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Preface

Tissue engineering and regenerative medicine is one of the most active and
updating fields with many emerging innovative products, novel techniques,
and clinical trials for addressing huge requirements of our society. These
advancements make use of bioinspired materials for their application in bone
tissue engineering, load-bearing implants, biocompatible tissue engineering
materials, 3D printed hydrogels, scaffolds, and stem cell delivery. We are
very pleased to launch our next edition of the textbook in two volumes, with
the first volume Bioinspired Biomaterials: Advances in Tissue Engineering
and Regenerative Medicine. We have attempted to maintain the highest stan-
dard of excellence, truthfulness, and pedagogy developed by the publishers
that address wide audience (including countless students of biological sci-
ence, medicine, veterinary, dentistry, materials science, engineering, and
physics worldwide; bachelor, master, and PhD students; researchers; and
company professionals) who intend to update and invent new biomaterials for
the tissue engineering and regenerative medicine applications. At the same
time, we are very focused on the evolving need of the students and research-
ers in updating their career in the developing field of bioinspired materials.
This book is a continuation of my previously published book Novel
Biomaterials for Regenerative Medicine and comprehensive reviews on
Cutting-Edge Enabling Technology for Regenerative Medicine.

The contents of this book are divided into 4 parts with 14 chapters address-
ing the recent findings and reports being investigated by a prominent researcher
in this field from different parts of the world. The first part of this book con-
sists of three chapters discussing the novel bioinspired biomaterials for
regenerative medicine. Chapters 1, 2, and 3 are focused on the biomaterial
natural sources and their application in the field of bone/cartilage tissue engi-
neering and regenerative medicine. The second part consists of three chap-
ters discussing the bioinspired 3D bioprinting hydrogel for regenerative
medicine. Chapters 4 and 5 deal with the application of 3D bioprinting for the
digital light processing and tissue models using bioinks, and Chap. 6 explains
the application of visible light curable hydrogels for tissue engineering and
drug delivery applications. The third part consists of three chapters discuss-
ing the regulation of stem cell fate by bioinspired biomaterials. Chapter 7
gives an overview of the scaffolds for cartilage regeneration: to use or not to
use? Chap. 8 focuses on the application of inorganic nanomaterials in tissue
engineering. Chapter 9 reviews the directional cell migration guide for improved
tissue regeneration. The fourth part consists of five chapters discussing the
cutting-edge enabling technology for regenerative medicine. Chapter 10
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reviews the application of extracellular vesicles in drug delivery and regenera-
tive medicine. Chapter 11 discusses the application of tissue engineering and
regenerative medicine in maternal-fetal medicine. Chapter 12 gives an over-
view of fundamentals and current strategies for peripheral nerve repair and
regeneration. Finally, Chaps. 13 and 14 discuss brain tumor therapy using pro-
tein-based drug delivery and human hair in regenerative medicine.
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Natural Sources and Applications
of Demineralized Bone Matrix

in the Field of Bone and Cartilage
Tissue Engineering

Hunhwi Cho, Alessio Bucciarelli, Wonkyung Kim,
Yongwoon Jeong, Namyeong Kim, Junjae Jung,
Sunjung Yoon, and Gilson Khang

Abstract

Demineralized bone matrix (DBM) is one of
the most widely used materials for bone repair.
Recently, different strategies in tissue engi-
neering have been used to improve preparation
of biomaterials from natural sources suitable
for the use in bone regeneration. However, the
application of DBM in tissue engineering is
still a challenge, because the mechanical prop-
erties which are essential to bear tensile and
load and the risk of transmission of disease by
donor are still a matter of homework. A solu-
tion to this problem is to blend natural and
synthetic polymers to complement defects and
make them ideal biomaterials. An ideal bioma-
terial improves survival, adhesion, prolifera-
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tion, induction, and differentiation of cells in
the biomaterial after in vivo transplantation. In
this review, we will look at the study of DBM
made of natural and synthetic materials giving
a direction for future research.

Keywords

Demineralized bone matrix (DBM) -
Demineralized bone particle (DBP) -
Cartilage - Chondrocyte - BMSC - Drug
delivery - Bone - Bone morphogenetic protein
- Tissue engineering - Scaffold - Natural
material - Biomaterial

1.1 Introduction

Bone, a rigid tissue in vivo, is the material that
composes the skeleton whose primary function is
to provide mechanical support and to sustain the
mechanical load due to body movements. It also
provides attachment sites for muscle and other tis-
sues, and it produces blood cells [1, 2]. Bone and
cartilage damages are primarily caused by trau-
mas, but they can also be caused by genetic disor-
ders, infections, tumors, and other diseases.
Critical damages on these tissues could be diffi-
cult to self-regenerate; then a surgical treatment is
required [3—6]. One among the multiple methods
of treating such diseases is the substitution of the
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defective tissue by implantation of biomaterials
from natural or synthetic sources [2, 3, 7-10].

In the last decade, tissue engineering and
regenerative medicine methods to regenerate and
repair injured bones have been studied [11-14].
Due to the extended lifespan and, consequently,
the aging of the population, the number of mus-
culoskeletal disorders dramatically increased [5,
6, 15—17]. The use of bone as bio-tissue for trans-
plantation to treat injured bones is reported in
millions of cases every year [8, 18]. The surgical
procedure is known as bone grafting in the dam-
aged site. In most cases the procedure (autograft)
implies the harvesting of bones from another site
of the patient skeleton (usually from the hips,
legs, or ribs).

Bone is a mineralized connective tissue that is
highly dynamic: it is continuously remodeled by
the interaction of osteoclast and osteoblast [15].
Therefore, a transplantation therapy should con-
sider not only the loss of structural integrity
through but also the circulation of living cells.
There are several limitations on the possibility to
execute the surgical bone grafting mainly due to
harvesting process. These include donor site pain
(the most common complication), increased
blood loss, increased operative time, and the
potential for donor site infection. Additionally, in
some cases an inherently limited supply of graft
could exist, as example in pediatric patients.
Allograft materials can in some cases represent a
good alternative whenever the autograft surgical
procedure is not possible. Two important aspects
need to be considered in the material choice: the
mechanical stability and the biological interac-
tion with the site bone to allow the fracture
healing.

In general, an ideal bone graft substitute
should be biocompatible, bioresorbable, osteoin-
ductive, osteoconductive, structurally similar to
the bone, and cost-effective [7, 15, 19]. Here, the
strictly needing of resorbability and degradability
is due to the fact that bone is a dynamic tissue
that undergoes a constant remodeling process.
Nonabsorbable or nondegradable biomaterials
even if it is able to effectively substitute the bone
can cause a delay in the recovery time or other
problems in vivo [20]. Implanted biomaterials

should also induce, when implanted in vivo,
angiogenesis to create new blood vessels [21,
22]. The matching of the mechanical properties
of the biomaterial and the natural bone is another
critical aspect to take into account into the design
of a bone substitution as reported from several
in vivo studies [23, 24].

As a result of a number of clinical studies,
transplant alternatives of biologically transplant-
able synthetic and natural materials have been
developed. Demineralized bone matrix (DBM)
is, nowadays, one of the best biomaterials among
the ones used as transplant alternatives. DBM is
the collagen matrix that remains from allograft
bones after the removal of cells, minerals, and
blood. It can serve as scaffold for the growth of
new bone tissue. DBM is relatively easy to use
for bone treatment due to large availability from
commercial supplier. Many typology of DBM
have been developed for various purposes, con-
tributing to the development of bone tissue engi-
neering. However, DBMs are commercially
manufactured from different producers. There is
considerable variability in the available materials
as a result of the initial sources and the produc-
tion methods.

The disinfection and the removal of the
organic material can be conducted in several
ways, and each company uses a different treat-
ment; then the material, for commercial use, is
usually processed with synthetic polymers or
incorporated with natural biomaterials to improve
its properties. Among the methods of transplanta-
tion, different processing procedures for the
bones may show considerable variability in post-
transplantation effects. Therefore, it is extremely
difficult to predict the biological effects in clini-
cal efficacy testing of DBM products based on
their composition. Possible side effects due to the
chemicals and procedure used to obtain the DBM
have not been studied much. As a result, the vari-
ous clinical effects of commercial DBM are still
under evaluation. Studies in laboratory have
shown that the implantation of a large amount of
DBM is toxic and potentially fatal. For example,
the glycerol, used to produce a putty from DBM,
resulted to be toxic [25, 26]. The quality of the
DBM is also sensitive to the age and health of
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animals or humans’ donors; this basically affects
the protein content of the produced material. The
impact of these differences can be evaluated on
the bone morphogenesis and formation once
DBM is implanted. In many studies, DBM pro-
teins have been reported to regulate cartilage dif-
ferentiation and osteogenesis from mesenchymal
stromal cells (MSCs) [27-30].

DBMs made for different research purposes
have different protein contents due to the envi-
ronment influencing the donors [31, 32].
Therefore, it is possible to have different osteoin-
ductivity and different results in the DBM trans-
plantation. Consequently, it is extremely difficult
to have consistent results in the research data. In
general, DBM is used clinically as a promoter to
assist bone grafting and not as a replacement for
the damaged bones. Because of this nature, not
all DBMs have the same biological properties so
the optimal DBM formulation should be pre-
pared in accordance with the purpose of its use
[33-36]. Although bone and cartilage tissue engi-
neering studies have been conducted for decades,
there are not many studies that report the use of
DBM, especially in vivo. Therefore, a lot of effort
will be needed to identify unknown effects of
DBM. In this chapter we report a series of
research conducted on DBM from natural sources
(both and animals). The characteristics of the
obtained DBM for each natural material are
investigated in the context of a possible future
investigation.

1.2 Demineralized Bone Matrix

1.2.1 Composition and Properties
of DBM

DBM is what remains from bone after its demin-
eralization and cell and blood removal. Basically,
DBMs act as osteoinducer, inducing the cells dif-
ferentiation into osteocyte encouraging the bone
formation [37-39]. The main constituent of the
DBM is collagen (above the 93% of the total
composition); the rest is composed of proteins
called bone morphogenetic proteins (BMP),

which act as regulators of bone formation, trans-
forming growth factor-f} (TGF-P) proteins, vari-
ous growth factors, and residual minerals [40].
DBM is biologically more active than non-
demineralized bone graft material due to the
demineralization process. In fact, the minerals
removal from bones also activates biologically
bone-forming proteins.

1.2.2 Preparation Methods

As mentioned earlier, the characteristics of DBM
prepared according to the different research pur-
poses are different. In particular there is a depen-
dence of these characteristics on the environment
in which the bone was taken. Therefore, trans-
plantation treatments and researches that use
DBM can significantly differ in their clinical
results. DBM is usually bounded to various carri-
ers according to its purpose and is combined with
various protein active substances to affect clinical
results [41].

1.2.3 Bone Selection

As a general rule, the preparation of DBM for
transplantation should avoid the use of bones
with diseases or infections. This allows to avoid
the transmission of infectious disease from the
donor to the patient [42]. Several cases of disease
transmission have been reported in DBM research
cases used to treat humans. The first preventive
measure for these cases is the selection of bone
from the donor.

1.2.4 Bone Demineralization

Prior to the demineralization, some passages are
performed to remove the organic parts. The
blood stain is removed by successive washing
with distilled water. The fat residues and impuri-
ties are removed using methanol and chloro-
form, or in alternative the lipids of the desalted
powder are extracted, washed with anhydrous
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alcohol and acetone and distilled water, and
dried [43-45]. Finally, the use of chloridric acid
(HCI) allows the removal of the inorganic min-
erals; then the collagen matrix is left. The result-
ing fragments are tested for  with
Fourier-transform infrared spectroscopy (FTIR),
X-ray powder diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDX) to check
for calcium residuals that can negatively affect
the bone induction [46—48].

1.2.5 Sterilization Method

Because there is no way to predict the changes in
chemical and physical properties that occur dur-
ing the sterilization process, it is necessary to
compare the different sterilization processes and
test the resulting DBMs in others to choose the
best sterilization method for the specified pur-
pose. Chemical disinfection methods, which
have previously been done with alcohol or using
solvents and detergents, are still in use because of
the positive clinical results reported in the litera-
ture [43, 45]. It has also been confirmed that the
sterilization can be conducted through the elec-
trospun [49-52]. Another reported a sterilization
method that implies the use of ethylene oxide
(EtO) in a procedure [53-55]. EtO sterilization is
mainly used to sterilize medical equipment or
medicinal products that cannot be sterilized by
conventional high-temperature steam. For exam-
ple, EtO sterilization is useful in case of elec-
tronic parts, plastic packages, or equipment
where plastic containers are used [56—58]. The
advantage of EtO sterilization is that it can deac-
tivate the virus in sterile products. However, there
are still controversies about the use of EtO, in
particular in DBM sterilization in which it can
give adverse effects [59]. EtO is a reactive gas; it
cannot be adequately controlled if used in a soft,
thermoplastic DBM; and partial loss can occur
[60, 61]. Therefore, when conducting sterilization
in any way, a careful selection of the method is
required to avoid negative effects on the chemical
and physical properties of DBM.

1.3  Study of Osteo-cartilage
for Various Natural DBMs
1.3.1 Human

Numerous studies of organic and inorganic bio-
materials and composites have been carried out,
and many have been extensively tested to meet a
number of limitations in applying tissue engi-
neering to humans. As a result of various studies,
DBM has been improved in material properties
and can be applied to tissue engineering more
practically, and many clinical studies have con-
firmed the potential. In this section, we will refer
to various research examples applied to tissue
engineering for humans using DBM.

1.3.1.1 DBM Scaffold for Cell Adhesion
Improvement

The porosity distribution of the scaffold plays a
large role in cell proliferation and attachment. As
the scaffold porosity increases, more cells may
attach giving a fast bone adhesion [62-66]. The
surfaces roughness of the scaffold also affects the
cell activity and attachment [67]; this was proved
by a study in which DBM was only partially
demineralized in order to produce surfaces with
an enhanced roughness and porosity allowing a
better cell proliferation [68]. This study suggests
that partially demineralized DBM scaffolds have
potential use as bone scaffold.

1.3.1.2 Regulation of Osteogenesis

Using Demineralized Bone

Powder (DBP)
It has been reported that the calcium factor in the
cell periphery affects the activity of the cells [46—
48]. In general, the presence of calcium stimu-
lates cells to be more involved in bone formation
[69]. As a confirmation method, DBP with a size
in the 125-850 pm range was inserted into tran-
swell with pore membrane; hMSCs were cul-
tured on the bottom of the plate. The solubility
factors contained in DBP induced the cells regu-
lation improving the expression of the alkaline
phosphatase (ALP) [70]. The most abundant sol-
ubility factors released by DBP through the
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enzyme-linked immunosorbent assay (ELISA)
were the insulin-like growth factor binding pro-
tein-1 (IGFBP-1), thrombospondin (TSP), and
angiostatin [70].

1.3.1.3 Derivation of Biological
Properties of DBM

In tissue engineering, the seeding and transplan-
tation of cells in the scaffold is the most impor-
tant task. To ensure an optimal cell proliferation,
the research has been concentrated in the
improvement of the functions present in the scaf-
fold. However, some synthetic polymers have
been found to cause local acidic environments
that interfere with the degradability [71-73].
DBM scaffolds are excellent for cell adhesion,
proliferation, and survival due to natural charac-
teristics of bone materials. Therefore, using a
bone-based scaffold improves its function as a
bone scaffold in standard culture media. In one
study, DBM scaffolds were developed using
demineralized human epiphyseal bone matrix
[74]. The molecules present in this scaffold have
been proved to allow a high penetration of the
cells inducing the bone formation. These results
suggested that the scaffold made of DBM directly
affects the attached cells and improves the osteo-
genic differentiation; therefore, this scaffold can
be used as it has a positive potential for implanta-
tion for the treatment of lost bone [74].

1.3.1.4 Absorbable Biomaterial DBM

A new approach in tissue engineering therapies is
to culture the cells into the matrix before its trans-
plantation to form the cell-matrix complex. This
method is used to further increase the bioactivity
after the transplantation [75, 76]. Usually to apply
this method, the scaffold material should be stable
and absorbable in the biological environment [7,
19]. In this context, the use of DBM was evalu-
ated by cell seeding. As a result, DBM had a high-
volume expansion and absorptivity, resulting in
high penetration and adhesion rates of seeded
cells. Cells resulted to be present uniformly in all
the matrix from the day 1 after seeding [77]. This
property showed the potentiality in the use of
DBM in the new tissue engineering approaches.

1.3.1.5 Effect of EtO Sterilization

on Human Demineralization

Bone
As mentioned earlier, DBM products for com-
mercial are generally sterilized by the use of
EtO. One study found that using EtO-sterilized
DBM as an autologous bone graft substitute
would reduce the bone-inducing potential of
bone after transplantation [78]. This is probably
due to a chemical change on the exposed surfaces
of the scaffold that could interfere with bone
induction capabilities of the matrix [79]. The
conducted studies suggest that the optimal steril-
ization via EtO of deionized human bones should
stay in the 45—-60-minute range [79].

1.3.1.6 DBM for Prevention of Bone

Loss in Postmenopausal

Women
Estrogen, one of the female hormones, plays an
important role in creating and maintaining bones in
the human body. In woman, a decreasing in the
estrogen hormone due to the menopause is often
linked to bone losses and the related diseases.
Estrogen has been reported to affect chondrocyte
cell not only in the osteochondral tissues but also
inside the cartilage. In addition, several studies
report that estrogen can play a significant role in
bone induction and formation [80-84]. To confirm
this phenomenon, gelatin was used to encapsulate
human DBM particles and then transplanted [85].
The results of the experiment indicated that estrogen
does not participate in the initial bone induction pro-
cess but instead it regulates the bone growth [85].

1.3.1.7 Relationship Between DBM
and Platelet-Rich Plasma (PRP)

Platelet-rich plasma (PRP) is reported to be a
favorable biomaterial for osteogenesis because of
the presence of the transforming growth factor-f3
(TGF-B) and the platelet-derived growth factor
(PDGF). TGF-f in PRP stimulates osteoblasts and
chondrocytes; instead PDGF is reported to pro-
mote the angiogenesis and the chondrocyte prolif-
eration [86—89]. Based on these results, the use of
PRP in combination with DBM was evaluated on
the chlorine osteochondral defects (OCDs) ankle
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treatment [90]. The initial assumption was that this
combination would decrease the recovery time in
comparison with DBM alone. The results showed
no significant difference in the treatment groups
for osteochondral [90]. The reason of this discrep-
ancy has been suggested by another study, in which
the role of thrombin-induced activation of the PRP
was carried out in the context of its use in DBM
[91]. The osteoconductivity of DBM resulted
improved only in the case in which PRP were not
activated [91]. However, the optimal concentration
of PRP to maximize the effect on the implanted
DBM is still unknown [90]. In fact, experiments on
PRP were conducted at various concentrations of
platelets which vary according to the situation, so
there is no consistent data on the results [90].
Therefore, a calibration on the PRP concentration
used in combination with DBM should be per-
formed to optimize the in vivo response.

1.3.2 DBM Sources

In addition to commercial DBMs in tissue engi-
neering studies, the use of DBM from animals
and human sources have been extensively
reported. In these studies, bone-marrow-derived
stem cells (BMSCs) have been used to regenerate
bone tissue through several animal models [92—
94], showing that DBM improves bone formation
at the site of loss [43, 44]. The combination of
DBM and BMSCs presents several advantages
that will be discussed in this chapter.

1.3.2.1 DBM for Improved Scaffold
Function

The effect of the degree of demineralization of the
DBM scaffold on bone formation capacity of the
BMSCs was studied using biomaterials obtained
by the bovine femoral bones and cells from humans
[95]. The degree of demineralization of the DBM
scaffold has been proved to significantly influence
the osteogenic differentiation of the BMSC [95].
In particular, the surface of the scaffold changed in
accordance with the extent of the demineralization,
thereby improving the penetration and adhesion of
the cells to the scaffold [68]. By controlling the

degree of demineralization, it is therefore possible
to control the osteogenic differentiation. These
results show a potential usage of animal-derived
DBM in combination to human BMSCs in case of
transplantation [95]. For a deficient bone therapy, a
DBM from a 2-year cow has been tested versus a
chitosan control [96]. DBM promoted bone regen-
eration helping the recovery of the defected part;
instead in chitosan the regeneration did not take
place. These results suggest that chitosan cannot
be used as a biomaterial for promoting bone tissue
regeneration alone, but it can be used as matrix in
the process of making scaffolds [97, 98]. Scaffolds
made by combining chitosan with other materials
had a porosity distribution suitable for cell adhe-
sion, low immunological response, and high bio-
degradability in vivo, when transplanted [99, 100].
Therefore, the combination of chitosan and DBM
could be potentially beneficial for the biological
response of the scaffolds.

The main issue of the use of DBM applied to
tissue engineering is its low mechanical strength
[101]. To overcome it, heparin was used to cross-
link the collagen matrix in order to improve the
mechanical  properties of the scaffold.
Experimental results showed that the compres-
sion modulus of crosslinked DBM increased by a
factor 8 in comparison to the uncrosslinked
DBM. Due to the demineralization, DBMs are
generally soft materials; consequently they do not
maintain their initial shape after the transplanta-
tion. Crosslinked DBM can be shaped prior to the
crosslinking allowing the preservation of shape
even after transplantation [101]. The mean pore
diameter of crosslinked DBM resulted to be larger
in comparison with the uncrosslinked material.
This can be explained considering that the cross-
linked structure maintained its shape, without any
shrinkage during the freeze-drying process [101].
Collagen-based DBM is a useful biomaterial for
3D cell culture, when the same coculture of cells
was incubated in 2D and in a 3D DBM, the meta-
bolic activity of the cells was higher in the second
case [102]. 3D DBM scaffold had a broader sur-
face area than 2D system and a higher porosity
allowing an efficient scaffold-cell interaction and
a good diffusion of nutrients [102].
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1.3.2.2 Effect of Melanin-Containing
DBP on Bone Regeneration

Gallus gallus var. domesticus (GD) is a natural
mutant black chicken in Korea. It is characterized
by a dark blue bone containing melanin that
increases ALP activity [43]. To test the effect of
melanin on bone regeneration ability, demineral-
ized bone particles (DBP) were produced from
GD [43]. GD DBP resulted to reduce the inflam-
mation. The optimal concentration of melanin to
favorably induce the bone regeneration was
found to be 1% in weight [43]. However, due to
the modest amount of bones from GD and the
fact that it can only be found in Korea, no so
much research has been conducted on it [43].

1.3.2.3 Chitosan-DBM Hybrid Scaffold
for Cartilage Regeneration

The pore distribution is one of the main important
factors for the cell-scaffold interaction: the poros-
ity should be large enough to consent the cell to
enter inside the 3D structure and proliferate. An
adverse effect can occur; if the pores size is too
large, cells may escape. Chitosan gel was used to
fill the larger pores, then maximizing the number
of cells entrapped into the scaffold. As a result, in
the chitosan-DBM hybrid scaffold, the larger
pores were occluded and cells could not escape
[103]. The chitosan-DBM hybrid scaffolds are
more suitable for cartilage treatment than the sin-
gle scaffolds. As a positive result of the use of chi-
tosan, the mechanical strength of the scaffold was
improved, and the chondrocytes were homoge-
neously fixed in the defective area [97—100]. These
properties of the chitosan-DBM hybrid scaffold in
cell attachment and propagation are very impor-
tant in cartilage tissue engineering [103].

1.3.2.4 DBM for Activation of Cold-
Stored Cells

In a recent study, BMSCs were preserved at low
temperatures and then activated again, resulting
in cell growth and osteogenic differentiation
in vitro [104]. The possibility to recover the bone
regeneration capabilities of BMSCs already
deposited on a 3D scaffold, after cryopreserva-
tion, has been recently evaluated [105] on a par-

tial DBM obtained from porcine trabecular bone
(pDBM). A vitreous solution (VS442) for cold
storage appositely developed was used in combi-
nation with the pDBM; cBMSCs cells were
seeded in the scaffold and then cryopreserved up
to 3 months [105]. The developed VS442 vitre-
ous solution was proved to be more effective in
maintaining viability and osteogenesis capability
of cells after their reactivation [105].

1.3.2.5 Interaction of DBP Particles
with Cells

Some synthetic materials have been used to mimic
cartilage morphology and appearance, but from
the mechanical point of view, they are generally
inferior to the natural tissue [106]. To increase the
mechanical strength, a biodegradable joint was
prepared by using DBM collected from eutha-
nized mouse distal femur [106]. This bio-joint
was a suitable environment for promoting chon-
drocyte differentiation [106]. The advantage of
the use of DBM was the matching of the mechani-
cal properties of the natural cartilage [106]. Two
layers of porous collagen were used in combina-
tion with DBM to produce a scaffold for in vitro
tests. In this case, the use of DBP was proved to
induce a strong chemical stimulus to promote the
cartilage formation from fibroblasts [107].

1.3.2.6 Demineralized Bone Matrix
Gelatin (BMG) in Tissue
Engineering
A number of tissue therapies have been devel-
oped that can improve the effectiveness of treat-
ing cartilage defects locally [108-110]. In
particular, several studies have been conducted to
identify the process by which bone matrix gelatin
(BMGQG) induces the differentiation of mesenchy-
mal cells into cartilage cells [111-113]. BMG
scaffolds are reabsorbed in vivo, releasing growth
factors that stimulate the bone formation helping
the tissue repair [114]. Based on these reasons, a
study reported the development of BMG-based
scaffolds using DBM obtained from the distal
femur of euthanized white rabbits and evaluated
them for osteochondral tissue regeneration [114].
BMG made from a natural DBM resulted to have
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no toxicity and to be biocompatible in tests per-
formed in vivo. As an inert material, BMG did
not cause any immune or inflammatory reactions.
From the mechanical point of view because the
support maintains all the mechanical properties,
it can be squeezed and fixed to the lost defect area
[114]. Therefore, BMG scaffolds resulted was
rapidly osteointegrated in vivo due to their excel-
lent mechanical properties [114].

1.3.3 DBM for Drug Delivery

Several studies report the use of DBM as drug
delivery system: in fact, the large amount of
data available DBM products that allow to select
more suitable DBM for a specific drug delivery
application and to predict in some extent the
result of its usage. DBM has several advantages:
its morphology helps the infiltration and adhe-
sion of cells, the biocompatibility is excellent,
and it does not cause immune and inflammatory
reactions. This allows to load a variety of drugs
into the matrix and deliver the drug without side
effects to the area to treat. Many studies have
been done to improve the effect of using DBM
powder through synthetic and natural polymers.
Materials developed in this fashion generally
show an improved bone growth [115-125].

1.4  Conclusion

With regard to bone grafting, DBM has shown
excellent efficacy in many research and treatment
outcomes. DBM is based on bone stimulants and
has an intensive impact on bone healing. Based
on this, various DBM products have been devel-
oped for clinical applications and have been suc-
cessfully used to overcome the shortcomings of
synthetic and natural materials in bone therapies
or to amplify the effects and apply them to tissue
engineering. The efficacy of the DBM was
proved to be dependent on isolation/extraction
method adopted and on the material synthesized.
In addition there is considerable variation in the
product obtained from different animal sources.
Many studies in literature report the reducing of

the DBM effectiveness due to the synthesis with
certain substances or disinfecting procedures.
These are still challenges that need to be
addressed to optimize the DBM usage. In order
to enhance the bone and cartilage formation on
naturally derived DBM, it is necessary to induce
the angiogenesis by seeding cells on it. More
studies have to be conducted, on the DBM and its
application on bone and cartilage tissue engi-
neering especially to maintain their biological
properties.
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Abstract

Gellan gum (GG) is a linear microbial exo-
polysaccharide which is derived naturally by
the fermentation process of Pseudomonas elo-
dea. Application of GG in tissue engineering
and regeneration medicine (TERM) is already
over 10 years and has shown great potential.
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Although this biomaterial has many advan-
tages such as biocompatibility, biodegradabil-
ity, nontoxic in nature, and physical stability
in the presence of cations, a variety of modifi-
cation methods have been suggested due to
some disadvantages such as mechanical prop-
erties, high gelation temperature, and lack of
attachment sites. In this review, the applica-
tion of GG-based scaffold for tissue engineer-
ing and approaches to improve GG properties
are discussed. Furthermore, a recent trend and
future perspective of GG-based scaffold are
highlighted.
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2.1 Introduction: Concept

of Tissue Engineering

Tissue engineering (TE) is a combined defini-
tion of engineering and natural science that
develops biomaterials to regenerate damaged or
injured tissues [1]. TE has emerged in the mid-
1980s and has continually evolved biological
substitutes and materials to reconstruct defec-
tive tissues [2, 3]. The general strategies of TE
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are (1) transplantation of isolated cells, (2)
delivering signals such as growth factors or bio-
reactors, and (3) implantation of an alternative
matrix. The TE field relies extensively on the
combination of porous 3D scaffolds, cells, and
signals to regenerate tissues. Among these, scaf-
fold design and fabrication are the most impor-
tant subjects [2, 4].

