology, this information
may be used to customize a specific therapeutic approach for each patient. Initial
clinical trials of personalized cancer vaccines have shown the feasibility, safety, and
immunotherapeutic activity of targeting individual tumors (Sahin & Tiireci, 2018).

Cancer vaccines may not only target different antigens and immune adjuvants,
but also use different vaccine platforms, such as peptides/proteins, whole tumor
cells, recombinant vectors, dendritic cells (DCs), gangliosides, and genes (DeMaria
& Bilusic, 2019). Cancer cells may also be coated with nanoparticles conjugated
with tumor antigens to elicit an immune response (Fang et al., 2014). There are
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already approved cancer vaccines for treatment against early-stage bladder cancer,
mCRPC, and metastatic melanoma, such as TheraCys® and TICE®, PROVENGE,
and IMLYGIC®, and several new vaccines are undergoing clinical trials.

Cancer vaccines are promising; however, their impact in metastatic carcinomas
is not very high. Cancer vaccines need to work in synergy with other therapeutic
approaches to inhibit local (tumor-site) immune response and act as an immunosup-
pressive agent while stimulating antitumor response. Nanoparticles are very impor-
tant in that respect, since they may be tailored for different functions.

There is an increased focus on vaccine development by using nanoparticles and
nanotechnology methods. Tailored nanoparticles may have fewer side effects and
can be more effective. Nanoparticle use in vaccines may protect antigens, allow for
more specific targeted delivery and result in sustained slow release. The nanoparti-
cle vaccine field is developing very rapidly and promising; however, there are some
problems that need to be addressed, an important one of which is the lack of under-
standing of the behavior of nanoparticles in the body, when they are used as a shuttle
system or an adjuvant in vaccines (L. Zhao et al., 2014).

Nanomaterials may be used for encapsulating antigen and adjuvants, protecting
them from degradation and to increase the efficiency of T-cell response (Irvine,
Hanson, Rakhra, & Tokatlian, 2015; Irvine, Swartz, & Szeto, 2013; Zhu, Zhang, Ni,
Niu, & Chen, 2017). Some carbon-based nanomaterials, such as carbon nanotubes
and graphene, might affect immune cells by specifically activating them and initiate
an antitumor immune response (Orecchioni et al., 2014; Pescatori et al., 2013; Xu
et al., 2013). In one example, PC7A nanoparticles were shown to deliver tumor
antigens to cytosol and activating the stimulator of interferon genes (STING) path-
way (Luo et al., 2017).

4.4 Nanomaterials for Development of Vaccines

Vaccines are microbial antigens or attenuated/killed microbes administered together
with an adjuvant to induce antigen-specific immune responses that result in long-
lasting immune memory against specific pathogens. In autoimmune disorders, the
vaccine should work in an opposite manner: to inhibit immune responses against
self-cells without affecting the capability of the immune system to act against
foreign organisms or materials or cancer cells (Clemente-Casares, Tsai, Yang, &
Santamaria, 2011).

The size of the particle effects the time required for drainage of that particle into
the lymph node (Manolova et al., 2008). When antigens were covalently bound to
nano-beads, the immune response differed with respect to the size of the nano-beads
(Fifis et al., 2004). Nanoparticle size is also important in delivery. Amorphous silica
nanoparticles that are greater than 100 nm have more difficulty in entering into cytosol
compared to smaller nanoparticles (between 70 and 10 nm) (Hirai et al., 2012).
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Dendritic cells ingest nanoparticles at varying efficiency. The rate of uptake dif-
fers by size, charge and hydrophobicity. Nanoparticles bigger than 500 nm are
ingested at low rates (Foged, Brodin, Frokjaer, & Sundblad, 2005). Nanoparticles
with positive charge are ingested more efficiently compared to neutral or nega-
tively charged particles (Wischke, Borchert, Zimmermann, Siebenbrodt, &
Lorenzen, 2006).

An advantage of nanoparticles is that they may be functionalized through addition
of receptors on their surface to increase efficiency of delivery. Use of Fc receptors to
deliver antigens to human dendritic cells have been suggested to be successful, by
using intact antibodies or engineered fragments (Cruz et al., 2011; Mi et al., 2008).

Another advantage of nanoparticle vaccines is that they enter the APC via phago-
cytosis, unlike soluble antigens which enter by micropinocytosis. Thus nanoparticle
vaccines present antigens more efficiently, which may also result in stronger
immune responses (H. Shen et al., 2006).

Delivery of vaccines is another important subject. Several nanocarrier systems
have been investigated for vaccine delivery, such as liposomes. Liposomes are
important because of their adaptability and flexibility for use in different applica-
tions (Schwendener, 2014). Liposomes may be used to encapsulate different types
of nanoparticles. Hydrophilic particles may be carried inside the liposome, while
hydrophobic particles may be incorporated into the lipid bilayer. Liposomes may
also be adjusted regarding their components, size and charge.

As a delivery system, nanoparticles may activate immune system by directly
delivering antigen to the immune system cells or perform targeted delivery (Girija
& Balasubramanian, 2018; Mody et al., 2013). To function as immunomodulators,
nanoparticles may be tailored to activate immune pathways which might then
enhance or inhibit antigen processing and immunogenicity. Gold and silica
nanoparticles have been analyzed for their potential for use as cargo delivery sys-
tem (Brito & O’Hagan, 2014; Shah, O’hagan, Amiji, & Brito, 2014). They may be
tailored to strongly bind to antigens, co-deliver adjuvants and multi-epitope anti-
gens into lymphoid organs and into antigen-presenting cells (Zhu et al., 2017). The
antigens can be attached to nanoparticles by encapsulation, conjugation, or adsorp-
tion (L. Zhao et al., 2014). Adsorption is not very strong, and relies on electrical
charge or hydrophobicity, which may lead to rapid dissociation of the antigen and
the nanoparticle in vivo. Encapsulation and chemical conjugation results in stron-
ger binding of the nanoparticle to the antigen (Pati, Shevtsov, & Sonawane, 2018).
The antigen is released when the carrier particle is ingested and degraded by the
cell. In chemical conjugation, antigen is coupled irreversibly to the nanoparticle
(Andersson, Buldun, Pattinson, Draper, & Howarth, 2019). New research may
focus on soft-matter nanoparticles that are based on emulsions which work as adju-
vants when they are given into the body independently of the antigen, that is, no
attachment (Morel et al., 2011; O’Hagan, Ott, & Van Nest, 1997). Further studies
are required to fully understand the effects of these molecules on each other and to
the immune system.
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4.4.1 Nanoparticle Interactions with Antigen Presenting Cells

For the vaccines to work efficiently, antigens must be delivered to antigen present-
ing cells, dendritic cells and macrophages, so that these cells are activated and an
immune response is elicited (Jones, 2008; Reddy, Swartz, & Hubbell, 2006).
Interactions of these cells with nanoparticles and mechanisms of delivery into the
cells are important for rational design of vaccines (Kumari & Yadav, 2011). Also,
scientists have to be aware of the possible changes to the nanoparticle behavior
with the changing size, shape, side-group, and overall functionalization (Khong
et al., 2018; Xiang et al., 2006). For example, PLGA particles that are 300 nm in
diameter were transported into the cells at a higher rate compared to 1, 7 and 17 pm
particles (Joshi, Geary, & Salem, 2013). Internalization of positively charged poly-
styrene nanoparticles to the dendritic cells was also higher, possibly due to the
interactions with the anionic cell membranes (Foged et al., 2005; Y. Shen, Hao, Ou,
Hu, & Chen, 2018). However, it was not shown that this increased internalization
is correlated with more potent immune response.

In addition, nanoparticles have been increasingly used to deliver not only antigen
of interest but also co-adjuvants, such as poly(I:C), CpG and MPL (De Temmerman
et al., 2011; Hafner, Corthésy, & Merkle, 2013). However, more work is needed in
nano-vaccine research to overcome challenges including synthesizing nanoparticles
that are cheap, uniform, and consistent, that are functionalized with desired proper-
ties, ability to target the particle to desired location, with fewer side effects. Thus,
rational design of these nanoparticles with respect to the disorder is imperative.
New technologies such as micro- and nanofluidics are also important for more effi-
cient analyses of the effects of nanoparticles on different cell types (Hong, Lu, Liu,
& Chen, 2019).

4.4.2 Polymeric Nanomaterials for Vaccine Development

Synthetic polymers have different compositions and properties and some of the
most widely used ones to prepare nanoparticles are poly(D,L-lactide-co-gly-
colide) (PLG) (Kim et al., 1999; Koping-Hoggard, Sanchez, & Alonso, 2005;
C. Thomas, Rawat, Hope-Weeks, & Ahsan, 2011), poly(D,L-lactic-coglycolic
acid) (PLGA) (Demento et al., 2012; Lii et al., 2009; Manish, Rahi, Kaur,
Bhatnagar, & Singh, 2013; Silva et al., 2013), poly(g-glutamic acid) (g-PGA)
(Akagi, Baba, & Akashi, 2012; Akagi, Kaneko, Kida, & Akashi, 2005),
poly(ethylene glycol) (PEG) (Koping-Hoggard et al., 2005), and polystyrene
(Kalkanidis et al., 2006; Minigo et al., 2007). PLG and PLGA nanoparticles have
high biocompatibility and biodegradability which are needed for use in drug
delivery (D’souza et al., 2014; Danhier et al., 2012).

Importance of polymeric nanoparticles comes from their ability to deliver antigens
to target cells or provide sustained release of their cargo antigens. These polymeric
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nanoparticles entrap antigens for delivery to certain cells or sustain antigen release
by virtue of their slow biodegradation rate (Danhier et al., 2012). PLGA nanoparti-
cles were shown to shuttle antigens against Plasmodium vivax with mono-
phosphoryl lipid A as adjuvant (Moon, Suh, et al., 2012), hepatitis B virus (HBV)
(C. Thomas, Rawat, et al., 2011), Bacillus anthracis (Manish et al., 2013), and
model antigens such as ovalbumin and tetanus toxoid (Demento et al., 2012; Diwan,
Tafaghodi, & Samuel, 2002).

Cationic alginate-polyethylenimine (PEI) nanogels have been proposed to be
used as a vaccine delivery system (Li et al., 2013). Compared with the empty nano-
gels, nanoparticle loaded nanogels enhanced vaccine-induced antibody production
more efficiently, showing the potential of this approach to be used to enhance
vaccine-elicited humoral and cellular immune responses.

4.4.3 Metal Nanoparticles

Metal nanoparticles are widely used for different applications. They have well devel-
oped and controllable synthesis methods with precise sizes and shapes, and they can
also be readily functionalized (Kalkanidis et al., 2006; L. Zhao et al., 2014).

Gold nanoparticles have been used in several studies for vaccine development
(L. Zhao et al., 2014). The size of gold nanoparticles usually ranges from 2 to 150 nm,
and they may be given spherical, rod or cubic shapes (Gregory, Titball, & Williamson,
2013; Niikura et al., 2013). In one study, the highly conserved extracellular region of
the matrix 2 protein of influenza A virus was conjugated to gold nanoparticles to treat
influenza. Intranasal administration of this nanoparticle system induced matrix 2
protein specific IgG serum antibodies (Tao, Ziemer, & Gill, 2014). Stone et al. fabri-
cated gold nanorods which were attached to the respiratory syncytial virus by cova-
lent binding of a viral protein. This gold nanorod construct contained the major
protective antigen of the virus, the fusion protein (F), and was able to successfully
induce immune response (Stone et al., 2013). In another study, gold nanoparticles
were attached to a synthetic peptide resembling foot-and-mouth disease virus pro-
tein, with sizes ranging from 2 to 50 nm. These nanoparticles activated the antibody
response at different strengths (Y. S. Chen, Hung, Lin, & Huang, 2010). Xu et al.
conjugated the surface of the gold nanorods with cetyltrimethylammonium bromide
(CTAB), poly(diallydimethylammonium chloride) (PDDAC), and PEI. PDDAC- or
PEI-attached gold nanoparticles with DNA stimulated stronger immune response
compared DNA only approach (Xu et al., 2012).

Surfaces of gold or iron oxide may also be functionalized by coating them with
sugar molecules (glyconanoparticles). Carbohydrates and other molecules may be
attached to metal nanoparticles, and the core may be filled with magnetic or fluores-
cence molecules (Marradi, Chiodo, Garcia, & Penadés, 2013).

Some inorganic materials such as silica-based nanoparticles are biocompatible and
are being investigated as nanovaccine constituents. Mesoporous silica nanoparticles
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may be tailored for targeted release of antigens by changing properties such as the
shape, size and surface functionalization (Manzano et al., 2008). These mesoporous
silica nanoparticles can carry more cargo compared to solid silica nanoparticles, and
could be regulated to release the cargo in a controlled manner by changing mesopo-
rous structures. Mesoporous silica nanoparticles are promising candidates for use in
vaccines due to their controlled-release abilities.

4.4.4 Carbon-Based Nanomaterials

Carbon nanoparticles have been studied for their use in vaccine delivery (Gregory
et al., 2013; T. Wang et al., 2011). Particles which were 450 nm in size and with
50 nm mesopores on the particle surface were produced. These pockets would be
used to transport protein antigen, protecting the antigen and allowing oral admin-
istration (T. Wang et al., 2011). They are tolerated well inside the body and were
given different shapes including mesoporous spheres (Bianco, Kostarelos, &
Prato, 2005; Gupta et al., 2015). Carbon nanotubes are pure carbon molecules and
are generally 0.8-2 nm in diameter with a length of 100-1000 nm (Parra, Abad-
Somovilla, Mercader, Taton, & Abad-Fuentes, 2013; Villa et al., 2011).

4.4.5 Biological Materials for Vaccine Development

Proteins, peptides, carbohydrates, nucleic acids, and liposomal systems have all
been proposed to be used for developing effective vaccines for various purposes.
They can be used in the form of either nanoparticles and nanofibers or hydrogels.
Recently, nanoparticles are proposed to be synthesized by self-assembling of pro-
teins that assemble to form higher level quaternary structures. By using protein
structure information, self-assembling nanoparticles that resulted in stronger
immune response than influenza vaccines were designed (Kanekiyo et al., 2013). In
this study, the viral hemagglutinin was genetically fused to ferritin, which is a pro-
tein composed of 24 identical polypeptides that can self-assemble into spherical
10 nm particles. This nanoparticle vaccine elicited hemagglutination inhibition anti-
body titers that were more than tenfold higher compared to the traditional vaccine.
The advantages of protein nanoparticles in vaccine development include having
highly organized structures and symmetry, biodegradability, and tailorability at
three different interfaces and size (Neek, Kim, & Wang, 2019).

Vault nanoparticles are self-assembled to form an ellipsoid that contains an empty
region inside (Buehler et al., 2014). Recent work which focused on the use of vault
nanoparticles to carry antigens showed that these nanoparticles elicited potent
immune response, that may also be useful in cancer vaccines (Kar et al., 2012).
A new class of monodispersed, self-assembling vault nanoparticles comprises a
protein shell exterior with a lipophilic core interior and these recombinant vaults
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contained a small amphipathic a-helix obtained from hepatitis C virus. This design
resulted in a small area in which lipophilic compounds would be encapsulated and
delivered to target cells (Buehler et al., 2014).

Liposomes are spherical structures composed of phospholipid bilayers with a
core that may be used for antigen delivery. Liposomes are biodegradable, and range
from 20 nm to 1 pm in size. Liposomes may be used as delivery systems for vaccines
by encapsulation, adsorption, or surface coupling of antigens (Giddam, Zaman,
Skwarczynski, & Toth, 2012). Liposomes do not have immunostimulatory or immu-
nosuppression activity, so they are combined with adjuvants for vaccine develop-
ment. An in-depth analysis of liposomal interaction with the immune system would
allow scientists to design more potent vaccines. Liposomes may be used to deliver
DNA vaccines or virosomes that contain viral envelope glycoproteins (Gliick, Moser,
& Metcalfe, 2004; Khatri et al., 2008). Liposomes also allow the use of intranasal
approach for delivery of vaccines (S. Sharma, Mukkur, Benson, & Chen, 2009).

Recombinant vaccines using proteins have very little toxicity but their potency is
not high. In one study, an interbilayer-cross-linked multilamellar vesicle system was
produced by cross-linking headgroups of adjacent lipid bilayers. These vesicles
internalize antigens in the core and immunostimulatory adjuvants on the vesicle
walls. These vesicles were shown to have potency, eliciting very strong endogenous
T-cell and antibody responses (Moon et al., 2011).

4.5 Nanomaterials for the Treatment of Autoimmune
Diseases

Autoimmune disease is the name of around 80 disorders that share a common etiology:
an immune attack on the body’s own cells. There are self-reactive B-cells and T-cells
that recognize and attack the self-antigens. During T-cell development, self-reactive
cells are normally deleted, and problems in removal or inhibition of these self-reactive
cells may lead to autoimmunity (Notarangelo, Gambineri, & Badolato, 2006).

The prevalence of autoimmune diseases is increasing in industrialized countries,
which may be due to environmental changes, such as air quality. There are no suc-
cessful cures for these diseases. The disease progresses slowly and organ and tissue
damage occur before diagnosis. To battle against autoimmune diseases, inhibitors
against immunostimulatory molecules may be used, such as monoclonal antibodies
or small receptor blockers. These inhibitors downregulate or result in the degrada-
tion of immunostimulatory agents.

Scientists have tried to develop techniques to transport anti-inflammatory drugs
to target immune cells in affected tissues and inhibit or limit their pathological
effects. For the treatment of autoimmune diseases, it would be extremely important
to inhibit the T-cells that attack the body’s own tissues, but not effect T-cells in other
tissues. A wide and very strong immunosuppression would result in infections. In the
immune system, T-cells play a very critical role in the defense against diseases
or degradation of tumor cells. However, they may be responsible from self-tissue



130 T. Tekinay

damage in autoimmune disorders. Thus, it is imperative that T-cell activity is regu-
lated to develop successful strategies against autoimmune diseases. This may be
done by converting T-cells into other types, redirecting their program, such as
conversion of effector cells to regulatory T-cells (Moon, Huang, & Irvine, 2012;
O’Shea & Paul, 2010; Rose, 2016). Nanoparticles would be very important in these
types of altering function activities. By specifically tailoring the abilities of the
drugs, nanoparticles may regulate these cells (Park et al., 2011). Metal nanoparti-
cles, liposomal systems, biomaterial-based nanomaterials and carbon-based
nanoparticles have been widely studied for this purpose.

4.5.1 Carbon-Based Nanoparticles

Carbon nanotubes are formed by carbon atoms that arrange forming a two-
dimensional hollow cylinder. Carbon nanotubes were shown to induce systemic
immunosuppression in mice (L. A. Mitchell et al., 2007; Leah A. Mitchell, Lauer,
Burchiel, & McDonald, 2009; Tkach et al., 2011; X. Wang, Podila, Shannahan,
Rao, & Brown, 2013).

Fullerene is also formed by carbon atoms and forms a closed structure that may
be a hollow sphere, ellipsoid, tube, or many other shapes and sizes. It has anti-
inflammatory and antioxidant effects (Magoulas et al., 2012). Fullerenes inhibit the
allergic response against Ag-driven type I hypersensitivity by decreasing the level
of reactive oxygen species (ROS) (Ryan et al., 2007). Fullerene derivatives may
defend against oxidative stress in ischemia-reperfused lungs (Y.-W. Chen, 2004).
Fullerenes were also shown to inhibit the development of arthritis in a rat model
(Yudoh, Karasawa, Masuko, & Kato, 2009). In another study, hydroxylated fuller-
enes inhibited neutrophil function in fathead minnows (Jovanovié, Anastasova,
Rowe, & Pali¢, 2011).