The scaffold is a three-dimensional (3D)
porous biomaterial constructed to perform as a
template to support cells and growth factors
in vitro or support tissue formation by implant-
ing the matrix in vivo [5-7]. The requirements
of scaffold for TE are (1) biocompatibility: The
scaffold should promote cell-cell and cell-
matrix interaction, cell adhesion, migration,
and extracellular matrix (ECM) formation,
these factors allow negligible immune reaction
in vivo (2) transportation of sufficient nutri-
ents, gases, and signals from regulatory factors
for cell viability, growth, and differentiation
(3) biodegradability: The scaffold should prop-
erly allow cells to proliferate and produce ECM
and eventually replace the implanted matrix to
tissue engineered construct (4) mechanical
properties of the scaffold should be consistent
with the target tissue. The scaffold must be
tough for surgical implantation [6, 8—10]. In
order to process this method, the matrix should
be nontoxic and should not interfere with the
surrounded organs [6, 11, 12]. An inflamma-
tory response should occur with a control mat-
ter with an infusion of cells such as macrophages
[2, 6, 13]. In addition to these requirements,
porosity, pore size, manufacturing process, and
architecture of scaffold are important factors to
consider when designing a scaffold [14-18].
The source of scaffolds has been produced
from human, animals, insects, plants, or syn-
thetic polymers [18-22].

In this review, we will focus on the nature-
derived gellan gum (GG)-based scaffold and its
application in TE. In addition, we will describe
its merits, disadvantages, recent trends, and chal-
lenges of this material.

2.2 Gellan Gum

GG, an FDA-approved food additive, is com-
monly applied in the food and pharmaceutical
industry [23-25]. Recently, it has been also pro-
posed as a new biomaterial for TE application
due to its versatility and efficacy for tissue repair
strategies [26]. In this section, we will discuss
GG properties and their applicability in TE.

2.2.1 Structure

GG is a negatively charged, linear exopolysac-
charide. Four repeating units exhibit in the main
chain of GG, which consist of two D-glucose car-
bohydrates, one L-thamnose, and one
D-glucuronic acid. GG is produced from bacte-
rium Sphingomonas elodea or Pseudomonas elo-
dea by the fermentation process [25, 27, 28]. The
type of GG can be divided into high acyl GG
(HAGG) or low acyl GG (LAGG), which the lat-
ter is the most commonly available form in the
market [24].

2.2.2 Gelation and Crosslinking
Process

The LAGG and HAGG are capable of gelation
depending on the existence and type of cations,
temperature, molecular weight, and concentra-
tion of polymer [26]. The presence of cations
allows GG to form a stable matrix structure by
ionic crosslinking. Divalent cations (Ca?*, Mg?*)
allow more effective structure compared to mon-
ovalent cations (Na*, K*). The gelation process
from monovalent cations results from the screen-
ing effect of the electrostatic repulsion between
negatively charged carboxylate groups on the
GG backbone. The divalent cations allow gela-
tion of GG by screening effect and chemical
bonding between two ionized carboxylate groups
on the glucuronic acid molecules in the GG
chains [25]. Furthermore, the crosslinking pro-
cess can occur by chemically with the chemical
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reagents such as I-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC), photoinitiator, etc.,
such as when GG is chemically modified [29—
31]. The temperature is also an important factor
in gelation. The physical crosslinking occurs
when GG chain forms coiled structure at high
temperature (~90 °C) and, when cooled, changes
to a double-helix structure due to hydrogen
bonds and van der Waals forces between nearby
chains which give rise to thermo-reversible gels
[25, 26]. Depending on a concentration, degree
of deacetylation, and molecular weight, the
mechanical property of GG changes [32-35].

2.2.3 Degradation Rate

Degradation of scaffold is an important factor in
designing biomaterial in TE. The by-products
from degraded material should not diffuse any
toxic matter and the time frame of degradation
should match the treatment time [8].

Many authors have investigated the degrada-
tion behavior of GG in vitro. Especially,
D. Awanthi et al. showed the mechanical property
of swollen LAGG, HAGG, and both blended GG
hydrogels incubated in phosphate-buffered saline
(PBS, pH 7.4, 37 °C) for up to 168 days and
investigated long-term degradation behavior. The
results showed maximum mass loss and swelling
after 28 days. The mechanical and rheological
properties changed because of mass loss. The
cytotoxicity test proved that all the hydrogels did
not release toxic products which proved appro-
priate material for TE [36]. H. Lee et al. investi-
gated LAGG and LAGG/HAGG blended
hydrogel to find the most optimizing GG hydro-
gel for fibrocartilage TE. The study exhibited that
degradation of GG hydrogels which were
immersed in cell culture media lost 10-20% of
weight over 20 days. In addition, the result sug-
gested that 2% (w/v) LAGG would be most
appropriate to apply in fibrocartilage TE [35].
The degradation rate of bone marrow stromal
cells encapsulated in alginate, pectin, and GG in
cell culture media was studied by S. H. Jahromi

et al. who presented that GG degradation was the
least rapid between these three materials [37].
Furthermore, recent research from I. Yu et al.
showed the degradation behavior of 3D printed
GG scaffolds. The result displayed that the degra-
dation rate was higher when the scaffold had a
higher surface area to mass ratio [38].

2.2.4 Biocompatibility
and Biodegradability

The definition of biocompatibility in a tissue-
engineering concept refers to the ability to sup-
port cellular activity, facilitate molecular and
mechanical signaling systems, and eventually
treat damaged or injured tissue [8, 39]. A toxic
effect or an undesirable local or systemic response
in the eventual host should not appear in vitro or
in vivo which may reduce healing effect or cause
immune rejection responses by the body [40]. A
biocompatibility test can be performed on mam-
malian cells in vitro by proceeding viability, pro-
liferation, and protein or gene expression test [5,
41-43]. Once the safety of the material is con-
firmed, in vivo biological test can be tested by
implanting the matrix under subcutaneous or tar-
geted tissue part in the short or long term [44,
45]. Terms for the in vivo study can range from
3 weeks to greater than several months, depend-
ing on the specific test data needed [46].
Biodegradability is also an important factor to
consider in designing a scaffold [11]. Degradation
of scaffold occurs through physical or chemical
route in biological processes that are mediated by
biological agents, such as enzymes in tissue
remodeling [8, 47]. The scaffold should gradu-
ally degrade in a predetermined period and be
replaced by newly grown tissue from adhered
cells. The degraded products should not produce
toxic matter. Both biocompatibility and biode-
gradability should be satisfied with TE material
(Table 2.1).

Up to date, a number of researches about
GG-based scaffold for TE have been published.
In vitro and in vivo study was carried out and



SIUQWAINSEAU
[eo13oj0oy)

‘armerodwa) Surf[o3 (19801pAy) Sunseo
[s€l H, 8e[Ied0IqL] X X X ‘sSO[ JYSIom ‘VINC oD /Do 06 & Surpud[g DOVH DOV 110C
uonepeI3ap
‘quauIAINSBIW
urens/ssans yurgssoxoojoyd
sIse[qoIqy aArssardwod ‘sonoury Jo/pue (12301pAY) Sunseo
[1€] | HLJjo aFueropiy X Suture)s peap/aAry CLE-HIN | Surams Y14 AN | [OBD 10 815Ky /D0 0 Y& Sutpualg DDIN 0102
(6761) 2uI| JUDWAINSBIW UTR)S (Quowrery)
(929H) Surure)s peap/aAl] ‘s1sa) 1199 1se[q0IqY /ssans daIssardwod QImmonas Jenqn)
[66] uonerouadar [DS | uonejuedwr snosueindoqng | SLIA 1591 UONOERNXD INHIN Suny osnoj LO-1 ‘IWES [BIISAYd | /Do S9 T8 JUSUIRAI], DOV “1Dd/UoIeIS 010T
$S0[ (wry)
199J9p yS1om ‘YSuans oIsud) Sunses/D, 06-S8
[L8] AL suog Quoq ay) ur uonejueduy X X QUAIU0D IAeM ‘INHS [earsAyq e Surpudrg Is)s) 010T
(MD-LY ‘Butios nqqelr woxy
[e2130]0ISIY “@n[q UBIOY $9)£001puOY>
‘G9H) $199Jop 3e[nIed Ie[nonie (19801pAy) Sunseo
[pv] HI9Be[IIR) | IR[onIE JIqqer ut uonsafuy X pue sHSV X Sdd /Do T e SUIpUA[g DD 010T
(Juswamseawr
WS1om “(VINA) S9[Apuod syuowadxe
sIsATeue [eotueyodw | JYDJ-LY ‘(O-UIUBIJES ‘On[q |  pue peay [BIOW) [ea1So10ayx
orweukp ‘gyH) uerly ‘gH) 3010181y | oy) woiy oFe[nIed “JUoWRINSEIW Ulens (19801pAY) Sunseo
[s¥] 41 93emie) | uoneviuedwri snosuvindgng ‘Suurels Ny urede) Ie[nonJe uewny /ssams aarssardwo)) Lie)Je) /D0 06 18 Sutpuarg [9)s) 010T
(1 uaSe[[od ‘I] uagde[j0d
‘QWIOIYILI) S, UOSSBIA
‘O-utuejes ‘(gapH) | oSe[nded renonie
Ursoo pue UI[AX0)eway) aurotod woxy
K3o10381Y JUAIUOD $9)£001pUOYd
(DVD) uedk[Soururesodk|s ‘(sgadu)
“Quoyuod YN( ‘Jurure)s sIse[qoIqy 159) Jutod (12801pAY) Sunseo
[z€] H1 d5e[nIe) X peap/oal] ‘Aesse [-LSA | stuuopido uewny uone[a3 ‘KIs0dsIA Sdd 10 [ed1sKyg /Do 0L Ve Sutpuo[g DD PazIpIXO 600C
soouaIajay | Apmis oy jo JoSre, OAIA U] ONIA U Nice) uoneZLRoRIRYD) poylow poylow uonedLqe,] | uonedyipow/uonisoduo)) BLEY
SunjuIlssor) paystqnd

SAIpPN}S puB P[OJJBIS Paseq-HO) JO POYIdW UONBILIqE) PUE UOHEIYIPOW 3y} Jo Arewrwing Lz djqeL



(penunuoo)

1891 :Ommmu.—&EOO
‘K3o10oy1 ‘Kdoosondads
(@) wstoryarp

qL ut IR[NOIIO ‘OTRI SUI[[omS (19501pAY) Sunsed
[9¢] | uoneordde axmny X JTozA[eue KN[IQeIA [[9D 6261 OLIOWN[OA ‘SSO[ SSBIN Riel’e} /Do 08 1 Sutpud[g DOVH DOV €10T
$SO[ 1yS1om
(s1sATeue (AAIY) oS1p ‘oyerdn 103em (DHS) (19801pAY) Sunsed
Angnedwosorq aanenuenb ‘gwH) [BIGIIOAINUL Aydei3oreworyd sdd (1) 2myeradwoy
[8¥] wguo) | uonejue[duwir snodueINOgNg Surure)s N V-urede) uewny ‘6761 UOISN[OXA 9ZIS | 1O YUI[SS0Id0I0YJ woo1 je Jurpuarg DN €10T
(1o801pAYy) Sunsed
/(INQ@) Yiomyau
NAI-Ld uowoInseaw d[qnop 10 D, L§
qL urens/ssans je Sursroww ‘(NS)
(ouoq ‘oSe[nied) sIse[qoIqy aarssardwod ‘(D LI) yIomiau J[Jurs J0J
lov] Suleaq-peo| X Sururels peop/oAry €L ¢-HIN 159 UOISIYIP “YINN SUI[ssoI0104d Do 0 e Surpud[g VINIRD ‘DDN (41014
Ansrwoyo
([9301pAY) Sunsed 30T JOPIY-S[PIA DO
((e}0)0) Junipawr 9)o[dwod | peyrpow-ueiny ‘sopndad
Anstwaydo)Koounwuut ur [9S01pAy SADYD Sururejuod
[e¢] UONEIdUATAI [DS X ‘Sururers [d v /uprofreyd DHO DdSN O'1dH “¥AN | [edrsAyd ‘wnipapy SADYDHPDD | -opIuid[ell AZI[IGOW] (414
JUQWIQINSEAW UTEXS
TA-ELEDIN 2uI| /ssans aArssardwod
[[99 d1SE[qOA)SO ‘SHO-dDI ‘A¥X Suneod £q vad
‘S[[92 [-ddH dul| ‘Sad ‘WAS LI Jo uonerodioour pue
Kesse ;9N[qOIsAIg 1199 onse[qoIqy ‘YD, ‘osed[aI (d'TV) (19801pAy) Sunses
[88] 1L suog X ‘Sururels peap/aAll {LLIN uewny aseeydsoyd ourpey[y 08D /D0 0 Y& Sutpuag vad d1v ‘0D cloc
159) Sumod
poojq pue ‘uondiosqe
‘uonepeIsap s (o8uods)
uorssardwod ‘Aysorod Sunsessd, 06-S8
(9] Sut[y e X Aesse uoneisiu [jo) 6261 JUSIUOD I3NBA odad 1e Surpuayg [319] 10T
NFS
JUQUIDINSLAW UTeI)S
S}Iqqel uI0gMau /ssams darssarduiod
Jo oSemied ‘sonjeuny uonepeIsop uonoBaI 9seq JIYIS
Te[noTIe WoIy pue Suroms (19501pAY) Sunses /DD PIZIPIXO ‘ULSOIYD
[+8] H1 d3e[nie) X Suturels peop/oAll LLIN $a14201puOyD) “se1jutod uoneen GO8D | /D0 06 Y Supualg Iypewkxoqie) [




A1, 10 saInjeay
[ea1So101q pue
earsAyd [enuossa

uonedynuenb
JUUOD 12)em ‘ayeldn

I9JeMm ‘SSO[ ssewr

YIm plojJeds Surure)s 7-S0®.S 59} KIOA0D9I “)59) wnIpow (10801pAy
91quedwod-[10 DLrdL-urprofreyd ‘Surureys OMY ‘SOANAY uorssardwod ‘1 o-1 eydie ]WHIN | 9Y1[-ASuods) Sunses
[09] Sutooursuy X PBIP/AAI[ JUUOd YNA SOSV uewiny ‘stsAeue 91dodsoINA ‘Sdd 108D /D6 06 Y& SuIpud[g DD 10¢
JUSWISSISS®
QImsopd punom ‘(surejord
snouaSe[[0d-uou pue
ua3e[[oo jo uoneoynuenb
DLRYL-urprofreyd (1aT1-oV-I'@)
‘1€dD-3urqejountut urojoxdodiy Kj1suop-mor (SDAINVY)
‘QuoyoLn | pare[A1aoe Jo ayeidn ‘Aesse S[[99 [RI[YIOPUD
S UOSSBIN “H29H) [opow PSImeN (1€dD ‘P£dd TE[NOSBAOIOTII oyeydn (10S01pAy
SuIeay punoMm [BUOISIOX ‘SHAD ‘06dD ‘€LAD asodipe uewny 100eM ‘INFS-0K1D) y1-ASuods) Sunses
[8¢] HL UBIS asnow ur uonejuejduy ‘601dD) KNIk Mo[] SOSV uewny ‘WES LM sdd /D0 06 1& Sutpuo[g DD/VH 102
159) 1[04
s[eLIIRW 959 uorssaidwoo
198 asay) uo ‘Adoasonodads (s1A-A)
paseq suonearjdde 9[qISIA J9[o1ARI N
SureouI3ua anssn JUAIU0d YN ‘Adoasonodeds (1D ‘oner (19801pAY) Sunsed 00 (wyvyd)
[eeT] Jo Juowdoferag X ‘1ozATeue AN[IqeIA [[9D 710d ‘6261 SuI[[oms ‘ssof sSeJ qoed /1 e Sutpuog oprwe[£1oek[od 10T
(unov)
9ouddsAIONjOUNUIL
‘Sururels SIQLLIEO0IdTW
peop/Al] ‘uoneoynuenb proe onoeAjod
(NDO) uto[e209150 “A)Anoe udpe[-(QSIA) 1190
S10N1SU0d dTV ‘Ananoe (HAQT) VINIPD (1o801pAY) [ewons [eWAYIUISAUL
[BIPUOYD02)SO pue aseuaSorpAyap are)oe| SJel 1Mo VINA | Jo yurssoojoyd Sunuud ¢/, 06 ‘DD-oprwe[KIoeyouw
logr] au0q 10§ 1TIeL, X ‘Suturers D L[4-uIprofeyd woly SsHSIN 1591 uotssardwo) ‘Teatskug e SuIpud[g unefen ¥10¢
INHLL ‘Aesse TANNL
*(IT uee[[0d ‘Furures (SOHINAH)
Qwonyoruad s,JeAOIA ‘anjq S[[99 [RI[AYIOPUD
(11 uadeyjoo uedy ‘G¥H) £30[01s1y IR[NOSBAOIOTW
AL | ‘ueod13Te ‘unuswia ‘gH) ‘urure)s A Y-urdo[eo [ewIop sdd (19501pAY) Funsed
[001]1| snsodnd snoponN |  uonejuejdwr snosueInogng ‘estyy ‘Aesse STIN uewny ‘s)SA X | 1o Yurssorojoyq /1 e Sutpuorg DDIN 102
soouRIoyoy | Apmis o jo joSIe], OATA UJ onIA ug it} UOTBZIINORIRYD) poylow | poyAw UonedtIqe, | uonesyipour/uonisoduwo) 1eak
SupjuIfssor) paystqnd

(ponunuoo) |z 3jqeL



(panunuoo)

1891
uorsioww ‘IWHS ‘ddX D0 001 18 DD
[ssl HL duog X X 159 uorssardwo)) ERICAA | LM Pa1Bod dD L0 dOL-» ‘DD 910¢
(1dva
‘ueoa133e ‘[ uaSe[[od
‘] uage[[oo) Surure)s
Q0U2SAIONOUNUIT
D41 agemues JUQWIAINSEOW
UUAIU0D YNSP IUIU0d ugwny woijy sn[npow dnse[d
[+€1] L 23emie) (DVYD) uedA[3ouruesodk[n sa1k001pUOYD) QA1ssa1dwod “YINN NUI[SSOI00I0YJ (19801pAY) Sunse) VIADD S10C
Q01 SNy ATy
$OsBOSIP (urqmy-y1-g-nue /avd jo
dAneIoUdSIpOINAU ‘dvdD) Surureys | oA1quio g[H woiy (1o801pAYy)
pue soum(ur ureiq QOUQISAIONPJOUNWIWI | PIISIAIRY SUOINAU Sunuud ¢/D. 09 UOMOBAI APIWIPOQILD
[zs] Surpueisiopu) ‘Suture)s peap/oAry [291100 Arewtif Apms vorsngyp ‘WHS “orD 10 WHINA e SuIpud[g /99 payund Aoy S10T
JUSUIDINS LW
KI1SODSIA ‘suwnjo))
Suneso( uidg
®qZ ‘D IdH-OIpe!
‘(L-ourweIo[yo)
skesse SLIA Sur[eqejorper UOMOBAI OPIWIIPOQILD
uorsaype ‘Sururels [y pue 9pIpot {(SYV) Adoosonoads (10801pAY) Sunseo sopnded xSADYYO
[16] 1[99 dA01duug wnipidoxd ‘N y-ureofe) T10d ‘T1DTD uondiosqe dIwory oD /D0 08 ¥ Sutpudlg | pue XSADAYD ‘DOV'T 10T
1891
[eL0RqhUR ‘SHO-dDI
‘AdX YId
“JUAWIAINSLAW UTRIS
/ssams aA1ssardwod
‘(44S) uonezierauru
Aanoe g 1v [p301pAy Lol DN
‘Kesse HA'T ‘Aesse 8-L.SM ‘INAS ‘uoneperdop (1o801pAY) Sunseds pue ‘zS ‘7v 2dA jo
[68] 1L suog ‘LI ‘Suturels peap/oAry SOSIN “€9DOIN ‘sonauny| uonePD 103N /Do OF Y& SUTpUS[ | SISSE[S 2ANILOIG “DOV'T 10T
@Ix
UILLA ‘T9ewonoads
“((4gs) pmb £poq (19501pAy) Sunseo
[z6l H1D0 X X | parenuis) Ayranoeorg Sdd /D6 09 1 Sutpud[g dvH ‘DOV'T ¥10C




Kesse
SLIN ‘Aesse (SNY) saroads

NFS

uoSontu oAndeaI {(SOY) | (DDDF) QUII 99 | “Apmys 9se[aI ‘Surjoms
sa10ads ua3Ax0 9ANIRAL ANI[-Ise[qoIqy 159} uorssardwod
(ouwoayoLn “quoyuod YNd ‘(013 anssn ‘Lo~ “Kyanonpuod (1o801pAY
S UOSSBIN “H¥H) | ‘S3) AnstiuayooiLoounwut QATIOAUUOI/HED ‘uondiosqe MI[-A3uods) Sunseos
[€9] HLUD{S | uoneiue[dwr snosueinogng ‘Suturels peap/aAIl ‘WHL asnour ‘sH3Y SIA/AN “ALLA fele) /D0 06 Y& Sutpua[g utuRpWND ‘DO L10T
)Suans o[Isua)
Q)BT UOISSTUISUE)
uoneordde 10deA 19)BM ‘UOTIORIY (wyy) Sunseos
lez1] SuIssaIp punopy X X X [05 “Surms YLLA GOBD | /D, OL e Sutpud[g Ksuoy exnuep ‘DO L10T
sn[npowt
(,0) ssof pue (,0)
a5e10)s ‘uonepeisop
onewAzus ‘onel
Suroms YI-Ld 159 ([o801pAY) Sunses | YH payIpow-apizeIpAy
[serl AL YOS X X X Jutod uone[as YN 08D /¥ ¥ SuIpue[q | ‘DO PAYIPOU-apAYIPTY L10T
sisA[eue ¢
‘LD- ‘poads uoneros
‘SHO-dOI ‘S1a ([9801pAY) Sunsed
Sururels ‘SVV ‘WAL ‘WS /Do LE Y& UONE[2T apuredoronu
[1L] AL 2uog X PBAP/2AL “dn|g BWe[Y €9-DN ‘AQYUX ‘vewey YI-Ld D3N 108D pue Surpuajg SIN/ED ‘DOV'T 9102
189 UOISNYJIP
aurg ‘Sut[oms ‘WHS
Aqnedwodsorq [1993se]qoIqy | “yuawiradxa [eo130[0ayl
[zer] WwIguoy X Aesse pai [ennoN uewny ayfJ, YN dI-Ld Jui[sso1doloyq Do 09 1 Surpualg anuode] ‘DHIN 910¢
(u0)a[ays0140) Surure)s
Q0oURISAIONoUuNIIL (1o801pAY)
Anqqnedwosorq ‘Kanoe 159) uorssardwod NHS Sunuud ¢/, 08
[verl anoxduy X | d7Tv ‘vonesynuenb N SOSINU ‘Sur[joms ‘Kysorog 08D 1e Surpuayg DD ‘US| 910
(Apoquue
TO[ONU ‘JUSWEJOINOU Anstuoyd
‘dV4D /911 dD DHI stsk[eue uoIsua)xd Jel SUBH-TeISIA 31D 1PV -S[IA/DD
- ANSTWAYD0)SIYOUNTITIL qunou sHY( ‘Surureys [eyeuoou payipow-ueiny ‘sopndod
uoneraudgal 9s9) X0q ANAnoe | [gvayuiptofeyd pue (DD]) | Jo sqinq K1030ej]0 (1o801pAY) Sunsed SADYD Jururejuod
[zenl IDS fequny ‘21008 ggq) A1o31ns [DS Anstwayooifoounuy | woiy HHO SISV X oD /D0 O Y& SUIpUSY | -OpIWID[eW dZI[IqowUI] 910T
soouaIa)ay | Apnis ay) Jo 193], OAIA U OIIA U] S[IRD uonezLaorIRy) poyrow poylaw uonedLIqe,] | uonesyipoul/uonisodwo) BUET
SupjuI[ssor) paystqnd

(ponunuoo) |z 3jqeL



(ponunuod)

LLIA ‘aptpot sise[qoIqy XAd ‘WL (upy) Sunses
(1011 HL S X | wmiprdoid/eBueo surptoy €L €-HIN NES ‘AYX YL oD /Do OL Y& Sutpuad[g DD ‘saqmouru ZOL, 810T
(NED)
POYIW JUSWIA[Q AU
*JS9) UOT)EXB[QI-SSANS
(pazx 59) uorssardwod
uLezIy) 3010181y ‘VSITd ‘oyerdn 10jem
SISQUR509)50 £q uorssardxe urajoxd NDO ‘(SdX) Adoosonoads
qowoid pue pue NdO ‘uuod YNJ uondopojoyd plojjess
Apnis 0) wasKs ‘Kesse Ty ‘Aesse anjq sDAANH Ke1-x ‘ASojoydiowr paund ¢ owur 10d ‘D9 ‘(LNH)
[1€1] | 2ANodJJe AeoLIqe] X 0)sa1d ‘Furure)s peap/oAry ‘SOSINU-LIAL 10§ Kd02s0I01I0d1N g qoeD 9DIS 19301pAy Sunoafug saqmoueu IsLo[[eH 810C
Apnjs uonepeidop
59} uorssardwod
50} KIOA0DQI-IEYS
pue Suruury)-reays (1o801pAY) Do
AL (1dvd ‘unor-) £50j01s1y SOSIN JUBWIAINSEAUT Sunutd q¢/D. L€ ((VADAd) 2me[A10e1p
[LE1] | oSIp [eIqoIIOAIOIU] X ‘Surure)s peap/oAr] QuOq dULINJA [ed150109y Yy NUI[SS0100)0Y ] je Surpuolg (109413 aua[Ay10)A0d 810T
JAN
s1e1 s ‘uonepeISop ‘sninpowr
ADd-1Y ‘Sutureys WOIJ S[[20 WIS (..D) sso[ pue (,0) yurjssoxooloyd (19801pAy) Sunsed DDA ‘udge[[oo [ 2dAy
[zo1] L Te[noses X Ppeop/AI] ‘Aesse 1S molrew ouog | o3e10)s ‘Sul[oms NS “qoed /¥ e Surpudrg e[Lioeyow [AproAID 810C
qaL sisk[eue DO ‘(sopndad
ur sisouagordue a3ewr oowoydiowr I1Y90[q ADHA
Juandxd (uno9 “gayH) ASojolsiy 1199 [eI[oyIOpUd PayIpoul 10 payIpowun)
0} yoeoxdde ‘sisA[eue aane)enb IB[NOSBA (19301pAY) Sunses | 91(DMAdTHM) dEuen
[ogT] QATIRUINE UY X pue s1s9) (J¢ Sunnoxds Dy | [edI[Iqun uewng| X Sdd /Do T W& Sutpud[g A4 10 DMAdTHM 810C
Anstuuayo
mmw\ﬁmﬁﬂ OMQ nw:mﬁmmuw OI0 I_PTV-S[_I
AN ‘Sururels i dva (19801pAY) Sunsed /DD payIpow-ueiny
[9¢] UONEIdUATAI [ X | uprofreyd YDd-Ld ‘SLN SOSV X UI[SSOI0)0Yd LDo LE Ve SuIpuag ‘sopndod SAOYD L10T
uonepeisop
suqqeds ‘aye1dn 1o3em
AIYM pue[ed7 JUOWIQINSEAW UTEX)S
MIN WOy .ssams aarssardwod (1o801pAY) Sunsed
[69] H1, A8e[e) X DA ‘LLN ‘NES sa1ko01puoy) RINERIEHN qoed | /D, O Y& Surpuerg uruodes ‘DO L10T




oryoud aseafar
d pue e) ‘sisA[eue
Anowoayl ‘uewrey

‘SHO-dOI ‘WAS ([9301pAY)
[9L] HL duog X X X NI ‘@I 1o [e21sKyq Sunses/3urpuayg dOL-0 ‘DD 810C
(QWOIYDL S, UOSSBIA
‘u0a13 JyS1j/Q-utueyes
‘H$H ‘Aydessowoy jqqer aym ((49S) pmy £poq
pandwoo) opowr pue[eZ MON parernuurs) AIANOEOIq
Qouy o1dojoyo “(dwoyoLny wolj SISe[qOASO ‘uonepeISop pue
S, UOSSBIA ‘H2H) | 1U2IU0D YN(J ‘SuIure)s peap | pue s91£501puoyd Surems ‘vIAQ ‘LO-1 (19801pAY) Sunsed
[¢6] | AL TRIPUOYS021SQ | uoneyuerdwr snoduendqng OAT] ‘Aesse uoneIajIoiq ‘6261 ‘adoosororu 001§ sdd /D0 06 e Sutpuarg DOVH ‘DOVT ‘deyq 810C
DdD ‘uonepeidop
dV¥d ‘snnpowt (,0)
Surure)s peop/oAl| sso[ pue (,0) oSe10)s
‘uonensdeosus [0 ‘Kesse ‘stsA[eue uonoely JOYUI[SSOID (1o801pAYy) Sunsed
[¥<] L Te[NOSEA X UOTSAYPE [[29 [ESNJLNU) SOHANH [0S YI0MIoU ‘TUI[PMS ory-stg /Do LE e Sutpualg SAd ‘DD 810C
L'¥9C Aypiqe jueprxonue
Anpqnedwoosolq (1-a4d ‘a¥H) MV ‘sise[qoiqy 9s0} uoIssaIdwod (a8uods) Sunses
[8z1] aroxdwy | uoneueldwr snosuendgng YOd-LY ‘LLN ‘NES €LE/HIN ‘NS “Asotod qord /LY e Suneo) elegsly) 810C
((ags) pmy £poq
parenuiis) AJIATIOROIQ
Lo VING ‘Surfjoms (1501pAYy
‘uonepeI3ap ‘NAS 1[-A3uods) unses
[19] L suog X Sururels peop/oAry SOSV uewny ‘VOL ‘Q¥X YL Riele} Do 09 18 Surpud[g dvH ‘DD 810C
(ursoAur) Surureysounurw 159 uorssarduwod (19S01pAy
aL ‘uoneoynuenb Jse[qoAw ‘anbruyo) oqoid 1-A3uods) Sunses
[29] S[osntl UOI[NS X VNQ ‘Aesse STN TIOTO ‘6261 | tutod-moj ‘WHS “YLLA Sdd “10vD Do ¥ 18 Suneo) aurruefjod ‘Do 810C
YOd-1d
‘Kesse an[g Iewery
‘Surure)s peap/aAll ‘Sururels (19801pAy
(dV°¥.L) osereydsoyd QOTW WOIJ S[[d VIAQ ‘oyerdn 1[-A3uods) unses
[6S] L suog X PIOE JUB)SISAI-OJBNIR], MolLTeW duog | IjeM NHS LD-0INN Rele) /D0 09 Y& Surpuadlg dvH ‘DD 810C
soouRIoyoy | Apmis o jo joSIe], OATA UJ onIA ug it} UOTBZIINORIRYD) poylow | poyAw UonedtIqe, | uonesyipour/uonisoduwo) 1eak
SupjuIfssor) paystqnd

(ponunuoo) |z 3jqeL



(onyq sutpmjoy
‘O-utueljes ‘gpH)

YDd LY WLIU0d HYH

159) uorssardwod
‘uonoely [os

§)00Jop oSe[nIed JenonIe QUAUOd YNASP ‘NAS $91£00IpUOYd | ‘OneI UonEpEISOp ‘Onjer (10801pAY) Sunseo
l6€1] HL d3e[nie) nqqex ur uonejuejdug ‘Sururels peap/oAll {LLIN Jqqey Sur[ms AL ‘WHS oD /D6 09 1 Sutpud[g VH ‘DD 610C
(uLypes-g SSO[ JyStom ‘uonoeIy
‘ururwe] ‘gH) [0s ‘onjex Surfoms
K3o103s1y “YDd-L¥ dIV 159 uorssardwod
(1-a4 ‘d4%H) UIU0d YNSP ‘Sururels SOSIN ‘WAS ‘VOL (1oS01pAy) Sunses (Hod)
[8€1] |  AsoArop [[o0 walg | uonejuedwr SnodULINGNS PeIP/AAIL ‘LLIN ‘NS au0q 1qqey | “ANS0dsIA YL YN oD /D 09 1 Sutpuopg | utredoay-rourexofod ‘DO 610C
(61-ad¥V) aurf
1120 wnrpyde oyerdn
(A%H) JuowSid 10)em ‘uonepeIsop (19801pAY) Sunseo (DAd) 109413
[99] AL [eunoy X AZo101sTy “YDd-I ‘LLN [eunor uewny ‘Kusorod YI-LA qoed | /D, 08 18 Surpuarg audrAye Aod ‘DO 610
(o3uods)
Sunseo/seqmy
(Idvd vedD ‘1€dd MOo[joy uesoyos
‘1A4 ‘002AN — Surure)s A oprsut sunoofur
ANSTWAYO0)SIOUNTI dn[q (sDSH pue HDOIN pue
QuIpIN[o} ‘G29H) 109J0p Surureys S[[00 UUBMYIS ssof JySrom ‘ayerdn DOVH JO oImxiu
[v€l HL AN QAIOU JTEIOS Jel il O] PBIP/AAI] N[ IRWRY | PIZI[RUOWWI 2y Toem L1 WHS Sdd JUBIOJJIP FUIPUD[E | UBSONYD ‘DDIN ‘DOVH 810C
uonnjos
wnisauew/wnIoed
159) uorssa1dwod ‘yo 1, ur Sunyeos pue
‘SHO-dOI ‘SAd ‘WHS ([9801pAY) Sunsed
[LL] Al 2uog X ang fewely H-€DIN ‘AIX YILI-¥YLV qoed Do 06 J& Sutpuarg SN ‘BD ‘DD 810C




26

J.H. Choietal.

verified biocompatibility and biodegradability by
J.T. Oliveira et al. with an injectable GG hydro-
gel for cartilage TE [44, 45]. Another report sug-
gested modified GG hydrogel by oxidation
process to provide an optimized gelling point
while remaining injectable processability for
chondrocyte encapsulation [32]. These reports
demonstrated that GG hydrogels can sufficiently
support the growth and ECM deposition in vitro
and in vivo. Chemically modified GG scaffolds
are also reported to be effective in viability, cyto-
toxicity, proliferation, and differentiation. For
example, researches were conducted in vitro and
in vivo study with a methacrylate GG (MeGGQG)
[31, 48-50]. D.F. Coutinho et al. study showed
the physical and mechanical properties of modi-
fied GG. The mechanical properties, swelling,
and degradation were shown to be tuned by a dif-
ferent crosslinking mechanism. The in vitro study
which was performed by cell encapsulation in the
modified matrix showed high cell viability which
verifies the applicability of the material in
TE. Further in vitro and in vivo study was con-
ducted by J.S. Correia et al. which showed stabil-
ity in supporting cells and nontoxic in vivo.
Improving mechanical property or encapsulation
of stem cells in the modified GG was proceeded
by H. shin et al. and M.B. Oliveira et al., respec-
tively. Biocompatibility of the GG matrix was
also enhanced by modifying the surface of GG
chain. A peptide-modified GG hydrogel was
studied to be effective in providing a microenvi-
ronment for anchorage-dependent cells [51-56].
N.A. Silva et al. and E.D. Gomes et al. respec-
tively proposed a fibronectin-derived synthetic
peptide (GRGDS)-modified GG hydrogel for the
treatment of spinal cord injury (SCI). The studies
displayed highly increased cell survival and pro-
liferation which may be a benefit for SCI TE.
C.J. Ferris et al. also showed peptide-modified
GG. The study modified GG with arginine-
glycine-aspartic acid (RGD) and displayed
enhanced adhesion, spreading, growth, and dif-
ferentiation in the modified matrix which verifies
the biocompatibility. R. Lozano et al. also used
RGD-modified GG to fabricate layered brain-like
structures with 3D printing. A spongy-like GG is
also suggested as an efficient microenvironment

for biocompatibility [57-64]. L.P. Silva et al. dis-
played and proposed spongy-like hydrogel for
diverse TERM. The study showed an efficient
effect on a variety of cells in vitro. Furthermore,
incorporation or grafting of bioactive molecules,
inorganic materials, polysaccharides, and syn-
thetic polymers in GG or modified GG is reported
to be biocompatible and displayed enhanced bio-
logical activity [49, 62, 63, 65-77]. To sum up,
these researches showed and confirmed the bio-
compatibility and biodegradability of GG and
modified GG. These reports exhibit potential for
application in a wide range of TE.

2.3  Application of GG-Based

Scaffold

The application of GG-based scaffold in a wide
range of TE has been studied in many papers. The
GG displayed many merits in TERM due to its
abundance in nature, low cost, flexible mechani-
cal properties, easy manufacturing and crosslink-
ing process, thermoresponsive characters, and
similar environment to ECM by containing a large
amount of water. The most widely used fields of
GG-based scaffolds are cartilage, bone, osteo-
chondral, and spinal cord TE. In this section, we
will talk more about the most reported area which
is cartilage, bone, osteochondral, and spinal cord
injury that utilized GG-based scaffold for TE. In
addition, other applications will be discussed.

2.3.1 CartilageTE

Cartilage is a tissue which is composed of 3D
microenvironment up to 80% of water and ECM
consist of proteins and glycosaminoglycans [78].
The structure and organization of the cartilage
tissue can be divided into four different areas
based on collagen fiber alignment and composi-
tion of proteoglycan. A superficial zone which is
the uppermost part of the cartilage has the lowest
proteoglycan and the collagen fibers are arranged
parallel to the surface. A middle zone is com-
posed of proteoglycan and collagen fibers that
are unaligned to the cartilage surface. A deep
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zone has the most proteoglycan content and con-
stitutes of radially aligned collagen fibers. A cal-
cified zone does not consist of proteoglycan, has
less organized collagen fibers that are branched,
and tends to mineralize [79]. Treatment for
cartilage defects is still a challenge for clinician
and researchers. The cartilage defects which are
generated by disease, trauma, or aging are diffi-
cult to self-repair due to devoid of blood or lym-
phatic vessels [80]. A wvariety of treatment
methods have been suggested for the damaged
cartilage such as autogenic or allogenic tissue
implantation, osteochondral transfer, and
arthroscopic repair procedures [81, 82]. One of
the most promising techniques to repair the
defected cartilage tissue is the tissue-engineering
methods based on scaffolds [83].

The GG-based scaffold for the cartilage TE
has been proposed as a suitable carrier of drugs
and/or cells. Most of the reported researches
applied GG as a gel form for cartilage TE.
J.T. Oliveira et al. reported in vitro and in vivo
study of pure GG hydrogels crosslinked with
CaCl,. The results represented a potential of the
hydrogel for cartilage engineering in mechanical
terms. The GG hydrogel displayed appropriate
rheological property for cells to homogeneously
mix and gel at body temperature which allowed
cells to encapsulate within the hydrogels. This
property allows noninvasive injection into the
defected cartilage. In vitro study which was per-
formed in long term showed an increase in viabil-
ity, cell number, and cartilage-specific proteins
and genes which verifies the biocompatibility of
the material. The preliminary in vivo study dis-
played sustained mechanical stability of the
hydrogels after implantation and did not show
persistent inflammatory response [45]. An inject-
able GG hydrogel encapsulated with autologous
cells to full-thickness articular cartilage defect
was also reported. J.T. Oliveira et al. showed that
GG hydrogel encapsulated with chondrogenic
pre-differentiated rabbit adipose stem cells
(ASCs) displayed high regeneration in vivo which
allows a promising approach to treat damaged
articular cartilage [44]. Y. Gong et al. proposed an
improved injectable GG hydrogel by lowering the
gelling point while maintaining the injectability.

The modified GG had an optimized gelation tem-
perature for uniform suspension of chondrocytes
in the matrix. The in vitro studies such as bio-
chemical analysis, histology, and immunofluores-
cent were performed for 150 days to confirm
biocompatibility in the long term of the modified
gel. The result showed a promising vehicle for
chondrocyte delivery to treat injured cartilage tis-
sue [32]. Y. Tang et al. showed a double-network
hydrogel of GG and carboxymethyl chitosan for
chondrocyte encapsulation. The study used an
oxidized GG and grafted carboxymethyl chitosan
by a Schiff base reaction. The complex gel
showed highly improved gelation temperature
which was lowered to optimized temperature for
chondrocyte encapsulation. The mechanical
properties were enhanced with an ability to return
to the original form. The in vitro exhibited
improved viability of cells which shows a promis-
ing material for cartilage TE [84]. H.Y. Jeon et al.
evaluated saponin-loaded GG hydrogel for carti-
lage regeneration. The research showed a positive
effect of biomolecules in GG hydrogel for the
encapsulated chondrocytes in vitro [75].
Furthermore, H. Lee et al. suggested a proper GG
hydrogel concentration for fibrocartilage TE by
displaying mechanical characterizations [35].
These reports confirm the great potential of GG
material for application in cartilage TE.

2.3.2 BoneTE

Bone is a highly vascularized and biomineralized
connective tissue which plays a vital role in sup-
porting the body. The organization of bone is
classified into the macrostructure, microstruc-
ture, and nanostructure. The macrostructure of
the bone tissue is divided into cortical and can-
cellous bone. The microstructure is composed of
cortical bone which is composed of repeating
units of osteon and cancellous bone which is
made up of an interconnecting structure of tra-
beculae that is filled with bone marrow. The
nanostructure is constituted with large amounts
of collagen fibers, calcium phosphate, and non-
collagenous organic proteins. The organization
of the bone ECM and specific structure of the
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bone tissue is the reason for the high mechanical
strength [79]. The bone tissue remodels con-
stantly by processing bone deposition by osteo-
blasts and bone resorption by osteoclasts [85].
Although bone has native healing potential and
most of the damaged bone can regenerate well
with conventional therapy or surgery, the critical
size of the defect is unlikely to repair completely
[86]. The interest in the development of scaffolds
has been increasing to reconstruct critical-sized
bone defects. The scaffold for bone TE should
compose of the similar environment to the native
bone tissue ECM which has collagen type I,
osteopontin bone sialoprotein, osteonectin, and
platelet hydroxyapatite crystals. Furthermore, the
mechanical property of the scaffold should match
the cancellous bone which has a compressive
strength of 2-12 MPa and modulus of
50-500 MPa. The microstructure of the scaffold
should be highly porous for vascularization and
promote nutrient and oxygen change. Ceramic
material is mostly suggested for bone TE due to
its similarities to the native bone tissue.

An osteoconductive scaffold which provides
cell attachment, proliferation, differentiation, and
ECM development has been made with GG-based
scaffold. S.J. Chang et al. showed an effect of GG
film for guided bone regeneration (GBR).
Critical-sized skull defects on Sprague-Dawley
(SD) rats were covered with GG film for
2 months. The covered region showed a clear
boundary space between connective tissue which
shows a promising application in GBR [87].
TE.L. Douglas et al. displayed GG hydrogel
loaded with alkaline phosphatase (ALP) to make
suitable scaffold for bone TE. Furthermore, the
mineralization and mechanical property of the
GG hydrogel was enhanced by incorporating
polydopamine (PDA). The ALP helped the for-
mation of apatite-like material within GG hydro-
gel and PDA enhanced enzymatic mineralization,
osteoblastic cell adhesion, and proliferation [88].
TE.L. Douglas et al. exhibited GG hydrogel
enriched with bioglass particles to improve
mechanical properties, antibacterial characters,
and microenvironment for bone TE. The study
showed GG hydrogel incorporated with different
types of bioglasses. The bioglass promoted min-

eralization of GG hydrogel and mechanical prop-
erties, antibacterial properties, and differentiation
of rat mesenchymal stem cells (MSCs) were
affected depending on the types of the bioglasses
[89]. TE.L. Douglas et al. also established an
improved injectable GG hydrogel by incorpora-
tion of an inorganic phase in particles for bone
TE. The results showed that carbonate micropar-
ticles with a sufficient amount of Mg in GG
hydrogel produced an injectable and cytocompat-
ible hydrogel. J. W et al. introduced a porous
a-tricalcium phosphate (a-TCP)/GG scaffold for
bone repair. The GG was coated on a-TCP and
the mechanical properties were adjusted for the
bone graft. FR. Maia et al. displayed hydroxy-
apatite reinforced GG spongy-like hydrogels to
observe osteoclastogenesis. The result displayed
positive effect in the differentiation of bone mar-
row cells into pre-osteoclasts which confirm
promising scaffold for future bone TE applica-
tions [59]. M.G. Manda et al. showed
GG-hydroxyapatite (HAp) composite spongy-
like hydrogels for bone TE. The study exhibited
GG scaffolds with or without CaCl, crosslinker
and HAp. The CaCl, and HAp reinforced
mechanical properties of the scaffolds. The bio-
activity of the cells was improved with higher
adherence and spreading within the biomaterials
during 21 days of culture [61]. M.A. Lopez-
Heredia et al. suggested that alternate soaking in
solutions of calcium/magnesium and carbonate
ion solution can increase mineralization of GG
hydrogels for bone TE [70]. T.E.L. Douglas et al.
showed that adding o-TCP in GG solution can
induce self-gelling injectable hydrogel that can
be used in bone TE. The results revealed the
inhomogeneous distribution of the inorganic
composites in the hydrogels [69].

2.3.3 Osteochondral TE

Osteochondral (OC) TE must take into account
the regeneration of both the articular cartilage
and the subchondral bone [90]. The OC injury
includes degeneration in cartilage, the interface
of bone and cartilage, and bone. As the OC tissue
has three different tissue layers with each layer
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having different characteristics, combinations of
multiple factors and delivery methods are
required to meet the OC TE [91].

Many efforts have been made by using GG to
make a scaffold suitable for the OC region.
D.R. Pereira et al. reported GG-based hydrogel
bilayered scaffolds for OC regeneration. The
scaffold was designed by fabricating bilayered
hydrogel with LAGG, the cartilage-like layer,
and LAGG loaded with HAp, the bone-like layer.
The scaffold was tested with in vitro bioactivity
analysis. The result displayed promising scaffold
for OC TE [92]. The in vitro study with rabbit’s
chondrocytes and osteoblasts in each layer was
also tested from D.L. Pereira et al. The cytocom-
patibility of the scaffold was confirmed and bio-
compatibility was further analyzed with an
in vivo study. The scaffold was implanted under
subcutaneous part in mice which exhibited a
weak immune response after 4 weeks. The in vivo
study was also carried out by injecting the acel-
lular scaffold in the osteochondral defects in the
rabbit’s knee for 4 weeks. The results showed
successful in vitro and in vivo performance which
leads the scaffold to further advanced platforms
to treat the osteochondral defects [93].

2.3.4 Spinal Cord Injury (SCI)
Regeneration

SCI which results in paraplegia or quadriplegia is a
challenging task to be solved for clinicians and
researchers as there is no effective therapeutic
method so far. The SCI can be divided into primary
and secondary injury. The primary injury results
from direct damage of the spinal cord tissue from
the initial mechanical force. This injury causes
neural cell death, breakage of nerve fiber, and hem-
orrhagic necrosis and edema. The secondary inju-
ries are ischemia and hypoxia in the spinal cord,
immune and inflammation response, excitotoxic-
ity, and formation of glial scar and cavity [94-96].
The focuses of current research on SCI are related
to the secondary. The aims include reducing the
neuronal cells death, inhibiting immune and
inflammatory reactions, and promoting the growth
of axons to build up synapses [97, 98].

There have been researches on GG-based
scaffold for treating SCI. N.A. Silva et al. repre-
sented 3D tubular structures to regenerate SCI
regions. The tubular structure was constructed by
using 3D bioplotting with a biodegradable blend
of starch. The GG hydrogel was injected in the
center of the structures. The characterization of
the scaffolds, biocompatibility, and bioactivity of
the material all matched the TE standards. The
in vivo study within the rat SCI model showed
well-integrated scaffold and tissue and did not
cause chronic inflammatory response [99]. The
investigation of peptide-modified GG hydrogel
for SCl regeneration was carried out by N.A. Silva
et al. The GG hydrogel was grafted with a
fibronectin-derived synthetic peptide (GRGDS)
by Diels-Alder click chemistry. The modified GG
hydrogel presented enhanced adhesion, survival,
proliferation, and morphology of a neural stem/
progenitor cell (NSPC). Furthermore, the study
displayed that co-culture of NSPC and olfactory
ensheathing glia (OEG) in the modified GG can
enhance the survival and outgrowth of NSPC
which demonstrate a therapeutic benefit for SCI
repair [53]. E.D. Gomes et al. also used GG
hydrogel modified with the GRGDS for SCI
regeneration. The GRGDS-modified GG hydro-
gel was combined with ASCs and OEG. The
in vitro resulted with high neurite outgrowth and
the in vivo study in a hemisection SCI rat model
transplanted with ASCs and OEG encapsulated
in a GRGDS-modified GG hydrogel showed a
low infiltration of inflammatory cells and astro-
cytes and increased neurofilament. E. Oliveira
et al. compared different ECM-like hydrogels
and studied neurite outgrowth. The GRGDS-
modified GG hydrogel, collagen, and a hydrogel
rich in laminin epitopes (NVR-gel) were used for
the study. The results showed that all the hydro-
gels supported cell survival and viability but
showed different gene expression levels [56].

2.3.5 Other Applications

Besides the applications that are mentioned
above, researches in various TE have been car-
ried out. R. Tsaryk et al. tested the effect of
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MeGG hydrogel for nucleus pulposus regenera-
tion. The nasal chondrocytes and MSCs were
used to investigate the MeGG hydrogel in vitro
which resulted in non-cytotoxicity in extraction
assays and did not induce pro-inflammatory
responses in endothelial cells. The in vivo study
was also studied and exhibited that the material
induced chondrogenesis in subcutaneous
implantation [100]. R. Lozano et al. developed
an in vitro model of the brain with 3D printing
by using the GG modified with a short peptide
GGGGRGDSY (RGD). The bioink was printed
by combining the modified GG with primary
cortical neurons. The modified GG showed a
positive effect on primary cell proliferation and
network formation. Many types of research on
skin TE have also been performed [52]. L.P. da
Silva et al. exhibited eumelanin-releasing
spongy-like hydrogels for skin reepithelializa-
tion. The in vitro with human keratinocytes and
in vivo under subcutaneous part in mice were
well performed and showed promising material
for skin regeneration [63]. N.A. Ismail et al.
evaluated GG film loaded with TiO, nanotubes
for skin TE. The chemical and mechanical
properties of the novel film were appropriate
for skin TE and in vitro studies showed non-
cytotoxicity and proliferation of the cells [101].
In addition, the GG was used in promoting vas-
cularization. M.T. Cerqueira et al. proposed a
cell-adhesive =~ GG-hyaluronic acid (HA)
spongy-like hydrogel for neovascularization in
skin wounds. The matrix allowed cell entrap-
ment and encapsulation by interactions between
a cell and polymer. The in vivo study was con-
ducted by implanting the polymeric network
into mice full-thickness excisional wounds. The
GG-HA spongy-like hydrogel showed biocom-
patibility, successful tissue formation, and
reepithelialization [58]. H. Chen et al. also sug-
gested GG-based scaffold for effective vascu-
larization. The MeGG and type I collagen was
ion/photo dual crosslinked and evaluated physi-
cochemical properties and biological activity of
MSC:s for effective vascularization. The results
of the study show the potential for future mate-
rial for bioink [102].

Fabrication of GG-Based
Scaffold

24

The architecture and manufacturing method of
scaffolds used for TE is significant. In all multi-
cellular organisms, a complex and bioactive
matrix, which is called the ECM, structurally
supports cells [6, 8, 103]. The ECM is an organi-
zation of proteins and polysaccharides that plays
a critical role in deriving migration, differentia-
tion, and growth of cells [103]. Therefore, scaf-
folds should contain microenvironment for cells
to produce ECM. An interconnected pore struc-
ture and high porosity is a critical factor to con-
sider as these structures lead to penetration of
cells and adequate diffusion of gases and nutri-
ents to cells within the matrix and eventually
ECM can be formed by these cells [18, 19, 104].
Although a critical range of pore sizes may differ
depending on the target tissue, the pores need to
be large enough to allow cells to migrate into the
structure, but small enough to establish a suffi-
ciently high specific surface [105-107]. In addi-
tion, a porous interconnected structure allows
removal of the waste product by diffusion from
the scaffold but it is important that the diffused
products are not toxic in vivo and interfere with
the surrounded tissue [18]. Furthermore, since
most cells are anchorage dependent, it is impor-
tant for the scaffold to provide an attachment site
on the material [51, 53]. To sum up, the goal of
the scaffold in TE is to promote ECM produc-
tion, cell adhesion, proliferation, and
differentiation.

Herein, we will talk more about the types of
GG-based scaffold that had been reported.

2.4.1 Hydrogel

Hydrogels have obtained many attentions in the
field of TE. The backbone of hydrogels is com-
posed of hydrophilic moieties (carboxyl, amino,
amide, hydroxyl groups) which are crosslinked
physically or chemically [16]. The main merit of
hydrogels is similar microenvironment to natural
ECM. This property is due to the ability to retain
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large quantities of water [108, 109]. The equilib-
rium swollen state of hydrogels is reached
through a balance between osmotic driving
forces. This process is encouraged by the entrance
of water and biological saline into the hydrogels
and the cohesive forces exerted by the polymers
[16, 110]. The number of hydrophilic polymers
in the chain or the extent of crosslinking affects
the swelling ratio of the hydrogel [111].
Furthermore, hydrogels have advantages to treat
tissue in a minimally invasive method which
allowed extensive studies on drug delivery, cell
carrier, and TE [16, 112, 113].

GG has been widely applied in TE as hydrogel
form due to its attractive characteristics such as
structural similarity with native glycosaminogly-
cans and elastic moduli similar to common soft
tissue [25]. As we discussed earlier in the GG
structure section, the gelation is greatly affected
by external temperature and presence of cations
in which divalent cations make stronger physical
properties of GG hydrogel. The injectable GG
hydrogel which is crosslinked with cations has
been investigated for tissue regeneration [32, 44,
65, 68, 75, 84, 92, 93, 114-123]. The target tis-
sues include cartilage, bone, osteochondral, and
retinal pigment epithelium. However, GG hydro-
gels which are crosslinked with cations have low
stability due to the exchange process of divalent
cations and monovalent ones that are presented in
higher concentrations in the physiological envi-
ronment. Mechanical properties of physically
crosslinked GG hydrogels are also weak. Thus,
MeGG and double network with other polymers
have been suggested to enhance mechanical and
degradation properties that can match the native
tissues [31, 48-50, 102, 124, 125]. Researches of
MeGG confirmed its safety in vitro and in vivo.
Another critical limitation of GG hydrogels is the
lack of specific attachment sites. Chemical modi-
fication of grafting peptide to GG chains has been
proceeded to overcome this limitation. The modi-
fied GG hydrogel showed the successful result in
biocompatibility and exhibited various applica-
tions such as brain-like structure and matrix for
neural stem/progenitor cell, endothelial cell, lum-
bar spinal cold, and ASCs [51-56].

2.4.2 Sponge

Sponge scaffold refers to a porous 3D structure
which provides proper microenvironments for
cultured cells [8, 126]. The porosity and pore size
of sponge scaffold affect cell growth, function,
migration, and transportation of nutrient and dif-
fusion of waste. In addition, the pores assist and
promote new tissue formation in vivo [18, 105,
106, 127]. There are various methods to fabricate
3D porous scaffold. Typical techniques are
freeze-drying, phase separation, salt leaching,
and gas foaming [18].

GG-based sponge scaffolds have been charac-
terized and in vitro and in vivo was proceeded to
confirm its application in TE. Most of the
GG-based sponge scaffolds were fabricated by
the freeze-drying method. A spongy-like GG
hydrogel was introduced and reported improved
mechanical and physical properties when com-
pared to GG hydrogel. This research also showed
improved adhesion of human ASCs, dermal
microvascular endothelial cells (hDMECSs) and
human keratinocytes (hKC), and human
osteoblast-like cells (Saos-2) in spongy-like GG
hydrogel [60]. Composite of spongy-like GG
hydrogel with biomolecules or other types of
polysaccharide was also reported to be effective
in skin wound healing purpose [58, 63].
Furthermore, it was reported that the inflamma-
tory response of GG sponge scaffold can be
enhanced by duck’s feet-derived collagen (DC)
[128]. Application of GG sponge scaffold is also
suggested for dental filling or for bone TE [59,
61].

2.4.3 Other Fabrications

A number of researches on various biofabrication
have been introduced for manufacturing
GG-based scaffold. A film structure of GG was
reported for bone TE. The result exhibited that
2% GG film was suitable for guiding bone regen-
eration [87]. Incorporation of other bioactive
materials in GG was investigated for skin TE
[101, 129]. Furthermore, GG-based scaffolds
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manufactured by 3D printing method are
reported. A study on pure GG material is only
reported on the mechanical and physical concept
[38]. A peptide-modified GG hydrogel was
applied in manufacturing brain-like structures
with 3D printing [52]. GG material was used to
optimize other types of polymers for 3D printing.
GG was applied in methacrylated gelatin
(GelMA) to optimize the material as a bioink for
3D printing [130]. GG was also used to encapsu-
late cells to optimize poly(e-caprolactone) (PCL)
bioink for osteogenic model [131]. Composite of
alginate and GG was also introduced to be effec-
tive in mechanical properties in which GG had
shown to enhance fidelity and lower the swelling
in cell culture media. In addition, the composite
scaffold allowed higher proliferation and differ-
entiation of human MSCs [132].