4.5.2 Metal Nanoparticles

Gold nanoparticles have diverse properties and their size can be tailored to modulate
their immune response and biodistribution. In gold nanoparticles, gold core is inert
and nontoxic, and the nanoparticles can be manufactured with a very wide size dis-
tribution ranging from 1 to 150 nm and can be easily synthesized by various methods
(C. P. Sharma, 2010). Twenty-one nanometer spherical gold nanoparticles caused
no apparent organ or cell toxicity in mice, but resulted in inhibition of inflammatory
effects (H. Chen et al., 2013). Five and 15 nm gold nanoparticles reduce pro-inflam-
matory responses induced by interleukin-1 (Sumbayev et al., 2013).

Iron oxide nanoparticles have also been used for immunomodulatory purposes.
When the mice were exposed to ovalbumin and to varying doses of iron oxide
submicron- or nanoparticles, allergic response was significantly inhibited.
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Interestingly, low doses of submicron particles had no significant effect on the allergic
response while the same dose of nanoparticles had an adjuvant effect on the response
to ovalbumin. This study clearly showed that the particle dose and size affect the
allergic response (Ban, Langonné, Huguet, Guichard, & Goutet, 2013).
Administration of iron oxide nanoparticles (58.7 nm) also suppressed T-helper 1
cell-mediated immunity in ovalbumin sensitized mice (Shen, Liang, Wang, Liao, &
Jan, 2012). Compared to single instillation, repeated instillations resulted in a reduc-
tion of inflammatory cell numbers in both bronchoalveolar lavages and pulmonary
parenchyma (Ban, Langonné, Huguet, & Goutet, 2012).

Cerium oxide nanoparticles have the potential to reduce reactive oxygen species
production and may be used to battle chronic inflammation (Hirst et al., 2009;
Schanen et al., 2013). Also, cerium oxide nanoparticles (5—8 nm) protected the car-
diac progenitor cells from H,0O,-induced cytotoxicity (Pagliari et al., 2012).

Quantum dots are artificial semiconductor particles that are a few nanometers in
size and their distinctive conductive properties are usually determined by their size.
Cadmium telluride quantum dot nanoparticles suppressed the immune responses of
macrophages to Pseudomonas aeruginosa by reducing NO, TNF, KC/CXCL-1, and
IL-8 levels (Nguyen, Seligy, & Tayabali, 2013). Immunosuppression was also
observed in Juvenile rainbow trout. When Juvenile rainbow trout were exposed to 5,
10, and 20 nM cadmium tellurium quantum dots, each form of dots resulted in a
different pattern of gene expression and lowered fish immune response (Gagné
et al., 2010). Sub-toxic levels of cadmium telluride quantum dot nanoparticles were
also shown to suppress immune responses against bacteria in macrophages and epi-
thelial cells (Nguyen et al., 2013).

4.5.3 Polymeric Nanoparticles

The size, shape and material of polymeric nanoparticles have also been shown to be
important for suppression of immune responses. Twenty nanometer polystyrene
particles decreased the efficiency of dendritic cells to degrade soluble antigens,
without affecting their ability to induce antigen-specific CD4+ T-cell proliferation.
Thousand nanometer polystyrene particles did not have such effects, while 20 nm
particles accumulated in the lysosomes. Size-dependent accumulation of particles
in lysosomes modulates dendritic cell function through impaired antigen degrada-
tion (Seydoux et al., 2014).

When dendritic cells (DCs) were treated with model biomedical poly(vinyl
alcohol)-coated super-paramagnetic iron oxide nanoparticles (PVA-SPIONS), they
were observed to exhibit decreased antigen processing capacity and CD4+ T-cell
stimulation capacity (Blank et al., 2011).

Inert 50 nm polystyrene nanoparticles were also shown to inhibit allergic lung
inflammation by modification of pulmonary dendritic cell function (Hardy et al., 2012).
Particles composed of PLGA or PEG did not result in production of pro-inflammatory
cytokines or inflammasome activation in macrophages. When instilled into the lungs,



132 T. Tekinay

particle composition and size may increase the number and type of innate immune cells
in the lungs without triggering inflammatory responses (Roberts et al., 2013). In another
study, polystyrene or biodegradable poly(lactide-co-glycolide) microparticles encapsu-
lating encephalitogenic peptides (500 nm diameter) were observed to induce long-term
T-cell tolerance and ameliorated experimental autoimmune encephalomyelitis (Getts
etal., 2012).

4.5.4 Biomaterial-Based Nanoparticles

Peptide, carbohydrate, nucleic acid, and liposomal formulations have also been
used forimmunomodulation for the treatment of autoimmune diseases. Nanoparticles
carrying disease-related peptide-major histocompatibility complexes were shown to
reduce polyclonal autoimmunity by activating the selective expansion of memory-
like autoregulatory CD8+ T-cells (Clemente-Casares et al., 2011). These antigens
interacted with CD8+ T-cells only in diseased but not healthy individuals, thus these
nanoparticles coated with any relevant pMHC may be used as vaccines to inhibit
polyclonal autoimmune responses in a disease and organ-specific manner (Tsai
et al., 2010).

Liposomal encapsulation of glucocorticoids both enhances their efficacy in the
treatment of encephalomyelitis and alters their target cell specificity and their mode
of action compared to free glucocorticoids (Schweingruber et al., 2011). A study
with folate-targeted nanoparticles showed promising results in the treatment of
inflammatory arthritis (T. P. Thomas, Goonewardena, et al., 2011). Liposomal glu-
cocorticoids inhibited proinflammatory macrophage functions and upregulate anti-
inflammatory genes, but had little effect on T-cell apoptosis and function.

Injection of DNA plasmids encoding immunomodulatory proteins (OX40-
TRAIL), and a cationic lipid was shown to ameliorate experimental autoimmune
encephalomyelitis (Yellayi et al., 2011). Controlled release of immunomodulating
peptide antigens from PLGA suppressed production of inflammatory cytokines
and helped to reduce dosing without increased frequency (H. Zhao, Kiptoo,
Williams, Siahaan, & Topp, 2010). A study in siRNA silencing in inflammatory
monocytes to suppress expression of the chemokine receptor CCR2 showed that
this approach prevented accumulation of inflammatory monocytes and their dif-
ferentiation into highly activated antigen-presenting macrophages at the sites of
inflammation. This therapeutic approach reduced inflammation in atherosclerotic
plaques, decreased infarct size after coronary artery occlusion, prolonged survival
of pancreatic islet allografts after transplantation, and suppressed tumor growth
(Leuschner et al., 2011). Polylactide-cyclosporine A nanoparticles were produced
at sub-100 nm sizes and narrow particle size distributions, and released cyclospo-
rine A continuously for targeted immunosuppression. This study showed that poly-
lactide-cyclosporine A nanoparticles were internalized into the dendritic cells with
a continuous release to the culture medium, suppressing proliferation of T-cells
without any systemic release of the drug (Azzi et al., 2010).
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In another study, when leukemia inhibitory factor-loaded nanoparticles were
directed to T-cells, vascularized heart grafts survived longer, Foxp3+ cells were
induced and Th17 cells were expanded. These results show that engineered nanopar-
ticles regulate immune pathways to elicit wanted response, thus enabling a new
therapeutic approach for autoimmune disorders (Park et al., 2011).

4.6 Conclusions and Future Perspectives

Strategies to develop therapies based on inherent properties of different types of
nanoparticles, which may be tailored for different diseases, should also employ
methods to understand the mechanisms of the immunomodulatory action of these
nanoparticles. There are many different types of nanoparticles with various chemi-
cal structures and sizes, and they can be functionalized with different side units. In
addition to the size, particle composition, surface chemistry, ability to bind to
plasma proteins, and drug excretion time and route is important for the immuno-
modulatory characteristics of the nanomaterials. These responses may be beneficial
or harmful depending on the disease type. Research on immunomodulating nano-
materials to fight against cancer focuses on avoiding side effects and enhancing the
tumor degrading ability of these nanoparticles. On the other hand, nanoparticles
should have immune suppressing ability to treat autoimmune disorders.

It is extremely important that the correlation between the nanoparticle properties
and immune response is elucidated for development of treatment and diagnosis
methods in medicine. However, further detailed studies are required for tissue
regeneration and diagnosis, prevention and treatment of diseases through immuno-
modulatory nanoparticles.
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Chapter 5 )
Neuroregenerative Nanotherapeutics b

Ayse Begum Tekinay, Brabu Balusamy, Anitha Senthamizhan,
and Tamer Uyar

Abstract As one of the rare tissues where cell proliferation can be severely prob-
lematic, neural tissue damages due to accidents or diseases remain one of the major
challenges in medicine. Neural tissue engineering offers great revolution in repair-
ing neural injuries. Guidance for neurite extension and connectivity are considered
as primary factors in designing neural scaffolds. Several types of nanomaterials
have been proposed to be used for therapeutic purposes for neural regeneration.
Among these materials electrospun nanofibers made of polymeric and natural bio-
materials and self-assembled peptide/peptide amphiphile nanofibers are the most
widely studied examples. Electrospinning is a versatile method in fabrication of
nanofibers and garnering endless attention among various scientific disciplines
including biomedical sciences for their potential use. The scaffolds made of electro-
spun nanofibers offer excellent environment for cell adhesion and proliferation that
opens new avenue in the tissue regeneration application. Natural biomaterials, on
the other hand, offer inherent biocompatibility and bioactivity, both of which are
desirable qualities for biomaterials for neuroregeneration. Self-assembled peptide
nanofibers are also quite advantageous nanomaterials with well-defined chemical
structures, low immunogenicity, tailorable bioactivity, and inherent biocompatibility.
Advancements in fabrication of neural scaffolds using abovementioned techniques
have shed light on neural regeneration research into a new era as it offers the fabri-
cation of tunable and diverse range of scaffolds. In this chapter, we briefly present
nanotherapeutics that have been developed for neural regeneration and examples of
various nanomaterials and their fabrication methods.
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5.1 Introduction

A great deal of efforts have been made in the prospects of regenerative medicine over
the decades that has set high expectations for discovering solutions of many human
illnesses through numerous strategies (Atala, 2012; Mao & Mooney, 2015; Rosenthal
& Badylak, 2016). The regenerative medicine aims the functional rehabilitation of
organs and tissues injured through disease, trauma, aging and also to regularize con-
genital defects. In the recent past, rapid developments of nanotechnology opened new
realm of advancements in biomedicine and the new fabrication methods have been
extensively employed in various fields (Chan, Lee, Zhuo, & Ming, 2017; Gu, Wu,
Chen, & Xiao, 2013; Nobile & Nobile, 2017; Pelaz et al., 2017; Ramos, Cruz, Tovani,
& Ciancaglini, 2017; Sanna, Pala, & Sechi, 2014; A. Z. Wang & Tepper, 2014).
Accordingly, various bottom-up and top-down approaches are applied in advancing
the field of regenerative medicine and offer hope in culmination of several long-felt
needs (Arora et al., 2012; Engel, Michiardi, Navarro, Lacroix, & Planell, 2008;
A. Gupta et al., 2013; Solanki, Kim, & Lee, 2008; Tan et al., 2016; Verma, Domb, &
Kumar, 2011). In essence, widespread nanomaterials including polymeric nanoparti-
cles, inorganic nanoparticles, magnetic nanoparticles, nanofibers, dendrimers, and
carbon nanotubes have been comprehensively explored for their potential in regenera-
tive medicine (Verma et al., 2011). Neural tissue regeneration is especially problem-
atic due to the inhibitory environment of the neural ECM. In the next subsections, we
will describe the molecular characterizations and functions neural ECM molecules.

5.2 Neural ECM Components

The ECM in the nervous system is synthesized by both neural cells, glia and microg-
lia. The neural ECM in the central nervous system of adult animals such as mice and
humans not only guides axonal growth but also enables or inhibits neurite formation
and extension and glia activation. Neural ECM is also a major determinant in estab-
lishing the differentiation paths of neural stem cells into neurons and glia. While
ECM components such as laminin and fibronectin enable axonal or neurite growth,
molecules such as semaphorins and chondroitin sulfate proteoglycans function as
inhibitory components, which is required for proper balancing of neural synapse
formation. In addition, the ECM signals also modulate the regenerative and degen-
erative processes by neurons and glia. The ECM of the peripheral and central ner-
vous system are quite different from each other in terms of their inhibitory and
permissive functions. Although the precise mechanisms of how the ECM molecules
modulate the cellular activity are not completely known yet, some of the well-
known ECM components have been widely studied for neuroregenerative applica-
tions and mimicking neural ECM has been one of the major approaches in developing
nanomaterials for neuroregeneration.
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5.2.1 Collagens

Collagens are the most widely found proteins in the ECMs of animal tissues. Today,
there are 29 different types of collagen and they share a triple-helical structural
formation. Different types of collagens can arrange into fibrillar or non-fibrillar for-
mations and can form uniform or randomly-organized scaffolds. The collagens that
are expressed in the peripheral nervous system (PNS) guide neurite extension and
provide support for the neurons and the Schwann cells, while collagens are mostly
found in the basement membrane structure in the central nervous system (CNS). In
the PNS, the upregulation of collagen after injury results in delayed regeneration
due to hindering of the neurite extension (Koopmans, Hasse, & Sinis, 2009).
Collagen IV has also been associated with the pathogenesis of glaucoma (Wenbin
Huang et al., 2013). Collagen IV, which is the main component of basal lamina in
the CNS, is also expressed as a part of the basal lamina complex at the neuromuscu-
lar junction, where the other major collagens are Collagen Q and Collagen XIII
(Singhal & Martin, 2011).

5.2.2 Laminins

Laminins are non-fibrous glycoproteins that are composed of a, B, and y chains
which combine together forming a coiled-coil structure. Laminins are found in
almost all tissues and 16 isoforms have been identified with varied expression
depending on the tissue and the age of the organism (Aumailley, 2013). Laminins
are mostly recognized by integrins on the cell surface; however, several other types
of proteins such as dystroglycans have also been identified as laminin receptors
(Colognato et al., 2007). The binding of dystroglycans with the laminins are impor-
tant for the regeneration of the PNS after injury. In CNS, laminin is primarily found
in the basal lamina and provides guidance to axonal and neurite growth during
development (Turney & Bridgman, 2005). Laminins have also been shown to induce
proliferation and differentiation of neural stem cells in cell culture (Flanagan,
Rebaza, Derzic, Schwartz, & Monuki, 2006; Hall, Lathia, Caldwell, & Ffrench-
Constant, 2008; W. Ma et al., 2008). Laminin knockout studies have also shown the
importance of laminins in embryogenesis and CNS development (Guldager Kring
Rasmussen & Karsdal, 2016; Rasi et al., 2010). In humans, several mutations in
laminin receptors such as dystroglycan and integrins as well as laminins have been
associated with neurological problems (Hara et al., 2011; Longman et al., 2003;
Matejas et al., 2010). Due to the ability of laminins to guide neurite outgrowth and
axonal elongation, many of the regenerative medicine studies that aim to regenerate
neural tissues have used either laminin or epitopes that are derived from laminin,
and several of these studies will be explained in the nanomaterials for neuroregen-
eration section.
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5.2.3 Tenascins

Among the four members of the Tenascin family, Tenascin C (TN-C) and Tenascin
R (TN-R) are expressed in the CNS and both of their expression are upregulated
after injury (Becker, Schweitzer, Feldner, Schachner, & Becker, 2004; Midwood &
Orend, 2009; Tang, Davies, & Davies, 2003). While TN-C is expressed by radial
glia, astrocytes and retinal and hippocampal neurons, TN-R is primarily expressed
by neurons. On cell surface, TN-C interacts with integrins and was shown to modu-
late neuronal behavior in CNS during development in vivo (Garcion, Faissner, &
Ffrench-Constant, 2001; Garcion, Halilagic, Faissner, & Ffrench-Constant, 2004;
Tucker & Chiquet-Ehrismann, 2015). In cell culture, TN-C and TN-R have been
both shown to modulate neuronal and stem cell behavior (Garcion et al., 2004,
Gobaa et al., 2011; Wenhui Huang, Zhang, Niu, & Liao, 2009; Little, Healy, &
Schaffer, 2008), thus, they provide novel ways of modulating stem cell behavior for
neuroregeneration purposes as well. However, it should be noted that both TN-C
and TN-R have varied effects on neural behavior depending on the presence of cul-
ture media and the cell type in vitro. In vivo, the inhibitory or induction effects of
tenascins in neurite outgrowth and axonal elongation also depends on the cell type
and other ECM elements.

5.2.4 Glycosaminoglycans

GAGs in the neural ECM are found either by themselves or as attached to proteo-
glycans. Chondroitin sulfate and chondroitin sulfate proteoglycans (CSPG) are the
most widely found GAGs and proteoglycans in the CNS. Most of the CSPGs are
expressed by astrocytes. The sulfation degree of these proteoglycans vary depend-
ing on the protein core and position where the sulfation occurs, thatis, chondroitin-4-
sulfate and chondroitin-6-sulfate, which results in a vast array of different molecules
with various functions. CSPGs are mostly known for their inhibitory effects on
neurite outgrowth and axonal elongation, and the expression levels of some of
these CSPGs are highly upregulated after injury, inhibiting neuroregeneration
(Shen et al., 2009; Yang, Kwok, & Fawcett, 2014). Hyaluronan-binding CSPGs
such as aggrecan, brevican, neurocan, and versican, have been shown to inhibit
neurite formation and axonal growth and are upregulated in glial scars after CNS
injuries (Fawcett, Kwok, Afshari, & Garcia-Alias, 2008; Yang et al., 2014).
Chondroitinase ABC, which is an enzyme that breaks down chondroitin sulfate
chains, was shown to reverse this inhibitory effect after injury (Fawcett et al., 2008;
Ikegami et al., 2005; Suzuki et al., 2017).

The activity of proteoglycans on neural stem cells have also been investigated
in vitro, where it was found that the presence of CSPGs in the culture environment
causes disruptions in the development and differentiation of neural stem cells
(Karumbaiah et al., 2015; Sirko, von Holst, Wizenmann, Gotz, & Faissner, 2007).
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CSPGs were shown to be an important constituent of perineural nets (PNN5).
PNNSs are dense ECM structures that wrap the surface of the neurons and are com-
posed of CSPGs, hyaluronan, tenascins and proteoglycan-link-proteins. Since
PNNSs are important for establishment of synaptic connections and plasticity, they
have crucial functions in neuroregeneration after injury (Fawcett et al., 2008; Kwok,
Dick, Wang, & Fawcett, 2011; Maroto et al., 2013).

5.2.5 Netrins and Slits

Netrins and slits are secreted proteins that function in axonal growth and movement
in the nervous system and cellular functions such as adhesion and migration in other
tissues (Lin, Rao, & Isacson, 2005; Stein & Tessier-Lavigne, 2001; K. L. W. Sun,
Correia, & Kennedy, 2011; Yebra et al., 2003). Depending on the receptors on the
growth cones of the neurons, they provide attractive or repellent signals for the
axons and have binding sites for heparan sulfate proteoglycans and integrins (Stein
& Tessier-Lavigne, 2001; Yebra et al., 2003). Netrins can have both short range and
long range effects on axonal growth, which was also shown by gene knockout stud-
ies in mice (Dominici et al., 2017; Schwarting, Raitcheva, Bless, Ackerman, &
Tobet, 2004).

Slits are glycoproteins and act as ligands for Robo receptors either for inhibiting
axonal attraction or acting as axonal repellants (Blockus & Chédotal, 2016; Brose
et al., 1999; Kidd, Bland, & Goodman, 1999). Both slits and robo proteins have
been shown to have important effects on non-neuronal cellular functions such as
cell adhesion and angiogenesis (Blockus & Chédotal, 2016). Thus, biological clues
on these proteins can act as invaluable tools for developing nanomaterials for regen-
erative medicine applications.