Nowadays, many types of biofabrication tech-
niques such as extrusion printing, inkjet printing,
wet spinning, or electrospinning have been pre-
sented and applied in TE [24]. However, compared
to other types of biopolymers, biofabrication of
GG is mostly reported by applying casting method.
The attention in biofabrication of GG is very low.
This signifies that applying various types of fabri-
cation technique with GG is necessary. It is only a
matter of time to supplement the characteristics of
GG such as mechanical, physical, and microenvi-
ronment for cells and apply it to a wide field
because the biofabrication method is already
reported widely that may be readily applied to GG.

2.5 Conclusion
Over time, biomaterial is one of the most actively
studied fields in TERM. Researchers have actively
sought the materials and supplemented them with
several techniques to further develop these materi-
als. The improved biomaterials were then applied
as a polymeric scaffold for a wide range of TE.
This book chapter focuses on informing read-
ers about GG-based scaffold in various types of
TE. The biocompatibility of the GG itself was
confirmed in vitro and in vivo and showed a
promising application in TE [45]. Many papers
displayed the importance of blending with other

biopolymers or biomolecules and chemical
modification of GG to improve biofunctional
properties such as mechanical strength, degrada-
tion characters, biocompatibility, attachment
site, and gelation temperature for cell encapsula-
tion [30, 68, 76, 77, 101, 102, 120, 125, 128,
131]. These modifications allowed GG to pos-
sess viable substrate for diverse application in
tissue engineering. As we have discussed earlier,
the GG-based scaffolds may be applied in carti-
lage TE, bone TE, osteochondral TE, disc TE,
skin TE, muscle TE, neural TE, and brain
TE. Considering that GG has considerable com-
petency for modification and optimization to suit
particular applications, it is expected that many
avenues of application of the material are yet to
be discovered. Design parameters of scaffold
have been standardized over time. However, the
requirement for alternative solutions to meet the
requirement for substitution of organs and tissue
parts will continue to guide advances in TE.
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3.1 General Introduction

of Natural Fibrous Protein

With the development of technology, the draining
away of sources of materials and energy is
becoming a serious topic all over the world. As a
sequence, producing synthesized polymers with
lower cost of resources is facing the challenge
[1]. Over the past half century, explorations and
applications of advanced technologies provide
the possibilities to approach new materials, and
natural polymers are becoming more and more
popular. As a sustainable material, because of its
rich resources, wide varieties, and degradability,
natural polymer is showing an important posi-
tion. A large number of different kinds of natural
polymers are classified as natural biopolymers,
because of good biocompatibility and biodegrad-
ability, like alginate, cellulose, collagen, starch,
and chitosan. These materials are already well
studied and applied widely in biomedical and
biomaterial fields.

The main study subjects of natural biopoly-
mers are sugar, nucleic acid, and protein. Proteins
are formed by polymerization of amino acids
according to the sequence of genetic code in
mRNA. As one of the most important macromol-
ecules in organisms, protein takes part in almost
all the physiological activities and functions.
Proteins can be classified into many categories
based on different criterions. According to differ-
ent structures of the molecules, there are two
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main classes: globular protein and fibrous pro-
tein. Globular proteins are normally spherical or
globular in shape, with good water solubility and
specific biological activities referring to the envi-
ronment (e.g., catalysis, molecule recognition,
etc.). Most of the proteins belong to globular pro-
teins, while fibrous proteins are linear in shape
and forming long fibers or sheaths. Some of
fibrous proteins are water-soluble, like myosin
and fibrin. Most of fibrous proteins are insoluble,
like keratin, collagen, elastin, and silk fibroin.

Generally, fibrous proteins are composed of
highly repetitive amino acid sequences that pri-
marily provide mechanical and architectural
functions but without biological activities [2].
There are mainly three secondary structures of
fibrous protein: a-helix, -sheet, and random coil.
Especially, for collagen, there is a unique “super
helix” structure, twisted by three left-handed
helices together into a right-handed triple helix.
Among all the secondary structures, 3-sheet is the
main structure that provides outstanding strength
and rigidity of fibrous proteins. It is folding by
relatively extended polypeptide chains with the
cooperative hydrogen bonds interactions.

Studies with fibrous proteins are often directed
to understand structure-function relationships
and to understand nature’s ability to optimize
protein-based biomaterials with functional attri-
butes for survival, such as protective enclosures,
mechanical support, or energy conversion [3-5].
Among fibrous protein materials, silk fibroin and
keratin are already deep studied and widely used
in biomedical and bioengineering fields.

3.2 Silk Fibroin

General Information of Silk
Fibroin

3.2.1

The application of silk was first developed in
ancient China at 3500 B.C. and spread gradually
to other regions over the world. Among varieties
of silk, domestic Bombyx mori silk is the widely
used one. There is a current interest in the devel-
opment of composites containing silkworm silk
for biomedical application.

3.2.2 The Structure of Cocoon Silk,
Sericin, and Silk Fibroin

Silkworm silk is a protein polymer that is pro-
duced from specialized glands where proteins are
stored and spun into fibers by silkworm. The
structure of silk fiber is mainly constructed with
two different protein-based materials: silk fibroin
filaments (75 wt% of total silk fiber) and sericin
coating (25 wt% of total silk fiber). Both the
fibroin and sericin proteins contain the same 18
amino acids. Silk fibroin contains highly repeti-
tive pB-sheet crystalline or semicrystalline struc-
ture, which provides silk excellent mechanical
properties. Sericin is an amorphous gumlike
coating material in the outer layer of silk to con-
glutinate fibroin filaments together and maintains
the overall structural integrity of the cocoon. It
can be removed by soaking cocoon in hot or boil-
ing water due to its hydrophilic properties, which
is called degumming. However, the removal of
sericin could cause the altering of mechanical,
chemical, and biological performances of
degummed fibers.

3.2.3 Chemical Composition of Silk
Fibroin

Silk fibroin consisted of two major fibroin pro-
teins with the ration of 1:1, named light chain
(L-chain, 28 kDa) and heavy chain (H-chain,
391 kDa), respectively. The light-chain fibroin, a
short protein of 262 residues, is linked to the
heavy-chain fibroin, a long protein of 5263 resi-
dues. The third protein, named P25, exists every
six H-chain-L-chain arrangement. It is a short
glycosylated protein of 220 amino acids and a
molecular weight of 25 kDa. The primary struc-
ture of silk fibroin is made of a few predominant
amino acids, mainly accounted for in the heavy-
chain protein whose molecular weight is 14 times
that of the light chain. Four amino acids account
for 93% of the heavy chain’s 5239 residues, with
46% of glycine (G), 30% of alanine (A), 12% of
serine (S), and 5% of tyrosine (Y). The H-chain
primary structure is composed of the main hexa-
peptide repeats GAGAGS which form highly
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crystalline regions due to the small side chains of
these amino acids. In addition, tyrosine-coating
blocks (such as GAGAGY or GAGAGVGY)
form semicrystalline regions. The H-chain is thus
made of 12 hydrophobic crystalline regions
(~GAGAGS~/~GY~~~GY~) separated by 11
amorphous hydrophilic regions (~GT~~~GT~)
containing residues with large side chain and
hydrophilic head and tail. These amorphous
regions form turns to allow the antiparallel
B-pleated sheet secondary structure where pro-
tein chains are held together by non-covalent
interactions, notably hydrogen bonding. The
H-chain is linked in the tertiary structure to the
small globular L-chain fibroin by a disulfide
bridge between Cys-20 (H-chain) and Cys-172
(L-chain) and to the glycoprotein P25 through
hydrophobic interactions.

3.2.4 Secondary Structure of Silk
Fibroin

In the solid state, SF exhibits two crystalline
polymorphs known as Silk I and Silk II. Early
studies [6, 7] about SF solution, directly extracted
from the posterior division of the silkworm gland,
identified the parameters involved in the confor-
mational changes between the random coil form
and the crystalline polymorphs.

The random coil state of SF is clearly meta-
stable since it readily transforms in either Silk I
or Silk IT polymorphs by subjecting the native SF
solution to heat or shearing. The crystal struc-
tures proposed for the crystalline polymorphs of
SF concern mainly the molecular structure of the
aforementioned crystalline domains of SF
H-chain, since the L-chain lacks sufficient regu-
larity in the primary structure to crystallize to a
significant extent. Silk II, or f-form, is the stable
crystalline form of SF found in the fibers, which
was first described by the Marsh-Pauling-Corey
model of polar-antiparallel fB-sheet elaborated
upon by Crick and Kendrew in 1957. The crystal
structure was successively resolved with the
antipolar-antiparallel model by Takahashi and
coworkers [8].

The model was recently refined by consider-
ing the GA peptide as the base of the amino acid
sequence of SF crystalline region5. The refined
model proposes a statistical crystal structure in
which two antipolar-antiparallel p-sheet struc-
tures with different orientations occupy a crystal
site with a ratio 2:1. Actually the antiparallel
B-sheet structure of Silk II is isomorphous with
poly(AG) I, for which a similar X-rays diffrac-
tion pattern was early observed.

Some different secondary structures of silk
fibroin are reported: a-helical (silk I) and p-sheet
(silk II) structures in crystalline areas and disor-
dered conformation of random globules in amor-
phous areas. The Silk I structure is stabilized by
intramolecular hydrogen bonds, with the hydro-
phobic fragments displaced to the periphery. Silk
I is a water-soluble state (can be obtained in vitro
in aqueous conditions) and easily converts to the
Silk II structure when exposed to physical
stresses or heating. The (-sheet structures are
asymmetrical with one side occupied with hydro-
gen side chains from glycine and the other occu-
pied with the methyl side chains from the
alanines. Antiparallel -sheets of silk fibroin are
packed in the face-to-face, back-to-back mode.
The Silk II structure is water-insoluble in several
solvents including alkaline conditions, mild acid,
and several chaotropes [9, 10].

3.2.5 Processing of Silk Fibroin

Native SF water solutions are obtained by dilut-
ing the content of the posterior division of the
silkworm silk gland where SF is still separated
from sericin. Regenerated SF in water is obtained
from “degummed” silk fibers by dissolving them
in concentrated saline solution and subsequent
salt removal by dialysis.

3.2.5.1 Degumming

Degumming is the conventional name for sericin
removal from cocoon shells and can be per-
formed in different ways [11]. In the standard
method, cocoon shells or raw silk are kept in 50
times v/w of boiling aqueous 0.05% Na,CO; for
60 min. Usually, this treatment is repeated twice.
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Alternatively various concentrations of Na,CO,
and heating time can be used, depending on the
desired degree of sericin removal. Traditional
soap degumming is performed in 100 times v/w
of 0.5% Marseille soap for 30 min at
100 °C. Enzymatic degumming [12—14] is also
possible, e.g., by alkalase solution. Degumming
by urea is carried out by 8 M aqueous urea con-
taining 0.04 M Tris-SO, (pH 7) and 0.5 M mer-
captoethanol, under various conditions of time
and temperature. Even hot water alone can be
used for degumming either boiling at atmo-
spheric pressure (100 °C) or in an autoclave
(about 120 °C). After the above degumming
treatments, the resulting silk mats are washed in
water repeatedly and then air-dried. The differ-
ences in the aforementioned production methods
are in the degree of sericin removal and in the
associated damage produced both at microscopic
and molecular levels in the resulting SF.

3.2.5.2 Dissolution

Effectively dissolving agents for SF are formic
acid [15], Ca(NOs),/MeOH solutions [16],
N-methyl morpholine N-oxide [17],
N-methylpyrrolidone, and dimethyl sulfoxide
[18]. Other dissolving media are LiSCN, LiBr,
CaCl,, or Ca(NOs), aqueous or alcoholic solu-
tions [11, 18, 19]. Since the solubility equilib-
rium of SF in the pure organic solvent is quite
critical, regenerated SF water solutions are pref-
erentially prepared from the so-called mixed sol-
vents consisting of saline solution and alcohols or
just from concentrated saline solutions. A fre-
quently used mixed solvent is the so-called
Ajisawa’s reagent [20] consisting of a mixture of
CaCly/ethanol/water (111/92/144 by weight),
while common organics-free saline solutions are
lithium thiocyanate (LiSCN aq 9 M) and lithium
bromide (LiBr aq 9-9.5 M). A common feature
of all the aforementioned solvents is their hydro-
gen bonding ability which is necessary to loosen
the strongly H-bonded crystalline structures in
SF fibers which are first swollen and subse-
quently dissolved obtaining solutions in which
the salvation degree of SF differs depending on
the specific dissolving medium used [19].

3.2.5.3 Dialysis

After complete dissolution the dissolving
medium is exchanged by dialysis against distilled
water through a selectively permeable mem-
brane; the structure of regenerated SF in diluted
water solution at room temperature is mainly the
random coil one, but the system must be prefer-
ably regarded as (metastable) colloidal suspen-
sion with the formation of micellar structures due
to the primary structure of SF molecule. In fact
on examination of the primary sequence for the
native SF H-chain, a pattern of hydrophobic and
hydrophilic blocks was identified [21]; that sug-
gests the possible formation of micellar struc-
tures in water. A model of SF assembly in water
was proposed [22]. SF molecules act as
hydrophobic-hydrophilic block copolymers with
the formation of irregular-sized micelles depend-
ing on chain folding and hydrophobic interac-
tions. The small hydrophilic blocks present along
the protein chain maintain solubility in water and
prevent premature (-sheet formation. Extensive
interactions are present, however, among the
blocks (hydrogen bonds and hydrophobic inter-
actions), and the assembly in the hydrophobic
clusters becomes tighter and eventually local
crystalline order tends to develop; this would be
also confirmed by the fact that regenerated SF is
water-soluble only just after dialysis from LiBr
[23]. Increasing concentration and temperature
promotes micelles coalescence into globules
which could finally yield a gel state.

3.3 Keratin

General Information
of Keratin

3.3.1

Keratin is the most important biopolymer which
exists in the skin, hair, and nails of humans and
animals (also hooves, horns, and feathers) [24].
According to the Ashby map, keratin refers to the
most rigid biological materials having high
toughness and high modulus, although it consists
exclusively of polymer components and rarely
contains minerals [25].
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Keratin can be classified into three types: o, 3,
and y. a-Keratin is the prevalent group and pro-
vides structural support for the hair shaft, while
f-keratin serves as protection and forms a cuticle.
y-Keratins play a role of disulfide (-S-S-) cross-
linking agent and also retain the hair shaft struc-
ture. a-Keratin can be found in mammals (there
is one mammal, a pangolin, which is according to
research has both a and f), and this is the princi-
pal component of wool, hair, nails, hooves, horns,
and layer corneum (outer layer of skin). p-Keratin
is the main component of hard materials such as
feathers, claws, and beaks of birds and scales and
claws of reptiles.

3.3.2 Secondary Structure
of Keratin

a-Keratin proteins are organized in the form of
spiral coils. This conformation was defined as
a-helical conformation. The naturally occurring
a-helices found in proteins are right-handed. The
helical structure is stabilized by hydrogen bonds
and disulfide bonds. It has the 0.51 nm pitch [26].
The helical chain forms a protofilament (about
2 nm in diameter); two protofilaments crosswise
with protofibril to stabilize into dimer; four pro-
tofibrils combine in a circular or spiral intermedi-
ate filament (IF) with a diameter of about 7 nm.
The IFs are then packed in a super-configured
conformation and bound to matrix proteins. An
amorphous keratin matrix is rich in sulfur con-
taining a large amount of cysteine residues or a
large number of residues of glycine, tyrosine, and
phenylalanine amino acids [27].

p-Keratin has the pleated sheet structure,
which consists of side-packaged p-yarns that can
be parallel or antiparallel (that are more stable).
The structure of the pleated sheet is stabilized by
two factors: hydrogen bonds between beta chains
that are in charge of the formation of leaf and pla-
narity of the peptide bonds that causes the B-sheet
to be corrugated [28]. The formation of the
B-keratin filament includes the following: the
central region of one polypeptide chain is added
to form four lateral beta bonds, connected by a
hydrogen bond, resulting in a corrugated shaped

sheet; then the sheet is distorted to lie on the left
screw ruled surface; each residue is represented
by as a sphere in the model; two sheets are con-
nected by a horizontal dyad, overlapping and
moving in opposite directions, forming a 4 nm
diameter thread (9.5 nm and 4 turns per unit).
The end portions of the peptide chains flow
around the p-keratin filaments and form a matrix.
So, keratin can be considered as some sort of
composite that has a polymer-polymer constraint
that is formed by crystalline filaments intruded in
an amorphous matrix [29].

3.3.3 Chemical Properties
of Keratin

The presence of numerous cell adhesion
sequences, RGD (Arg-Gly-Asp) and LDV (Leu-
Asp-Val), which occur in proteins of extracellular
matrices such as fibronectin, has been reported in
keratin of such materials as wool, silk, and human
hair as well as glutamic acid-aspartic acid-serine
(EDS), which is capable of supporting cellular
attachment [30]. Together, these properties create
an appropriate three-dimensional matrix that
allows cellular infiltration, attachment, and pro-
liferation of cells that is making keratin so favor-
able to be used to develop tissue engineering
constructs. The biomaterials from keratin have
been under a spotlight of the researchers for
many decades, but at the present time, there are
no biomaterials made of keratin in clinical
application.

3.3.4 Processing of Keratin

Hair dissolution and extracting keratin from hairs
are not easy to approach because a large amount
of disulfide bond, hydrogen bond, and hydropho-
bic amino acid exist in hair. Chemical methods,
microbial and enzymatic treatment, supercritical
water and steam explosion, and microwave radia-
tion are main methods for keratin extraction,
which are already well explored and studied.
Among them, chemical methods are the ones
well developed and widely used.



44

Y.Yang et al.

3.3.4.1 Traditional Chemical Methods
for Keratin Extraction

The traditional chemical methods for keratin
extraction are oxidation, reduction, and hydroly-
sis. The mechanism of oxidation method is to
oxidize the disulfide bond into a sulfonic acid
group by using an oxidizing agent. This reaction
will produce keratin with hydrophilic groups, so
dissolving the hair. Due to the strong effect of
oxidation method, peptide chains could be
degraded during the procedure. The average
molecular weight of keratin extracted by this
method is usually around 3000 Da, which may
have some limitations for applications. Reduction
method, the most well studied, is utilizing
micelles in surfactant as a protector to keep
extracted keratin stable, avoiding oxidation and
precipitation during procedure. Keratin obtained
from this method usually has a larger molecular
weight and with a higher dissolubility. Hydrolysis
method is using a strong base (e.g., sodium
hydroxide) solution to break the disulfide bond
between macromolecules and decompose the
peptide chain in the hair. The extractions are
mainly polypeptide with a low molecular weight.

3.3.4.2 Environmental-Friendly
Method: lonic Liquids

Due to its three-dimensional polypeptide struc-
ture which consists of a triple helix of protein
chains held together by a range of covalent (disul-
fide bonds) and noncovalent interactions [31, 32],
keratin is stable to most solvents. Water-soluble
keratin from wool, hair, and feathers can be par-
tially extracted by the methods mentioned above.
However, some of the reagents used in these
methods are toxic, difficult to remove from the
substrates, or difficult to recycle. Recently, the
use of ionic liquid (IL) solvents showed improve-
ments in the dissolution process, with a higher
yield of keratin from feathers [33, 34] and wool
[35, 36]. IL solvents provide a unique combina-
tion of properties, including low vapor pressure
and high thermal stability [37]. ILs containing
chloride such as 1-butyl-3-methylimidazolium
chloride ([BMIM]CI) as anion were shown to
dissolve wool better than other ILs (BF4, PF6,
and Br). [BMIM]CI itself has been proposed as

an effective solvent for extracting keratin from
duck [36] and turkey feathers [33] when treated
at 100-180 °C for several hours. [BMIM]CI was
also used to prepare wool keratin/cellulose com-
posite materials which displayed a homogeneous
structure without any residual fibers [36].

3.4 Engineering Natural Fibrous
Protein Materials Through

Advanced Manufacturing

Natural fibrous protein materials have the great
potential to be applied in tissue engineering and
regenerative medicine. Bio-recognition ability of
fibrous protein is the basic contribution to induce
regeneration of various mammalian tissues.
Taking silk fibroin as an example, two different
active sequences ~ VITTDSDGNE and
NINDFDED, recognized by the integrin promot-
ing fibroblast growth, were localized in the
N-terminal region of the heavy chain [38].
Besides, fibrous protein could be processed into
many different kinds of materials which enable
its extensive application in tissue engineering and
regenerative medicine. All these diverse kinds of
materials start from the protocol to obtain aque-
ous solution [39]. Then, this solution can be pre-
pared into films, sponges, fibers, and gels [22, 40,
41]. Depending on the procedure of processing
and the source, fibrous protein could have differ-
ent secondary conformation and molecule assem-
bling, which result in different mechanical and
biological functions [40].

Chemical Modification
of Natural Fibrous Protein

3.4.1

As a biopolymer in general, silk fibroin and kera-
tin are popular due to their advanced properties.
Besides biocompatibility and biodegradability,
tunable conformations obtained from different
processing methods make them easy to match
different fabrication methods, which extend the
use of silk fibroin into different fields, especially
in biomedical applications. It is already well
known that with physical modification methods,
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silk fibroin and keratin could have various tun-
able microstructures and mechanical properties
affecting biological abilities [42]. With further
improvements and optimizations of the applica-
tions of these fibrous proteins, the requirements
of modification are moving to the molecular
level. Thus, chemical modifications are explored
to expand the utility of fibrous protein with
enhanced physicochemical properties and added
functionalities [43, 44]. The amino acid composi-
tions of fibrous protein showed that it contains
several reactive groups, including serine, tyro-
sine, threonine, glycine, and aspartic acid [45].
As an improved applicability in tissue engineer-
ing, peptides, enzymes, drugs, and polymers are
immobilized on these active groups via different
chemical functionalization methods, to altered
fast cell adhesion and proliferation and control-
lable cell differentiation, and responsive to spe-
cific conditions. Therefore, chemical
modifications provide the possibility to fabricate
fibrous protein-based materials with designed
chemical, physical, and biological properties.
Compared with silk fibroin, chemical modifica-
tion on keratin is not so well studied. And all the
methods employed on keratin are the same ones
for silk fibroin. Thus, silk fibroin is taken as an
example to present different methods that can be
carried out on different reactive groups on silk
fibroin.

From chemical point of view, the frequently
used chemical modification methods of silk
fibroin are coupling reactions [45] (e.g., cyanuric
chloride, carbodiimide), amino acid modification
(e.g., arginine masking, sulfation, and azo-
modified of tyrosine), and grafting reaction (e.g.,
tyrosinase-catalyzed grafting and polymethacry-
late grafting). Cyanuric chloride and carbodi-
imide coupling are the mainly used reactions.
The biggest advantage of cyanuric chloride reac-
tion is the basic pH condition, which makes it
compatible with silk. Carbodiimide coupling is
already widely used in many proteins which con-
tain carboxylic acids reacting with primary
amines to form an amide bond. For amino acid
modification, there are several methods using dif-
ferent amino acids. A small amount of arginine
residues, existing in silk fibroin, can react with

1,2-cyclohexandione under basic aqueous condi-
tions to form an uncharged imidazolidinone
product [46, 47]. However, due to the low amount
of arginine, the final product is not easy to be
characterized. Sulfation of tyrosine can be treated
directly on degummed silk fibers [43]. Azo-
modified tyrosine can be carried out by treating
dissolved silk fibroin in borate buffer (pH 9.0) or
soaking solid silk fibroin films and scaffolds into
the buffer and then followed by treatment with
diazonium salt [45]. Considering silk fibroin is a
biopolymer, tyrosinase-catalyzed grafting is
applied as an enzyme-catalyzed method which
can be carried out on aqueous solution of SF in
phosphate buffer. Attachment of acrylate mono-
mers to silk followed by radical polymerization is
another polymer grafting approach used to mod-
ify the surface of silk fibroin fibers.

3.4.2 Engineering Natural Fibrous
Protein in Tissue Engineering

3.4.2.1 Reconstruction and Repair
in Bone Tissue

Most of the research on silk fibroin has been car-
ried out for bone tissue engineering. Films, elec-
trospun scaffolds, and salt-leaching 3D porous
scaffolds are processed in bone tissue engineer-
ing [18, 48, 49]. Some previous work showed
that silk fibroin hydrogels and membranes/nets
without pre-seeded cells have been used for
guided bone regeneration [23, 50]. However,
recently 3D porous silk fibroin scaffolds com-
bined with MSCs resulted in advance bone for-
mation for the repair of critical-sized bone defects
[14]. Furthermore, the silk fibroin scaffold is also
modified with RGD to increase the cell attach-
ment and slow down the degradation in bone tis-
sue engineering. RGD-silk scaffolds were
demonstrated to be suitable for autologous bone
tissue engineering, probably because of their sta-
ble macroporous structure, tailorable mechanical
properties matching those of native bone, and
slow degradation [13].

In 2005, Meinel et al. [14] first used silk
fibroin as a scaffold for bone tissue engineering
and applied it to the study of mouse skull trauma
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model, which proved that silk fibroin has good
biocompatibility and mechanical stability, sug-
gesting it can be used as a potential material for
bone tissue reconstruction. Rajkhowa et al. [51]
prepared a porous silk fibroin scaffold in aqueous
solution and hexafluoroisopropanol (HFIP) and
then mixed silk fibroin particles into it, which
improved the mechanical properties of the sponge
by nearly 40 times, increasing compression mod-
ulus from less than 50 kPa to 2.2 MPa.
Subsequently, they modified the silk fibroin mic-
roparticles into microfilament fibers and mixed
them with the silk fibroin porous scaffold [52] to
obtain a material with a modulus of elasticity of
13 MPa. In addition to a certain degree of
mechanical strength, silk fibroin materials can be
processed to achieve the desired mechanical
requirements for bone tissue that requires com-
pression. Kuboyama et al. [53] separately pre-
pared a porous scaffold prepared by aqueous silk
fibroin preparation and silk fibroin hexafluoroiso-
propanol (HFIP) into rabbit leg bones, and new
bones grew after 4 weeks. And the material pre-
pared by the aqueous silk fibroin solution is more
effective.

In addition, the blending of silk fibroin with a
variety of materials can not only enhance the
mechanical and biological properties of the mate-
rial but also broadens its application in bone tis-
sue engineering. Vachiraroj et al. [54] used a silk
fibroin-based and chitosan-based material mixed
with gelatin and hydroxyapatite to obtain a hybrid
scaffold. With the comparison of different base
materials, protein-based materials are more effec-
tive in improving osteogenic differentiation of rat
osteoblasts and rat bone marrow stem cells. Wang
et al. [55] used the porous silk fibroin/graphene
composite as a drug-loaded scaffold for bone tis-
sue engineering, and the results confirmed that
the scaffold has a good application prospect in
promoting bone regeneration.

3.4.2.2 Repairing Nerve Gap

In neural tissue engineering, especially in the
peripheral nervous system, the dorsal root gan-
glia and Schwann cells cultured on silk fibroin
maintain their viability and keep their normal

phenotype or functionality without any cytotoxic
effects [56]. Silk-carbon nanotubes composite
scaffolds were able to improve the neuron differ-
entiation of human embryonic stem cells, which
is applicable for efficient supporting matrices for
stem cell-derived neuronal transplants [57].
Human hair keratin has good properties in pro-
moting regeneration and functional recovery of
nerve tissue. This repairing can be realized by
activating Schwann cells. Human hair keratin has
the ability to activate Schwann cells through che-
motaxis, as well as enhance cell adhesion and
proliferation, and at the same time, improve the
expression of some important genes [58]. Human
hair keratin is an excellent nerve repair inducer
and achieves a therapeutic effect comparable to
autologous nerve transplantation in an animal
model of nerve injury [59].

Sierpinski et al. [59] found that besides the
abilities mentioned above, human hair keratin
can be passed to a biological model that improves
neurological resuscitation, suggesting that human
hair keratin biomaterials are a neural reactor that
can be modeled as a neural injury similar to an
autologous. Apel et al. [60] used a keratin-
inducing nerve-inducing catheter to achieve a
nerve regeneration rate of 100% at 6 weeks,
whereas only 50% of the rats in the blank group
were observed to have nerve regeneration. The
nerve pulse rate and signal level of the keratin
group were significantly higher than those with-
out keratin. The study showed that keratin scaf-
folds can promote nerve regeneration in
surrounding tissues, and keratin hydrogel can
improve physiological repair and increase axonal
density, thereby promoting nerve regeneration.

3.4.2.3 Wound Healing and Hemostatic

Silk fibroin can be mixed with a variety of mate-
rials to prepare a composite membrane, which
has the advantages of preventing bacterial infec-
tion, good wound adhesion, low irritation, good
softness, and promoting wound cell growth [61].
For skin wound healing, fibroin films and fibroin-
alginate sponges have been reported to enhance
skin wound healing in vivo compared to clinically
used materials [62, 63]. Oral keratinocytes also
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proliferate on woven fibroin meshes [20], a form
that is likely to be used for wound healing appli-
cations. Both studies concluded that fibroin-
based materials promoted epithelialization.
Moriyama et al. [64] added an active ingredient
of aloe vera gel into silk fibroin solution to pre-
pare silk fibroin/aloe vera gel membrane, which
was used to repair full-thickness skin lesions of
diabetic model mice, and obtained obvious
effects. A mixed film of silk fibroin/polylactide-
glycolide (PLGA) prepared by Shahverdi et al.
[65] can be used as a chronic wound hemostatic
material. Shan et al. [66] prepared silk fibroin and
gelatin as a double-layer hemostatic material and
compared it with commercially available hemo-
static materials. The results showed that the new
hemostatic material can significantly reduce the
wound area and promote wound healing and for-
mation. Kanokpanont et al. [53] performed wax
coating modification on the surface of silk fibroin
to prepare a nonadhesive hemostatic material.
The results showed that this material can effec-
tively stop bleeding, reduce wound pain, and
reduce the risk of wound reinjury.

Keratin is the major structural protein of vari-
ous types of epithelial cells and plays an impor-
tant role in wound healing. Li Pengfei et al.
prepared a keratin nanofiber membrane to pro-
mote wound healing. Keraplast company (in the
United States) has made human hair keratin into
a skin wound covering material and commercial-
ized it, which has a positive impact on the treat-
ment of full-thickness skin defects and non-thick
skin defects. Lee et al. [67] mixed silk fibroin and
keratin to form a silk fibroin/keratin membrane,
which improved anticoagulant and biocompati-
bility. Aboushwareb et al. [68] found that keratin
hydrogels have hemostatic properties and are
expected to be effective hemostatic agents.
Compared with other common hemostatic agents,
keratin hemostatic gel can improve survival rate.
Chen Yinghua et al. found human hair keratin/
collagen sponge membrane has good physical
and biological properties, good histocompatibil-
ity, and strong vascularization ability, can stimu-
late cell proliferation, can promote the healing of
damaged skin, and can be used as a substitute for
the dermis.

3.5 Conclusions

and Perspectives

In this chapter, silk fibroin and keratin are well
introduced through protein structures, chemical
properties, and applications according to their
different biological properties. It is also proved
that by using advanced manufacturing methods,
the properties of silk fibroin and keratin can be
designed as required to match more complex
conditions. More natural fibrous proteins should
be explored, processed, modified, and applied
into biomedical field with multifunction.
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Abstract

Three-dimensional (3D) bioprinting has been a
highly influential technology in the field of tis-
sue engineering to enable speedy and precise
spatial patterning of cells, growth factors, and
biomaterials. Bioink is one of the main factors
in 3D bioprinting, and hydrogels are excellent
matrix type by means of bioinks for 3D bio-
printing. Recently, stereolithographic bioprint-
ing via digital light processing (DLP) that
allows high spatial resolution and rapid print-
ing time of complex structures has attracted
many studies. However, a small number of bio-
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inks have been applied to DLP bioprinting in
comparison with bioinks for other bioprinters.
We developed a novel bioink based on silk
fibroin that has been extensively used in bio-
medical fields due to its positive biological and
biochemical properties as biomaterials. In this
chapter, we summarized the silk fibroin basics
and various applications of silk fibroin as print-
ing material. Also, fabrication and perfor-
mance of silk-based bioink for DLP bioprinter
were discussed.

Keywords

Digital light processing - 3D bioprinting -
Photo-crosslinking - Silk Fibroin - Tissue
engineering - Scaffold fabrication - Modeling
- Rheological property - Bioink - 3D structure

4.1 Introduction

Tissue engineering is rapidly advancing in the field
of regenerative medicine as a realistic alternative to
solve problems on tissue damages by aging,
trauma, or diseases. It is conservative to say that the
progress in tissue engineering has been largely due
to three-dimensional (3D) bioprinting. 3D bioprint-
ing is defined as an additive layer-by-layer manu-
facturing of cell-laden biomaterials and bioactive
molecules in a structure designed by computer-
aided design (CAD). However, deposition of bio-
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logical factors in a 3D structure remains still many
problems to be solved to make a complete organ.

Bioink plays a significant role for loading
cells and biomolecules, and it also substantially
contributes to the final shape fidelity. Hydrogels
are recommended as bioink material; several
hydrogel biomaterials based on alginate, colla-
gen, gelatin, hyaluronic acid, Pluronic®, and
poly(ethylene glycol) form the basis of commer-
cial bioinks (Table 4.1). However, bioink materi-
als are needed to be continuously developed
because these are not clinically available and not
fully satisfied to requirements of bioink.

Various bioprinting strategies have been
applied to fabricate cell-laden 3D structures
including inkjet, extrusion-based, laser-assisted,
and stereolithography-based printing [1-3].
Among these strategies, digital light processing
(DLP) printing (digital micro-mirror device
(DMD)-based stereolithography) developed by
Lu et al. [4] has been magnified as a high-
throughput technique which gives high spatial
resolution and great biocompatibility. DLP
printer requires photosensitive polymers as bio-
ink; however, a limited number of materials such
as polyethylene glycol diacrylate (PEGDA), gly-

Table 4.1 Commercial bioinks [68] (referred company homepage)

Company Trade name Material

CELLINK CELLINK A Alginate

(Sweden) CELLINK A-RGD Alginate/RGD
CELLINK bioink Alginate and nanofibrillar cellulose
CELLINK bone CELLINK and tricalcium phosphate
CELLINK FIBRIN CELLINK and fibrinogen
CELLINK CELLINK and laminin
LAMININ
CELLINK RGD CELLINK and alginate coupled with L-arginine-glycine-L-aspartic

acid peptide

Coll 1 Collagen type 1
ColMA Collagen methacrylate

Bio Conductink

Gelatin methacrylate and carbon nanotubes

GelMA

Gelatin methacrylate

GelMA A Gelatin methacrylate and alginate
GelMA C Gelatin methacrylate, nanofibrillar cellulose, and alginate
GelMA HA Gelatin methacrylate and methacrylated hyaluronic acid
GelMA HIGH High-concentration gelatin methacrylate
GelXA Gelatin methacrylate, xanthan gum, and alginate
GelXA BONE Gelatin methacrylate, xanthan gum, alginate, tricalcium phosphate,
and hydroxyapatite

GelXA FIBRIN Gelatin methacrylate, xanthan gum, alginate, and fibrinogen
GelXA LAMININ Gelatin methacrylate, xanthan gum, alginate, and laminin
GelXG Gelatin methacrylate and xanthan gum

Bioink solution Gel4Cell® Gelatin methacryloyl

(Korea)

Gel4Cell® Peptides

Gel4Cell® conjugated with growth factor mimetic peptides (BMP,
VEGEF, or TGF)

TGel-S Extracellular matrix extracted from small intestinal submucosa
regenHU (Swiss) ECM-Biolnk™ Human relevant synthetic ECM
Biolnk™ PEG/gelatin/hyaluronic acid
BioBots (USA) Biol27 Pluronic® F127 base
BioGel GelMA
Aladdin (China) GelMA25% Gelatin methacryloyl (25~125% degree of methacrylation)
GelMA50%
GelMA75%
GelMA100%

GelMA125%
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cidyl methacrylate-modified hyaluronic acid
(GM-HA), and gelatin methacrylate (GelMA)
have been applied for DLP printing (Table 4.2).

Silk fibroin (SF), a natural fibrous protein pro-
duced by Bombyx mori (B. mori), approved as a
biomaterial by the FDA in 1993 has extensively
been used in biomedical fields due to its excellent
biocompatibility, adjustable biodegradability,
good mechanical properties, and produceable-
ness into various scaffold types [5-7].
Considering SF’s versatility, it is not surprised
that SF can be promising materials for bioink.
However, low concentration and low viscosity of
single SF are obstacles for common 3D printing
application. Therefore, the 3D bioprinting using
SF is now being processed by blending with other
high viscosity materials to increase its printabil-
ity [8-10].

In our laboratory, SF- or SF-blended biomate-
rials have been fabricated to sponge, powder,
membrane, film, hydrogel, etc. for biomedical
application during the last 10 years. Recently, in
an effort to use SF as a bioink, our team devel-
oped a novel photopolymerizable bioink consist-
ing of solely SF (Sil-MA) for DLP printing. In
this chapter, we will mainly discuss the fabrica-
tion of Sil-MA bioink and its performance via
DLP printer. Before this, we summarized the SF
basics and various studies of SF as a 3D bioprint-
ing material.

Silk Fibroin Basic
and Rheological Property

4.2

Silk produced from B. mori is composed of SF
as fibrous protein and sericin as glue-like pro-
tein that surrounds the fibroin threads. H-chain
(hydrophobic domains) of SF contains a repeti-
tive polypeptide sequence of Gly-Ala-Gly-Ala-
Gly-Ser and Gly-Ala/Ser/Tyr dipeptides, which
can build stable antiparallel B-sheet crystallites
[7]. SF is more stable and stronger than other
common natural materials due to its hydropho-
bicity, substantial hydrogen bonding, and high
protein crystallinity by p-sheet crystals, which
prolongs degradation time of the engineered
product. Established aqueous processing such

as lithium bromide treatment, calcium chloride
treatment, etc. results in aqueous solutions of
regenerated SF (RSF) [11, 12]. Hydrophobic
segments (pB-sheet) and hydrophilic segments
(random coils) are dispersed randomly in a fresh
RSF aqueous solution; it can be easily aggre-
gated through physical or chemical stimuli to
form a B-sheet [13] and be a hydrogel [5, 14].
Besides hydrogel, RSF can be different forms
including film, membrane [15], powder [16],
nanofibers [17, 18], and porous sponges [19,
20], which are suitable for regeneration field.
RSF-based products show excellent biocompat-
ibility, low immunogenicity, enzymatic degrad-
ability, and controllable biodegradability [21].
In addition, RSF-derived products can be a
modified molecular weight distribution, protein
conformation, and degree of crystallinity
through processing condition [22-25]. With
these merits, it has been applied for biomedical
field such as cartilage regeneration [26], drug
delivery [27], ridge preservation [28], bone
regeneration [29-32], tympanic membrane per-
foration [33], intervertebral disc [34], wound
dressing [35, 36], enzyme immobilization
matrix [37], vascular prosthesis and structural
implant [19, 38], etc.

Bioink should be thorough, including cyto-
compatibility, applicable mechanical properties,
cell encapsulation ability, printability, biomim-
icry, etc., to meet both 3D cell culture and print-
ing process. In this respect, hydrogels are
recommended as bioink material due to its ability
to encapsulate living cells and controllable
mechanical-, degradable-, and chemical proper-
ties [39]. The main parameters determining the
printability of bioinks are viscosity, density and
surface tension, and nozzle diameter [40]. The
printability of single RSF is low, reflecting its
original environment in which SF coexists with
sericin in silk. It has insufficient rheological
properties (a low concentration (6%) and a low
viscosity (46.5 mPa-s at 16%, 71 mPa-s at 24%,
200-800 mPa-s at 10%) [41, 42] for 3D printing.
SF bioinks show shear thinning behavior
(decreasing viscosity with increasing shear
stress) below 20 wt% and represents a typical
Newtonian fluid behavior (constant viscosity
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with increasing shear stress) more than 20 wt%
because of reduced chain mobility [43]. RSF is
slowly gelated by enzyme (e.g., HRP), and com-
mon gelation processes being applied for SF
(e.g., low pH, high temperature, additives) are
not suitable for cell viability [9, 44]. However,
the rheological properties of SF can be improved
by adjusting the molecular weight of the SF (by
degumming time and degumming temperature)
and the final concentration of SF solution [40].
Nevertheless, quite a few studies have been con-
ducted to apply SF to 3D bioprinting, and here
are some examples on how SF was used as bioink
depending on the printing technology in the
below section.

4.3 Silk Fibroin-Based Materials
for 3D Printing

4.3.1 The Use of SF in Inkjet
Bioprinting

Inkjet bioprinting motivated from conventional
2D inkjet printing has advantages, such as rela-
tively low cost, ease of use, and moderate print-
ing speed (mm-s~!), and disadvantages that high
viscosity materials and high cell density cannot
be applied due to nozzle clogging. This feature
ultimately brings restrictions on the fabrication
of thick 3D structure [45]. For inkjet bioprinting,
the bioinks with dilatant behavior and rheopectic
(a time-dependent dilatant) behavior are suited.
In this property, the polymer’s viscosity increases
with an increment of shear stress; therefore,
droplets are formed by the increased viscosity
following ejection during printing. Inkjet bio-
printing ideally adopts a low-viscosity bioink
(3.5-12 mPa-s) for easy flow without the nozzle
clogging.

SF that can form solution drops (pL~nL) due
to the amphiphilic nature of SF chains enables
application to inkjet printing by itself. Tao et al.
fabricated 3 wt% SF (90-350 kDa) solution in
DW which could make stable droplets with suit-
able surface tension (0.046 N/m) and dynamic
viscosity (3 mPa-s) [40]. They generated 20 pm
spots through BMP added SF solution and com-

mercial inkjet printer, which can be used for
osteoblastic differentiation of h-MSC. In addi-
tion, they fabricated several functional silk inks
including gold nanoparticles (Au-NP)-silk inks,
horseradish peroxidase (HRP)-silk inks, antibi-
otic-silk inks, and silk ink mixed with polydiacet-
ylene/IgG for colorimetric bacterial sensing.

Compaan et al. developed a two-step gelation
process for the printing of SF, which uses algi-
nate as a sacrificial hydrogel during an inkjetting-
based printing to realize SF freeform fabrication
[46]. First, alginate in NIH/3T3 laden SF/alginate
solution is cross-linked by calcium chloride, and
then tyrosine residues of SF were cross-linked by
HRP. Finally, the calcium alginate is removed by
sodium citrate treatment, and only cross-linked
SF gel was remained. The SF hydrogel through
this system showed excellent cell adhesion and
no noticeable change in the shape integrity for
42 days. The considering side effect of the
sodium citrate treatment on cell metabolic activ-
ity can be overcome by using biodegradable
alginate.

4.3.2 The Use of SF in Extrusion-
Based Bioprinting

Extrusion-based bioprinter developed by modify-
ing the inkjet printer uses a screw plunger or an
air pump to extrude bioink. Hydrogels with high
viscosity are applicable to extrusion-based bio-
printer. However, cells encapsulated in bioink
receive large mechanical stress when they pass
the nozzle. Also relatively higher viscosity of
bioink and longer printing time than others can
reduce cell viability by 40-80% [45]. Generally,
bioinks with shear thinning and thixotropic
behavior are commensurate with the extrusion-
based bioprinting. In shear thinning bioinks, the
polymer chain aligns to facilitate ejection when
shear stress is applied to the hydrogel. Also,
thixotropic hydrogels show a time-dependent
shear thinning behavior, result to a low viscosity
in the nozzle tip during printing, and recover its
stability after printing. The ideal viscosity of
extrusion bioprinting is from 30 mPa-s to
60 x 10"7 mPa-s [47]. Zhong et al. fabricated silk
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fibroin/hydroxypropyl methyl cellulose (30
wt%SF/10 wt%HPMC) thixotropic hydrogel
using an extrusion printer (Regenovo 3D bio-
printer) and seeded normal human bronchial
epithelial cell line (BEAS-2B) on the scaffold.
They degummed SF solution using sodium car-
bonate to be concentrated to a high concentration
[48]. Rodriguez et al. printed SF solution within
a printing medium composed of synthetic nano-
clay (laponite, 2.5%w/v) and polyethylene glycol
(PEG, 40%v/v) using pneumatic extrusion printer
(CELLINK INKREDIBLE+bioprinter) [49].
They degummed SF in sodium bicarbonate to
make a high concentration of SF solution
(> 30%). PEG contributed to cross-link the SF
bioink and laponite supported structures while
printing through thixotropic properties. They
seeded primary human skeletal muscle myoblasts
on the cross-linked SF hydrogel after removal of
nanoclay. This method gives in situ physical
cross-linking of SF into arbitrary geometries fab-
ricated by freeform 3D printing.

Yeon et al. developed a less invasive, patient-
specific, mechanically stable, and high biocom-
patible 3D printed bone clip as an internal fixation
device. This contains 94% polylactide, 3%
hydroxyapatite, and 3% SF (PLA/HA/SF) [50].
SF particles with 500-800 nm were obtained
from freeze-dried 6% SF solution. Cell-free
PLA/HA/SF bioink was printed through extru-
sion printing. This composite bone clip showed
similar mechanical property with and superior
biocompatibility to PLA and PLA/HA bone clip.
In addition, excellent alignment of the bony seg-
ments across the femur fracture site was observed
under the bone clip in a rat animal study.

4.3.3 The Use of SF in Laser-
Assisted Bioprinting

Laser-assisted bioprinting is the principle using a
laser beam for cell transfer. Laser-induced for-
ward transfer (LIFT) printer composes of a
pulsed laser source, glass slides that are com-
posed of a thin layer of laser-absorbing material
and a layer of biomaterial to be transferred (donor
ribbon), and a receiving layer. The laser is focused

toward laser-absorbing layer, which generates
local heating and creates a vapor bubble in the
underlying bioink in the donor layer. Finally, bio-
ink droplets reach the receiving layer. For laser-
assisted bioprinting, the bioink should have
properties such as sufficient adhesion and low
surface tension for even spreading and good
adhesion on the donor slide. In addition, the bio-
ink should have high viscoelasticity, rapid gela-
tion ability, and easy transfer of thermal energy
into kinetic energy. Generally, the bioink for
laser-assisted printing adopts viscosity with
ranges 1-300 mPa-s. Until now, SF bioink has
not applied to this LIFT-type printer.

As another laser method, laser-guided direct
writing system is the principle that laser-
irradiated bioink is deposited on the target sur-
face, and the bioink is drawn while moving the
target surface. Ghosh et al. described the forma-
tion of 3D microperiodic scaffolds by laser-based
direct writing of SF (Aerotech Inc.) [43]. The 29
wt%SF bioink had low shear viscosity (~2.9 Pa)
which is similar to the synthetic polyelectrolyte
complexes developed initially for direct writing.
They printed SF solution into scaffolds with
small feature sizes (diameter 5 pm). The SF ink
resulted in minimized dimensional shrinkage in
the scaffolds. Human bone marrow-derived mes-
enchymal stem cells (hMSCs) seeded on this
scaffold were differentiated under chondrogenic
conditions. However, they met frequent choking
of nozzles due to shear-induced f-sheet crystal-
lization and shortage of cell adhesion motifs on
SF as demerit. Therefore, in their further study,
they optimized viscoelastic property of SF by
mixing gelatin in the various ratio [51]. This
SF-gelatin blended bioink facilitated the flow
through nozzles and supported redifferentiation
of chondrocyte.

4.3.4 The Use of SF Bioink in DLP
Bioprinting

Digital light projection (DLP) technology as ste-
reolithography is an emerging technology
recently. This printing method works in the top-
down or bottom-up setups. DLP technology has
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many advantages as compared to the techniques
mentioned above. First of all, projection technol-
ogy allows the polymerization in layer-by-layer
fashion. Therefore, the building time is faster
(~30 min, mm?®-s~!) than other printers with line-
by-line fashion (extrusion, inject, laser micro-
stereolithography). The printing time of each
layer is the same regardless of the complexity or
size and only depends on the thickness of the
structure. These fast printing time and nozzle-
free way result in very high cell viability (85—
95%). Especially, numerous mirrors in digital
micro-mirror device (DMD) tilt separately in an
on/off state, which play a role as a dynamic mask
[45, 52] and result in resolution down to 200 pm.
Shin et al. reduced the transparency of
poly(ethylene glycol)-tetraacrylate (PEG4A)
solution by adding SF incorporated with melanin
(SFM) nanoparticles for DLP printing [53]. This
blend enabled complex features including hollow
blood vessels or tubes to be fabricated. Also, the
elastic modulus of the hydrogel printed by this
mixture increased 2.5-fold higher than the
PEG4A hydrogel. Cell-encapsulated PEG4A/
SFM bioink showed superior biocompatibility
than PEG4A. Zhao et al. fabricated composite
polypyrrole and 13%SF (PPy/SF) scaffolds with
subsequent electrochemical deposition of PPy
and stereolithography printing (or electrospin-
ning) of SF for application into neuronal tissue
engineering [54]. This scaffold has aligned con-
struct and nanofiber structures. Schwann cells
and L.929 cells seeded onto scaffold showed good
cytocompatibility. Na et al. printed a bioink com-
posed of gelatin methacrylate/silk fibroin-
encapsulated fibroblasts using DLP printing. SF
raised the viscosity of gelatin methacrylate and
contributed to avoid cells’ precipitation. In addi-
tion, SF helped to increase cell dispersion and
viability [55]. As a strategy to make the bone
fixation system, Kim et al. fabricated SF plate
and screw through a centrifugal casting technique
incorporated 3D DLP printing technology [56].
Reverse-image casting molds as templates for the
bone fixation system were printed by 3D DLP
printer. These casting molds were put into a cen-
trifuge, and 30%SF solution was filled in the
molds. Finally, mechanically and structurally

stable plates and screws were completed after
centrifugation at 3000 rpm for 4 h. In vivo study,
the devices resulted in new bone formation main-
taining well in the fixed location. Lastly, we
developed precisely printable and biocompatible
10-30%SF bioink for DLP bioprinting through
SF methacrylation and proved their performance
as fabricating complex structures with high reso-
lution and biocompatibility [45]. This is dis-
cussed in the below section in more detail.

44  Methacrylated Silk Fibroin

Solution for 3D DLP Printer

Although DLP printer has advantages of rapid
printing time, high resolution and biocompatible
by nozzle-free printing, etc., DLP printing is not
widely used because of the limited light sensitive
biomaterials to be applied. Table 4.2 provides an
overview of the photopolymerized bioinks
(including material, concentration, cell type, and
concept of study) used for 3D DLP bioprinting.
Materials being applied for DLP printing are
based on gelatin or hyaluronic acid (HA) as natu-
ral polymer and polyvinyl alcohol and polyethyl-
ene glycol as synthetic polymer. We are going to
mention only the natural polymer that has supe-
rior biocompatibility compared to synthetic
polymer.

Gelatin has advantages including biocompati-
bility, biodegradability, low antigenicity, exist of
intrinsic  Arg-Gly-Asp (RGD) motifs, etc.
However, gelatin belongs to the thermo-
responsive, UCST (upper critical solution tem-
perature) hydrogel, that is, gelatin can be
dissolved in water (sol state) above a specific
temperature threshold of about 40 °C and it can
be gel below the temperature [57]. Therefore,
temperature control is needed during printing to
inhibit gelation in a bath.

HA belonging to a polysaccharide is non-
immunogenic and non-thrombogenic and can be
cross-linked via various mechanisms to form
hydrogels. HA has been proven in angiogenesis
[58], wound healing [59], tendon regeneration
[60], cartilage regeneration [61, 62], etc. Because
of one of the significant drawbacks, the weak of
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water, HA is used as being blended with other
materials or being modified chemically [63].
Nevertheless, HA has still a short degradation
time (within 2 days, methacrylated HA) [64]. In
addition, HA with high viscosity (at least
500 mPas by high molecular weight
(20~1500 kDa) appears to be more suitable for
extrusion-based bioprinter [65] than DLP.

In the absence of suitable bioink for DLP
printer, it is important to develop a novel bioink
satisfied with biodegradable, biocompatible,
bioprintable, and mechanically stable proper-
ties. Therefore, Kim et al. have reported that
methacrylated SF is synthesized as bioink (for
cell encapsulation) for DLP bioprinter [45]. SF
can be incorporated with various materials
through chemical modifications including cou-
pling reactions, amino acid modifications, and
grafting reactions. Like gelatin, SF can be modi-
fied with photopolymerizable methacryloyl
groups through amine-containing side groups,
enabling covalent cross-linking by UV light fol-
lowing the DLP bioprinting process. In addi-
tion, SF has a suitable viscosity for DLP
printing.

As degumming process, 40 g of sliced B. mori
cocoons were boiled in 1 L of 0.05 M sodium
carbonate (Na,CO;) solution for 30 min at
100 °C. Degummed silk was dried at RT, and
20 g of it was dissolved in 100 mL of 9.3 M lith-
ium bromide (LiBr) solution at 60 °C for 1 h.
Right after SF was solved by LiBr, glycidyl
methacrylate solution (GMA) (final concentra-
tion 141-705 mM) was added to the mixture stir-
ring with a speed of 300 rpm for 3 h at 60 °C to
create a high yield reaction between GMA and
SFE. Then, the resulting solution was dialyzed
against distilled water using 12-14 kDa cutoff
dialysis tubes for 4-7 days. Finally, methacry-
lated SF solutions (Sil-MA) were freeze-dried for
48 h. The methacrylation’s success or failure and
the degree of methacrylation were confirmed
using NMR and FT-IR. Usually, gelatin [66] and
HA [67] were modified by methacrylic anhydride
(MA) to give methacryloyl groups. However,
GMA reagent is more recommended to SF modi-
fication than MA because GMA rarely produces
an acidic by-product (which can crystalize SF at

unwanted steps) primarily through the epoxide
ring-opening mechanism.

To make Sil-MA bioink, 0.2%w/v lithium
phenyl (2,4,6-trimethylbenzoyl) phosphinate
(LAP) was added to the solution of 10-30%
Sil-MA and printed with DLP bioprinter of high
resolution. LAP that is initiated at 365 nm UV
light has a higher water solubility and lower cell
cytotoxicity than Irgacure 2959. The absorbance
of LAP at 400 nm allows for polymerization with
visible light. Applegate et al. used riboflavin
(vitamin B2) as a photoinitiator and visible light
as a light source for SF polymerization via tyro-
sine in SF protein. The visible light is safe to
cells; however, the high penetration ratio and
long cross-linking time that affects the final
structure of construct are not preferred to DLP
printer.

The Sil-MA hydrogel printed by DLP printer
showed suitable properties for use in tissue engi-
neering. Through rheometer, Sil-MA hydrogel
showed a typical viscoelastic character of hydro-
gels. The hydrogel (30% Sil-MA) has a compres-
sive strength (910 kPa) and a good tensile
strength, and it endured a weight of kettle bell
(7 kg) with elastic resilience. These high mechan-
ical properties of Sil-MA enabled the hydrogel to
be sutured and especially made it possible to per-
form dog’s tracheal end-to-end anastomosis.

We tested the printability of Sil-MA by print-
ing various types of objects or organs such as
porous scaffold and the Eiffel Tower, ear and
brain, trachea, heart, lung, and vessel. DLP print-
ing using Sil-MA bioink produced successfully
these complex structures including micro vein,
artery, folds, and small holes (700 pm~) (Fig. 4.1).

In order to evaluate Sil-MA biocompatibility,
we printed NIH/3T3-encapsulated Sil-MA
hydrogel and carried out a live/dead assay and
CCK-8 assay. Sil-MA hydrogel showed good
cytocompatibility at even high concentration.
Especially, it was shown that alive cells were dis-
tributed evenly over the printed constructs regard-
less of the size and complexity of the construct
(HL logo and the brain and trachea with different
cell-type layers) through single plane illumina-
tion microscopy (SPIM). To see the possibility to
specific targeted tissue engineering on this sys-
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Printed images

Horizontal side

Fig.4.1 Printability of 30%Sil-MA using DLP printer. (a)
Porous scaffold and Eiffel Tower imitation; (1) CAD images
depicting scaffolds and the Eiffel Tower and (r) printed
images. Printed scaffolds had small pores around ~700 pm,
and the Eiffel Tower had small holes and grid on the sur-
face. (b) Ear and brain mimicked shape; (1) CAD images
depicting the ear and brain and (r) printed images. Printed
products were not damaged when they were compressed by

fingers tightly, and they were back to their original shape
when fingers were relaxed. (¢) Trachea, heart, lung, and
vessel mimicked shape; (1) CAD images depicting the tra-
chea, heart, lung, and vessel and (r) printed images at vari-
ous angles. Printed products by DLP using Sil-MA showed
complex structure reflecting their CAD images, including
veins, arteries, folds, and holes. Scale bar indicates 1 cm.
[45] Copyright: Nature publishing group
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C. CAD

Printed images at various angles

Vascular

1)

Fig. 4.1 (continued)

tem, human chondrocytes were encapsulated in
Sil-MA hydrogel and cultivated in vitro. This
cell-laden Sil-MA hydrogel showed a great carti-
lage tissue formation in them. Our study suggests
that Sil-MA bioink can actively play as a promis-
ing material combined with DLP bioprinter in
tissue engineering field.