5.2.6 Reelin

Reelin is a vital ECM glycoprotein for the development of the nervous system and
mutations in this gene causes major CNS pathologies both in mice and humans (Baek
et al., 2015; D’ Arcangelo et al., 1995; Pujadas et al., 2014; Tissir & Goffinet, 2003).
The major receptors for reelin are lipoprotein receptors VLDLR and ApoER2,
expressed by migrating neurons and radial glia, but reelin was shown to bind to or
effect activities of other receptors as well (Baek et al., 2015; Dulabon et al., 2000;
Hiesberger et al., 1999; Weeber et al., 2002). Reelin modulates neuronal migration,
synapse formation and function, which makes it an attractive therapeutic target for
the treatment of CNS related pathologies (Durakoglugil, Chen, White, Kavalali, &
Herz, 2009; Hashimoto-Torii et al., 2008; Sekine, Kubo, & Nakajima, 2014; Telese
et al., 2015).
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5.3 Electrospun Nanofibers for Neuroregeneration

Electrospinning is remarkably simple and versatile technique that enables produc-
tion of nanofibers with diameters down to nanoscale using electrostatic repulsion of
surface charges finally draw nanofibers from viscous fluid. The electrospinning
setup typically consist of high voltage power supply, syringe pump, spinneret, and
collector that has been extensively applied to fabricate fibers from wide range of
materials including polymers, ceramics and their combinations. Interestingly, the
electrospinning offers the possibilities to generate nanofibers in solid, hollow,
porous, and core—shell structures. Furthermore, the electrospun nanofibers can be
interior and/or surface functionalized using various active agents including nanopar-
ticles during and following electrospinning process (J. Xue, Xie, Liu, & Xia, 2017).
Nevertheless, morphology of the resultant electrospun nanofibers mainly governed
by the electrospinning parameters determines their physicochemical characteristics
and intended applications. Figure 5.1 illustrates the schematic representation of
electrospinning process with various parameters influencing the morphology of
fibers (Pelipenko, Kristl, Jankovi¢, Baumgartner, & Kocbek, 2013). Attributed to
their exceptional characteristics, the electrospun nanofibers have tremendously
applied in various sectors from environmental remediation to biomedicine
(Senthamizhan, Balusamy, & Uyar, 2016; Shabafrooz, Mozafari, Vashaee, &
Tayebi, 2014; Uyar & Kny, 2017).

Designing and fabrication of ideal scaffold for specific tissue regeneration is
critical while the scaffold directly exposed to the cells, support cell proliferation
and tissue development (Khademhosseini & Langer, 2016). Electrospun nanofi-
bers primarily solve the major challenge in design and fabrication of suitable
scaffold for regenerative medicine. Generally, in the tissue engineering perspec-
tive, the designed scaffold should mimic as native extracellular matrix (ECM) to
offer temporary support in cell adhesion during formation of natural ECM by
the cells. Since the electrospun nanofibers produced with high surface-to-vol-
ume ratio, porosity, and spatial interconnectivity offers better cellular communi-
cation and nutrient transport to serve as a better platform for cell attachment,
differentiation, and proliferation, they qualify as an ideal scaffold in regenera-
tion. Liu, Thomopoulos, and Xia (2012) stated that tissues including sciatic
nerve, heart, tendon, and blood vessel can be recapitulated using nanofibrous
scaffolds (W. Liu et al., 2012). Therefore, to date electrospun nanofibers has
been immensely explored for their application in regenerative medicine
(Bosworth & Downes, 2011; Braghirolli, Steffens, & Pranke, 2014; S. Chen, Li,
Li, & Xie, 2018; W. Liu et al., 2012; B. Ma, Xie, Jiang, Shuler, & Bartlett, 2013;
Pham, Sharma, & Mikos, 2006; Xie, MacEwan, Schwartz, & Xia, 2010).

Besides the electrospun nanofibrous scaffold mimicking ECM characteristics,
alignment of nanofibers plays key role in the successful application of tissue regen-
eration as it greatly influences the cell adhesion, migration and differentiation. The
alignment of electrospun fibers can be controlled through mechanical, electrostati-
cal and magnetic force (W. Liu et al., 2012). As most of the tissues in human body
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Fig. 5.1 Schematic representation of the electrospinning process with parameters influencing the
morphology of the electrospun product. (Reproduced with permission from Pelipenko et al., 2013,
© 2013 Elsevier)

characterized in highly ordered structure (Sharma & Maffulli, 2006), thus the
aligned electrospun nanofibrous scaffolds mimicking anisotropic morphology
shown to have promising results in regeneration. Until now, there has been account-
able efforts cemented towards investigating the beneficial effects of electrospun
nanofibrous scaffold alignment in tissue regeneration applications. In this chapter,
we mainly concentrate to present brief summary on influence of fiber alignment in
cell growth and differentiation behavior. Further, examples of various approaches
developed for fabricating scaffolds for regeneration application with special focus
in neural regeneration are discussed.
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5.3.1 Aligned Electrospun Nanofibers

Electrospun nanofibers can be produced either in aligned form or not-aligned form
and various materials can be utilized for their production from pure polymeric mate-
rials to combinations of various polymeric and biomaterials. Alignment of the fibers
has been shown to aid in the alignment of neurites and axons especially when the
fibers are functionalized with specific ligands. These nanofibers have immediate
potential applications in peripheral nerve tissue regeneration where long-gaps
between nerve endings caused by trauma or diseases are already treated with poly-
meric nerve conduits to enable proper connection between the neurons.

Aligned nanofibers that are fabricated by using different types of polymers have
been used for neuroregeneration of neural cell culture purposes. Aligned amino-
lyzed poly-L-lactide (PLLA) fibers that are coated with graphene oxide have been
shown to promote the proliferation of Schwann cells and direct the alignment of
their cytoskeleton along the alignment of the fibers themselves. These nanofibers
also enhanced the proliferation and differentiation of PC12 cells, which are consid-
ered a model neuronal cell line, in the presence of neuronal growth factor (NGF)
(K. Zhang, Zheng, Liang, & Gao, 2016). Nebulized solvent patterning of aligned
electrospun PLLA enabled formation of different patterns on aligned nanofibers and
astrocyte cultures on these substrates showed that the CSPGs and fibronectin pro-
duced by the astrocytes on aligned sites exhibited an aligned morphology while the
astrocytes that are cultured on other topographical cues did not which resembles the
natural anisotropic-to-isotropic transition in neural ECM that restrict neurite out-
growth (Zuidema et al., 2015). In another study, aligned PLLA nanofibers, which
were electrically polarized by using a lab-built corona poling device, promoted the
retinoic acid-induced differentiation of neuroblastoma cells significantly enhanced
neurite outgrowth compared to control groups (Barroca et al., 2018). Aligned PLLA
nanofibers which were made electroconductive through coating with polypyrole
(PPy) were shown to not only guide the neurites extended by PC12 cells along the
fiber alignment but also significantly increase neurite length under electrical stimu-
lation (Y. Zou et al., 2016). In another study, electrically conductive PPy-poly lactic
acid (PLA) nanofibers coated with poly-ornithine were shown to facilitate attach-
ment or PC12 cells, and enhance proliferation and differentiation of PC12 cells
especially when combined with electrical stimulation (Tian et al., 2016).

Poly(methyl methacrylate) (PMMA) is another widely studied polymer as elec-
trospun materials due to its biocompatible nature. A comparison of aligned and
non-aligned electrospun PMMA nanofibers revealed that although both groups sup-
ported attachment and viability of astrocytes, these cells formed longer and structur-
ally aligned processes on aligned fibers compared to the cells on non-aligned PMMA
fibers. However, this study also showed that astrocytes respond to non-aligned nano-
fibers and extend processes much earlier than the cells cultured on their aligned
counterparts (Xia & Xia, 2018). For neuromuscular junction regeneration, aligned
and random electrospun polylactic acid (PLA) nanofibers were tested in vitro, where
long-term cocultures of primary embryonic motor neurons and C2C12 cells showed
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that these nanofibers enables formation and alignment of the myotubes and enhanced
their long-term survival in culture (B. Luo et al., 2018). NGF encapsulation into
aligned electrospun poly(e-caprolactone) (PCL) nanofibers enabled their slow
release when stabilized with bovine serum albumin (BSA), and enhanced viability
and elongated and aligned neurite outgrowth of PC12 cells (Hu, Tian, Prabhakaran,
Ding, & Ramakrishna, 2016). In another study, a continuous gradient of stromal
cell-derived factor 1o (SDF1a) in combination with a peptide with collagen binding
domain was formed on radially aligned electrospun nanofibers, and neural stem cell
behavior was observed, where they exhibited directed and enhanced migration along
the gradient on aligned fibers (Xiaoran Li, Li, et al., 2016). O, plasma treated aligned
PCL nanofibers also enhanced differentiation of embryoid bodies, as evidenced by
gene expression and microscopical analyses (Abbasi et al., 2016). Neuronal differ-
entiation of other types of stem cells has also been observed on aligned electrospun
nanofibers. Human endometrial stem cells were shown to differentiate into motor
neuron-like cells on aligned PLGA nanofibers when induced with retinoic acid and
sonic hedgehog (Shh) containing culture media (Ebrahimi-Barough et al., 2015).
Other techniques have also been combined with electrospinning to produce ECM
mimetic scaffolds with desirable properties for neuroregeneration purposes. When
both electrospinning and 3D printing was combined to fabricate a 3D scaffold with
aligned nanofibers made of PCL and gelatin, this scaffold increased the average
neurite length and enabled directed neurite elongation of primary cortical neurons
in culture (Lee, Nowicki, Harris, & Zhang, 2016). In another study, electrospinning
was combined with electrospraying forming a PCL scaffold with adjustable bioac-
tive factor embedded poly(Dp,L-lactide-co-glycolide) core—shell nanospheres. The
topography of the modified scaffold provided a favorable environment for PC12
cells and astrocytes and exhibited sustained release of the bioactive factor (Zhu,
Masood, O’Brien, & Zhang, 2015). Aligned PCL nanofibers that were functional-
ized with laminin-derived Gly-Tyr-Ile-Gly-Ser-Arg (GYIGSR) peptides were
shown to accelerate the differentiation of mouse embryonic stem cells into neuronal
lineage even faster than laminin coated surfaces, which shows that these synthetic
substrates can be used as xeno-free materials for stem cell transplantation (Silantyeva
et al., 2018). Combination of electrospun nanofibers with self-assembling peptide
structures has also resulted in favorable materials for neural regeneration studies.
Aligned PLGA nanofibers that were functionalized with RADA16-I-BMHP1 pep-
tides were shown to enhance bipolar extension of Schwann cells in in vitro and
promote recovery of sciatic nerve injury in vivo regulating collagen organization
and increasing myelination significantly more than control groups (Nune,
Subramanian, Krishnan, Kaimal, & Sethuraman, 2017). In another study, aligned
PLGA-carbon nanotube composite nanofibers were fabricated through electrospin-
ning and coated with poly-L-lysine. While the use of carbon nanotubes provided
electrical conductivity to the nanofibers, poly-L-lysine coating increased its hydro-
philicity, creating a better environment for nerve cell attachment. This aligned con-
ductive scaffold not only enabled growth of PC12 cells and dorsal root ganglion
neurons along the fiber direction but also enhanced neuronal differentiation of
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PC12 cells and viability and myelination of Schwann cells (Jing Wang, Tian, Chen,
Ramakrishna, & Mo, 2018).

Aligned electrospun nanofibers have also been investigated in in vivo studies.
Aligned electroconductive PPy modified electrospun PLA nanofibers were tested in
a rat spinal cord injury model, where these nanofibers were also compared with
non-PPy modified fibers in one study. The results showed that implantation of the
electrospun conductive fibers enhanced the functional recover after spinal cord
injury as evidenced by electrophysiological recordings and BBB scores and reduced
apoptosis and autophagy (Shu et al., 2019).

5.3.2 Non-aligned Electrospun Nanofibers

Although alignment of the electrospun nanofibers has been shown to be a desirable
factor for many neuronal cultures and neuroregeneration studies, there are also many
studies which investigated the effects of non-aligned or randomly aligned electros-
pun nanofibers for such applications. PCL, PLLA, PLA, and PLGA are again most
widely used polymeric materials that are used for these purposes. Human induced
pluripotent stem cells (hIPSCs) were shown to completely differentiate into neuronal
lineage on bi-electrospun PCL-gelatin nanofibers in neural differentiation medium
(KarbalaeiMahdi et al., 2017). In another study, polyallylamine-epidermal growth
factor (EGF) functionalized electrospun PLA nanofibers were shown to support via-
bility of neural stem cells for up to 14 days even in the absence of additional growth
factors in the culture media (Haddad et al., 2016). Electrospun nanofibers were also
used for transplantation of neural stem cells, where gelatin sponge-electrospun
PLGA/PEG nanofibers were seeded with neural precursor cells which were differen-
tiated from iPSCs. This system was later transplanted into rats whose spinal cords
were transected and motor functional recovery was assessed, which showed improve-
ments in BBB scores compared to PLGA alone and untreated groups (Pang et al.,
2016). Mixing materials that are hard to electrospun by themselves with other mate-
rials is a frequently applied approach for electrospinning applications. Poly(glycerol
sebacate) (PGS) is an example to the materials that is difficult to use for electrospin-
ning. Electrospun nanofibers manufactured from the copolymer of PGS and PMMA
mixed with gelatin have also shown to be biocompatible and support the viability and
neurite outgrowth of PC12 cells (Hu et al., 2017).

Combination of synthetic polymeric materials with natural biomaterials in elec-
trospinning applications was frequently applied for producing nanomaterials for
neural tissue regeneration. Hyaluronic acid is a GAG that is frequently found in the
natural neural ECM. ECM mimetic nanofibrous scaffolds made of electrospun PCL
and hyaluronic acid nanofibers exhibited controlled porosity and favorable morpho-
logical characteristics for cell attachment for neural cells such as SH-SYS5Y human
neuroblastoma cells (Entekhabi, Haghbin Nazarpak, Moztarzadeh, & Sadeghi,
2016). Another natural biomaterial, lignin, was also combined with PCL in order to
fabricate electrospun nanofibers with antioxidant characteristics. These nanofibers
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not only good antioxidant properties but also enhanced myelin basic protein
expression from Schwann cells and enhanced neurite extension from DRG neurons
(Jing Wang, Tian, Luo, et al., 2018).

Composites of polymeric materials with other types of nanomaterials have also
resulted in improved qualities for electrospun nanofibers in terms of neural tissue
engineering applications. In one study where carboxylated carbon nanotubes were
used for modifying PLGA nanofibers, the nanofibers were later treated with plasma
in order to increase their hydrophilicity and PC12 cells, DRG neurons and Schwann
cell were cultured on these nanofibers. Both plasma treatment and carbon nanotube
addition were shown to enhance the biocompatibility and differentiation potential
of PLGA nanofibers (Jing Wang, Chen, Ramakrishna, Tian, & Mo, 2017). Another
composite nanofiber system, where graphene oxide was incorporated into electros-
pun PLGA nanofibrous mats and insulin-like growth factor (IGF-1) was immobi-
lized on graphene oxide, resulted in enhanced survival of neural stem cells under
H,0, pretreatment, which shows its neuroprotective effects. This nanofiber system
also increased neuronal differentiation to a certain extent (Qi et al., 2019). In another
study, graphene oxide modified PLGA nanofibers were used for controlled release
of methylene blue. The slow release of methylene blue from these nanofibers and
the favorable environment provided by the scaffold system inhibited apoptosis in
neural progenitor cells and diminished tau-phosphorylation (L. Wang et al., 2019).
Randomly aligned electrospun PCL/gelatin nanofibers that are modified with gra-
phene oxide were also utilized for slow release of antibacterial drugs (Heidari,
Bahrami, Ranjbar-Mohammadi, & Milan, 2019). Non-aligned PLGA nanofibers
that are decorated with self-assembling RADA16-I-BMHP1 peptides were shown
to enhance Schwann cell proliferation and myelination activity, showing their
potential to be used for peripheral nerve regeneration (Nune, Krishnan, &
Sethuraman, 2015).

5.4 Natural Biomaterials as Neural ECM Mimics

Natural biomaterials that are obtained from the ECMs of different organisms such
as mammals or crustaceans have been of interest for many regenerative medicine
applications including neural tissue engineering. Among these natural biomaterials,
collagen, fibrin/fibronectin, various GAGs from mammalian ECMs, chitosan and
alginate have been the most widely applied materials.

5.4.1 Collagen

Collagen is the most widely found fibrous protein in the mammalian ECM and have
been used for various tissue regeneration studies. Collagen is also an ideal material
for stem cell culturing. Three-dimensional collagen grafted PCL nanofibers were
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shown to induce the differentiation of MSCs derived from Wharton’s jelly into
motor neuron-like cells when cultured in retinoic acid and Shh containing media
(Bagher et al., 2016). In another study, collagen containing scaffolds were opti-
mized in order to provide the most suitable scaffold for neural stem cells under
simulated spinal cord injury microenvironment. The scaffold that was chosen after
optimization studies was later used for neural stem cell transplantation into rat
severe spinal cord injury models where a high survival rate and functional differen-
tiation of neural stem cells was observed. This study shows the importance of the
use of ECM mimetic materials as training microenvironments prior to stem cell
transplantations (Xing Li, Liu, et al., 2016).

Collagen has been used as a functionalization agent for synthetic polymeric sys-
tems in order to render these materials bioactivity. These bioactive scaffolds can
also be used for understanding the molecular processes behind the activity of certain
drugs or proteins. In one example for these studies, human endometrial stem cells
were cultured on collagen/PCL nanofibers in the presence of a small molecule
inhibitor of PI3K/Akt signaling pathway, LY294002, together with neuronal induc-
tion media. This small molecule was shown to specifically induce the differentiation
of endometrial stem cells into motor neuronal differentiation, suggesting that it can
be used for motor neuronal regeneration (Ebrahimi-Barough et al., 2017). In another
study, the effect of microtubule-stabilizing paclitaxel loaded collagen microchannel
scaffold was investigated for its effects on neural stem cells both in vitro and in vivo.
This scaffold was shown to rescue myelin-inhibited neuronal differentiation of neu-
ral stem cells in vitro and provide an instructive microenvironment for the differen-
tiation of neural stem cells after being transplanted to animal models with spinal
cord injury in vivo (Xiaoran Li et al., 2018).

Collagen scaffolds have also been used as carriers of biological drugs such as
antibodies and growth factors. Collagen scaffolds modified with Cetuximab, which
is an EGFR signaling antagonist, were shown to direct neuronal differentiation, mat-
uration, myelination and synapse formation at spinal cord injury sites in dogs and
thus enabled neuronal regeneration resulting in significant motor functional recovery
(Xing Li et al., 2017). In another study, a collagen-multichannel poly(propylene
fumarate) scaffold system was used as a carrier for collagen-binding neurotrophic
factor 3 was shown to improve the inhibitory environment of the tissue after spinal
cord injury and facilitate axonal and neuronal regeneration in an animal spinal cord
injury model improving functional recovery (X. Chen, Zhao, et al., 2018).

The combinations of collagen with other bioactive materials have resulted in
increased bioactivity in several studies. Electrospinning was used to combine lam-
inin with collagen in a core Shell nanofiber model in order to provide both the
bioactive and topographical cues for the viability and optimal differentiation of
neural cells. The aligned nanofibers provided the topographical assistance while
the signals on collagen and the slow-released laminin were utilized for bioactivity.
The viability and differentiation potential of hippocampal neurons cultured on
these nanofibers were elevated compared to controls, as evidenced by enhanced
guided neurite outgrowth (Song et al., 2018). In another study, graphene oxide
nanosheets were used to fabricate a hybrid scaffold with collagen for providing
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electroconductivity. When MSCs were cultured on this scaffold system in neuronal
induction medium, the gene and protein expression analyses showed an increased
level of expression for neuronal markers after 7 days of culture (W. Guo, Wang,
et al., 2016).