4.5 Conclusions

Silk fibroin (SF) has been utilized in a variety of
tissue engineering applications. With biological
advantages of SF, SF is also attractive as a bioink
material. However, SF’s unique characters (such

Water perfusion

as amphiphilicity, p-sheet self-assembly by vari-
ous stimuli, intrinsic low viscosity, changeable
rheological property depending on concentration,
etc.) are things that should be considered for
applications into general bioprinting technology
as a bioink. Several studies have been reported on
the utilization of SF to various 3D bioprinting
modalities. The printing performance of SF can
be improved by lowering the density of the silk
for inkjet printing and by mixing with other bio-
materials (e.g., gelatin) for extrusion printing.
The sole SF was used in a small number of stud-
ies; however, important issues to be solved were
remained. Most of the studies using silk bioink
until now have proceeded by seeding cells after
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printing, not cell encapsulation in bioink. Studies
using DLP printing dealt with cell-laden SF bio-
ink, but blended bioink with other materials for
photocross-linking was used. Methacrylated SF
was developed with a suitable rheological prop-
erty and obtained printability for DLP printing as
well as cell encapsulation property with
biocompatibility.

We expect that this methacrylated SF can play
a role in tissue engineering being in harmony
with DLP bioprinter. However, there are many
issues to be solved for the actual application of
this system. For examples, the use of UV light in
polymerization, chemical reagent for the intro-
duction of photocross-linkable group, and photo-
initiator are cell unfriendly causing cytotoxicity.
The lack of cell binding motif in silk is also a
problem to be overcome. In terms of printability
using DLP printer, the transparency of the SF is
needed to be considered because of shape fidel-
ity. For further valuable study of SF bioink appli-
cation to various printing modalities including
DLP, it is important to have a deep understanding
of SF as well as printer to be applied.
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Abstract

The ordered assembly of multicellular struc-
tures mimicking native tissues has lately come
into prominence for various applications of
biomedicine. In this respect, three-dimensional
bioprinting (3DP) of cells and other biologics
through additive manufacturing techniques has
brought the possibility to develop functional
in vitro tissue models and perhaps creating de
novo transplantable tissues or organs in time.
Bioinks, which can be defined as the printable
analogues of the extracellular matrix, represent
the foremost component of 3DP. In this chapter,
we attempt to elaborate the major classes of
bioinks which are prevalently being evaluated
for the 3DP of a wide range of tissue models.
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Abbreviations

3DP Three-dimensional bioprinting

A1AT Alpha-1 antitrypsin

ACCs Articular cartilage chondrocytes

AChR Acetylcholine receptor

Alg Calcium alginate

ALI Air-liquid interface

ALP Alkaline phosphatase

APAP Acetaminophen

ASCs Adipose stem cells

BaCl, Barium chloride

BM-MSCs Bone marrow-derived mesenchy-
mal stem cells

CaCl, Calcium chloride

CECs Corneal epithelial cells

CKCs Corneal keratocytes

CMA Collagen methacrylamide

CMPCs Cardiac-derived cardiomyocyte
progenitor cells

CMs Cardiomyocytes

CYP Cytochrome P450

dECM Decellularized extracellular matrix

DLP Digital light processing
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DVS
EBB
EDC

ESC-LESCs

FBs
FDM
Gel-MA
Gel-AGE
GRGDS

HA
HAGM

HUVECs

iPSCs
LAB
LAP

LBB
MBB
MCs
MMP
MPCs
MRI
MSCs
NaHCO;
nHAp
NSCs
PCL
PCNs
PDMS
PEGDE

PEGDMA
PEGDVS

PHCs
PMMA
PU
RGD
RT

s.C.

Divinyl sulfone

Extrusion-based bioprinting
1-Ethyl-(3-3-
dimethylaminopropyl)
hydrochloride

Embryonic stem cell-derived lim-
bal epithelial stem cells
Fibroblasts

Fused deposition modeling
Gelatin methacrylate

Allylated gelatin
Cell  binding
osteopontin
Hyaluronic acid
Hyaluronic acid glycidyl
methacrylate

Human umbilical vein endothe-
lial cells

Induced pluripotent stem cells
Laser-assisted bioprinting
Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate
Laser-based bioprinting
Microvalve-based bioprinting
Melanocytes

Matrix metalloproteinase

Muscle progenitor cells
Magnetic resonance imaging
Mesenchymal stem cells

Sodium bicarbonate
Nanohydroxyapatite

Neural stem cells
Poly(caprolactone)

Primary cortical neurons
Poly(dimethylsiloxane)
Poly(ethylene glycol) diglycidyl
ether

Poly(ethylene glycol)
dimethacrylate
Poly(ethylene
sulfone
Primary hepatocytes
Poly(methyl methacrylate)
Poly(urethane)
Arginylglycylaspartic acid peptide
Room temperature

Subcutaneous

domain of

glycol) divinyl

sGAGs Sulfated glycosaminoglycans

TA Tibialis anterior

pCop Micro-continuous optical
printing

puCT X-ray micro-tomography

5.1 Introduction

Tissue engineering has emerged as a field to over-
come limitations encountered in tissue and organ
transplants about three decades ago [64]. In the
course of time, several cellular and acellular
approaches have been evaluated [98]. Biomaterial
scaffolds have been used to provide structural
support for the adhesion, migration, and prolifer-
ation of seeded cells. They have been fabricated
by means of numerous techniques, such as phase
separation, freeze drying, solution casting, gas
foaming, melt molding, solvent casting, electros-
pinning, and others [13, 14, 31, 63, 82]. Scaffolds
made up of such techniques usually have limita-
tions in positioning different cell types, forming
the cell gradients, and providing necessary cell
concentrations in order to simulate the histotypic
and/or organotypic arrangements [27, 47].

Three-dimensional (3D) printing also known
as the “additive manufacturing” is a rapidly
growing technology which is applied to numer-
ous fields [30]. The approach of 3D printing
together with viable cells (3D bioprinting) and
extracellular matrix (ECM) analogues has
attracted great attention in the last decade and is
presented as the technology which will revolu-
tionize tissue engineering, regenerative medicine,
reconstructive surgery, and personalized medi-
cine in the near future [68]. It is anticipated that
3D bioprinting will overcome challenges with
conventional tissue engineering methods, such as
manual cell seeding heterogeneity and
neovascularization.

In the future, it is expected that the patient’s
individual treatment could be performed by using
customized  compatible and  functional
3D-bioprinted tissues or organs. Briefly, printable
form and size will be customized by computer-
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aided design combined with medical imaging
(e.g., CT or MRI) to fabricate viable neografts
with precise anatomical shape to mimic exactly
the patient’s disease and/or defect requirements
with microscale structural integrity and architec-
ture hereafter [54].

Bioinks are printable ECM-like fluids which
can be processed under mild and cell-friendly
conditions, without damaging the living cells and
bioactive macromolecules [40]. They differ from
traditional additive manufacturing materials, e.g.,
thermoplastics, ceramics, and metals which
necessitate the use of harsh solvents, high tem-
peratures, and/or crosslinking methods for print-
ing. The most commonly used bioinks are the
functionalized [90] and/or composite forms of
alginate [3], collagen, [79], methacrylated gelatin
[105], hyaluronic acid [86], decellularized extra-
cellular matrices (dECMs) [12, 53], silk [9],
fibrin, agarose hydrogels, etc. which are natural
hydrogels responsive to environmental process-
ing conditions (Fig. 5.1).

While 3D bioprinting of transplantable func-
tional tissues and organs will be the main objec-
tive of this technology, for today it is more
realistic to state that it is possible to fabricate a
variety of in vitro tissue models (Tables 5.1, 5.2,
5.3, and 5.4) for studying organogenesis and
modeling diseases with current printable bioinks
in hand [41, 66]. This chapter briefly discusses on
the current state of bioinks and gives examples of
the 3D-bioprinted tissue models.

5.2  Alginate-Based Bioinks

Alginate (Alg) is a natural anionic polysaccha-
ride having (1,4)-linked p-D-mannuronate (M)
and C-5 epimer a-L-guluronate (G) consecutive
residues. Related to its biocompatibility and mild
gelation properties, this biopolymer has been
widely used for various biotechnological applica-
tions, such as for immobilization of enzymes
[24], as biological control matrix [25, 26], bioar-
tificial liver systems [22], tissue engineering scaf-
fold [52, 104], drug delivery vehicles [50], wound
dressings [1], etc.

Alginates, with a great number of variations,
can be extracted from different brown seaweed
sources such as Laminaria hyperborea and
Ascophyllum nodosum; thus the physicochemical
and mechanical properties of alginates are largely
affected by their molecular weights, G-block
lengths, and copolymer compositions (M/G ratio)
[69]. Thus, the carboxylic acid groups of G resi-
dues are crosslinked through bivalent cations,
such as Ca?*, Mg?*, Ba?*, and Sr**. Besides, meth-
acrylated forms of alginate can be photocross-
linked in the presence of eosin triethanolamine
[100]. Increasing the MW of alginate can improve
the physical properties of the resultant gels; nev-
ertheless, high MW alginate solutions are very
viscous making it needless for processing [72]
and bring the risk of cell damage through forces
generated during mixing [61] and perhaps in the
course of bioprinting. Therefore, there is a diffi-

NATURAL - ORIGIN

= Collagen = Gelatin

= Silk Fibroin = Alginate

= Fibrin = HA

= dECM = Agarose

SYNTHETIC - ORIGIN pr——ssss— COMMERCIAL
= PEG = PEGDMA * Pluronic ®
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Fig. 5.1 Types of bioinks and components prevalently used in 3DP studies
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Table 5.1 Representative examples of bioinks used for 3D-bioprinting bone/cartilage tissue models

Bioprinting method,

Bioinks, components | conditions Cell type, density Outcomes, determinants References
Bone models
Collagen (2 mg/ LAB; nozzle-free; Mouse Luc + D1 Bone regeneration efficiency | [56]
mL), nHAp 300 pm/s speed, 1 kHz | BM-MSCs (1.2 x 10% | of in situ bioprinted
(1.2 wt.%) frequency, 27.5 pJ mL gel) construct evaluated in mouse
composite gel energy calvaria defect model.
Mature bone formation
observed in the center of the
defects assessed by pCT,
in vivo luminescence
imaging, and histology after
2 months
PEGDMA Inkjet bioprinting; 300 | Human BM-MSCs Bioprinted MSCs with [37]
(10 wt.%); GRGDS | dpi resolution with (6 x 10%mL gel); acrylated peptides and PEG
and MMP-sensitive | 3.6 kHz firing 18 pm layer promoted robust bone and
acrylated peptides frequency; 50 staggered | thickness; construct cartilage formation with
(1 mM); crosslinked | nozzles on printhead had 222 printed layers | minimal printhead clogging
by Irgacure 2959 compensated for firing during long-term culture.
photoinitiator order Cell viability ~88% at day 0
(0.05%)
Collagen (4 mg/ Inkjet bioprinting; Human BM-MSCs Bioprinted MSCs in [21]
mL), agarose electromagnetic (1.6 x 10%mL gel) thermosensitive hydrogel
(3 wt.%) microvalve coupled to a supported osteogenic
heatable syringe, differentiation of MSCs as
600 pm nozzle @, confirmed by ALP activity
0.5 bar pressure and osteogenic mRNA
expressions. Cell viability
98% after 21 days
Cartilage models
Rat tail collagen EBB; deposition Bovine meniscal Post-printing viability [94]
(7.5-20 mg/mL) surface heated fibrochondrocytes ~90%; resolution accuracy
(10 x 10%mL gel) ~5 mm; geometric printing
fidelity achieved
Gel-MA (20 wt%); | Inkjet printing, Porcine BM-MSCs Osteochondral tissue [16]
PCL reinforcing microextrusion, and (20 x 10°/mL gel); modeling; static/bioreactor
framework FDM,; printing scalable | porcine ACCs culture up to 10 weeks,
arrays of spheroids (3 x 10%/mL gel); evaluation by sGAG, total
within framework MSC:CC ratio 3:1 collagen, and calcium
content and mechanical
analysis
Cartilage dECM Projection-based Human ASCs Post-printing viability [112]

(3%; wiv); Alg

(2 wt.%); dECM
crosslinked by
tyrosinase; Alg
crosslinked by
CaCl,; PCL scaffold
framework

micro-stereolithography

(1 x 107/mL gel)

>87%: in vitro
chondrogenesis evaluation
up to 21 days; in vivo
neocartilage formation (s.c.)
evaluated up to 12 weeks in
Balb/c mouse

Abbreviations: & nozzle diameter, ACCs articular cartilage chondrocytes, ASCs adipose stem cells, Alg calcium algi-
nate, ALP alkaline phosphatase, BM-MSCs bone marrow-derived mesenchymal stromal cells, CaCl, calcium chloride,
dECM decellularized extracellular matrix, EBB extrusion-based bioprinting, EDC 1-ethyl-(3-3-dimethylaminopropyl)
hydrochloride, FDM fused deposition modeling, Irgacure 2959 2-hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-methyl-1-
propanone, LAB laser-assisted bioprinting, yCT X-ray micro-tomography, MSCs mesenchymal stem cells, nHAp
nanohydroxyapatite, PCL poly(caprolactone), PEGDMA poly(ethylene glycol) dimethacrylate, s.c. subcutaneous,
sGAGs sulfated glycosaminoglycans, RT room temperature
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Table 5.2 Representative examples of bioinks used for 3D-bioprinting skin/cornea models

Bioinks, Bioprinting method,
components conditions Cell type, density | Outcomes, determinants References
Skin models
Collagen I (3 mg/ | LBB layer-by-layer using | Mouse NIH-3T3 Evaluation of 3D-cell [60]
mL; rat tail); blend | Nd:YAG laser (1064 nm) | dermal FBs; arrangement and proliferation
of Alg (4 wt%) human HaCaT up to 10 days as potential
and blood plasma; KCs (1.5 x 10%mL | multicellular skin graft model;
collagen gel) analysis of adherens and gap
neutralized and junctions
gelled by
NaHCO;; Alg
crosslinked by
CaCl,
Collagen (2 mg/ 3D-freeform fabrication; | Human dermal Organotypic 3D-skin tissue [71]
mL gel), electromechanical FBs; human model; post-printing viability
neutralized and microvalve-based printing | epidermal KCs of 95% (FBs), 85% (KCs)
gelled by in layer-by-layer fashion; | (1 x 10%mL gel)
NaHCO;; 1.2 and 2 psi pressures
bioprinting on a
PDMS mold
Collagen (3 mg/ Microvalve-based Human HFF-1 Post-printing viability of [70]
mL), neutralized bioprinting; higher FBs (2.3 x 10%/ >95%; cultures grown at the
and gelled by printing pressure applied | mL); human ALI transwells up to 14 days;
nebulized NaHCO; | for viscous collagen HaCaT KCs multilayered epithelium
vapor precursor than cell (1.4 x 10¢mL gel) | formation shown by histology

suspensions
Collagen I (6 mg/ | Microvalve-based Human dermal Full-thickness skin model [80]
mL; bovine), printing directly onto FBs (1 x 10°mL), | containing pigmentation at the
neutralized and transwell membrane MCs (2 x 10’/mL | dermal-epidermal junction;
gelled by inserts; 2.0 and 2.5 psi gel), KCs (7 x 10 | formation of the stratum
nebulized NaHCO; | pressures mL gel) corneum
vapor
Hyaluronic acid EBB; for cell-laden Human epidermal | FBs proliferated after 7 days, [97]
(3 mg/mL), hydrogel printing, 300 pm | KCs (1 x 107/mL | while KCs did not in culture;
glycerol (10% nozzle @, 60 kPa gel); human application to an athymic mice
v/v), gelatin pressure; for PU, 200 pm | dermal FBs skin wound resulted in skin
(30 mg/mL), and nozzle @, 1500 kPa (5 x 10%mL gel). contraction and regeneration of
fibrinogen (20 mg/ | pressure, 160 °C PU wound skin tissue consisting of
mL), crosslinked temperature; for PCL, dressing layer and | epidermis and dermis layers
by thrombin 200 pm nozzle @, printed PCL

800 kPa pressure scaffold used for

in vivo study

Collagen I (2 wt%; | EBB for FBs, and Human dermal Skin model with stabilized [57]
porcine); PCL inkjet-based dispensing FBs (2.5 x 10/mL | fibroblast-stretched dermis and
framework and for KCs gel); human stratified epidermis layers after
sacrificial gelatin epidermal KCs 14 days in ALI
(25%) (1 x 10%mL gel)
Cornea models
Alginate (3 wt.%), | EBB; 200 pm nozzle &, Human CKCs Proof-of-concept study for the | [49]

collagen (6, 8 mg/
mL), crosslinked
by CaCl,

10-180 kPa pressure

(2 x 10%mL gel)

use of 3DP corneal stroma
equivalent using collagen-
based bioink containing
encapsulated CKCs. Cell
viability >90% at day 1 and
83% at day 7

(continued)
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Table 5.2 (continued)

Bioinks, Bioprinting method,
components conditions Cell type, density | Outcomes, determinants References
Laminin-521 LBB; Nd:YAG laser Human ESC- Construction of three types of | [101]
(0.1 mg/mL), (A:1064 nm; 20 Hz, 10 ns | LESCs (30 x 10% | corneal tissue equivalents; i.e.,
collagen I (human; | pulse) for single cell type; | mL/gel); human stratified corneal epithelium,
3 mg/mL), HA for multicellular ASCs (30 x 10% lamellar corneal stroma, and
(1 wt.%), human construction, Er:YAG mL gel) for both were evaluated. hESC-
plasma and laser (A:2940 nm; pulse, constructing LESCs formed a stratified
thrombin 500 Hz, 3 ps, 500 kHz, layered stroma epithelium with apical
18 pJ; 5000 mm/s speed) expression of CK3 and basal
expression of the progenitor
markers. Col I+ neostroma
organized horizontally.
Constructs attached to host
tissue when implanted in
porcine corneal organ cultures
Alginate (1 wt.%), |EBB Human CECs Citrate-mediated, degradation- | [110]
gelatin (10 wt. %), (1 x 10%mL gel); controllable CEC-laden
collagen I eight-layered corneal tissue equivalent. Cell
(0.5-1 mg/), construct viability ~95% at day O
crosslinked by
CaCl,

Abbreviations: Alg alginate, ALl air-liquid interface, ASCs adipose tissue-derived stem cells, CaCl, calcium chloride,
CECs corneal epithelial cells, CKCs corneal keratocytes, EBB extrusion-based bioprinting, ESC-LESCs embryonic
stem cell-derived limbal epithelial stem cells, FBs fibroblasts, HA hyaluronic acid, KCs keratinocytes, LBB laser-based
bioprinting, PDMS poly(dimethylsiloxane), MCs melanocytes, NaHCOj; sodium bicarbonate, PCL poly(caprolactone),

PU poly(urethane)

culty in balancing gels with beneficial features
for bioprinting and acceptable features for cultur-
ing cells (i.e., low modulus).

In 3DP applications, Alg has been commonly
employed to form a variety of tissue constructs,
generally using Ca** as the divalent cation for
ionic crosslinking related to the ease of creating
3D structures [3]. However, the majority of
alginate-bioprinting processes last for short peri-
ods of time (e.g., 7-10 days) due to degradation-
related issues post-bioprinting under both in vitro
and in vivo conditions. For this reason, bioprinted
constructs in some cases are strengthened by fur-
ther crosslinking. Extrusion-based bioprinting is
prevalently used for bioprinting alginates (usu-
ally 2-4 wt.% gels), while droplet-based bio-
printing is also applicable if the concentration
permits the formation of droplets [42].

The lack of signaling molecules for cell adhe-
sion may be considered as a limitation of alginate

in cellular interactions. On the other hand, it is
possible to introduce molecular binding sites to
Alg by modifying with peptides (e.g., RGD,
IKVAV) [69]. For example, thiol-ene alginate
hydrogels were developed which allowed 3D
bioprinting of multiple cell types, adjustment of
mechanical properties, and the introduction of
RGD functional groups to Alg hydrogels [87].
Moreover, Alg has been blended with numer-
ous hydrogels possessing inherent signaling mol-
ecules, for example, with cartilage dECM and
hASCs using the projection-based micro-
stereolithography to create neocartilage con-
structs [Table 5.1; 112]; with collagen, blood
plasma, and dermal fibroblasts by LBB to develop
a multicellular skin graft model [Table 5.2; 60];
with collagen and corneal keratocytes by EBB
for a corneal stroma equivalent [Table 5.2; 49];
with collagen, gelatin, and corneal epithelial cells
by EBB for generating a corneal tissue equivalent
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Table 5.3 Representative examples of bioinks used for 3D-bioprinting skeletal muscle and cardiac muscle models

Bioprinting method,

Bioinks, components | conditions Cell type, density Outcomes, determinants References
Skeletal muscle models
Fibrinogen (20 mg/ EBB at 18 °C; for Human primary MPCs; | Post-printing viability [58]
mL), hyaluronic acid | cell-laden hydrogel bioprinted muscle ~86%; in vivo study
(3 mg/mL), gelatin printing, 50-70 kPa constructs presented that bioprinted
(35 mg/mL) pressure, 90 mm/min (10 x 10 x 3 mm?) muscle constructs reached
composite speed; for PCL, with different cell 82% functional recovery
crosslinked by 300 pm nozzle @, densities (10, 20, 30, and integration with host
thrombin (20 U/ 780 kPa pressure, and 50 x 10%mL gel) vascular and neural
ml); acellular 75 mm/min speed, networks in the rodent TA
sacrificial gel 95 °C temperature; for defect model after 8 weeks
without fibrinogen; sacrificial gelatin,
supporting PCL 50-80 kPa pressure,
pillar 160 mm/min speed
Hyaluronic acid EBB; for hydrogel, Mouse C2C12 Post-printing viability [54]
(3 mg/mL), 300 pm nozzle @, myoblasts (3 x 10%mL | ~97%; 7-day differentiated
fibrinogen (20— 50-80 kPa; for gel); bioprinted muscle | models implanted (s.c.) in
30 mg/mL) pluronic F127, 250 pm | constructs nude rats for 2 weeks
composite hydrogel | nozzle @, 200-300 kPa | (15 x 5 x 1 mm?) showed formation of
crosslinked by pressure; for PCL, muscle fiber-like structures,
thrombin; sacrificial | 250 pm nozzle @, with presence of AChR
gelatin (3545 mg/ 800 kPa pressure clusters, neurofilament
mL) and pluronic contacts, and
F-127; supporting neovascularization
PCL pillar
Heart muscle models
Alginate and EBB, with resolution Human fetal CMPCs Post-printing cell viability | [35]
RGD-modified of 5 mm/step (30 x 10°mL gel); ~92% at day; ~89% at day
alginate (5-10 wt.%) 2 x 2 cm construct final | 7. Enhanced gene
(1:1) crosslinked by size expression of early cardiac
CaCl, transcription factors and

troponin T. Printed cells

migrated into adjacent

Matrigel and formed

tubular-like structures
Gel-MA (5 wt.%), Light-based pCOP; Human ESCs-derived Post-printing cell viability: | [73]
crosslinked by LAP | system consisting of a | CMs (40 x 10%mL gel) | ~90% at day 3. Cardiac
photoinitiator UV light source, model for drug screening
(0.1 wt.%); projection optics, and a and evaluation of cardiac
sacrificial HAGM digital micromirror tissue maturation with the
slab (2 wt. %) device ability to assess cardiac

force and calcium transient
PEGMA-fibrinogen | EBB; with Mouse iPSCs-derived Post-printing cell viability: | [78]

(1 wt.%) and
sacrificial alginate
(4 wt.%),
crosslinked by
Irgacure 2959
photoinitiator
(0.01 wt.%) and
CaCl,

microfluidic-based
printing head; 25G
nozzle @; 10-layer-
thick constructs
printed with
consecutive layers
perpendicular to each
other

CMs (8 and 40 x 10%/
mL gel); HUVECs
(6 x 10°mL gel)
Multicellular final
construct size:

8 x 8 x 1 mm?

80-90% at day 14; a 3D
cardiac tissue model with
high orientation index
imposed by different
defined geometries and
blood vessel-like shapes
generated by HUVECs in a
NOD-SCID mice

(continued)
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Table 5.3 (continued)

Bioprinting method,

Bioinks, components | conditions Cell type, density Outcomes, determinants References
Fibrinogen (20 mg/ | EBB; for cell-laden Rat ventricular CMs Constructs maintained 55% | [106]
mL), gelatin (30 mg/ | hydrogel, 200 pm (10 x 10%mL gel) of initial tissue size for up
mL), aprotinin nozzle @, 100 kPa to 9 weeks of culture.
(20 mg/mL), pressure, 18 °C Spontaneous synchronous
hyaluronic acid temperature; for PCL, contraction observed in
(3 mg/mL) hydrogel | 300 pm nozzle @, culture. Progressive cardiac
crosslinked by 750 kPa pressure, tissue development
thrombin; sacrificial | 98 °C temperature; for confirmed by a-actinin and
hydrogel of gelatin sacrificial hydrogel, connexin 43. Notch
and HA 100 mm/min printing signaling blockade
speed significantly accelerated
development and
maturation of bioprinted
cardiac tissues
Fibrinogen (30 mg/ | EBB; 20 kPa pressure; | Cardiac organoids Multi-tissue interactions in | [99]

mL), gelatin (35 mg/
mL), crosslinked by
thrombin

300 mm/min speed

composed of iPSCs-
derived CMs (90%)
and primary cardiac
FBs (10%)

an integrated three-tissue
(heart, liver, and lung)

organ-on-a-chip platform.