5.4.2 Fibrin

Fibrin is an important ECM component especially for peripheral nervous system
regeneration and has been used as a neural ECM mimetic system either by itself or
in combination with other materials in several studies. Hierarchically aligned fibrin
nanofiber hydrogel was fabricated with self-assembly and electrospinning was
implanted into a rat spinal cord injury model to bridge the lesion site where it was
shown to accelerate axonal regrowth, vascular reconstruction and recovery of motor
function (Yao et al., 2018). In another study, a similarly prepared fibrin hydrogel
was utilized for peripheral nerve regeneration, and it was shown that the aligned
fibrin nanofiber gel supports cell adhesion and directional migration of Schwann
cells and DRG neurons in vitro and Schwann cell cable formation and axonal
regrowth in a 10-mm long sciatic nerve gap model in vivo more efficiently than hol-
low chitosan tubes and non-aligned fibrin nanofiber hydrogel (Du et al., 2017).

Fibrin hydrogels were combined with different materials for neural tissue engi-
neering applications. Salmon fibrin, laminin and hyaluronic acid were combined to
fabricate a fibrin-based scaffold for culturing human neural stem/progenitor cells,
where salmon fibrin was shown to provide a more favorable environment for these
cells compared to human fibrin. This hybrid scaffold was also shown to enhance pro-
liferation and differentiation of neural stem/progenitor cells (Arulmoli et al., 2016).
Combination of fibrin with carbon nanotube/polyurethane nanofibers was also tested
for neural tissue engineering and human endometrial stem cells cultured on these
fibers exhibited higher viability and proliferation compared to fibrin hydrogels
(Hasanzadeh et al., 2019). Fibrin hydrogels containing multiple layers of highly ori-
ented electrospun PCL nanofibers were utilized for culturing purified Schwann cells,
where it was observed that the topographical cues provided by the nanofibers modu-
lated the branching patterns of the Schwann cells and their proliferation capability
(Hodde et al., 2016).

Fibrin hydrogels were also used for culture and differentiation of iPSCs in several
studies. The culturing conditions required for the directed differentiation of the iPSCs
into neuronal lineage was optimized by using fibrin hydrogels in order to use these
cells for spinal cord injury treatment (Montgomery, Wong, Gabers, & Willerth, 2015).
The rapid degradation problem of fibrin hydrogels for iPSC culture was overcome by
using various cross-linking agents such as genipin, which elongated the degradation
rate while still promoting the viability and neurite outgrowth of the neural cells that
are differentiated from iPSCs inside these gels (Robinson, Douglas, & Willerth, 2017).
When the specific lineages into which iPSCs differentiate in fibrin hydrogels, were
investigated, the differentiated cells were found to exhibit dorsal/ventral spinal neuron
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identities and less number of cells differentiated into astrocytes compared to 2D lam-
inin coated cultures (Edgar, Robinson, & Willerth, 2017). Fibrin hydrogels were also
used for 3D printing of neural tissues by using iPSCs where the fibrin hydrogels were
used as a bioink (Abelseth et al., 2019).

5.4.3 Laminin

Laminin is a crucial component of basement membrane and has been extensively
used for 2D culture of neuronal cells in tissue culture through coating the plate sur-
face with laminin. Thus, various nanomaterials were also coated or functionalized
with laminin in order to produce more favorable surfaces for neuronal cell attach-
ment, survival and differentiation. When the surfaces of electrospun silica nanofi-
bers were modified with laminin, it not only made surface properties more favorable
for biological applications but also facilitated formation of longer neurites from
PC12 cells (W. Chen, Guo, et al., 2018). Laminin modified aligned electrospun
poly(3-hydroxybutyrate) nanofibers were also more biocompatible than their
unmodified counterparts, and enhanced the proliferation rates of both murine neu-
roblastoma Neuro2a cells and brain-derived neural stem cells (Sangsanoh, Ekapakul,
Israsena, Suwantong, & Supaphol, 2018). Laminin coating also rendered pHEMA -
MOETACI hydrogels more favorable for neural cell culture. Transplantation of
iPSC-derived neural progenitor cell seeded laminin-coated pHEMA-MOETACI
hydrogels in a rat spinal cord injury model resulted in increased survival of the
transplanted neural progenitor cells, improved integration with the host system and
more recovery in motor functions (Ruzicka et al., 2019).

Since both hyaluronic acid and laminin are found in high amounts in the neural
basal membrane ECM, hyaluronic acid-laminin hydrogels provide ideal neural
ECM-mimetic environments. Hyaluronic acid-laminin hydrogels that are modified
with a SDF-1a gradient were investigated for their effect on neural progenitor cells
in culture, where it was found that these hydrogels upregulated the expression of
SDF-1a receptor in neural progenitor/stem cells and enhanced their migration in a
gradient specific manner (Addington et al., 2015). When this hydrogel was tested
for cell transplantation in vivo, it was shown to facilitate the neural progenitor/stem
cell response in terms of survival and directed migration (Addington, Dharmawaj,
Heffernan, Sirianni, & Stabenfeldt, 2017).

5.4.4 Alginate

Alginate is a biodegradable, biocompatible, and relatively economical material with
suitable mechanical characteristics for neural tissue regeneration. Alginate hydro-
gels were seeded with bone marrow stromal cells which expressed brain-derived
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neurotrophic factor (BDNF) and they were transplanted into rat spinal cord injury
models at the injury site. MSCs were observed to survive at the injury site even after
4 weeks of transplantation and the hydrogel treatment significantly enhanced axonal
elongation and regeneration (Giinther, Weidner, Miiller, & Blesch, 2015). Alginate
hydrogels were also used for sustained delivery of drugs and biological factors.
Alginate sulfate/alginate hydrogels that were loaded with epidermal growth factor
(EGF) and fibroblast growth factor-2 (FGF-2) were seeded with neural progenitor
cells and the sustained release of the growth factors and the effect of the hydrogel
system on neural progenitor cells were observed. The sustained release of the
growth factors and the morphological characteristics of the hydrogel system enabled
formation of a significantly higher number of neurospheres and the cells were found
to proliferate and differentiate inside the hydrogels (Cizkova et al., 2015). When
these dual growth factor carrier scaffolds were used for the treatment of spinal cord
injury in vivo, they increased the survival rate of neurons and sensory fibers and
facilitated functional recovery (Grulova et al., 2015).

Combinations of alginate with other materials were also investigated in order to
modulate their biological and physicochemical characteristics. Alginate scaffolds
that are combined with polyvinyl alcohol and graphene nanosheets exhibited supe-
rior electrical conductivity and mechanical properties and supported viability and
proliferation of PC12 cells (Golafshan, Kharaziha, & Fathi, 2017). Electrical stimu-
lation to these gels further enhanced their supportive characteristics for PC12 cell
culture, hence their potential to be used for neuronal regeneration studies (Golafshan
et al., 2018).

Alginate hydrogels that are modified with integrin ligands were used for long-
term 3D culture of neural progenitor cells and induce their differentiation into oli-
godendrocyte lineage. Both human and mouse neural progenitor cell containing
neurospheroids were successfully encapsulated and cultured in these hydrogels for
up to 90 days (Wen et al., 2019).

5.4.5 Chitosan

Chitosan is another example of natural biomaterials that shows good biocompatibil-
ity and biodegradability while having an affordable price and tailorable chemical
characteristics. Chitosan-based scaffolds have been investigated for many regenera-
tive purposes including neural regeneration. Culture of dental pulp stem cells in
chitosan scaffolds enabled neuronal differentiation of these cells in vitro and trans-
plantation of dental pulp stem cell-embedded chitosan scaffolds into spinal cord
injury models resulted in motor functional recovery in vivo (J. Zhang, Lu, et al.,
2016). When soft chitosan microbeads were used for 3D culture of primary neuro-
nal cells, and analyzed in detail in by using optical and electron microscopy, immu-
nocytochemistry and electrophysiological recordings, the results shows that these
microbeads can be used for 3D cultures of neuronal cells (Tedesco et al., 2018).
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The mechanical properties of chitosan could be enhanced by using cross-linking
agents such as genipin, and genipin treated chitosan nanofibers were shown to
facilitate Schwann cell alignment and proliferation and enhance the neurite growth
rate of DRG neurons (Lau et al., 2018).

Hybrid materials containing both chitosan and other materials were also devel-
oped for neural tissue engineering. Chitosan/silk fibroin-based scaffolds were used
to culture bone marrow derived stem cells, and then decellularized to maintain the
ECM components that were secreted by these cells. When this acellularized matrix
was used for bridging a sciatic nerve gap in dogs, this scaffold facilitated increased
axonal growth and Schwann cell proliferation, which was almost comparable to
autologous nerve graft, the golden standard for peripheral nerve repair (C. Xue,
Ren, et al., 2017). In another study, chitosan/gelatin scaffolds were rendered elec-
troactivity through modification with poly(3,4-ethylenedioxythiophene) (PEDOT)
nanoparticles while still maintaining their biocompatibility. These gels also
enhanced neurite outgrowth and neuronal marker expression in PC12 cells (S. Wang,
Sun, et al., 2017). Chitosan hydrogels that were functionalized with PEDOT on
their surface were also electroconductive and exhibited good biocompatibility with
neuronal cells (Xu et al., 2017). When PEDOT was used to functionalize chitosan/
gelatin scaffolds, these hybrid gels also became electroactive and were used for 3D
culturing of neural stem cells. The electroactive hybrid scaffold was shown to facili-
tate not only adhesion and proliferation of neural stem cells but also induce their
differentiation towards neurons and astrocytes which was assessed by protein and
gene expression analyses (S. Wang, Guan, Li, et al., 2018).

Hollow polymeric nerve guidance channels are usually used for assisting periph-
eral nerve repair across critical size defects. In order to enhance their therapeutic
potential, electrospun polyurethane nerve guidance conduits were filled with aligned
chitosan/gelatin cryogels and evaluated in vitro by culturing DRG neurons. The
results showed that these hydrogels were biocompatible and enabled aligned axonal
growth and cellular migration for neuronal cells (A. Singh, Shiekh, Das, Seppild, &
Kumar, 2019). Chitosan-intercalated montmorillonite/poly(vinyl alcohol) nanofi-
bers were also shown to be biocompatible and guided differentiation of dental pulp
stem cells into neuronlike cells (Ghasemi Hamidabadi et al., 2017).

5.5 Peptide Nanofibers for Neural Regeneration

Many fibrous proteins that make up the structural components of the ECM and the
cytoskeleton are self-assembling molecules. This self-assembly strategy of nature
has been mimicked by materials scientists in order to fabricate nanomaterials for
regenerative medicine purposes through bottom-up approach. Among these self-
assembled systems, peptide nanofibers and peptide amphiphile nanofibers are the
most widely used materials for neural tissue regeneration and engineering.
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5.5.1 Self-Assembling Peptides as Neural ECM Mimics

Self-assembling peptides have been extensively utilized for neural regeneration
applications. Among these, peptides that have a base sequence of arginine—alanine—
aspartic acid—alanine (RADA) have been first identified by Zhang et al. and were
also commercialized as PuraMatrix (S. Zhang et al., 1995). These self-assembling
peptides go through spontaneous self-assembly due to ionic self-complementary
[B-sheet formation and form nanofibrous scaffolds under physiological conditions.
They have been used for encapsulation of various types of cells and were shown to
support survival and neurite outgrowth of neuronal cells and synapse formation
between neurons (Holmes et al., 2002). In traumatic spinal cord injury models, neu-
ral progenitor and Schwann cells were transplanted inside these scaffolds to the
injury site, and this system was able to facilitate the bridging of the injured spinal
cord, migration of host cells, growth of blood vessels, and axonal growth into the
scaffolds and promote locomotor function recovery (J. Guo et al., 2007). In trau-
matic brain injury models, the injection of self-assembling peptide gels enabled
fully filling of the gap formed by the lesion due to full integration of the gel with the
tissue, and lessened the number of astrocytes and macrophages around the lesion
site showing reduced glial action (J. Guo et al., 2009). Realtime imaging of the
regeneration process after injection of self-assembling peptides to a chronic injury
model by noninvasive manganese-enhanced magnetic resonance imaging (MEMRI)
showed how the chronic optic tract lesion was able to heal and axonal regeneration
after treatment (Liang et al., 2011). Transplantation of human fatal Schwann cells
encapsulated PuraMatrix into a rat spinal cord injury model resulted in reduced
astrogliosis and increased infiltration of endogenous S100+ cells into the injury site,
which shows the potential of this hydrogel for spinal cord injury treatment (Moradi
etal., 2012).

Although the porous, fibrous, ECM-mimetic morphology of the scaffolds that
are made of self-assembling peptides are suitable for tissue regeneration studies,
addition of specific bioactive ligands has yielded more favorable results for modu-
lating cell behavior. Addition of a neural cell adhesion molecule (NCAM)—derived
peptide sequence to this scaffold resulted in a biocompatible ECM-mimetic matrix
that promotes adhesion and neurite sprouting of neurons (Z. Zou et al., 2010). When
this peptide hydrogel was used for culturing spinal-cord derived neural stem cells,
they were shown to have good biocompatibility with these cells and promoted their
adhesion, migration, proliferation and differentiation (Jian Wang et al., 2015).

Another bioactive peptide-functionalized RADA ¢ peptide, which was function-
alized with laminin-derived IKVAV sequence was used for transplanting neural
stem cells into rat brain injury model, and was shown to fill the cavity and bridge the
gaps while enhancing the survival of neural stem cells, reducing the formation of
glial astrocytes and inducing the differentiation of neural stem cells into neurons
(Cheng, Chen, Chang, Huang, & Wang, 2013). When IKVAV containing self-
assembling peptides were used for encapsulating embryonic stem cells, the cells
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formed embryoid bodies by themselves without further induction and these
embryoid bodies later differentiated into neuronal lineage with extended neurite
growths and high expression of neuronal markers (Q. Li, Chow, & Chau, 2014).
When primary microglia were cultured in these peptide nanofiber hydrogels, they
were observed to be viable but ramified, while the intracerebral injection of these
peptide nanofibers showed that the IKVAV sequence had no effect on microglia
activation and astrogliosis (K. M. Koss, Churchward, et al., 2016). When IKVAV
containing peptides were mixed with self-assembling peptides containing fibronec-
tin derived-RGD sequence, it was observed that they supported neural progenitor
survival and differentiation to a much greater extent compared to non-functionalized
RADA peptides. The RGD/IKVAYV functionalized peptide nanofiber hydrogels were
also employed in three different nerve injury models: sciatic nerve injury, spinal cord
injury and intracerebral hemorrhage, all of which showed that these nanofibers
provided a more permissive environment for neural regeneration compared to non-
functionalized RADA peptides (Y. Sun et al., 2016).

Another ligand that was used for functionalization of RADA peptides was
BMP7-derived short peptide RKPS. When RKPS-functionalized peptides were
used for culturing nucleus pulposus-derived stem cells in an apoptosis promoting
environment induced through tumor necrosis factor-alpha (TNFa) for providing an
intravertebral disc degeneration model, the bioactive hydrogels were observed to
significantly promote the survival and proliferation of stem cells and decrease the
rate of apoptosis (X.-C. Li, Wu, et al., 2016).

RADA peptides were also utilized as controlled drug delivery systems for neural
regeneration. In one study, RADA peptides were synthesized together with neuro-
trophic factors, which were attached to the self-assembling peptide sequence with a
cleavage sequences for matrix metalloprotease 2 (MMP2). Two different neuro-
trophic factor-derived sequences (the brain-derived NTF secretion stimulating pep-
tide MVG and the ciliary NTF analogue DGGL) were attached by using two
different MMP2 cleavage sequences (GPQG + IASQ and GPQG + PAGQ). When
PC12 cells were cultured on peptide nanofibers formed by different combinations of
these functional groups in the presence or absence of varying concentrations of
MMP2, signal specific cellular behavior was observed depending on the MMP2
concentration (K. Koss, Tsui, & Unsworth, 2016).

When a longer version of the laminin-derived IKVAV motif, CQAASIKVAYV,
was used to modify the RADA peptides, it was shown that the longer version of the
laminin-derived peptide promoted the viability of human endometrial-derived stro-
mal cells. Its effects were also compared with the effects of bone marrow homing
peptide 1 (BMHP-1) modified peptide nanofibers in vivo in spinal cord injury mod-
els. The results of this study showed that both longer laminin derived peptide and
BMHP-1 peptide had therapeutic effects on spinal cord injury, however, their effects
were on different aspects and were complementary (Tavakol et al., 2016). The
effects of these two different ligands were also compared for their effects on tyro-
sine hydroxylase expression in the presence or absence of Noggin protein, since
tyrosine hydroxylase is an important protein for the pathogenesis of Alzheimer’s or
Parkinson’s diseases. The results of this study showed that the type of scaffold that
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is used for therapeutic purposes is fundamental in defining the final fate of cells
(Tavakol et al., 2017).

Another self-assembling peptide, K,(QL)¢K,, was also used for spinal cord
injury repair and was shown to reduce inflammation, post-traumatic apoptosis and
glial scarring and enhance axonal regeneration and locomotor functional recovery
(Y. Liu et al., 2013). Injection of these self-assembling peptides to the injury site
prior to cell transplantation was found to significantly improve its therapeutic effects
in terms of cell survival, stem cell differentiation and functional recovery
(Zweckberger, Ahuja, Liu, Wang, & Fehlings, 2016).

5.5.2 Peptide Amphiphiles

Peptide amphiphiles (PAs) are peptide sequences that are attached to alkyl groups
and these molecules can self-assemble to form a variety of nanostructures from
nanospheres to nanoribbons and nanofibers. They can be tailored to exhibit high-
density epitopes on their surface, enabling robust interactions with cells. PA nanofi-
bers are the most widely employed macromolecular structures that are produced by
self-assembling peptide nanofibers. The PA molecules that assemble into nanofibers
usually have an alkyl] tail, which forms the core of the nanofibers in aqueous solu-
tions, a beta sheet forming domain of several mostly hydrophobic amino acids,
which enable beta-sheet formation, hence nanofiber formation, after self-assembly,
and hydrophilic amino acids that are sometimes followed by bioactive domains
which will be presented on the surface of the nanofibers. The self-assembly process
is driven by hydrophobic interactions, hydrogen bonding and electrostatic interac-
tions. In one of the early studies, IKVAV functionalized PA nanofibers were shown
to induce selective differentiation of neuronal progenitor cells into neurons instead
of astrocytes (Silva et al., 2004). These nanofibers were shown to inhibit glial scar
formation, reduce cell death, and facilitate axonal elongation in rat spinal cord
injury model. This treatment also resulted in significantly enhanced functional
recovery (Tysseling-Mattiace et al., 2008). The IKVAV epitope displaying nanofi-
bers were later investigated in two different spinal injury models, contusion and
compression, and were shown to promote plasticity of serotonergic fibers and
increased the number of serotonergic fibers and the total number of neurons caudal
to the lesion site in addition to the axonal regeneration (Tysseling et al., 2010). PA
nanofibers displaying IKVAV epitopes were also used for encapsulation and culture
of bone marrow mesenchymal stem cells and induced their neuronal differentiation
(Ruan et al., 2019).

Combination of the IKVAV epitope with other bioactive signals has resulted in
improved response for neural regeneration in several studies. When IKVAV was
combined with another laminin-derived epitope, YIGSR, the resulting PA nanofi-
bers significantly enhanced the viability of the granule cells and Purkinje cells and
axonal and dendrite growth of Purkinje cells in an epitope density dependent man-
ner. Due to easy adjustment of epitope density and ease of combination of different
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epitopes, PA molecules can be finely tuned for specific applications mimicking the
natural ECM (Sur et al., 2012). In another study, IKVAV epitope containing PAs
were mixed with RGDS containing PA molecules and were used for culturing
Schwann cells and were observed to support adhesion and proliferation of these
cells. When these PA nanofibers were utilized in a critical sized peripheral nerve
defect model together with PLGA conduits, the aligned PA gel filled conduits
resulted in recovery of both motor and sensory functions which were comparable to
autologous nerve transplantation. At histological level, the PA gel filled conduits
caused elevated axonal and Schwann cell regeneration, which shows that these gels
can be used in combination with polymeric nerve conduits for peripheral nerve
regeneration (A. Li, Hokugo, et al., 2014).

The hydrogels that are made of PA nanofibers usually have a comparable stiffness
to neural tissue, which is a desirable quality for neural regeneration. In order to ana-
lyze whether tuning of the mechanical properties of these gels could change neural
behavior, hippocampal neurons were cultured on peptide nanofibers with varying
stiffnesses adjusted by the supramolecular interactions. As a result of this study, it was
observed that soft nanofibers accelerated neuronal polarity which might be a reason
for faster axonal regeneration (Sur, Newcomb, Webber, & Stupp, 2013).

Aligned PA nanofibers were also used for controlled delivery of Sonic hedgehog
protein to the cavernous nerve after injuries such as prostatectomy, diabetes or other
neuropathies. This treatment facilitated cavernous nerve regeneration, suppressed
penile apoptosis and improved erectile function (Angeloni et al., 2011). More
detailed analyses revealed that sonic hedgehog treatment by using PA hydrogels
facilitates retrograde transport of sonic hedgehog to PG neurons enabling the trans-
port of sonic hedgehog receptors and survival of the neurons. Overall, PA gel-sonic
hedgehog treatment protects against neuronal degeneration and protects neuronal,
glial and downstream signaling events, enhancing cavernous nerve regeneration
(Choe et al., 2017). PA hydrogels were also used for delivery of other biomolecules
and drugs. In one example, PA gels were used for encapsulation and delivery of
curcumin and other neuroprotective peptides, and were utilized for 2D and 3D cul-
ture of neurons. The results of this study showed that these hydrogels provided sta-
bility to cytoskeletal elements, enabled slow release of neuroprotective elements
and promoted neurite outgrowth (Adak et al., 2017).

GAGs are an important constituent of the neural ECM. Heparan sulfate in par-
ticular has been shown to play important roles in many cellular processes, one of
which is growth factor binding and localization. Heparan sulfate mimetic PA mol-
ecules were shown to bind to several growth factors and increase their expression
from cells and enhance their activity (R. Mammadov et al., 2011; Rashad
Mammadov, Mammadov, Guler, & Tekinay, 2012b). When laminin mimetic
IKVAV-PA molecules were used in combination with heparan sulfate mimetic PAs,
the resulting nanofiber system was found to bind to growth factors and significantly
promote neurite outgrowth of PC12 cells, even in the presence of chondroitin sul-
fate proteoglycans, the major inhibitory components of the central nervous system
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(B. Mammadov, Mammadov, Guler, & Tekinay, 2012a). This double-bioactive PA
system was also used as a filler material in polymeric conduits for the treatment of
critical size peripheral nerve defects, and was shown to enhance neuronal regen-
eration, Schwann cell viability and NGF release, and facilitate functional recov-
ery (B. Mammadov et al., 2016). When heparan sulfate/laminin mimetic PA
nanofibers were used in a Parkinson’s disease model, they were shown to reduce
striatal injury and cleaved-Caspase-3 levels and enhance functional recovery
assessed by histological and behavioral analyses. In addition, these PA nanofibers
reduced cell loss caused by 6-OHDA treatment in vitro in SH-SYS5Y cell cultures
(Sever et al., 2016).

Another model for peripheral nerve regeneration is the facial nerve regeneration
model, where nerve guidance conduits are used as well. When PA gels were used
to fill the conduits in a facial nerve regeneration model, measurements of nerve
compound action potentials (nCAPs) and electromyographic responses revealed
that PA gel filled conduits exhibited similar results to gold standard autograft trans-
plantations. Immunohistochemical analysis and transmission electron microscopy
further confirmed myelinated neural regeneration in PA filled conduits (Greene
etal., 2018). In addition to PA gels being used as fillers for nerve conduits, electro-
active PA gels have also been proposed for peripheral nerve regeneration. In one
study, tetra(aniline) was conjugated to PA nanofibers to render them electroactive.
The tetra(aniline)-conjugated PA nanofibers were shown to be biocompatible and
induced neural differentiation of PC12 cells (Arioz et al., 2018).

Tenascin C is also an important ECM molecule and functions in crucial neural
processes. When Tenascin-C mimetic PA molecules were used for culturing
neurosphere-derived cells, they were shown to significantly promote the number
and length of neurites and migration of these cells (Berns et al., 2016). Another
group developed a Tenascin-C mimetic PA nanofiber system displaying the migra-
tory sequence of this protein. When these nanofibers were injected into the ventral
horn of the rostral migratory stream, doublecortin positive cells were observed to
migrate inside the PA gels reaching the cortex. These PA nanofibers also did not
induce a neuroinflammatory response (Motalleb et al., 2018). Another Tenascin-C
mimetic PA nanofiber system was used for 3D culturing of PC12 cells, the length
and number of neurites and expression levels of neuronal markers were found to be
significantly increased compared to 2D cultures, emphasizing the synergistic effect of
3D conformation and bioactive epitopes for neuronal cultures (Sever, Gunay, Guler, &
Tekinay, 2018). Similarly, when 3D culturing system was applied to laminin-mimetic
PA nanofibers, 3D culturing was found to be superior to 2D culturing with respect to
induction of neuronal differentiation even in the absence of NGF, which is a strong
neuronal differentiation inducer (Gunay, Sever, Tekinay, & Guler, 2017). PA nano-
fibers that display an NGF-p binding epitope, which was identified through phage
display, also significantly promoted neurite outgrowth of PC12 cells and primary
sensory neurons by enhancing NGF/high-activity NGF receptor (TrkA) interactions
and activating MAPK pathway (Okur et al., 2018).
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5.6 Carbon-Based Nanomaterials for Neural Tissue
Regeneration

Carbon nanotubes, graphene and fullerenes are the most widely employed carbon-
based materials for regenerative medicine applications. For neural regeneration
and tissue engineering applications, carbon nanotubes and graphene have been
especially attractive due to their electroactivity.

5.6.1 Carbon Nanotubes

In addition to neural regeneration applications, carbon nanotubes have also been
extensively utilized as neural stimulation probes for various purposes including
stimulation of neurons for the treatment of neurodegenerative diseases. In one
example, bidirectional soft carbon nanotube fiber microelectrodes were tested bot
in vitro and in vivo, and were compared to state-of-the-art metal electrodes. In vitro
studies showed that carbon nanotube fiber electrodes can be used for even single
neuron recordings, while in vivo stimulation in Parkinson’s disease models showed
that these electrodes can stimulate 10 times larger areas than metal electrodes
(Vitale, Summerson, Aazhang, Kemere, & Pasquali, 2015).

Carbon nanotubes were used for functionalizing various types of nanomaterials
to render them electroactivity. In one study, poly(L/p-lactic acid) (PLDLA) nerve
conduits were functionalized with carbon nanotubes tethered aligned phosphate
glass microfibers to be used for peripheral nerve regeneration. In transected rat sci-
atic nerve model, these functionalized conduits significantly improved the number
of regenerating axons, the cross-sectional area of the re-innervated muscles and the
electrophysiological findings (Ahn et al., 2015).

Multiwalled carbon nanotubes were also used for functionalizing and aligning
chitosan scaffolds, and these aligned electroactive scaffolds were used for culturing
HT-22 hippocampal neurons. These scaffolds not only enhanced the viability of
these cells but also directed the alignment of the cells along the alignment of the
scaffold (P. Gupta, Sharan, Roy, & Lahiri, 2015). When chitin nanotubes were func-
tionalized with carbon nanotubes and plasma treatment, they enabled good neuronal
adhesion and facilitated synaptic function (N. Singh et al., 2016). In another chitin/
carbon nanotube preparation, an aqueous solution of urea/NaOH was used for
blending carbon nanotubes and chitin, and the resulting composite hydrogels were
able to enhance the proliferation of Schwann cells and adhesion, proliferation and
neurite outgrowth of neuronal cells (Wu et al., 2017). Carbon nanotube/graphene
reinforced chitosan scaffolds were shown to have improved properties compared to
chitosan scaffolds containing either one of these carbon-based materials and were
biocompatible with hippocampal H22 cells while promoting neurons to spread
cellular processes radially (P. Gupta et al., 2019).

Other types of hydrogels were also functionalized with carbon nanotubes for
addition of electroconductivity to the scaffold systems. Single-walled carbon
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nanotube modified collagen I-10% Matrigel hydrogels were observed to significantly
enhance neurite outgrowth from DRG neurons compared to control groups, espe-
cially when applied together with electrical stimulation (Koppes et al., 2016). A
thermally sensitive hydrogel fabricated using copolymerization of n-
isopropylacrylamide, the oligomeric amphiphilic cross-linker of polyethylene gly-
col diacrylate-dodecylamine-1-(2-aminoethyl)piperazine (PEGDA-DD-AEP), and
single-walled carbon nanotubes was shown to be biocompatible and electrically
conductive, and were able to promote significantly more neurite outgrowth from
SH-SYSY cells under electrical stimulation. This hydrogels was also able to facili-
tate neural regeneration and reduce glial scar formation in a spinal cord injury
model (Sang et al., 2016). When carbon nanotubes were used in combination with
graphene oxide for functionalizing oligo(poly(ethylene glycol) fumarate) (OPF)
hydrogels, the resulting composite hydrogels were electrically conductive, biocom-
patible and were able to stimulate neurite development of PC12 cells when assisted
with NGF addition (X. Liu et al., 2017).

In another study, single-walled carbon nanotubes were combined with PPy in order
to fabricate electroactive hyaluronic acid hydrogels, which were shown to promote
viability and differentiation of human fetal neural stem cells and human iPSC-derived
neural progenitor cells into neuronal lineage as evidenced by electrophysiological
recordings and calcium channel measurements in addition to other molecular and
imaging techniques (Shin et al., 2017). In another study, 3D scaffolds that were mod-
ified with PPy and carbon nanotubes through vapor phase polymerization were
observed to have high conductivity values and facilitate viability of C8-DI1A astro-
cytes showing their biocompatibility (Alegret et al., 2018). When molecular mecha-
nisms of how carbon nanotubes induce neural differentiation was investigated, it was
found that neural stem cells interact with carbon nanotubes through integrin medi-
ated interactions activating focal adhesion kinase and downstream signaling events
regulating neuronal differentiation and synapse formation (Shao et al., 2018).

Another composite system, where carbon nanotubes were combined with gelatin
fibrils and PLA, was coated with recombinant human erythropoietin-loaded chito-
san nanoparticles for additional bioactivity. This composite system was able to
maintain slow release of erythropoietin and support viability of Schwann cells.
When Schwann cell seeded conduit was implanted into a 10 mm sciatic nerve defect
model in rat, both behavioral and histopathological findings revealed comparable
efficacy to autograft treatment (Salehi et al., 2018).

5.6.2 Graphene and Fullerenes

Similar to carbon nanotubes, graphene and fullerenes were also used to mostly alter
the physical and electroconductive characteristics of the nanomaterials to be used
for regenerative medicine. Graphene oxide has also been used by itself for cell
culturing purposes as well. Rolled 15-50 pm thick graphene oxide foams have been
used as 3D scaffolds for culturing neural stem cells under electrical stimulation.
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The electrical stimulation of the cells cultured on these scaffolds resulted in neuro-
nal differentiation of neural stem cells rather than glial differentiation (Akhavan,
Ghaderi, & Shirazian, 2015; Akhavan, Ghaderi, Shirazian, & Rahighi, 2016). Guo
et al. also used graphene for culturing neural stem cells and analyzed the membrane
potentials of the cells through single-cell electrophysiological recordings. While
graphene did not affect basic membrane electrical parameters, it changed resting
membrane potentials of the cells and enhanced neural differentiation. In addition,
both neural stem cells and their differentiated progeny exhibited elevated firing of
action potentials (R. Guo, Zhang, Xiao, et al., 2016).

Graphene oxide nanosheets have also been functionalized with PEDOT and
were investigated for culturing neural stem cells. These nanosheets were found to
be biocompatible and promoted differentiation of neural stem cells towards neural
lineage. When these nanosheets were further covalently attached on their surface
with interferon-y (IFNy) and platelet-derived growth factor (PDGF) that selec-
tively promote neuronal or oligodendrocyte lineage differentiation, respectively,
both bioactive ligands facilitated their respective differentiation lineages (Weaver
& Cui, 2015). When a high effective triboelectric nanogenerator was combined
with PEDOT-reduced graphene oxide nanofibers for fabricating a self-powered
electrical stimulation assisted neural differentiation system, it was found to be bio-
compatible with mesenchymal stem cells and enhanced their proliferation and
neural differentiation. Especially, the electrical pulses generated by the TENG
acted as a strong stimulant for differentiation to neuronal lineage (W. Guo, Zhang,
Yu, et al., 2016). Graphene/silk fibroin films were fabricated and evaluated for
their capability for neuronal differentiation of iPSCs. These electrically conductive
films were found to significantly enhance neuronal differentiation at an optimal
graphene content of 4% (Niu et al., 2018).

Highly aligned fullerene whiskers were fabricated through a liquid-liquid inter-
facial precipitation method and were shown to facilitate the orientation of neural
stem cells on aligned whiskers and their differentiation towards neural lineage
(Hsieh, Shrestha, Ariga, & Hsu, 2017). Self-assembled fullerene nanosheets were
used for culturing bacteriorhodopsin-transfected human fibroblasts due to their pho-
toelectric properties and the cells were modulated through optogenetic modulation.
The experiments showed that light stimulation promoted reprogramming and neural
differentiation of these fibroblasts even in the absence of neural differentiation
medium, revealing that fullerene nanosheets may provide an ideal platform for
optogenetic modulation (P. W. Luo et al., 2019).

5.7 Conclusion and Future Perspectives

Neuroregeneration has been an inherently more difficult branch of regenerative
medicine due to the inhibitory environment in the central nervous system and scar-
city of the neural stem cells. The nanomaterials that have been developed for neuro-
regeneration have focused on several characteristic requirements for nervous
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system: porous structure, alignment of the fibers, bioactive ligands that favor neural
cells, and electroactivity.

The electrospun nanofiber based scaffold fabrication has been wildly recognized
in neural tissue regeneration. Alignment of fibers has potential influence in guiding
neurites especially for peripheral nerve regeneration. Furthermore, recent develop-
ments in fabrication of highly aligned and 3D electrospun nanofibrous scaffolds
have paved the way for novel application areas for electrospun fibers for neurore-
generation. However, still more efforts need to explore the designing aspects and
evaluate the impacts of electrospun nanofibrous scaffold in neural regeneration
using animal models in order to meet clinical significance.

Natural biomaterials have inherent bioactivity; however, the complexity of mul-
tiple signals might make getting a desired response from the stem cells more diffi-
cult. In addition, natural biomaterials are harder to chemically process and carry the
risk of pathogenicity and presence of other immunogenic biomacromolecules that
might interfere with the success of tissue regeneration.

Self-assembling peptides and peptide amphiphiles have paved the way of a new
type of nanomaterials for neural regenerative medicine and have several advantages
including optimal rheological characteristics, biodegradability, alignability of the
nanofibrous structure, and tailorability of the biological signals depending on the
cell types. Therefore, they have been effectively used in many neural regeneration
applications from peripheral nerve regeneration to spinal cord injury or Parkinson’s
disease treatment. However, the use of these self-assembling systems is limited by
the biological signals that have been widely used before and novel signals that can
be more potent and specific will make these nanofibers more effective for inducing
specific tissue regeneration.

Carbon-based materials have been used either alone or in combination with other
materials for fabricating electroactive materials either to be used for regeneration or
for probing the neural activity for diagnosis or treatment. However, potential risks
that have been associated with the use of some of these materials, especially carbon
nanotubes, still limit the clinical use of these materials until further more detailed
tests are performed.

Overall, since most of the nervous system related tissue degeneration problems
have almost no available cures, nanomaterials provide very promising therapeutic
approaches for their treatment. Thus, it is crucial that some of the materials that
have been discussed in this chapter to be investigated clinically as soon as possible
so that new treatment options would be available to patients with neurodegenerative
diseases or severe neural damages.
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Chapter 6
Nanomaterials for Cartilage Regeneration

Huseyin Ozkan and Orhan Yanmis

Abstract Repair and regeneration of cartilage tissue has always posed difficulties
owing to its avascular, aneural structure and its sparsely distributed cellular arrange-
ment within a dense extracellular matrix. This is why damage to cartilage tissue such
as acute trauma, repetitive trauma, inflammatory disease, or wear due to aging eventu-
ally results in osteoarthritis. In addition to being a challenging disease for both patients
and physicians, osteoarthritis is also a significant public health issue that requires the
attention of healthcare planners. In the osteochondral tissue damage, it is important to
provide a tissue scaffold and support biosignaling molecules due to its dense extracel-
lular structure as well as cell-based treatments. Therefore, the importance of nanoma-
terials in tissue regeneration studies is gradually increasing. Nanomaterials are defined
as structural elements smaller than 100 nm in at least one dimension, and they offer us
the ability to control various properties of materials by assembling them at nanometric
proportions. With their excellent biomimetic and physicochemical properties, nano-
materials open up new possibilities and horizons as integration, interaction and signal-
ing in structural and cellular dimensions. This chapter will discuss the opportunities
provided by nanomaterials in cartilage regeneration.

6.1 Introduction

In the musculoskeletal system, cartilage is a light blue or white bright tissue that
covers the end-bone of all synovial joints. It allows movement of the joints due to
its low-friction gliding surface, increased compressive strength, and bio-lubrication.
Any damage to the chondral tissue might harm not just the cartilage but also the
subchondral osseous structures. Because of this, chondral pathologies may be gen-
erally described as “osteochondral injuries.” These injuries are commonly encoun-
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tered conditions in orthopedic practice; and they cause pain, swelling, and loss of
range-of-motion in the affected joint. Joint instability may also be evident, due to
accompanying ligamentous or capsular injuries. Such processes, influenced by
numerous other etiological factors, usually lead to osteoarthritis (OA). While OA
prevalence increases dramatically with age, it can be encountered in all age groups.
It is more prevalent in groups such as soldiers, professional athletes, and females.
Current approach to cartilage injury includes conservative and surgical treatment
options; mainly utilizing bone marrow stimulation techniques (microfracture), auto-
graft and allograft transplantations (mosaicplasty), transplantations of autologous
chondrocytes, and application of bioactive agents (Simon & Jackson, 2018). All of
these treatments, however, are still far from achieving the desired curative outcomes,
and their usage is subject to significant limitations and obstacles.

The goal of treatment in joint cartilage injury is to ensure the formation of new car-
tilage tissue that is similar to healthy hyaline cartilage. This requires the restoration of
the extracellular matrix, existence of healthy chondrocytes, and presence of appropriate
morphogenetic signals. Unfortunately, our treatment options are still very limited in
terms of ensuring these factors. Regenerative medicine is a branch of medical science
that is still in development, and cartilage regeneration currently receives a great deal of
attention from researchers. The main goal of nanomaterial-focused tissue engineering
is to discover new treatment options using biocompatible, biodegradable, and bioactive
materials in order to restore or regenerate one or more of these three components that
ensure cartilage viability. Nanomaterials are versatile components that are able to
mimic the surface characteristics of extracellular matrix elements, thereby providing a
wide array of possibilities for tissue engineering efforts. The high level of interest in
this field of research accurately reflects the immense potential for improvement. This
chapter will specifically focus on the role of nanomaterials-based tissue regeneration
research in cartilage injury, with a discussion of the possibilities and future goals.

6.1.1 Cartilage Tissue

During the embryonic period, in the 5th week of gestation, some mesenchymal cells
form the blastema. These cells begin producing cartilage matrix and then reside
within this specialized matrix and are called respectively chondroblasts and chon-
drocytes. Eventually, the mesenchymal tissue encircling the blastema forms the
perichondrial membrane (Bhosale & Richardson, 2008).