Cardiac organoids

demonstrated both normal

cardiac biomarker
expression and

maintenance of long-term

viability. Propranolol
prevented epinephrine-
induced increases in
beating rates

Abbreviations: AChR acetylcholine receptor, Alg alginate, CaCl, calcium chloride, CMs cardiomyocytes, CMPCs
cardiac-derived cardiomyocyte progenitor cells, EBB extrusion-based bioprinting, ESCs embryonic stem cells, FBs
fibroblasts, Gel-MA gelatin methacrylate, HUVECs human umbilical vein endothelial cells, HAGM hyaluronic acid
glycidyl methacrylate, iPSCs induced pluripotent stem cells, uCOP micro-continuous optical printing, MPCs muscle
progenitor cells, LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate, PCL poly(caprolactone), PEGMA polyethyl-
ene glycol monoacrylate, TA tibialis anterior

Table 5.4 Representative examples of bioinks used for 3D-bioprinting liver and neural models

Bioinks, Bioprinting method,
components conditions Cell type, density Outcomes, determinants | References
Liver models
Alginate (2%); EBB; 100 pm nozzle | Mouse NIH/3T3 FBs (1 x 10% | Bioink rheological [109]
cellulose @, 5-25 psi pressure, | mL gel); human HCs (1 x 109 | properties optimized.
nanocrystals 25 mm/s speed mL gel); 3D honeycomb Post-printing cell
(4%) crosslinked structure bioprinted with FBs viability: ~59% (FBs)
by CaCl, and HCs and ~50% (HCs) at day
3. This decline is
interpreted to the lack of
cell-binding sites in the
hydrogel
Alginate MBB; 250 pm nozzle | Human HepG2 cells A preliminary study [8]
(3 wt.%), (%) (1-4 x 10%/mL gel) based on testing the
crosslinked by construct as an in vitro
CaCl,; PDMS drug metabolism model
substrate with by evaluating the
indented metabolization of EFC
chambers into the drug product
HFC

(continued)
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Table 5.4 (continued)
Bioinks, Bioprinting method,
components conditions Cell type, density Outcomes, determinants | References
RGD-coupled MBB; 102 pm nozzle | Human iPSCs-derived HLCs; | Post-printing cell [34]
alginate @; 1.0 bar (Alg) and | human ESCs-derived HLCs viability: >84% for the
(1.5 wt.%), 0.5 bar (CaCl,) (1 x 107/mL gel); 20 and 40 short nozzle and > 71%
crosslinked by pressure, 400 ps layers of 3D-bioprinted for the long nozzle at day
CaCl, or BaCl, pulse time construct 1; bioprinted HLCs
derived from iPSCs or
ESCs examined in vitro
for the presence of
hepatic marker albumin
Gel-MA DLP-based 3DB; Triculture model composed of | Triculture model led to [77]
(5 wt.%) and two-step bioprinting | human iPSCs-derived HLCs improved morphological
GMHA process: printing (40 x 10°mL gel), HUVECs organization, higher
2 wt.%); hepatic cell layer (40 x 10°mL gel), and ASCs liver-specific gene
crosslinked by followed by a second | (8 x 10%/mL gel) as supporting | expression levels,
LAP complementary layer | cells increased metabolic
photoinitiator of supporting cells product secretion, and
(0.45%) that fits in the empty enhanced CYP induction
space of the first
layer
Gelatin (3% EBB; 200 pm nozzle | Human HepG2 cells 3D bioprinting [68]
w/v), collagen @; for PCL: 200 pm | (1-2 x 107/mL gel); HUVECs | technology applied for
type I (2% w/v). | nozzle @; 500 kPa (5 x 10%mL gel); 400 pm-thick | fabricating a liver-on-a-
PCL housing pressure, 200 mm/ bioprinted constructs chip system having basic
material min speed hepatic functions, i.e.,
albumin and urea
synthesis for up to 6 days
Gel-MA Microextrusion Human HepG2/C3A cell-based | A liver-on-a-chip [5]
(10 wt. %), bioprinting; spheroids (4 x 10* spheroids/ platform with bioprinted
crosslinked by bioprinted GeIMA mL gel; spheroid size hepatic spheroids.
Irgacure 2959 dot size ~800 pm 200 pm) Thirty-day functionality
photoinitiator; achieved in terms of
PDMS and albumin, A1AT,
PMMA as transferrin, and
housing ceruloplasmin secretion
materials under perfusion
(200 pL/h) culture.
APAP-induced
hepatotoxicity tested
Thiolated HA EBB; 20 kPa Hepatic organoids composed Multi-tissue interactions | [99]
(1.5 mg/mL); pressure; 300 mm/ of human PHCs (80%), HStCs | in an integrated
thiolated gelatin | min speed (10%), and Kupffer cells three-tissue (liver, heart,
(30 mg/mL); (10%) and lung) organ-on-a-
liver dECM; chip platform. Liver unit
PEG-based demonstrated functional
crosslinkers outputs of urea and

albumin and the presence
of key CYP enzymatic
activities. APAP-induced
hepatotoxicity tested

(continued)
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Table 5.4 (continued)

Bioinks, Bioprinting method,
components conditions Cell type, density Outcomes, determinants | References
Neural models
Alginate (2%), EBB; 200 pm nozzle | Schwann cells (1 x 10%mL Post-printing cell [85]
fibrin (10— @, 20-60 kPa gel) viability: >95% at day
40 mg/mL), pressure, 1-11 mm/s 10. Bioprinting process
hyaluronic acid | speed, 22 °C supports Schwann cell
(1%), RGD- temperature viability, elongation and
coupled alginate directional growth of
(1%); neurites, and cellular
crosslinked by protein expression
CaCl, and
thrombin
PU (25, 30%), FDM; 250 pm nozzle | Mouse NSCs (4 x 10°/mL gel); | Post-printing cell [44]
4:1 of PCL diol, | @, 55 kPa pressure, 3D-printed construct of viability: ~100% at 72 h.
and poly(L- 1-11 mm/s speed, 1.5cmx 1.5cm x 1.5 mm NSCs-laden PU
lactide) diol or 37 °C temperature hydrogels support cell
poly(D,L- proliferation and gene
lactide) diol expression in vitro.
Constructs rescue
impaired nervous system
function in zebrafish
embryo neural injury
model
RGD-modified | EBB; 200 pm nozzle | Mouse PCNs (1 x 10°mL gel) | Post-printing cell [75]
gellan gum )] viability: ~73% at day 5.
(0.5 wt.%); Bioprinted PCNs
crosslinked by encapsulated in
CaCl, RGD-coupled hydrogels
supported survival and
networking of PCNs
Alginate EBB; 200 pm nozzle | Human iPSCs-derived neural A proof-of-concept study | [39]
(5 wt.%), @: ~8.5 N extrusion cells (4 x 107/mL gel) evaluating the
carboxymethyl force bioprintability and
chitosan survival of a number of
(5 wt. %), cell types (neural and
agarose nonneural) derived from
(1.5 wt.%); iPSCs using the
crosslinked by composite hydrogel
CaCl,

Abbreviations: 3DP three-dimensional bioprinting, A/AT alpha-1 antitrypsin, APAP acetaminophen, Alg alginate, ASCs
adipose-derived stem cells, BaCl, barium chloride, CaCl, calcium chloride, CYP cytochrome P450, dECM decellular-
ized extracellular matrix, DLP digital light processing, EBB extrusion-based bioprinting, EF'C 7-ethoxy-4-trifluoromethyl
coumarin, ESCs embryonic stem cells, FBs fibroblasts, FDM fused deposition manufacturing, Gel-MA gelatin methac-
rylate, GMHA glycidyl methacrylate-hyaluronic acid, HCs hepatoma cells, HepG2 hepatocellular carcinoma cells, HFC
7-hydroxy-4-trifluoromethyl coumarin, HLCs hepatocyte-like cells, HStCs hepatic stellate cells, HUVECs human
umbilical vein endothelial cells, iPSCs induced pluripotent stem cells, /rgacure 2959 2-hydroxy-1-(4-(hydroxyethoxy)
phenyl)-2-methyl-1-propanone, LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate, MBB microvalve-based bio-
printing, NSCs neural stem cells, PCL poly(e-caprolactone), PCNs primary cortical neurons, PDMS
poly(dimethylsiloxane), PHCs primary hepatocytes, PMMA poly(methyl methacrylate), PU poly(urethane), RGD argi-
nylglycylaspartic acid peptide, the binding motif of fibronectin to cell adhesion molecules
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[Table 5.2; 110]; with RGD-modified alginate
and cardiac-derived cardiomyocyte progenitor
cells by EBB to create a cardiac tissue model
[Table 5.3; 35]; with RGD-coupled alginate and
human iPSCs-derived HLCs by microvalve-
based bioprinting for developing a hepatic model
[Table 5.4; 34]; and with fibrin, hyaluronic acid,
RGD-coupled alginate, and Schwann cells by
EBB to form a neural model [Table 5.4; 85].

5.3  Collagen-Based Bioinks

Collagen is the primary structural component of
mammalian ECM which provides strength and
structural stability to the tissues [32]. There are
about 29 different types of collagen; however
type I is the most abundant among all. Collagen is
organized in a triple-helix polypeptide conforma-
tion and possesses cell-interactive binding
domains [95]. Collagen forms a hydrogel at phys-
iological conditions, has excellent biocompatibil-
ity, and retains full integrity during engraftment.
For these reasons, it can be considered as a suit-
able material for biomedical, cell encapsulation,
and bioprinting applications [23, 43]. For exam-
ple, bovine meniscal fibrochondrocytes-laden
collagen was bioprinted by EBB to create an
in vitro cartilage model [Table 5.1; 94]. In another
study, epidermal keratinocytes/dermal fibro-
blasts-laden collagen was fabricated by 3D free-
form to create an organotypic skin graft model
[Table 5.2; 71]. A multicellular combination of
human dermal fibroblasts, melanocytes, and kera-
tinocytes-laden collagen was bioprinted using the
microvalve-based printing to form a full-thick-
ness skin model containing pigmentation at the
dermal-epidermal junction [Table 5.2; 80].

On the other hand, pure collagen hydrogels
have weak mechanical properties compared to
crosslinked synthetic polymer gels. Another limi-
tation is the low shape fidelity of bioprinted col-
lagen materials. Complete gelation of collagen
bioink can take up about half an hour, which can
hamper the homogenous distribution of the cells
within the hydrogel [42]. Additional stabilization
by chemical crosslinking (e.g., with riboflavin or
genipin) can be an option; however it could lessen

the biocompatibility and induce antigenicity of the
resulting biomaterial [76]. Nevertheless, the pho-
tocrosslinkable collagen methacrylamide (CMA)
has been developed as a bioink for 3DP [7, 20].
CMA can be printed in high resolution and photo-
crosslinked with UV light in the presence of a
radical photoinitiator (such as 2-hydroxy-1-(4-
(hydroxyethoxy)phenyl)-2-methyl-1-propanone;
Irgacure 2959). CMA exhibits quite similar prop-
erties to collagen in terms of biocompatibility.
Gaudet et al. (2012) reported that cells interacting
with CMA showed more than 80% vitality after
72 h despite UV exposure due to photocrosslink-
ing [38]. On the other hand, there is an ongoing
effort to develop concentrated, but soluble colla-
gen solutions which can support shape fidelity
after extrusion by optimizing the processes [88].

Blending of collagen with faster-setting hydro-
gels or components (such as alginate, fibrin,
nHAp) has also been proposed to surpass the
existing mechanical limitations of collagen [48,
81]. For example, mouse BM-MSCs-laden colla-
gen/nHAp composite gel was in situ bioprinted in
a mouse calvaria defect model using LAB which
led to the formation of mature bone within
2 months [Table 5.1; 56]. Human BM-MSC in a
thermosensitive collagen/agarose hydrogel was
inkjet-bioprinted to develop an in vitro osteo-
genic model [Table 5.1; 21]. Dermal fibroblasts
encapsulated in a collagen/alginate/blood plasma
blend were bioprinted by using LBB to develop a
skin graft model [Table 5.2; 60]. In a recent study
by Sorkio et al. (2018), collagen enriched with
laminin-521 and human plasma was blended with
hESC-derived limbal epithelial cells for bioprint-
ing through LBB to construct a stratified corneal
epithelium and a lamellar corneal stroma equiva-
lent [Table 5.2; 101].

5.4  Methacrylated Gelatin-

Based Bioinks

Gelatin, also called the hydrolyzed collagen, is a
fibrous, water-soluble protein/peptide mixture
derived through the chemical or physical degra-
dation (reduction of the protein fibrils and triple-
helical structure) of collagen into smaller units
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[108]. Gelatins can be either obtained via acidic
or alkaline processes, resulting in type A or type
B gelatin, respectively. Gelatin has the same
amino acid content of collagen and resembles the
structural properties of collagen [29, 84].

As a biomaterial gelatin has versatile properties
such as amphoteric behavior, solubility in polar
solvents, nonimmunogenicity, high cellular com-
patibility, bioactivity, and low toxicity [28, 51, 83].
Also gelatin contains the linear RGD peptides,
responsible from cell adhesion, migration, and
proliferation [45]. Since gelatin is soluble at physi-
ological temperatures, this hydrogel can only be
used as a bioink after suitable modifications which
can ensure the shape fidelity and mechanical
strength of the resultant 3D-bioprinted constructs.
A commonly used chemical crosslinking agent,
glutaraldehyde, is highly toxic to cells and cannot
be harnessed for developing cell-containing bio-
inks [103]. To overcome the limitations, gelatin
can be blended with easily crosslinkable hydro-
gels, such as with alginate, silk fibroin, or fibrin
[89, 111]. For example, Das et al. (2015) have
demonstrated the successful bioprinting of cells
using a bioink composed of gelatin and silk fibroin
with high retention of cell viability [18].

The prevalent approach of using gelatin as a
bioink is through methacrylation. Semisynthetic
gelatin methacryloyl (Gel-MA), the photocross-
linkable form of gelatin, has been shown to pos-
sess favorable bioprintability features (i.e., shape
fidelity and thermal stability), while incorporat-
ing most of the biological properties of gelatin
(such as high cellular compatibility and low anti-
genicity). For example, a composition of
PEGDMA-, GRGDS-, and MMP-sensitive acry-
lated peptides containing human BM-MSCs was
inkjet-bioprinted to develop an in vitro osteo-
genic model [Table 5.1; 37]. Porcine BM-MSCs
and ACCs (with the ratio of 3:1) containing
Gel-MA hydrogel was inkjet-printed to create an
osteochondral tissue model which was then eval-
uated for up to 10 weeks, both under static and
bioreactor culture conditions [Table 5.1; 16].
Human ESCs-derived cardiomyocytes were bio-
printed with Gel-MA hydrogel by using the light-
based micro-continuous optical printing (LCOP)
method to create a cardiac model for drug screen-

ing and evaluation of cardiac tissue maturation
with the ability to assess cardiac force and cal-
cium transient [Table 5.3; 73].

Gel-MA forms hydrogels with tunable
mechanical properties when crosslinked by
exposing to UV light in the presence of a radical
photoinitiator [84, 113]. Moreover, the mechani-
cal and rheological properties of Gel-MA bioinks
can be easily controlled [74, 92, 102, 107].
Bertlein et al. (2017) reported the allylated gela-
tin (Gel-AGE) as a thiol-ene clickable bioink for
distinct biofabrication applications [4]. More
recently, AnilKumar et al. (2019) proposed
furfuryl-gelatin as a visible-light crosslinkable
bioink for fabricating cell-laden structures with
high cell viability [2].

5.5 Hyaluronic Acid-Based

Bioinks

Hyaluronic acid or hyaluronan (HA) is a non-
sulfated glycosaminoglycan with N-acetyl-D-
glucosamine and glucuronic acid
[a-1,4-D-glucuronic acid-p-1,3-N-acetyl-D-
glucosamine] repeating units [65]. HA is mostly
found in the connective tissues, cartilage, synovial
fluid, vitreous fluid, and umbilical cord. The poly-
saccharide has long linear high molecular weight
carbohydrate chains providing viscoelastic prop-
erties to the biopolymer. As one of the main com-
ponents of the ECM, HA plays a vital role in
cellular signaling activity, cell surface receptor
interactions, wound repair, morphogenesis, and
matrix organization [33]. HA has high water
retention capacity; it is basically biocompatible,
nonimmunogenic, and biodegradable. HA and its
derivatives have been used in a variety of biomed-
ical applications till now [6, 10, 19]. Besides, the
poor mechanical properties and rapid degradation
features are the major limitations of HA when
considering the bioprinting conditions. Like most
other natural biopolymers, it is chemically modi-
fied for altering inadequate physicochemical
properties or is used as a bioactive component in
polymer blends having fast-setting properties.
The bioprintability of HA blends with fast-
setting hydrogel components has been evaluated
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in a number of studies based on static in vitro,
microfluidic organ-on-a-chip, and in vivo plat-
forms. Human epidermal keratinocytes and der-
mal fibroblasts suspended in HA blended with
fibrinogen and gelatin were bioprinted using
EBB to create a double-layered skin model and
were applied to the skin wounds of athymic
mice. The constructs led to skin contraction and
regeneration of skin tissue consisting of epider-
mis and dermis layers [Table 5.2; 97]. Human
primary muscle progenitor cells-laden HA/
fibrinogen/gelatin hydrogel was bioprinted using
EBB to develop a skeletal muscle model and
was tested on rodent tibialis anterior defects.
Findings showed functional recovery and inte-
gration of the construct with host vascular and
neural networks after 8 weeks [Table 5.3; 58]. In
a study to develop a cardiac muscle model, HA
was used as a secondary component in a fibrino-
gen/aprotinin hydrogel to bioprint rat ventricular
CMs using EBB. The construct maintained 55%
of initial tissue size for up to 9 weeks of culture
with spontaneous synchronous contraction
[Table 5.3; 106]. In a study by Skardal et al.
(2017), thiolated hyaluronic acid, blended with
thiolated gelatin and liver dECM, was used to
bioprint hepatic organoids composed of human
primary hepatocytes, stellate cells, and Kupffer
cells by the EBB technique. The hepatic compo-
nent of the integrated three-tissue organ-on-a-
chip platform demonstrated functional outputs
of urea and albumin and the presence of key
CYP enzymatic activities [Table 5.4; 99].
Hyaluronic acid has also been used as a compo-
nent of bioinks to develop neural models. For
example, Ning et al. (2018) have evaluated the
bioprintability of such a hydrogel blend using
Schwann cells [Table 5.4; 85].

The modification and crosslinking parameters
of HA-based hydrogels have been reported by
Kenne et al. (2013) [55]. Esterification is known
to reduce the water solubility and degradation
properties of HA. The mechanical features can be
improved by covalent crosslinking of the HA
polymer chains into a 3D network (e.g., hydra-
zide modification, auto-crosslinking, or cross-
linking by glutaraldehyde, carbodiimide, or
genipin) [15, 62]. Divinyl sulfone, poly(ethylene

glycol) diglycidyl ether (PEGDE), and
poly(ethylene glycol) divinyl sulfone (PEGDVS)
have also been used to crosslink HA hydrogels
[36]. Both the rheological and cell-interaction
properties are jointly critical for 3D bioprinting
with cells. Photocrosslinking method has allowed
the use of HA as a suitable bioink (i.e., methacry-
lated and diacrylated forms of HA). For example,
Paldervaart et al. (2017) have reported the photo-
crosslinking of HA by introducing the methacry-
late groups under UV light in the presence of a
photoinitiator [93]. In addition, Kiyotake et al.
(2019) have bioprinted rat BM-MSCs and neural
stem cells through a pentenoate-functionalized
HA bioink crosslinked with dithiothreitol and a
photoinitiator [59] hybrid bioink, based on acry-
lated HA for immobilizing bioactive peptides and
tyramine-conjugated HAs for fast gelation [67].

Decellularized Extracellular
Matrix-Based Bioinks

5.6

Decellularization is the process of removing the
cellular components from tissues and organs by
using physical, chemical, and/or enzymatic
methods. Decellularized ECM (dECM) hydro-
gels or scaffolds preserve some of the biological
properties of the tissues of which they are derived
from [91, 96]. A dECM processed through an
optimized protocol should retain collagen, gly-
cosaminoglycans, glycoproteins, and certain
levels of cell-recognition peptides and growth
factors [46, 91].

Thus, bioactive dECM is attracting interest for
use as a bioink in the recent years [12, 53].
However, despite its cell-friendly features, single
utilization of dECMs for 3D bioprinting has limi-
tations, such as low shape fidelity and low resolu-
tion accuracy due to its low viscosity, weak
mechanical integrity, and rapid biodegradation
rates [89]. Crosslinking of dECM using genipin
or l-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide does not seem to be applicable for cell bio-
printing. For that reason, the use of milder
reactives (such as vitamin B2) or hydrogel blends
with fast-setting properties is currently being
evaluated. For example, Skardal et al. (2017)
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employed the liver dECM as the hepato-inducing
component for modifying a hydrogel blend to
develop a liver model [Table 5.4; 99].

Das et al. (2019) recently reported the use of
cardiac dECM, together with gelatin as a bioink
to bioprint cardiomyocytes for creating a cardiac
tissue model [17]. Here, a poly(ethylene/vinyl
acetate) frame was also used to support the shape
fidelity of the bioprinted cell-laden hydrogel. Yi
and co-workers (2019) reported a bioink com-
posed of cartilage dECM blended with alginate
for bioprinting adipose stem cells to develop a
construct amenable to in vivo neocartilage for-
mation in the mouse ectopic site [Table 5.1;
112]. In another recent study, Choi et al. (2019)
described a novel VML treatment with dECM
bioink using the 3D cell bioprinting technology.
Volumetric muscle constructs made up of cell-
laden dECM bioinks were formed using a
granule-based printing reservoir. In vivo findings
demonstrated ~85% functional recovery at the
wound site [11].

Conclusions
and Perspectives

5.7

There is great interest in three-dimensional bio-
printing technology and its potential for the future
of biomedicine (i.e., for drug development and
transplantation medicine). Prevalently used bio-
inks are quite limited and are far from being opti-
mal from several aspects, for example, the ability
to support different printing modalities and cell
viability, printing resolution, elasticity and scal-
ability during the 3DP process, and the ability to
support cell proliferation, fusion of layers, and
desirable mechanical and degradation properties
of the maturating tissue equivalent, after
3DP. Nevertheless, studies thoroughly devoted to
the refinement of functional bioinks are still lim-
ited. As the foremost component of 3DP, there
seems to be a need for developing all-purpose
bioinks which are suitable for specific modifica-
tions with certain features meeting the needs of
each designated tissue type to be developed.
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Abstract

Visible light-curable hydrogels have been
investigated as tissue engineering scaffolds
and drug delivery carriers due to their phys-
icochemical and biological properties such
as porosity, reservoirs for drugs/growth fac-
tors, and similarity to living tissue. The
physical properties of hydrogels used in
biomedical applications can be controlled
by polymer concentration, cross-linking
density, and light irradiation time. The aim
of this review chapter is to outline the
results of previous research on visible light-
curable hydrogel systems. In the first sec-
tion, we will introduce photo-initiators and
mechanisms for visible light curing. In the
next section, hydrogel applications as drug
delivery carriers will be emphasized.
Finally, cellular interactions and applica-
tions in tissue engineering will be
discussed.
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6.1 Light-Curable Hydrogels
Light-curable hydrogels have hydrophilic three-
dimensional (3D) polymer networks with poros-
ity and soft consistencies, and these structures are
capable of absorbing many water molecules and
biological fluids. Due to these unique characteris-
tics, the hydrogels can closely simulate living tis-
sue [1, 2]. In addition, cells can be transplanted
and proliferated in the hydrogels because the
polymer matrices have enough porosity for cell
survival, and the cell-laded hydrogels with inject-
ability are known to have potential as tissue engi-
neering scaffolds [3]. Another biomedical
application of porous hydrogels is as drug deliv-
ery carriers [4, 5]. Their porous structure allows
for drug loading and controlled release.
Ultraviolet (UV) and visible irradiation are
generally used as light sources for preparing light-
curable hydrogels. UV irradiation produces more
chemical bonds among light-curable polymer pre-
cursor chains than visible irradiation, because the
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photons of the former carry more energy than do
the latter [6]. Therefore, UV light-curing systems
are more popular than visible ones in industrial
applications. However, in biomedical applica-
tions, the UV system has limited utility, because
the overexposure of skin to UV causes sunburn
and some types of skin cancers such as malignant
melanoma. UV irradiation also results in indirect
DNA damage by the free radicals and oxidative
stress produced by the light [6]. Compared to UV,
visible irradiation not only minimizes the draw-
backs of UV but also provides lots of advantages
in biomedicine by hydrogel formation in situ and
simple environmental control [7]. Additionally,
visible light has more benefits for hydrogel for-
mation when the precursor solution is injected
subcutaneously, since its wavelength has better
transmission across skin [8].

6.2 Cytocompatible Visible Light

Photo-initiators

Photo-initiators are required for interconnec-
tively cross-linking among polymer chains with
photoreactive groups, in which radicals or ions
produced by absorbed visible light energy lead to
photo-curing [8—10]. Some factors that should be
considered for biomedical applications of photo-
initiators include biocompatibility, water solubil-
ity, stability, and cytotoxicity [11, 12]. Given
these conditions, there have been reports regard-
ing the preparation of visible light-curable hydro-
gels for biomedical applications on two main
kinds of photo-initiators: eosin Y (EY) and ribo-
flavin (Figs. 6.1 and 6.2).

EY is one of the most widely used visible light
photo-initiators in radical photopolymerization
systems in biological environments [13]. EY, a
xanthene dye photosensitizer, initiates radical
photopolymerization when used with a trietha-
nolamine (TEA) during excitation in green light
that is a  cytocompatible  wavelength
(Amax = 510 nm) [14-17]. Visible light irradiation
induces the excited triplet state of EY and
abstracts hydrogen from TEA to produce two
kinds of protonated eosin and TEA radicals.
However, the cytotoxic TEA coactivator results
in limited compatibility with cells; therefore,

Shih and his colleagues have used EY as the only
photo-initiator without a coactivator to prepare
visible light-curable PEG hydrogels [17].

A naturally extracted vitamin B, from various
plants, (-)-riboflavin, has been widely used in
biomedical applications due to its water solubil-
ity and biocompatibility [18-24]. It absorbs light
strongly at the wavelengths of 330-470 nm and
produces superoxide radicals (O ) that initiate
photo-curing [18-24]. It has no side effects,
because most of the compounds are excreted in
the urine within a few hours after ingestion [19].
In addition, a small amount of (-)-riboflavin
(<5 mg/l g hydrogel precursor solution) is
required to prepare visible light-curable hydro-
gel; therefore, it is almost harmless. Generally,
(-)-riboflavin is commonly used with amine
groups as electron donors to produce radicals
during visible light irradiation [18].

6.3 Tissue Engineering
6.3.1 Scaffolds for Tissue
Regeneration

For chronic wound management, conventional
therapeutic methods such as autologous, natural,
and synthetic skin substitutes have been devel-
oped; however, they often cause the incomplete
restoration of tissue homeostasis, leading to
necrosis and sepsis [25-27]. Hydrogels with
appropriated mechanical and adhesive properties
on wound sites can promote fibroblast prolifera-
tion, keratinocyte migration, and reepithelializa-
tion by absorbing wound exudates [28]. A visible
light-curing system allows for the modulation of
the mechanical adhesive properties of hydrogels
by controlling irradiation time and photo-initiator
concentration [29]. Based on this, some research-
ers have designed various types of visible light-
curable hydrogels as wound dressings.

Visible light-curable glycol chitosan (GC)
hydrogel systems have been investigated by some
researchers for wound healing applications. It is
known that several growth factors including epi-
dermal growth factor (EGF), vascular endothelial
growth factor (VEGF), transforming growth
factor-a (TGF-a), platelet-derived growth factor
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Fig. 6.1 Scheme for the hydrogel formation of methacrylated polymers initiated by EY

(PDGF), and transforming growth factor-f (TGF-
B) have important influences on wound healing
acceleration [30]. Based on these factors, Yang
et al. [31] have reported the potential of a GC
hydrogel containing two kinds of growth factors
as a wound dressing agent. To accelerate wound
healing, they used two kinds of growth factors,
VEGF and platelet-derived growth factor-BB
(PDGF-BB), because these factors play impor-
tant roles in neo-vasculature [32] and the migra-
tion and proliferation of fibroblasts [33],
respectively. Methoxy poly(ethylene glycol)
(MPEG) was coupled to the amine groups of GC
to enhance the plasticity of a GC hydrogel [34].
The researchers prepared three kinds of growth
factor-incorporated GC hydrogels including
VEGF/MPEG-g-GC, PDGF/MPEG-g-GC, and
VEGF/PDGF/MPEG-g-GC, and their wound
healing efficacies were investigated using a
mouse model of wound healing, which was com-
pared to the results of a commercial DuoDERM®
and GC hydrogel. The results demonstrated that
VEGF/PDGF/MPEG-g-GC had a superior
wound healing effect due to the improved angio-

genesis from VEGF and the increased cell prolif-
eration rate from PDGF-BB [48]. Yoo et al. [35]
have used visible light-curable GC hydrogels
containing EGF and basic FGF (bFGF) for
wound healing acceleration. In their study, EGF
and bFGF were chosen for wound healing accel-
eration because they improve epidermal regener-
ation at the donor sites of split-thickness skin
grafts and second-degree burn sites and stimulate
the proliferation of cutaneous fibroblasts, respec-
tively [36-38]. Through in vivo animal tests, the
researchers found that the combination of EGF
and bFGF contributed to the improvement of
reepithelialization, granulation tissue formation,
and collagen formation in the proliferation phase.
Some specific plant-derived extracts are known
to accelerate wound healing. Curcumin is a natu-
ral polyphenol extracted from the rhizome of
Curcuma longa (turmeric). It has antioxidant,
anti-inflammatory, and detoxification effects [39]
and accelerates cutaneous wound healing by tis-
sue remodeling, granulation tissue formation,
and collagen deposition [40]. However, its clini-
cal applications are limited due to its poor water
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solubility [41]. Beta-cyclodextrin (f-CD) can
improve the water solubility of curcumin by
inclusion complex formation [42]. The wound
healing potential of visible light-curable GC con-
taining a P-CD/curcumin complex (B-CD-c-
CUR/GC) has been investigated by Yoon and his
colleagues [43]. The results of in vivo animal
tests demonstrated that f-CD-c-CUR/GC accel-
erates wound healing by a controlled release of
curcumin in a sustained manner.

As another tissue engineering application,
Yoon et al. [44] investigated the feasibility of a
growth factor-loaded visible light-curable GC
hydrogel as a bone tissue engineering scaffold
in vitro and in vivo. To improve bone formation,
bone morphogenetic protein-2 (BMP-2) and

transforming growth factor-betal (TGF-f1) were
loaded into the GC hydrogel prior to photo-
curing (GC/BMP-2/TGF-p1), because BMP-2
and TGF-fB1 are known to facilitate superior bone
repair [45-47]. They found that two factors,
including the cocktail effect and the controlled
release of BMP-2 and TGF-f1, increased the
mRNA expressions of alkaline phosphatase
(ALP), type I collagen (COL 1), and osteocalcin
(OCN) in vitro and also increased bone volume
(BV) and bone mineral density (BMD) in vitro.
A visible light-curable hydrogel based on an
interpenetrated polymer network (IPN) composed
of biodegradable silanized hydroxypropylmethyl-
cellulose (Si-HPMC) and photo-curable methac-
rylated carboxymethyl chitosan (MA-CMCS) has
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been identified as a potential material for guided
tissue regeneration (GTR), as reported by
Chichiricco and his colleagues [48]. MA-CMCS
was used as a matrix for a visible light-curable
hydrogel, and the precursor solution was cured
with visible light irradiation (420—480 nm). GTR
in oral diseases including dental caries and peri-
odontitis is a significant surgical procedure to
recover periodontium [48]. It is used to prevent
the migration of soft tissue that presents a faster
proliferation rate than bone and ligament cells,
followed by complete regeneration of periodontal
tissue [48]. The researchers found that Si-HPMC/
MA-CMCS has an appropriate storage modulus
for clinical applications in dentistry and prohibits
cell invasion in periodontal defects [48].

Hu et al. have designed a suitable hydrogel
system using visible light irradiation for regener-
ating focal osteochondral and chondral defects
[49]. Three types of hydrogels were prepared
using methacrylated GC and three visible lights:
camphorquinone (CQ), fluorescein (FR), and
riboflavin. They found that the cell viability of
primary articular chondrocytes was between 80%
and 90% when the cells were encapsulated into
the GC hydrogel cured with riboflavin for 40 s
[49]. To further investigate the feasibility of GC
hydrogels cured with riboflavin as cartilage tis-
sue engineering scaffolds, the hydrogels were
prepared using three different irradiation times:
40, 120, and 300 s. The results demonstrated that
the GC hydrogels cured with riboflavin for 120
and 300 s remained stable on the defect sites for
at least 2 weeks by integrating the hydrogels with
surrounding native tissues [49].