Cartilage structures form the temporary skeleton until the onset of ossification,
and hypertrophic chondrocytes eventually form the bone tissue. During this process,
cartilage also differentiates into various types according to their matrix structures.
The four types of cartilage in the human body are elastic, fibro-cartilage, fibro-elastic,
and hyaline cartilage. Hyaline cartilage is the type that covers the bone surfaces in
synovial joints, connects the ribs and the sternum, and supports the trachea. It is the
most abundant type of cartilage in the human body, and we shall call the type that
covers the joint surfaces “articular cartilage” (Bhosale & Richardson, 2008; Simon
& Jackson, 2018).
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6.1.2 Articular Cartilage

Articular Cartilage is an extremely specialized, white-blue colored, smooth, tough,
multilayered tissue. It has a water content of over 70% and its main organic compo-
nents are collagen II and aggrecan. Collagen fibrillary structure provides tensile
strength, while proteoglycan aggrecans and hydrophilic glycosaminoglycans allow
the water to change compartments when bearing weight, thereby ensuring pressure
resilience. The joint surface also has a very low friction coefficient due to bio-
lubricants produced by the cartilage and synovial cells, such as lubricin and hyal-
uronic acid (S. R. Goldring & Goldring, 2016). Articular cartilage does not have a
direct blood, lymphatic, or neural supply; instead, it receives nutrients from sur-
rounding tissues through diffusion. Apart from providing unique biomechanical
properties, this complex and multilayered architecture of the articular cartilage also
causes great difficulties when it comes to repair and regeneration. There are differ-
ences between these layers not only limited to matrix structure but also between
their chondrocyte phenotypes and the functional properties of these components.

6.1.2.1 Zonal Structure

Articular cartilage has a highly organized structure composed of four distinct zones,
which are identified as the superficial (tangential) zone, middle (transitional) zone,
deep (radial) zone, and calcified zone.

The superficial (tangential) zone contains flattened chondrocytes that are elon-
gated and lie parallel to the surface. Also parallel to the surface are the densely
deposited type II collagen fibers, and the type I collagen content is minimal. This
zone constrains resistance to shear stress and swelling pressures imposed by the
negatively charged glycosaminoglycans (GAGs). This allows the cartilage to retain
its shape under pressure (Simon & Jackson, 2018). The surface of the superficial
zone does not contain any cells and a distinct layer that is several hundred nanome-
ters thick, called “lamina splendens,” forms the joint surfaces. While it is currently
assumed that this layer provides a low friction surface for the cartilage, its actual
role is still poorly understood (Camarero-Espinosa, Rothen-Rutishauser, Foster, &
Weder, 2016).

The middle (transitional) zone is where shear forces from the superficial layer
transform into compressional forces. Cell density in this region is low and the chon-
drocytes, which now take a spherical shape, express large amounts of collagen II
and proteoglycans. The collagen fibers are arranged in random orientation, and this
zone has the richest proteoglycan content (S. R. Goldring & Goldring, 2016; Simon
& Jackson, 2018).

In the deep (radial) zone, the chondrocytes begin to assume oval shapes. Collagen
fibers are thicker and perpendicular to the subchondral bone, and are distributed to
resist load compression. In this zone, the cell density is decreased, while the
proteoglycan concentration is increased (Camarero-Espinosa et al., 2016; Simon &
Jackson, 2018).
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The calcified zone is a thin layer of tissue between the subchondral bone and the
cartilage. Some of its chondrocytes are completely encapsulated in calcified lacunae
and their metabolic activity is minimal. Type X collagen is also present in the calci-
fied zone. This zone is far more dense and mineralized compared to the adjacent
subchondral bone, and it also contains the tidemark that separates the calcified and
non-calcified cartilage. The calcified tidemark and subchondral zone cut off the
cartilage completely from bone marrow blood supply. During joint movement and
loading, the calcified zone transforms shear stress into compressive and tensile
stresses (S. R. Goldring & Goldring, 2016).

Underneath the calcified cartilage, there is the subchondral bone that is mostly
similar to cortical bone. This zone gives way to cancellous bone that is more porous
and metabolically active.

6.1.2.2 Chondrogenesis

Chondrocytes, the main cell type in cartilage, are distributed within a dense extra-
cellular matrix. Near the joint surface, the ratio of chondrocytes to matrix is 1.65%,
while in deeper zones this can reach to 2.6% (Hunziker, Quinn, & Héuselmann,
2002). Chondrocytes are located in small spaces called lacunae, similar to osteo-
cytes. However, the specialized cytoplasmic structures seen in osteocytes that allow
communication are not present in chondrocytes. Mature chondrocytes lose their
migration, proliferation and repair abilities as they settle in their matrix. At the same
time, the potential for matrix production is limited by the synthesis and stimulation
of certain types of proteoglycans and the growth factor response is reduced (Simon
& Jackson, 2018).

Compared to other cell types, chondrocytes reside in a lower oxygen tension
environment. Oxygen tension in areas close to the articular surface is around 10%,
while near the deep zone it is less than 1%. Intracellular survival factors such as
hypoxia-inducible factor 1o (HIF1ar) ensure the cell viability of these cells in such
hypoxic environments (S. R. Goldring & Goldring, 2016).

Chondrogenesis starts with the production of collagen I, IIT and V by the mesen-
chymal cells. Chondroprogenitor cell differentiation, however, requires the expres-
sion of the cartilage specific collagens II, IX, and XI. Proliferative chondrocytes
express collagen VI and matrilin 1. Matrix restructuring involves the activities of
matrix metalloproteinases (MMP) 9, 13, and 14. One of the earliest signals trigger-
ing chondrogenesis is the expression of transforming growth factor-p (TGF-). Also
involved in chondrogenesis in complex ways are fibroblast growth factor (FGF),
bone morphogenetic protein (BMP) and Wnt signaling pathways that serve to regu-
late the development of the skeletal system (M. B. Goldring, 2012). For this reason,
TGF-B is important for both natural cartilage development and cartilage tissue engi-
neering approaches. TGF-p is produced by chondrocytes as part of a larger molecu-
lar complex, and then stored in the extracellular matrix. Afterwards it undergoes an
activation process and is released from storage as activated-TGF-p. The active form
induces the chondrocytes to produce extracellular matrix components such as type II
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collagen and proteoglycans (especially aggrecan) (M. J. Chen et al., 2019). Spagnoli
et al. have demonstrated that TGF-f signaling is essential for joint morphogenesis
(Spagnoli et al., 2007). Because of its effects upon progenitor cells and its critical
importance in joint and growth plate development, TGF-f has the potential to
become one of the target components for the treatment of osteoarthritis (T. Li et al.,
2012; T. Li, Chubinskaya, et al., 2019; Longobardi et al., 2012).

6.1.3 Articular Cartilage Injury

Degeneration of articular cartilage (arthritis) is a commonly encountered clinical
scenario. Its treatment involves difficulties for both patients and physicians, as car-
tilage has no blood supply and low regeneration potential. Increasing life expectan-
cies, prevalence of senile osteoarthritis, and numerous diseases that affect the joints
in every age group lead us to conclude that arthritis is a public health issue.
Osteoarthritis affects 10-12% of all humans, and it is the most common musculo-
skeletal system disease in the world. This ratio increases to 49.7% among people
over the age of 65. In the United States, over one million total joint arthroplasties
are performed annually, and this number is expected to reach four million by 2030
thanks to an aging population and increased obesity prevalence (Etkin & Springer,
2017; Medvedeva et al., 2018).

Cartilage insufficiency can be described as the deterioration of the balance
between destructive forces on the joint and synthesis of the extracellular matrix, in
favor of destructive forces (Armiento, Stoddart, Alini, & Eglin, 2018). The exact
mechanisms of this decay are still not fully understood.

We can classify cartilage injury into three groups in terms of the depth of the
damage: (1) Group, only affecting the superficial or middle zones; (2) Group, injury
reaching all the way down to the subchondral bone but not penetrating into the bone
marrow; and (3) Group, injuries that have reached the bone marrow (Simon &
Jackson, 2018). Each of these categories has different clinical symptoms, findings,
treatment options, and treatment response characteristics.

At the present, progressive degeneration of the joint cartilage as a result of
trauma and degenerative diseases is most commonly named as “osteoarthritis”
(OA). OA can be divided into primary and secondary forms: Primary OA is observed
when there is no underlying abnormality, while secondary OA, by definition,
involves a primary cause that damages the extracellular matrix of the cartilage.
Various risk factors for OA have been described, including trauma, obesity, high-
impact physical activity, joint malalignment, age, gender, hypermobility syndromes
(Ehlers—Danlos), degenerative joint diseases (Perthes), and metabolic diseases
(diabetes mellitus). Until recently, OA was considered to be a disease that was lim-
ited to the wear and tear of joint cartilage. However, new molecular pathophysiolog-
ical knowledge indicates that it is a disease that involves all components of the joint
(Loeser, Goldring, Scanzello, & Goldring, 2012). In response to cartilage injury,
paracrine and autocrine mechanisms act to disrupt the regular chondrocyte functions.
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Catabolic enzymes such as matrix metalloproteinases (MMPs) 1, 3, 13 and a-disin-
tegrin-and-metalloproteinase-with-thrombospondin-motifs (ADAMTS) 4, 5 play a
part in furthering the degeneration. While these processes initially serve to activate
the chondrocytes to speed up their metabolism, they end up contributing to a cata-
bolic process with decreased proteoglycan and type II collagen synthesis. This, in
turn, decreases the capability of cartilage to hold water and lowers its compression
resistance, resulting in further cartilage damage (Armiento et al., 2018; Martel-
Pelletier et al., 2016).

6.1.4 Treatment Options

The main goal of current medical and surgical therapies in chondral injuries is to
relieve the symptoms. Anti-inflammatory analgesic medication and rest comprises
the early treatment options, while later options include physical exercise and activ-
ity modifications. In the next stage, an attempt to stimulate cartilage regeneration
is made through intra-articular injections and arthroscopic surgery.

Microfracture method is the most common of these surgeries. It can be applied
in defects where subchondral bone tissue is intact and the surrounded cartilage is
healthy. This minimally invasive surgery arthroscopically opens holes in the defect
area until marrow material enters the joint (Fig. 6.1). Fibrocartilaginous cartilage
tissue is formed after a long period of weight-bearing restriction postoperatively.
However the symptoms return quickly due to the biomechanical weakness of fibro-
cartilage tissue.

Another method is osteochondral autograft or allograft transplantation (mosaic-
plasty). This method involves the transfer of full-thickness cartilage and subchon-
dral bone tissue to the defect area (Fig. 6.2). Allograft transplantation offers a wider
range of possibilities in terms of size and shape since the graft is removed from a
cadaver, while immune response and disease transmission are the main drawbacks.
On the other hand, autografts have problems such as limited donor tissue and donor
site morbidity (hematomas, inflammation, deterioration of articular function).

Fig. 6.1 Arthroscopic intra-articular view. (a) Chondral injury, (b) Microfracture
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Fig. 6.2 Intraoperative view. (a) Osteochondral injury, (b) Autograft transplantation
(mosaicplasty)

Autologous Chondrocyte Implantation (ACI) and Matrix-induced Autologous
Chondrocyte Implantation (MACI) are two-stage surgical procedures that are used
for the treatment of OA. First surgery collects healthy chondral tissue and these
cells are induced to proliferate in vitro. In ACI, cultured cells are directly applied
to the defect area and periosteal or synthetic collagen patches are then used to
cover them. In MACI, the cells are cultured on a scaffold and inserted into the
defect site with fibrin glue. These methods are partially successful, but the exces-
sive proliferation of cells from the periosteal flap (leading to osseous overgrowth
of the defect cavity) and the time-consuming and expensive nature of the two-stage
procedure remain the most significant problems associated with these treatment
methods (Kwon et al., 2019; Zylinska, Silmanowicz, Sobczynska-Rak, Jarosz, &
Szponder, 2018).

All these regenerative methods require donor material, are invasive, and require
long-term postoperative treatment. If these methods fail, total joint arthroplasties
are widely used for pain relief and restoration of function. In arthroplasty surgeries,
joint surfaces are cut and internal prostheses consisting of metal and polyethylene
components are applied to bone surfaces. While complications due to infection and
poor surgical technique are seen in the early period, the biggest problem in the late
period is the need for revision surgery because of aseptic loosening.

As is evident, none of these treatments can achieve true joint regeneration, and
major surgical procedures often pave the way for later invasive interventions. As all
these treatments are costly and do not result in full improvement, treatment always
continues through various modalities. Regenerative therapies, a new alternative, aim
to restructure cartilage with a different approach in order to obtain healthy cartilage
tissue. Although there is still much to be done on this subject, research efforts continue
to make progress. In the following section, the current state and goals of nanomaterial-
based approaches in cartilage regenerative treatment will be discussed.
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6.2 Nanomaterials and Cartilage Tissue Engineering

The main methods used in the treatment of damaged cartilage tissue aim to relieve
the symptoms by alleviating pain and restoring function, while not focusing on
the tissue structures at the core of the problem. Regenerative treatments, however,
are focused on the formation of new cartilage tissue that is identical to the original
tissue (Armiento et al., 2018). Tissue engineering is a promising approach in the
field of regenerative medicine. It requires interdisciplinary work of various scien-
tific disciplines such as engineering, material science, biology, and chemistry.
Tissue engineering today is founded upon cells, scaffolds, and signals (the tissue
engineering triad) (Zhang, Hu, & Athanasiou, 2012). However, tissues have a com-
plex hierarchical arrangement from the nano level to the micro and macro levels.
This affects tissue biology, the transition between layers, and the regulation of tissue
interactions. The macro level determines aspects like biocompatibility, biodegrad-
ability and mechanical properties. Micro level manages tissue architecture, surface
chemistry, surface stiffness, cell migration, nutrient delivery, and vascularization.
On the nano scale, the functions of bioactive factors, cell adhesion, mineralization
and gene expression are regulated (Santo, Gomes, Mano, & Reis, 2012). Since natu-
ral tissues achieve homeostasis through these nano- and micro-level interactions,
attaining this complex structure is also crucial for tissue engineering. Therefore,
nanomaterials, with their excellent physicochemical structures and biomimetic
properties, have attracted great interest in improving cell growth and function and
facilitating and directing tissue regeneration (Eslahi, Abdorahim, & Simchi, 2016).

In conventional tissue engineering, cells planted in tissue scaffolds are first stati-
cally cultured. They are then transferred to a bioreactor that cultures them under
loads similar to the tissue. This immature tissue is expected to undergo remodeling
after implantation into the body. The current approach, however, aims to avoid the
cell seeding and maturation stages of these methods. By implanting only the scaf-
fold and performing microfractures in order to recruit mesenchymal stem cells from
the bone marrow, it is expected that adequate mesenchymal stem cells differentia-
tion can be stimulated (Camarero-Espinosa et al., 2016). Nanomaterials also offer
new possibilities for the production, transport, release and timed-activation of bio-
active substances. These bring a wealth of approaches for cartilage regeneration,
allowing researchers to try new combinations.

6.2.1 Biomaterials

Biomaterials are composed of mainly ceramics, metals, and polymers that can be
obtained naturally or synthetically. The biomaterials that are designed to be used for
cartilage tissue engineering should be biocompatible, allowing cell retention, allow-
ing the passage of bioactive substances, and able to support cell viability, prolifera-
tion and secretory activities (Vinatier & Guicheux, 2016). Since osteochondral
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tissues are connective tissues that are regularly subjected to loads, the scaffolds used
must be made of materials that can withstand mechanical loading. As a result, rigid
polymers have been used for three-dimensional structural support, while hydrogel
scaffolds are more suitable as cell carriers. Composite biomaterials are still being
developed in order to mimic the multilayered hierarchical architecture of the carti-
lage tissue, which includes a special osteochondral interface with bone tissue
(Manoukian et al., 2018).

Natural polymers used as cartilage scaffolds are physiological and nontoxic
materials which usually have bioadhesive surfaces for cells. However, they are
mechanically weaker due to their rapid degradation profiles. Some of the natural
polymers being studied extensively are: polysaccharide structures (chitosan, hyal-
uronan, alginate, agarose, chondroitin, methylcellulose); and protein structures
(collagen, gelatin, fibrin, silk, keratin). Collagen and hyaluronan adapt and degrade
more easily since they are a part of natural cartilage tissue (Eslahi et al., 2016;
Vinatier & Guicheux, 2016).

Synthetic polymers offer stronger mechanical structures, ease of processing, and
can be sterilized. Unfortunately they are less biologically active, degrade poorly, and
might cause a stronger inflammatory response. Some synthetic polymers that have
been used as cartilage scaffolds are poly(ethylene glycol) (PEG), polylactide (PLA),
poly(r-lactide) (PLLA), poly(lactic-co-glycolic acid) (PLGA), poly(e-caprolactone)
(PCL), poly(vinyl alcohol) (PVA), polyurethanes (PUR), polyglycolide (PGA), and
PGA/PLA copolymers (Eslahi et al., 2016; Manoukian et al., 2018).

6.2.2 Nanomaterials and Scaffolds

Nanomaterials are emerging as versatile components that can control conventional
tissue engineering approaches structurally, mechanically and chemically at the nano
level through the use of nanofabrication technologies. They can exhibit a high level
of cellular compatibility and bioactivity by enabling molecular interactions with the
cell, while providing unique mechanical, optical, electrical, and magnetic properties
to better control cell functions. Nanomaterials can also mimic extracellular matrix
surface properties such as energy and topography. All these features have led
researchers to study nanomaterials to be used as tissue scaffolds, biomolecular car-
riers or biosensor nanovehicles (H. Chen et al., 2013).

Cartilage tissue scaffolds can be built as hydrogels, fibrous meshes or foam
(sponges) depending on their preparation techniques. Hydrogels are water-swollen
polymers or protein structures that are physically, chemically or hybrid cross-linked.
While chemically cross-linked hydrogels have covalent bonds, physically cross-
linked hydrogels are bound by non-covalent (hydrogen bonding, hydrophobic, and
electrostatic) weak molecular interactions. Hydrogels are currently the most popu-
lar cartilage scaffolds and are being studied extensively. This is because they are
easy to apply and they can be injected or applied through minimally invasive sur-
gery such as arthroscopy. The hydrogels can easily fill lesion areas within the joint
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and quickly adapt to the surrounding healthy tissue. They have a high water content
allowing the diffusion of nutrients and waste. Cells within these gel structures can
become embedded, as opposed to simple adhesion, and they can differentiate in the
direction of a chondrogenic phenotype. Commonly used polymers are PEG, aga-
rose, alginate, hyaluronan, collagen, and chitosan, which can provide high biocom-
patibility and potential biodegradability. However, hydrogels are mechanically
weak, especially for the cartilage surfaces of the load-bearing joints; thus, efforts
are still being made to increase the mechanical strength of hydrogels (Camarero-
Espinosa et al., 2016; Eslahi et al., 2016; J. Li, Chen, et al., 2019).

Reducing the gel to nano scales is one of the key strategies to increase the
response of hydrogel dynamics to stimuli. The large surface-to-volume ratios
obtained by the addition of nanoparticles to the structure strengthen the mechanical
properties as well as improving function (J. Li, Chen, et al., 2019). However, the
number of nanostructuring techniques that can be used for this purpose are limited
due to the high water content of hydrogels. But self-assembly of hydrophobic seg-
ments of polymers in aqueous environments can still take place. Nanoparticle
hydrogels (nanogels), nanofiber hydrogels and hybrid hydrogels constitute promis-
ing materials that are being researched extensively for this purpose.

Among the techniques that are used for the production of nanofiber hydrogels,
molecular self-assembly and electrospinning techniques are tested extensively by
the researchers. The extracellular matrix mimicking biomolecular structures of self-
assembled supramolecular materials enable them to support cell adhesion, prolif-
eration, and migration through their bioactive interactions. Among self-assembling
materials, peptide nanofiber gels are emerging as an alternative treatment for carti-
lage tissue. Yaylact et al. have shown that glycosaminoglycan-mimetic peptide
nanofibers can support chondrogenic differentiation in mesenchymal stem cells,
and hyaluronic acid mimetic self-assembled peptide nanofiber gels may enhance
cartilage regeneration (Yaylaci et al., 2016). Likewise, Arslan et al. investigated the
therapeutic effects of a hybrid peptide nanofiber-hyaluronic acid membrane they
developed in an in vivo rat OA model. They demonstrated that this hybrid nanofiber
membrane was more effective than the commercially available gels they compared
it to, and that the hybrid peptide nanofiber-hyaluronic acid membrane could be a
suitable alternative for the treatment of OA (Arslan et al., 2018).

Scaffolds produced by electrospinning technique are obtained from polymer
solutions through the use of high-voltage collectors, thereby forming a non-woven
fabric made of fibers. These simple yet robust structures also enable the discovery
of new material combinations, since they also allow the co-spinning of multiple
synthetics or biological materials. The surfaces of the scaffolds produced through
electrospinning can also be tailored to have surface modifications, chemical modifi-
cations, and add biologically active materials. Combined materials can be made
with growth factors and biological signal proteins. Electrospinning is a carefully
studied topic for 3D scaffold production, which is particularly important for joint
cartilage (Zhou, Chyu, & Zumwalt, 2018). Mahboudi et al. fabricated a nanofiber-
based polyethersulfone scaffold via electrospinning, and they were able to demon-
strate osteochondral differentiation of human bone marrow mesenchymal stem cells
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on this scaffold (Mahboudi et al., 2018). In another study, Erisken et al. loaded two
bioactive substances on a poly(e-caprolactone) scaffold they produced with the
electrospinning technique. Added to the scaffold were insulin (for chondrogenic
differentiation) and B-glycerophosphate (for mineralization). They showed that
human adipose-derived stromal cells cultured in this scaffold for 8 weeks were
heavily directed towards chondrogenic differentiation (Erisken, Kalyon, Wang,
Ornek-Ballanco, & Xu, 2011). Yu et al. applied a bioactive resveratrol—PLA—
gelatin porous nano-scaffold that they built with the electrospinning technique to a
rat cartilage defect. They showed that the scaffold was able to heal the defect and
demonstrated how this structure affects the repair through the PI3K/AKT signaling
pathway (Yu et al., 2018).

Nano-level controllable composite tissue scaffolds are being studied extensively
in cartilage tissue engineering. These composite structures offer new horizons and
possibilities not only for cartilage, but also in the formation of a cartilage-bone hier-
archical interface. Nanomaterials are also used in tissue engineering to produce and
distribute tissue stimulating agents such as growth factors and peptides. Chahine
et al. evaluated the biocompatibility of single-wall carbon nanotubes (SWNTs) in
articular cartilage tissue engineering in 2D and 3D composite tissue scaffolds. They
showed that SWNTs increased GAG content in composite scaffolds, and that it bio-
mechanically increased pressure resistance and tensile modulus. They demonstrated
that SWNTs may be able to provide functionalization with bioactive molecules and
biomechanical strengthening (Chahine, Collette, Thomas, Genetos, & Loots, 2014).
In another study, Ribeiro et al. developed biofunctional hierarchical scaffolds con-
sisted of a horseradish peroxidase (HRP)-cross-linked silk fibroin (SF) cartilage-like
layer (HRP-SF layer) fully integrated into a HRP-SF/ZnSr-doped p-tricalcium phos-
phate (B-TCP) subchondral bone-like layer (HRP-SF/dTCP layer) aimed at regener-
ating chondral and subchondral tissue. Human osteoblasts (hOBs) and human
articular chondrocytes (hACs) planted on this bilayer hierarchical structure demon-
strated sufficient integration, proliferation, and appropriate ECM production to the
respective interfaces. With this study, they showed that osteochondral-like tissue for-
mation can be promoted with appropriate stimuli in a culture system (Ribeiro et al.,
2019). Karami et al. designed a composite scaffold that would firmly adhere to tis-
sues such as cartilage and meniscus. This hydrogel system consisted of poly(ethylene
glycol) dimethacrylate, alginate, and nanofibrillated cellulose. They showed that
their composition provided a significant increase in cartilage adhesion compared to
the existing commercial tissue adhesives (Karami et al., 2018).

6.3 Summary and Future Outlook

Studies on regenerative medicine are advancing with great momentum, challenging
our current perceptions of medicine. Our focus is now shifting from alleviation of
symptoms to the full regeneration of tissue. We are also witnessing the most promis-
ing advances for cartilage, one of the most challenging tissues for regeneration.



194 H. Ozkan and O. Yanmis

The scaffold necessary for the regeneration of cartilage tissue is slowly taking
shape; involving new composite structures with bioactive extracellular matrix mim-
icking materials, and chondrocytes differentiated according to the multilayered
architecture required by the natural tissue. As we have seen in the recent studies
above, developments in this area have reached an exciting level. However, there are
still issues ahead, such as the hierarchical relationship of cartilage tissue with bone
and joint fluid, the complex unforeseen interactions that may be observed in vivo,
and the unique biomechanical and lubricative properties of the cartilage tissue.
These still pose difficulties to be overcome by researchers of this field, and the bio-
mechanical shortcomings of current scaffolds is another problem encountered in
clinical practice.

Cartilage tissue is very difficult to reach with medications administered systemi-
cally. This is why intra-articular drug administrations are an important subject, and
this also poses various hardships. Nanomaterials can also be used to overcome the
difficulties in distributing intra-articular medications. Moreover, the ability of nano-
structures to overcome extracellular matrix and cell barriers provides great advan-
tages in drug distribution and diffusion (Brown, Kumar, & Sharma, 2019; Wang
et al., 2018). Currently, the effective delivery of drugs is limited to indirect pharma-
cological measures. However, imaging agents added to nanoemulsions will soon be
able to monitor the distribution, release, and efficacy of drugs in vivo. This area
called Theranostics enables delivery, treatment, and imaging with the same mole-
cule using nanomaterials and bioimaging technologies (Herneisey et al., 2016;
Patel, Beaino, Anderson, & Janjic, 2015).

All these issues are related and interacting with each other. Future research goals
range from regeneration of damaged tissue, to the manufacture of organs and
extremities. This subject stands before all humanity as a common goal to be striven
towards in order to promote human welfare.
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Chapter 7
Nanotechnology in Dentistry: Past,
Present, and Future

Metin Calisir

Abstract Nanotechnology is the production of functional materials and structures
ranging from 0.1 to 100 nm using various chemical and physical methods. The fields
of application of nanotechnology cover a wide range including machinery produc-
tion, defense industry, space and aircraft technologies, information and communica-
tion systems, energy systems, chemistry, environment, molecular biology, gene
engineering, medicine, and dentistry. Nano dentistry may be described as the science
and technology of diagnosing, treating and preventing oral and dental diseases,
reducing/eliminating pain and improving oral health, by using nanosized materials,
tissue engineering and dental nanorobotics. Although many diseases in dentistry
can be treated by conventional methods, the new era of nanotechnology in dentistry
will bring revolutionary approaches in diagnosis and treatment of dental diseases.
Current research in nanodentistry includes preventive, diagnostic, reconstructive,
regenerative, restorative, and rehabilitative fields.

7.1 Introduction

Search for better, more efficient, advanced technologies and materials have led to
the emergence of “Nanotechnology,” which deals with structures between 0.1 and
100 nm in size. The term nanotechnology comes from “nanos” which means
“dwarf” in Greek. The physicist Richard P. Feynman, who won the Nobel Prize for
his pioneering work in nanotechnology field first used the term in his speech to the
American Physical Society in 1959 (Feynman, 1960). Nanotechnology (Taniguchi,
1974), was defined by Norio Taniguchi in 1974 to describe semiconductor pro-
cesses that involved control at nanometer scale. Later, a book by Eric Drexler titled
“Engines of Creation: The Coming Era of Nanotechnology” helped publicize the
concept of nanotechnology (Drexler, 1986). The first applications in the field of
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nanotechnology began with the discovery of scanning tunneling microscopes,
carbon nanotubes, and fullerenes (Iijima, 1991; Kritschmer, Lamb, Fostiropoulos,
& Huffman, 1990; Kroto, Heath, O’Brien, Curl, & Smalley, 1985).

Ongoing research in the field of nanotechnology utilizes the unique properties of
nanoparticles. Nanoparticles are more reactive than micro and macro particles due
to their larger surface area compared to their mass (Binns, 2010; Li et al., 2008).
Therefore, nanotechnology has brought a whole new dimension in fields from medi-
cine to engineering. One of these areas is the dental medicine. The use of nanotech-
nology in dentistry is known as nanodentistry. The goal of nanodentistry is to
provide a perfect oral health and the regeneration of missing oral tissues using nano-
materials, bioengineering methods and nanorobotics (Farr, 1997; Shi, Tsai, Garrison,
Ferrari, & Ratner, 1999; Slavkin, 1999; West & Halas, 2000). In addition, the
mechanical and physical properties of the dental materials are improved through the
use of nanomaterials and new diagnostic and treatment methods are developed to
enable the use of nano-delivery systems (Kanaparthy & Kanaparthy, 2011).

7.2 Diagnostic Dentistry

The dental biofilm layer is considered to be the main cause of many diseases related
to the teeth and the periodontium. Specific pathogenic microorganisms within the
biofilm layer have been associated with the development of periodontal diseases
induced by the dental plaque. During treatment of dental problems, identification
and destruction of this biofilm layer is very important (Carpio, Santos, Wei, &
Rodrigues, 2012; Chalmers et al., 2007; Hu et al., 2010; Kulshrestha, Khan, Meena,
Singh, & Khan, 2014; Son, Hong, & Lee, 2016). For this purpose, different applica-
tions have been developed in the field of nanodentistry.

7.2.1 Nanosized Quantum Dots

Quantum dots provide enhanced stability and flexibility for immunofluorescence-
based analyses that provide single cell resolution for in vivo and in vitro identifica-
tion of specific periodontal pathogens. Thus, use of such tools is suggested to aid in
the removal of these pathogens (Chalmers et al., 2007).

7.2.2 Graphene

The fact that electrons move very rapidly in graphene allows them to destroy a vari-
ety of bacterial biofilm layers and form an antibacterial surface (Carpio et al., 2012;
Hu et al., 2010). It was shown that graphene/zinc oxide nanocomposites (GZNC)
inhibited biofilm formation on the dental implant surface (Kulshrestha et al., 2014).
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7.2.3 Atomic Force Microscopy (AFM)

AFM is the leading nanotechnology technique used in the analysis of cells and bio-
film surfaces. In dentistry, AFM was used to investigate nanometer scale topo-
graphic changes in the oral biofilm caused by Streptococcus mutans after various
mouthwashes (Sharma et al., 2010).

7.2.4 Other Nano Agents for Diagnosis

For the early diagnosis and treatment of benign, malignant and autoimmune dis-
eases of the oral cavity, it is important that antibodies, dysplastic cells and salivary
markers are detected very precisely. There is ongoing research to measure the saliva
markers at lower costs (Gau & Wong, 2007; Hasanzadeh & Shadjou, 2016; Son
et al., 2016). Carbon nanotubes, for example, have been shown to specifically bind
to cancer cells and were proposed to be an effective and useful diagnostic tool (Son
et al., 2016).

The Oral Fluid Nano Sensor Test (OFNASET, The Wong Lab, University of
California, Los Angeles) is a highly sensitive, specific, portable, and automated
nanoelectromechanical system that facilitates the identification of proteomic bio-
markers and nucleic acids that are specific for oral cancer species (Gau &
Wong, 2007).

7.3 Preventive Dentistry

The higher restorative capacity of nanomaterials compared to the same material on
the micro or macro scale may be attributed to the size of the inorganic building
blocks in the enamel which are 20-40 nm in size (Tao, Pan, Zeng, Xu, & Tang,
2007). Small size and higher active surface area are important features to be consid-
ered when developing new materials.

7.3.1 Dentifrices

Since nanosized calcium carbonate particles and hydroxyapatite crystals resemble
the crystal structure and morphology of the enamel, it has been reported that the
presence of these substances in toothpastes may help remineralization of tooth
enamels (Nakashima, Yoshie, Sano, & Bahar, 2009; Vandiver, Dean, Patel, Bonfield,
& Ortiz, 2005). Similarly, the nano-carbonate apatite (n-CAP) particles also resem-
ble the inorganic parts of the teeth and may exert a short-term desensitization effect
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when added into toothpastes (Lee, Kwon, & Kim, 2008). Inclusion of 3% nanosized
sodium trimetaphosphate in toothpastes has been reported to result in a higher
increase in the remineralization in early stages of caries formation compared to the
traditional toothpastes (Danelon, Pessan, Neto, de Camargo, & Delbem, 2015).

7.3.2 Toothbrush Development

A nano-toothbrush concept has been developed by adding colloidal particles embed-
ding nanogold or nanosilver to toothbrush bristles. It was suggested that microbial
plaque or the biofilm layer could be removed more easily by the silver particles
present in these structures (Raval, Vyas, Gandhi, Patel, & Patel, 2016).

7.3.3 Mouthwashes

Mouthwashes containing triclosan and silver nanoparticles have been shown to be
effective in plaque control. Colloidal suspensions of triclosan nanoparticles form a
controlled release system due to their bio-adhesive properties. Therefore, these
nanoparticles can be incorporated into gels, toothpastes and mouthwashes in the
treatment and prevention of periodontal diseases (Pragati, Ashok, & Kuldeep,
2009). In addition, mouthwashes containing biomimetic carbonate-hydroxyapatite
nanocrystals have also been shown to reduce plaque build-up and help prevent
inflammation in peri implant tissues (Lelli et al., 2013). In other another study,
nano-calcium fluoride has been included in mouthwash products to reduce caries,
reduce dentin permeability and increase the concentration of fluoride concentration
in oral fluids (Sun & Chow, 2008).

7.3.4 Other Nanomaterials Used in Preventive Dentistry

Nanosized hydroxyapatite particles may easily integrate into dentin tubules, and
protect the them from external stimuli. The use of these nanoparticles has been
reported to be effective in reducing hypersensitivity in teeth (Ebadifar, Nomani, &
Fatemi, 2017; Kulal, Jayanti, Sambashivaiah, & Bilchodmath, 2016). In addition to
the desensitizing effect, they hold firmly on the tooth enamel and protect the teeth
against erosion formed by acidic food and beverages (Li et al., 2008).

Modified silica nanoparticles have also been used to reduce tooth sensitivity.
These nanoparticles show their desensitizing effects by reducing the hypersensitivity
of dentin tubules by blocking them (Petrou et al., 2009).
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7.4 Restorative Dentistry

Restorative dentistry is the branch of dentistry that aims to replace damaged or
missing teeth by repairing the damaged teeth by fillings or crowns and replacing the
missing teeth with bridges and implants. Nanotechnology research has provided
invaluable insight on efforts to generate biofriendly and more durable materials.
Below are a few examples of how nanotechnology has been utilized for generating
novel treatment options for the benefit of restorative dentistry.

7.4.1 Nanofillers

With the addition of nanofiller particles to composite resins, a new class of materials
has emerged with improved properties compared to micro and macro-filled com-
posites. These nanoparticles reduce shrinkage caused by polymerization and ther-
mal expansion and increase the polishing ability, stiffness and wear resistance of
composites. One of them, silica-based nanoparticles, are used as filling materials in
dentistry (Chen, 2010). In addition, using silica-based nanoparticles as polishing
material has also been shown to protect the enamel surface and prevent caries caused
by cariogenic bacteria (Roulet & Roulet-Mehrens, 1982).

7.4.2 Nanocomposites

Nanocomposites offer many advantages over conventional microfilled and hybrid
resin based composite systems. Nano composites containing alumina silicate pow-
der are more rigid, have superior bending strength, better elastic modulus, semi-
transparency, and superior handling properties and result in a 50% reduction in
filling shrinkage (de Andrade et al., 2011). In another study, surface modifications
by organosilanes of TiO, nanoparticles in a resin matrix have been shown to increase
the microhardness and flexural strength of dental resin-based composites (Xia,
Zhang, Xie, & Gu, 2008). Adhesives formed by Radiopaque Ta,0s/SiO, filler
nanoparticles dispersed in the methacrylic matrix have also been found to have
higher adhesion strength and higher radiopacity than enamel and dentin (Schulz,
Schimmoeller, Pratsinis, Salz, & Bock, 2008).

A novel restorative material has been developed by combining photopolymer-
ized dendritic copolymers and particulate composite filler materials (Viljanen,
Skrifvars, & Vallittu, 2007). Furthermore, by incorporating polymerizable
2,3-dihydroxybenzyl ether dendrimers or dendrons into dental composite resins,
new dental materials with improved physical properties have also been produced
(Paul, Bader, Schricker, & Parquette, 20006).
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Chen, Clarkson, Sun, and Mansfield (2005) have prepared self-assembling
hydroxyapatite nanorods with a similar morphology to the crystal structure of the
enamel. These nanorods may provide a model of the natural enamel of the tooth.
Similarly, Sadat-Shojai, Atai, Nodehi, and Khanlar (2010) reported that the hydroxy-
apatite nanorods could be an alternative to fillers such as silicates that are currently
used in dental adhesives.

Alves, Pilla, Murgo, and Munin (2010) reported that dental resins soaked with
different concentrations of CdSe/ZnS core—shell quantum dots showed fluorescence
characteristics similar to the human teeth. In another study, carbon nanotubes have
been reported to be promising candidates for use as tooth fillers due to their excel-
lent electrical and mechanical properties (Ajayan & Zhou, 2001).

Nano light-curing glass ionomer is a system that combines nanotechnology with
fluoro alumino silicate technology, and this system shows better aesthetics, advanced
wear resistance and superior polishing properties (Korkmaz, Ozel, Attar, & Bicer,
2010). Addition of nanosized filler materials to resin-modified glass ionomer cement
(RMGIC) was also shown to increase polishing and aesthetic properties with the
addition of nanosized fillers (Vaikuntam, 1997). In addition to abovementioned
materials, solutions containing nanomaterials are already used in next generation
bonding agents to ensure homogeneity and a perfect blend every time (Sadat-Shojai
et al., 2010).

Silver nanoparticles (AgNPs) have strong antibacterial properties, in addition to
their high biocompatibility, low toxicity, low bacterial resistance, and long-term
antibacterial activity; thus, they have been used in dental prosthesis and implants as
restorative materials in endodontics (Damm, Miinstedt, & Rosch, 2007; Garcia-
Contreras et al., 2011; Jia, Hou, Wei, Xu, & Liu, 2008; Nam, 2011; Percival, Bowler,
& Russell, 2005; Samiei et al., 2013; Sheikh et al., 2010; Slenters, Hauser-Gerspach,
Daniels, & Fromm, 2008). A nanocomposite coating consisting of silver nanopar-
ticles and lactose-modified chitosan (Chitlac) has been reported to significantly
reduce biofilm formation on the restoration surface 48 h after administration com-
pared to conventional composites (Ionescu et al., 2015).

Dental resin nanocomposites containing calcium fluoride (CaF,) nanoparticles
were shown to release fluoride ions, and they were suggested to be a superior
restorative material by reducing the formation of secondary caries and fracture for-
mation in restorations (Xu, Moreau, Sun, & Chow, 2008). On the other hand, com-
posite resins containing nano-amorphous calcium phosphate (nACP) have been
shown to improve the remineralization process and control the release of calcium
and phosphorus through charge-and-release. It has been reported that the nACP also
prevents the formation of secondary caries (Wu et al., 2015; Xie et al., 2016).
Similar results were also observed by adding nano-amorphous calcium phosphate to
the bonding agents (Zhang, Weir, Hack, Fouad, & Xu, 2015).

Cross-linked quaternized polyethyleneimine (QPEI) nanoparticles incorporated
into resin composites have been reported to exhibit antibacterial activity against
various oral pathogens such as Enterococcus faecalis, Streptococcus mutans,
Actinomyces viscosus, and Lactobacilus casei. It was reported that this long-lasting
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antibacterial effect could prevent secondary caries (Shvero, Zatlsman, Hazan,
Weiss, & Beyth, 2015).

Use of calcium peroxide nanoparticles as tooth whitening resulted in a deeper
penetration into the tissues, while minimizing the detrimental effects of tooth whit-
ening. In one study, nano-lipobelle H-EQ10 was added to the bleaching agents and
their efficacy was investigated. Nano-lipobelle H-EQ10 is liposomes containing
10% vitamin E and 5% coenzyme. By using these nano-liposome carriers, the
chemical and mechanical properties of the bleached enamel were significantly
improved. This effect may be related to the restorative effects of vitamin E and
coenzymes in the preservation of tooth structure and stimulation of cell renewal
(AlKahtani, 2018).

7.5 Regenerative Dentistry

7.5.1 Bone Regeneration

Recently, there have been an increasing number of studies on nanoparticle compos-
ites and nanofiber scaffolds that support cell growth and differentiation by increas-
ing the mechanical support. In addition, nanodelivery systems that can enhance the
production of osteogenic growth factors are also being studied (Kim & Fisher, 2007).

Different alloplastic bone grafts have been developed by using nanoparticles.
The most widely investigated one among these grafts are the nano-HAP (n-HAP)
bone grafts available in crystalline, chitosan-associated, and titanium-reinforced
forms. Hydroxyapatite nanoparticles are frequently used for bone regeneration and
are highly biocompatible (Chesnutt et al., 2009; Chesnutt, Yuan, Buddington,
Haggard, & Bumgardner, 2009; Kailasanathan, Selvakumar, & Naidu, 2012; Reves,
Jennings, Bumgardner, & Haggard, 2012; Singh, Nayak, Uppoor, & Shah, 2012). It
was reported that nanocrystalline and hydroxyapatite mixture bone grafts have low
cytotoxicity and high biocompatibility (Chitsazi, Shirmohammadi, Faramarzie,
Pourabbas, & Rostamzadeh, 2011; Liu et al., 2011). These properties have been
reported to cause better clinical results in the treatment of intra-bone defects (Kasaj,
Rohrig, Zafiropoulos, & Willershausen, 2008).

Although hydroxyapatite has been the most widely studied material for regenera-
tive purpose in dentistry, other nanomaterials have also been investigated. For exam-
ple, “nano-bioactive glass” developed for bone regeneration has been found to be
biocompatible with gingival fibroblasts (Tavakoli et al., 2012). Calcium sulfate
(CaSQ,) bone grafts with nanosized crystals were also developed for regenerative
dentistry. In addition to being a biodegradable and osteoconductive bone-like struc-
ture, while calcium sulfate is dissolved, calcium phosphate is formed, which assists
the binding of osteoblasts and formation of new bone. The nanotization of the parti-
cles makes the bone graft more resistant to degradation and resulting graft materials
that endure longer (12—14 weeks) than conventional CaSO, (4—6 weeks). This slower
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biodegradation rate matches the duration of bone development in intra-bone defects,
thus providing better treatment (Kelly et al., 2001; Pandit et al., 2015).

A graft material that is cured with light has been reported as a bone grafting
agent. This material is produced by combining the methacrylate resin matrix with
nACP and is injectable and has the ability to strongly adhere to the wet bone and
crystallize nACP to hydroxyapatite within a few minutes (Schneider et al., 2010).

Recently, an antibacterial nanoceramic composite material has been developed
by impregnation of calcium phosphate and zinc oxide (ZnO) nanoparticles sur-
rounded by carbon nanotubes into an alginate polymer matrix. While the ZnO
nanoparticles provide antibacterial effect, the carbon nanotubes act as a strong,
flexible and inert skeleton in which new bone cells can gather and proliferate. This
system also increases HAP formation in bone defects (Beherei, EI-Magharby, &
Abdel-Aal, 2011).

7.5.2 Soft Tissue Regeneration

Different types of nanomaterials have been developed for tissue regeneration in
dental tissues. The health of the soft tissues around the teeth are especially impor-
tant for oral health, thus most of the tissue regeneration efforts have focused on
these tissues. Membranes that are used for guided tissue regeneration are among
these materials. These membranes consist of a double layer structure with a porous
surface on one side (for cellular ingrowth) and a smooth surface on the other side
(for cellular occlusion). A new three-layer guided tissue regeneration membrane
system has been developed to further improve tissue regeneration. This new system
has an inner layer made of a porous membrane composed of 8% nanocarbonate
hydroxyapatite/collagen/polylactic-coglycolic acid (nCHAC/PLGA), a middle
layer composed of layer comprising 4% nCHAC/PLGA, and a nonporous PLGA
outer layer. This composite membrane is highly flexible, biocompatible, osteocon-
ductive, and biodegradable and induces higher activity by osteoblasts than a pure
PLGA membrane (Liao et al., 2005).

A platform that combines tissue engineering and local gene delivery systems, the
gene-activated matrix, acts as a structural template for therapeutic gene expression,
eliminating problems in cell adhesion and proliferation as well as the synthesis of
the extracellular matrix. The latest development in this field is a gene-activated
matrix consisting of a chitosan/collagen scaffold that acts as a three-dimensional
carrier which is loaded with chitosan/plasmid nanoparticles containing the cDNA
that codes for the platelet-derived growth factor. An increase in periodontal liga-
ment proliferation was observed with this system (Peng et al., 2009).

Nanoparticles may be used to reconstruct damaged nerves by self-assembled
nanofibers composed of amphiphilic monomers. This application may have a
great potential in the field of dentistry, such as reconstruction of the nerve after
inferior alveolar nerve damage which may occur during oral surgery (Ellis-
Behnke et al., 2006).
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In addition to growth factors, hormones have also been utilized for tissue regen-
eration purposes. An example is the a-melanocyte-stimulating hormone (a-MSH)
which is a hormone with anti-inflammatory properties. It has been suggested that
a-MSH-containing nanofilms can help revitalize teeth, but more studies are needed
(Fioretti et al., 2010).

7.6 Rehabilitative Dentistry

7.6.1 Prosthetic Dentistry

Nanomaterials can be used for various applications in prosthetic dentistry. One of
these applications is to develop better impression materials. An example to better
impression materials are vinylpolysiloxanes with nanofillers that are more fluid,
more hydrophilic, and have more precise measurement properties compared to tra-
ditional materials (Jhaveri & Balaji, 2005).

Another application is to develop better materials for prosthetic tooth produc-
tion. Nano-composite prosthetic teeth which consist of polymethylmethacrylate
(PMMA) and homogeneously dispersed nano-sized filler particles, have well-
polished surfaces and are resistant to discoloration and mechanical abrasion (Totu,
Nechifor, Nechifor, Aboul-Enein, & Cristache, 2017). Nanomodified zirconium
oxide particles, on the other hand, have been shown to provide additional transverse
strength not only for the mobile prosthesis but also for all prosthetic procedures
(Gad, ArRejaie, Abdel-Halim, & Rahoma, 2016).

Prosthetic cements constitute another application area for nanomaterials in pros-
thetic dentistry. Nanoparticle impregnated luting cements have been shown to have
higher elastic modulus and lower polymerization shrinkage than traditional cements
and therefore bind to dentin more strongly (Sadat-Shojai et al., 2010). Zinc-
polycarboxylate cement produced using ZnO and MgO nanoparticles has been
shown to have enhanced physical and mechanical strength compared to traditional
zinc-poly carboxylate cements (Karimi et al., 2011). Similarly, the addition of nano-
hydroxyapatite/fluoroapatite particles into the glass ionomer cements has been
reported to improve the physical properties of the cement compared to the conven-
tional glass ionomer cements (Moshaverinia et al., 2008). Lava resin nano ceramic
blocks have also been shown to have better aesthetics, durability and higher fracture
resistance (Chen, Trindade, de Jager, Kleverlaan, & Feilzer, 2014).

7.6.2 Endodontics

Endodontics is the branch of dentistry that specializes on the dental pulp and the
surrounding tissues which constitute the major living tissues of the teeth. Endodontic
treatment is usually known as “root canal” treatment and aims to treat the infections
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and other problems within the dental pulp. The addition of bio-ceramic nanoparticles
such as bioglass, zirconia, and glass ceramics into the endodontic sealers has been
shown to result in improvement in material characteristics, such as faster curing
time, lower dissolution in body fluids, and better adaptation to dental tissue com-
pared to traditional endodontic sealers (Utneja, Nawal, Talwar, & Verma, 2015).
These nanoparticles also accelerate the remineralization process and increase the
adhesion strength to dentin (Wang et al., 2017).

It was also shown that adding silver nanoparticles to the root canal fillers pro-
vides an effective antibacterial protection against Enterococcus faecalis, especially
during early stages after treatment, compared to canal fillers containing only cal-
cium hydroxide or containing calcium hydroxide mixed with chlorhexidine
(Afkhami, Pourhashemi, Sadegh, Salehi, & Fard, 2015).

In a study comparing the gutta percha containing nano-diamond particles with
the traditional gutta percha, the gutta percha containing nano-diamond showed
superior chemical and mechanical properties, higher biocompatibility, better adap-
tation to root canal walls, and a lower gap in canal filling occurrence compared to
the traditional gutta percha (Lee et al., 2015).

7.6.3 Dental Implants

Dental implants have become popular recently in rehabilitative dental treatments.
In order to have better treatment efficiency, various implant surface modifications
have been tested to improve osseointegration. Surface properties are one of the
most important factors that determine the biocompatibility and bio-integration of
implants by regulating their surface energies, composition, roughness, and topog-
raphy. The surfaces significantly affect the chemical and physical surface proper-
ties of the nanomaterials (Nayar, Bhuminathan, & Muthuvignesh, 2011; Simon &
Watson, 2002).

Nanoporous anodic alumina, porous silica, and titanium nanotubes have been
shown to play significant roles in the development of drug-releasing implants (Lee,
Alhoshan, & Smyrl, 2006; Paulose et al., 2006). In vitro titanium oxide nanotubes
have been demonstrated to accelerate the kinetics of hydroxyapatite formation, thus
helping the maturation of bone cells around dental implants (Oh, Finones, Daraio,
Chen, & Jin, 2005).

The surface morphology of the implants has also been shown to significantly
alter the efficacy of implant treatment. For example, it has been reported that the
presence of 50 nm nanodots on the surface of the implants increase the number of
osteoblast cells accumulated on these surfaces (Pan et al., 2012). Nanostructured
hydroxyapatite coatings on the implants have also been shown to enhance osteoin-
tegration of the implants. Biocompatibility studies showed that hydroxyapatite has
very high binding ability to bone. It can be used to increase osteointegration of
titanium implants to the alveolar bone due to their chemical bond forming proper-
ties. In addition, such implants have been shown to increase osteoblast adhesion,
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proliferation and mineralization (Ma, Wong, Kong, & Peng, 2003; Pepla, Besharat,
Palaia, Tenore, & Migliau, 2014). Nanosized carbon fibers have also been shown to
cause a significant increase in osteoblast adhesion required for successful orthope-
dic/dental implant applications because of their high surface area (Price, Ellison,
Haberstroh, & Webster, 2004). In addition, modification of the implant surface with
mechanical nano-properties such as nano-grooves or nano-pillars allows the fibrin
clots acting as a bridge for osteogenic cells to adhere to the surface of the implant
and thus provide a good osseointegration between the implant and bone (Tomsia
etal., 2011).

The infections that are associated with implants have been another major prob-
lem for the utilization of the implant treatment. Due to the highly humid and bacte-
ria friendly environment of the oral cavity, bacterial infections constitute a major
problem for most dental treatment options. The bacterial biofilm layer formed on
dental implants is difficult to remove with antibiotics. The protective layer of the
exopolymers protects the microorganisms against antibiotics and immune response
cells. This leads to inflammation in the peri-implant tissues. The use of iron oxide
nanoparticles was shown to be effective for the elimination of this biofilm layer
(Sathyanarayanan, Balachandranath, Genji Srinivasulu, Kannaiyan, & Subbiahdoss,
2013). Another modification agent, zirconia is a water-insoluble material; and it can
reduce bacterial attachment. Zirconia has low cytotoxicity and is a biologically inert
material, which makes ZrO, a suitable biomaterial for dental implants. In addition,
it has high fracture resistance and is osseo-conductive, that is, it stimulates bone
formation. Implants coated with zirconia nanoparticles on the surface are reported
to be highly efficient in osseointegration (Akagawa, Hosokawa, Sato, & Kamayama,
1998; Josset et al., 1999; Lughi & Sergo, 2010). Several studies have shown that
silver nitrate charged nanotitania surfaces and silver nanoparticle-modified titanium
(Ti-nAg) surfaces also have antimicrobial properties. Silver nanoparticles have a
broad antibacterial spectrum and low microbial resistance. Although the antibacte-
rial mechanism of silver nitrate nanoparticles is not clear, clinical use has been
shown to reduce the risk of peri-implantitis (Feng, Cao, Li, Liu, & Dong, 2008;
Juan, Zhimin, Anchun, Lei, & Jingchao, 2010).

7.7 Periodontology

Periodontology is the branch of dentistry that specializes in prevention and treat-
ment of periodontal diseases and oral inflammation and implant treatment. Since
the use of nanotechnology for dental implants has been explained in previous sec-
tions, here, other periodontal applications of nanomaterials and nanotechnology
will be discussed. Laser plasma application is a technique that utilizes lasers at dif-
ferent wavelengths and can be used for the treatment of periodontal problems. When
nanosized TiO, particles are applied to human skin in a gel-like form and irradiated
with laser, they cause micro-wear of hard tissues and stimulate collagen production.
They are currently clinically used in periodontal treatment, depigmentation and soft
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tissue incision without anesthesia (Freitas Jr., 2005). Zirconium oxide nanoparticles
also attract much attention for dental applications. Due to their anti-biofilm activity
against some bacteria, zirconium oxide nanoparticles have been suggested to be
used as a polishing agent in dentistry (Guerreiro-Tanomaru et al., 2014).

Another area where nanotechnology has been utilized for medical applications is
the development of lab-on-a-chip (LOC) systems which enable the use of smaller
sizes of biological samples to gather information by using different biomarkers. In
periodontology, LOC systems are used to determine the salivary levels of biomark-
ers such as interleukin-1beta (IL-1p), C-reactive protein (CRP), and Matrix Metallo-
Proteinase-8 (MMP-8), which play a role in the pathogenesis of periodontal disease
(Christodoulides et al., 2007).

Nanomaterials can provide efficient solutions for specific drug delivery systems
with controlled release and biodegradation. These systems are based on slow release
of certain drugs loaded into a biologically degradable matrix to have a longer-lasting
effect in the desired region (Kong, Peng, Li, & Bartold, 2006). The disadvantage of
conventional drug delivery systems is that drugs can stay in the oral cavity for a
short time due to saliva, irregular swallowing, and food and drink intake and soft
tissue movements. The use of liposomes as a dental drug delivery system is envis-
aged as a new approach to overcome this problem (Nguyen, Hiorth, Rykke, &
Smistad, 2011). In addition, triclosan-laden nanoparticles have been shown to be
effective in inhibiting periodontal inflammation (Pifién-Segundo, Ganem-Quintanar,
Alonso-Pérez, & Quintanar-Guerrero, 2005). It has also been shown that tetracy-
clines added to the microspheres may help reduce inflammation when administered
in combination with regular methods during treatment of periodontal disease (Kong
et al., 2006). For this purpose, niosomes and fullerenes were used. Niosomes are
chemically stable, non-ionic vesicles, and fullerenes are hollow carbon molecules
of different forms (spheres, tubes, and ellipsoids) (Kazi et al., 2010).

The researchers at South West Research Institute developed nanocapsules con-
taining new vaccines, antibiotics and drug delivery systems with reduced side
effects and targeted release. In the future, specialized nanoparticles may be designed
to target oral tissues, including cells derived from periodontium (Kanaparthy &
Kanaparthy, 2011).

Especially after surgical treatments, wound healing in the oral cavity can be
problematic due to the bacteria friendly humid and warm environment and the wear-
and-tear that is endured by the oral tissues during eating and drinking. Thus,
enhanced wound healing rate and protection against bacterial infection during heal-
ing are desirable qualities in materials that are developed for oral wound healing. In
order to provide hemostasis, antimicrobial wound dressings including biodegrad-
able nanofibers and nano-crystalline silver particles were developed for wound
healing applications in the oral cavity (Saravana & Vijayalakshmi, 2006). In addi-
tion, with the development of suture needles that contain nano-sized stainless-steel
crystals, micro-surgical procedures have significantly gained speed (Saravana &
Vijayalakshmi, 2006). A fine surgical procedure can be performed on a live cell by
using a nano-sized needle. With these nanosized stainless steel needles called
nanoneedles, higher resolution surgery in the root canals may be possible in the near
future (Dunphy Guzman, Taylor, & Banfield, 2006).
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7.8 Nanorobotics

As for many other medical applications, nanorobotics systems have been studied for
dental medicine as well. One vision is that if the first micro-size dental nanorobots
can be produced, they can be controlled by a built-in nanocomputer that executes
preprogrammed instructions in response to local sensor stimuli in detecting and
treating problems in dental tissues. In addition, dentists will be able to deliver the
desired applications directly to in vivo nanorobots by acoustic signals or other
means (Freitas Jr., 2005). Although it does not seem likely in the near future, den-
tists also envision nanorobotic toothpaste called dentifrobots, which are carried by
mouthwash or toothpaste at least once a day, may detect and destroy pathogenic
bacteria in the plaque and oral cavity and also allow the development of harmless or
beneficial oral microflora species. This will help eliminate bad breath (Gambhir
et al., 2013; Satyanarayana & Rai, 2011). Dental nanorobots using indigenous bio-
logical materials can selectively clog dentine tubules, which cause dentin sensitiv-
ity, selectively and precisely, and provide patients with a fast, relaxing and lasting
treatment (Cummins, 2009). Another future envision for dental treatments is the use
of orthodontic nanorobots that can affect the periodontal tissues, allowing them to
quickly and painlessly correct, rotate and vertically reposition teeth in minutes or
hours (Kohli & Martin, 2003).

In near future, however, nanorobotic analgesics could be used in the dental
offices and cause reduced anxiety because of lack of use of dental injectors, greater
selectivity and controllability of the analgesic effect (effective anesthesia only in the
tooth/teeth to be treated), rapid and fully reversible effect and the ability to avoid
many side effects and complications (Estafan, 1998; Freitas Jr., 2005; Jhaveri &
Balaji, 2005).

7.9 Conclusion and Future Perspectives

Nanoparticles are widely studied due to their superior properties and have become
the focus of attention for researchers in recent years due to their advantages.
Nanotechnology will enable many new developments and novel approaches in the
field of dentistry, as well as the advancement of oral diagnosis and treatment meth-
ods. However, despite the considerable increase in the number of studies in this
area, there are difficulties that prevent the clinical applications of these newly devel-
oped nanomaterials. Long-term antimicrobial, toxic, physical, chemical and clinical
effects of the nanoparticles on already clinically used dental biomaterials and living
tissues are important issues to be investigated in further studies. Since materials
may acquire new physical and chemical properties at the 1-100 nm size, we have to
be cautious when dealing with nanoparticles. Recent evidence suggests that some of
the nanoparticles are able to pass through the blood—brain barrier, which might
cause several side effects for the use of nanomaterials in dental tissues in case the
nanomaterials pass to the blood stream. Therefore, future investigations will
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probably be directed to engineer nanomaterials to maximize their positive effects
while minimizing nanomaterial associated toxicity. Although the use of nanotech-
nology in dentistry today is limited to a small number of products available on the
market, new studies show that nanotechnology will become an indispensable part of
oral health in the future.
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