6.3.2 Tissue Sealants

Biocompatible tissue sealants are essential mate-
rials for soft tissue repair to prevent the leakage of
blood, air, and body fluids. Compared with syn-
thetic adhesives, natural polymer-based sealants
have some advantages including biocompatibility,
degradability, sustainable derivation, and intrinsic
bioactive qualities [50, 51]. Therefore, Charron
et al. prepared visible light-curable alginate-based
tissue sealants [52]. In this study, they observed

the formation of covalent bonds between amine
groups present on extracellular matrix (ECM) and
aldehyde groups produced by the oxidation of
alginate backbone chains (i.e., imine reactions)
for a strong sealant [53, 54]. As a result, an appro-
priate oxidation degree (1~5%) was found to
maintain adhesion between hydrogel and tissue.

6.3.3 Three-Dimensional Culture
of Cells

Cells actually live in 3D environments with bio-
physical and biomechanical signals that have
effects on cell migration, adhesion, proliferation,
and gene expression [55, 56]. Therefore, analyz-
ing the behaviors of cells in 3D matrices is an
important consideration for clinical applications
as tissue engineering scaffolds. Lee et al. have
designed visible light-curable in situ-forming
hyaluronic acid (HA) hydrogels as cytocompati-
ble tissue engineering scaffolds [57]. This hydro-
gel system was prepared by light-induced
thiol-ene reactions between methacrylated HA
(MA-HA) and thiolated HA (SH-HA) using blue
light for 40 s in the presence of riboflavin phos-
phate (RFP). The cytocompatibility test using
corneal fibroblasts revealed no cytotoxic effects,
suggesting that this hydrogel may be used as a
tissue engineering scaffold. Hao et al. [58] have
developed visible light-curable PEG hydrogel
systems with tunable degradation for 3D cell cul-
ture of human mesenchymal stem cells (hMSCs),
because the polymer is known as a suitable bio-
material for tissue engineering applications such
as controlled drug delivery and stem cell differ-
entiation [58, 59]. The hydrogel system was pre-
pared by thiol-vinyl reaction between acrylated
PEG and di-thiol peptide in the presence of
photo-initiator EY, and this system revealed an
hMSC survival rate of over 90% and osteogenic
differentiation achieved by controlling the hydro-
lytic degradation [58].

Photo-cured gelatin methacryloyl (GelMA)
with two- and three-dimensional networks can
lead to good attachment and proliferation [60,
61]. Based on these previous studies, a stereo-
lithography (SLA) 3D bioprinting process using
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cell adhesive GeIMA cured with EY with various
concentrations was developed by Wang and his
colleagues [62]. Bioprinting has been widely
used in tissue engineering applications, because
it can make various artificial tissues, such as car-
tilage, blood vessel, bone, and complex heteroge-
neous tissues containing different cell types and
ECM [63, 64]. They suggested that an EY-GeIMA
hydrogel with specific concentrations (2x EY
and 15% GelMA) has great potential as a bioink
for tissue engineering applications, because the
polymer network can improve the proliferation of
NIH-3T3 fibroblast cells.

6.3.4 Drug Delivery Carriers

Visible light-curable hydrogels were developed as
local drug delivery carriers for cancer therapy,
because the systems can be directly injected
around cancers, and anticancer drugs can be
delivered to the tissues. Chitosan can be a candi-
date as a drug delivery carrier, because it is a
deacetylated chitin that is similar to the glycos-
aminoglycans (GAGs) found in connective tissue
[65], biodegradability, antimicrobial activity, low
toxicity, and immunogenicity [66, 67]. Despite
these merits, the poor water solubility of chitosan
limits its biomedical applications. Glycol chito-
san (GC) can substitute for chitosan, because it
has water solubility along with the inherent prop-
erties of chitosan. The application of a visible
light-curable GC hydrogel as a local drug delivery
carrier for breast cancer therapy has been reported
by Hyun and his colleagues [68]. They conducted
in vitro MCF-7 cell viability tests to compare the
antitumor effects of GC hydrogels containing
doxorubicin-hydrochloride (DOX-HCI) as a func-
tion of storage modulus. The results showed that
the GC hydrogel cured for 10 s containing
DOX-HCI (GC,y/DOX) had a greater antitumor
effect than GC¢/DOX. In addition, in vivo animal
tests indicated that the local drug delivery of
GC,¢/DOX noticeably decreased tumor volume
for 7 days [69]. The potential of visible light-cur-
able GC hydrogels as local drug delivery systems
for cancer therapy has been expanded by Yoo and

his colleagues [69]. They investigated the efficacy
of the hydrogel containing DOX-HCI on thyroid
cancer treatment using a thyroid cancer-bearing
mouse model. The intravenous injection of free
DOX-HCI is harmful to heart tissue, causing side
effects including the appearance of inflammatory
cells, disorganization of myocardium, and
increased cytoplasmic vacuolization and myofi-
brillar fragmentation in the heart tissue [70]. In
addition, this conditional therapeutic method has
little influence on decreasing tumor size [69].
These researchers found that the drug-loaded
hydrogel injected near the tumor led to a decrease
in tumor size along with minimized cardiotoxic-
ity [69]. Hyun et al. [71] also demonstrated the
feasibility of a visible light-curable GC hydrogel
containing paclitaxel (PTX) for ovarian cancer
therapy. In this study, p-CD was used to improve
the water solubility of PTX, because the poor
solubility of the drug leads to low bioavailability
[72-74]. To examine the potential of B-CD in
injectable hydrogel-based drug delivery, the
researchers prepared two types of GC hydrogel
systems: a GC hydrogel containing PTX (GC/
PTX) and a GC hydrogel containing a f-CD/PTX
complex (GC/CD/PTX). In in vitro and in vivo
tests, GC/CD/PTX resulted in a lower cell viabil-
ity percentage and tumor volume than GC/
PTX. From these results, they suggested that the
GC/CD platform has clinical potential as a drug
carrier for ovarian cancer therapy [71].

In another application as drug delivery carri-
ers, visible light-curable hydrogels have been
applied to direct pulp capping treatment. For suc-
cessful treatment of direct pulp capping in den-
tistry, appropriate drug carriers for delivering
calcium hydroxide, steroids, osteogenic protein-
1, and transforming growth factor-beta are
required [75-78]. Komabayashi et al. [79] have
developed PEG-maleate-citrate (PEGMC) hydro-
gels composed of PEGMC (45% w/v), acrylic
acid (AA) (5% w/v), and 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH)
(0.1% w/v) as an endodontic drug delivery vehi-
cle for direct pulp capping. They have demon-
strated the feasibility of the visible light-curable
PEGMC hydrogel as a drug carrier, confirming
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that the matrix results in the controlled release of
Ca2* and is cytocompatible against the L-929
fibroblast cell line [79].

6.4  Future Perspectives

The three-dimensional structures of hydrogels
are controlled by cross-linking density, porosity,
and degradation time, which contribute to the
maintenance of drug concentrations in vivo by
controlling the drug release rate in a sustained
manner. In addition, hydrogels have been attrac-
tive options as tissue engineering scaffolds
because they are similar to the physical environ-
ment of the body and can be prepared similarly to
the biochemical factors of target tissues.
Generally known hydrogel preparation methods
include use of physical factors (ions, tempera-
ture, and pH) and chemical cross-linking agents
(formaldehyde and glutaraldehyde); however,
these have drawbacks such as weak physical
properties, agent toxicity, and the difficulty in
controlling cross-linking tempo-spatially. In con-
trast, visible light-curable hydrogels have gained
much attention as biomaterials in biomedical
applications due to the simple control of their
physical properties and the use of biocompatible
photo-initiators and cytocompatible visible light.
However, despite these merits, there have been
limited clinical applications due to insufficient
information on the biocompatibility and toxicity
of hydrogels. So, the safety evaluation of visible
light-curable hydrogels should be sufficiently
conducted. If sufficient safety data is available,
visible light-curable hydrogels are expected to be
developed as smart drug delivery carriers and tis-
sue engineering scaffolds in the future.
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Abstract

Joint cartilage has been a significant focus on
the field of tissue engineering and regenerative
medicine (TERM) since its inception in the
1980s. Represented by only one cell type, car-
tilage has been a simple tissue that is thought
to be straightforward to deal with. After three
decades, engineering cartilage has proven to
be anything but easy. With the demographic
shift in the distribution of world population
towards ageing, it is expected that there is a
growing need for more effective options for
joint restoration and repair. Despite the
increasing understanding of the factors gov-
erning cartilage development, there is still a
lot to do to bridge the gap from bench to bed-
side. Dedicated methods to regenerate reliable
articular cartilage that would be equivalent to
the original tissue are still lacking. The use of
cells, scaffolds and signalling factors has
always been central to the TERM. However,

without denying the importance of cells and
signalling factors, the question posed in this
chapter is whether the answer would come
from the methods to use or not to use scaffold
for cartilage TERM. This paper presents some
efforts in TERM area and proposes a solution
that will transpire from the ongoing attempts
to understand certain aspects of cartilage
development, degeneration and regeneration.
While an ideal formulation for cartilage regen-
eration has yet to be resolved, it is felt that
scaffold is still needed for cartilage TERM for
years to come.
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Joint cartilage has been a significant focus in the
field of tissue engineering and regenerative medi-
cine (TERM) since its inception in the 1980s.
When “tissue engineering” is combined with
“regenerative medicine”, these two subjects form
a broad advanced scientific field. This advanced
field is encompassing principles from various
disciplines, in which no single subject may deal
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with its all aspects in a meaningful depth. After
three decades of research, the TERM is still
immature and contributes insignificantly to the
actual healthcare settings. Various tissue-
engineered medical products (TEMPs) such as
cartilage, bone, skin, bladders, small arteries and
even a full trachea have been implanted in
patients. However, those TEMPs are still consid-
ered experimental and not cost-effective.
Although some researchers have successfully
formed complex tissues or organs, these tissues
or organs are still far from being fully reproduc-
ible and ready to be implanted into patients.
Despite all the uncertainties surrounding these
laboratory-grown TEMPs, the TERM field con-
tinues to grow.

Represented by only one cell type, cartilage
has been a simple tissue that is thought to be
straightforward to deal with. After many years,
engineering functional cartilage has proven to be
anything but easy. With the demographic shift in
the distribution of world population towards age-
ing [1], it is expected that there is a growing need
for more effective options for joint restoration
and repair. The WHO report outlined some key
facts including:

e The ratio of the world’s population over
60 years old will nearly double from 12% in
2015 to 22% in 2050.

e The number of people aged between 60 years
and above will be more than children younger
than five years old by 2020.

e Approximately 80% of older people will be
living in low- and middle-income countries in
2050.

e The leap of population ageing is much faster
than in the past.

e All countries across the globe will face signifi-
cant challenges to ensure that their health and
social care systems are ready to make the most
of this demographic shift.

The above facts have a direct relation with the
readiness of the global healthcare system in man-
aging or dealing with degenerative diseases.
Degeneration naturally occurs among the ageing

population. Despite the increasing understanding
of the factors governing cartilage development
and degeneration, there is still a lot to do to bridge
the gap from bench to bedside. Dedicated meth-
ods to regenerate reliable articular cartilage that
would be equivalent to the original tissue are still
lacking.

The use of proper cells source, biomaterial
scaffolds and signalling factors has always been
central to the TERM field. However, without
denying the importance of cells and signalling
factors, in this chapter, the authors aimed to
emphasise on the use of biomaterial scaffolds in
regenerating the articular cartilage. Ideal scaf-
folds for cartilage TERM should meet some
requirements related but not limited to safety,
biocompatibility, biodegradability and adequate
mechanical properties. Numerous studies and
characterisations on scaffolds for articular carti-
lage tissue engineering have been ongoing and
evolving in many forms of the physical aspect,
ranging from chemically and biologically cross-
linked hydrogel, sponge, fibre, micro-/nanoparti-
cles and 3D printing.

On the one hand, a quick search on currently
available literature indicated that the following
scaffolds are among the most versatile scaffolds
which remain viable and relevant in the field of
TERM. They include but not limited to:

e Decellularised tissue-derived scaffolds [2—5]

e Chitosan [6-8]

e Platelet-rich plasma scaffold [9]

e Gelatin and poly(lactic-co-glycolic acid)
(PLGA) [10, 11]

e Hydrogel [12, 13]

e Collagen hydrogel and polyhydroxyalkanoate
[14]

e Alginate [15, 16]

¢ Silk fibroin [17]

e Gelatin/hyaluronic acid [18]

e Poly-e-caprolactone (PCL) [19]

On the other hand, the scaffold-free approach
has been studied equally for cartilage tissue engi-
neering by some researchers in some part of the
world which include:
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e Chondrocytes and their self-produced extra-
cellular matrix (ECM) [20]

* Glutamic acid-based dendritic peptides [21]

* 3D bioprinting microtissues, spheroid using a
high-throughput microwell system [22]

e Cellular spheroids using 3D bioprinting tech-
nology (Regenova Bio 3D Printer) [23]

e “Osteo-chondro” constructs using a scaffold-
free bioprinter [24]

e Cell sheet technology [25]

Information given in this chapter is not meant
to be comprehensive but to present some efforts
in TERM and proposes a solution that will tran-
spire from the ongoing attempts to understand
certain aspects of cartilage development, degen-
eration and regeneration. The question is whether
the answer would come from the methods to use
or not to use scaffolds for cartilage regeneration.

7.2  Cartilage Structure

and Function

Cartilage (chondral) is made up of one cell type,
i.e. chondrocyte (chondros = cartilage;
cyte = cell). By physical properties, cartilage is
categorised as a supporting connective tissue.
Cartilage and bone, another supporting connec-
tive tissue type, work together and make up the
human skeleton to protect soft tissues and organs
and support the weight of part or all of the body.
Supporting connective tissues vary from connec-
tive tissue proper (e.g. adipose tissue and tendon)
and fluid connective tissue (e.g. blood and
lymph). They have a lesser diverse cell popula-
tion and a matrix containing much more densely
packed fibres than the connective tissue proper
and the fluid connective tissue. The ECM of car-
tilage is a gel with characteristics that vary with
the predominant type of fibre [26].

The ECM of cartilage is a firm gel that con-
tains polysaccharide derivatives known as chon-
droitin sulphate. Chondroitin sulphates and
proteins form complexes producing proteogly-
cans in the ground substance. The only cells in
the cartilage ECM, i.e. chondrocytes, occupy
small chambers known as lacunae. The proteo-

glycans of the ECM, as well as the type and
abundance of extracellular fibres, determine the
physical characteristics of cartilage [27].

Unlike bone and other connective tissues, car-
tilage is avascular, aneural and alymphatic, so all
nutrients and waste products exchange take place
by diffusion through the ECM. Because of this
situation, cartilage cannot heal efficiently. There
is no blood vessels growth in cartilage because
chondrocytes produce a chemical known as an
antiangiogenetic factor that inhibits their forma-
tion. Other angiogenesis inhibitors have also
been identified and developed as drugs to treat
cancer. The inhibitors discourage the formation
of new blood vessels to tumours, thus decelerat-
ing the growth [28].

Cartilage is separated from its surrounding tis-
sues by a fibrous perichondrium. The perichon-
drium consists of two distinct layers, i.e. an outer
fibrous layer comprising dense irregular connec-
tive tissue and an inner layer consisting the cel-
lular component. The fibrous region gives
mechanical support and protection. The layer
also attaches the cartilage to other structures. The
cellular layer is essential to cartilage growth and
maintenance. The presence of blood vessels in
the perichondrium is essential in order to provide
oxygen and nutrients to the underlying chondro-
cytes [29].

The three main types of cartilage in the human
body are hyaline, elastic and fibrocartilage.
Hyaline cartilage (hyalos = glass) is the most
common type of cartilage. The examples of hya-
line cartilage in adults include the nasal carti-
lages, the connections between the ribs and the
sternum, the supporting C-shaped rings cartilages
along the trachea and the articular cartilages,
which cover the end of bone surfaces within
many synovial joints, e.g. the elbow and knee. A
dense perichondrium surrounds hyaline carti-
lages except inside the synovial joint cavities.
Hyaline cartilage is a tough tissue but relatively
flexible because its ECM has tightly packed col-
lagen fibres. Since these fibres are not in large
bundles and do not stain darkly, they are not
always seen under the light microscope [26].

Elastic cartilage is exceptionally resilient and
flexible because it has numerous elastic fibres.
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These cartilages usually have a yellowish colour
macroscopically. Examples of elastic cartilage
include the auricle or, the external flap of the
outer ear, the epiglottis at the opening of the
windpipe which prevents food and liquids from
entering the trachea when swallowing, the audi-
tory passageway and the cuneiform cartilages in
the larynx or voice box [27].

Fibrocartilage is a sturdy and extremely dura-
ble tissue because it contains little ground sub-
stance and its ECM is dominated by densely
interwoven collagen fibres. This tissue can be
found as fibrocartilage pads, e.g. in the interver-
tebral discs which lie between the spinal verte-
brae, around tendons and within or around joints
and between the pubic bones of the pelvis. In
these positions, fibrocartilage absorbs shocks,
resists compression, limits movement and helps
prevent damaging bone-to-bone contact [28].

7.3  Cartilage Development,
Degeneration

and Regeneration

In embryogenesis, the skeletal system is derived
from the mesodermal layer. Cartilage develop-
ment (or also known as chondrogenesis or chon-
drification) is a process by which cartilage is
formed from condensed mesenchyme tissue. The
mesenchymal cells will differentiate into chon-
drocytes and begin secreting molecules and sub-
stances to form the cartilaginous ECM. Early in
foetal development, a major part of the skeleton
is cartilaginous in nature. This temporary carti-
lage is replaced gradually by bone through endo-
chondral ossification, which usually ends at
puberty. Nonetheless, the cartilage in the joints
remains unossified throughout life and is, there-
fore, permanent.

Cartilage develops through interstitial and
appositional growth. Interstitial growth expands
the cartilage from inside. Chondrocytes in the
cartilage ECM divide and the daughter cells pro-
duce additional ECM. Interstitial growth is an
essential process during cartilage development.
The process begins early during embryonic
development and continues through adolescence.

Appositional growth increases the size of the car-
tilage gradually by adding to its outer surface.
During this process, the inner layer cells of the
perichondrium divide repeatedly and become
chondroblasts [26].

Chondroblasts are immature chondrocytes.
The cells begin producing the cartilage ECM. As
they are surrounded by and embedded in a new
ECM, the chondroblasts differentiate into mature
chondrocytes. They now become part of the car-
tilage and continue to grow. Both interstitial and
appositional growth occurs during cartilage
developmental stage, but interstitial growth con-
tributes more to the mass of adult cartilage.
Neither interstitial nor appositional cartilage
growth occurs in healthy adults. However, appo-
sitional growth may take place in rare conditions,
e.g. after the cartilage has been damaged or stim-
ulated by growth hormone from the pituitary
gland excessively. Insignificant cartilage damage
can be regenerated and repaired by appositional
growth at the affected surface. If the damage has
become more severe than the above condition, a
dense fibrous patch will develop and substitute
the injured portion of the cartilage [29].

In the human body, there are several complex
joints, including the knee joints that consist of
both hyaline cartilage and fibrocartilage. The
hyaline cartilage articulates the end of bone sur-
faces, while the fibrocartilage pads the joint to
prevent friction between bones during move-
ment. Any injuries to these pads can interfere
with regular movements because they do not heal
spontaneously. After repeated or severe damage,
joint mobility is significantly reduced. Although
surgery may be prescribed to overcome joint
mobility issue, it usually gives only a temporary
or incomplete repair. Unlike cartilage, complete
bone regeneration and repair can be achieved
even after severe damage to the structure [26,
27]. It is because the bone is rich in vascularisa-
tion, but the cartilage is not.

A compelling argument in TERM field is that
is developmental process equivalent with regen-
eration? In a recent review article on cellular
senescence in development, regeneration and dis-
ease, Muriel et al. [30] indicated that although
many studies have exposed beneficial effects of
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senescence, especially in the context of embry-
onic development, tissue repair and regeneration
and cellular reprogramming, the understanding
of the biological functions of the senescence pro-
cess is still lacking. Perhaps a thorough compari-
son of senescent cells in each stage will help to
understand their real biological significance.

Myohara [31] has suggested previously that
comparisons between development (or embryo-
genesis) and regeneration can give information
about the steps essential to regeneration. The
knowledge would help the scientist to gain better
insight into how much reactivation of develop-
mental processes might help improve regenera-
tion capacity in higher vertebrates. By using an
example of the in vivo osteogenesis potential of
mesenchymal-like cells derived from human
embryonic stem cells (hHESC-MCs) study, Kuhn
et al. [32] suggested that the implanted hESC-
MCs differentiated to chondrocytes and bone-
forming cells and tissue via an endochondral
ossification pathway. Interestingly, no osteogenic
or chondrogenic differentiation protocols were
introduced to the cells before implantation.
According to Kuhn et al. [32], this developmental-
like bone regeneration study represents a crucial
step forward for tissue engineering because of the
reproducibility of new bone formation without
preimplantation differentiation to osteo- or chon-
droprogenitors or having to over-commit the
hESC-MCs to a particular lineage before
implantation.

Nevertheless, from the analyses conducted on
annelids or segmented worms, Myohara [31]
stated that the alkaline phosphatase (ALP)
expression patterns and central nervous system
(CNS) development differ between embryogene-
sis and the regeneration. Although annelids are
invertebrates, the results serve as an indication
that regeneration is not a simple replication of
embryogenesis but involves different regulatory
mechanisms, especially in higher vertebrates. In
another study on a stepwise model system for
limb regeneration, Tetsuya et al. [33] suggested
that although the later phase of limb regeneration
is equivalent to its development, the early phase
involving blastema genesis is unique to regenera-
tion that perhaps would enhance regenerative

processes in humans. There are many other
examples, but the above initiatives give a basis
for the exposition of unique and crucial mecha-
nisms to regeneration which remains underex-
plored in cartilage tissue engineering.

7.4 Cartilage Disorders

and Management

Findings of a Global Burden of Disease (GBD)
2017 study show that human life expectancy is
73 years, but healthy life expectancy is only
63 years [34]. From the two figures, on average,
10 years of life were spent in poor health glob-
ally. Another GBD study indicated that musculo-
skeletal injury and degeneration are leading
causes of disability in 2010, with osteoarthritis
(OA) as the most common cause of disability in
older adults [35]. With a demographic shift in the
distribution of world population towards ageing
as per stated in the [1] report, it is expected that
there is a growing need for more effective options
for joint restoration and repair [1].

Osteoarthritis is a long-term chronic disease
characterised by the deterioration of the cartilage
in joints. Other than related to ageing, OA is also
associated with various modifiable and non-
modifiable risk factors, e.g. obesity, lack of exer-
cise, bone density, occupational injury, trauma,
gender and genetic predisposition (Table 7.1).
These examples are based on the assessment in
the context of the Malaysian population. The OA
symptoms include joint pain, stiffness, joint
swelling and decreased range of motion. If the
vertebrae or backbone is affected, numbness and
weakness of the arms and legs will indeed affect
work and alter daily activities.

Table 7.1 Risk factors

Non-modifiable Modifiable

Advancing age Body mass index (BMI)
Female >25 kg/m?

Genetic Previous knee injury
Heberden’s nodes in Joint malalignment
hand OA

Adopted from the Malaysia
Assessment Section, MaHTAS [36]

Health Technology
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Osteoarthritis can be classified into primary
(idiopathic) and secondary OA based on the joint
involved, i.e. hand, hip or knee, or by aetiology.
The primary OA includes generalised OA, a con-
dition associated with Heberden’s nodes and
polyarticular disease which occurs mainly in the
hand, with a female preponderance and has a
high prevalence in first-degree relatives. As for
the secondary OA, it can be due to several fac-
tors: (1) metabolic disorders such as acromegaly,
haemochromatosis and chondrocalcinosis; (2)
anatomic such as slipped femoral epiphysis,
Legg-Perthes disease, congenital dislocation of
the hip, leg length inequality, hypermobility syn-
dromes and avascular necrosis; (3) trauma such
as joint injury and fracture through a joint or
osteonecrosis; and (4) inflammatory such as
rheumatoid arthritis, psoriatic arthropathy and
septic arthritis.

As indicated in the earlier section, mature car-
tilage tissue has minimal capacity for self-repair.
If the cartilage is injured and left untreated, it can
lead to early degeneration and progress into
OA. As far as this paper is written, there is no
known cure for OA. Pharmacotherapy, physical
rehabilitation, strengthening exercise, interven-
tional therapy, complementary medicine and sur-
gery help to improve patient’s outcome. However,
the available therapies do not treat or address the
underlying issues. Although current surgical
interventions to cartilage repair are clinically
useful, they are unable to restore the structurally
and functionally normal articular cartilage sur-
face. In the case of Malaysia, the algorithm on
the management of knee and hip OA is sum-
marised in Fig. 7.1.

As of 2013, because of the lack of available
evidence, the Clinical Practice Guidelines (CPG)
and Quick Reference (QR) for the Management
of Osteoarthritis (Second Edition) issued by the
Ministry of Health (MOH) Malaysia were unable
to recommend the use of intraarticular stem cells,
autologous chondrocyte implantation, platelet-
rich plasma or even any recent advances in ortho-
paedic tissue engineering approaches in the
treatment of OA [36, 37]. It was indicated in the
2013 CPG document that it would be reviewed if
new evidence in the treatment of OA becomes

available, which is not the case, as of 2019. It is
felt that the outcome of TERM research, if suc-
cessful, may have an impact on the Malaysian
CPG. Relevant scientific evidence for OA man-
agement will be disclosed based on the best carti-
lage TERM approaches. The information perhaps
can shed some light and give some insight into
OA holistic healthcare model and be included in
the CPG, MOH Malaysia, as one of the viable
benchmarks for OA management.

7.5 Cartilage Tissue Engineering

7.5.1 Cells Source

Cells can be taken from autologous, allogeneic or
xenogeneic cells sources. Autologous cells are
harvested  from the same  individual
(donor = recipient), while allogeneic and xenoge-
neic cells are harvested from a different person
and a different species, respectively. The types of
cell can be divided into differentiated and undif-
ferentiated cells. These two cell types vary in that
the differentiated cells (or also known as adult
progenitor cells, specialised cells or committed
cells) perform a specific function in the tissue,
while the undifferentiated cells are uncommitted
cells (or also known as stem cells) that will
remain uncommitted until appropriate signals
stimulate the stem cells to differentiate into com-
mitted cells.

It has been well-documented that the trigger-
ing needs for stem cells in TERM are because of
the inadequate supply of committed cells so far.
Other unresolved issues include morbidity at the
harvested donor site as well as lack proliferative
and biosynthetic activities of the committed cells.
Stem cells have been known for their ability to
self-renew and to divide actively in the mono-
layer in vitro culture. Stem cells can differentiate
into multiple specialised cell types in the body.
This criterion makes them as a suitable candidate
for tissue regeneration and repair, especially for
tissues that are unable to regenerate spontane-
ously after injuries.

Stem cells can be isolated from a human
embryo, foetal or relevant adult tissues. Other



7 Scaffolds for Cartilage Regeneration: To Use or Not to Use?

103

( Symptomatic osteoarthritis ]

Education

Weight loss

Exercise »
Physiotherapy

Occupational therapy

* Orthoses/assistive devices

L

[ Paracetamol * Topical NSAIDs J

[ Persistent symptoms ]

&

¢ Tramadol

* NSAIDs (lowest effective dose,
for the shortest duration)

e Selective NSAIDs £ PPl in
patient with high Gl risk

™

[ Persistent symptoms ]

v

Consider intra-articular corticosteroids

(especially if knee joint effusion present)

[ Persistent symptoms ]

Referral to orthopaedics for

evaluation of arthroplasty

Other considerations at any time:-
¢ Glucosamine sulfate

+ Diacerein

* Alternative treatments

Fig. 7.1 Algorithm on the management of knee and hip osteoarthritis based on the CPG and QR, Management of OA,

MOH Malaysia (Adopted from Refs. [36, 37])

than isolating cells from the inner cell mass of the
blastocyst, the pluripotent embryonic stem cells
(ESCs) can also be harvested from foetal tissue
from terminated pregnancies. To date, TERM
researchers are still investigating whether the dif-
ferentiated cells and the undifferentiated stem
cells (from adult tissues) have equivalent poten-

tial to that of the ESCs [12, 19, 38]. In terms of
development potential, ESCs have been reported
to have a more significant differentiation poten-
tial than the differentiated cells and adult stem
cells (ASCs) [39]. While the ESCs can differenti-
ate into almost every cells lineage, the ASCs may
only develop into limited cell types. However, the
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ASCs have shown to have greater plasticity than
they were initially thought [9, 40]. The remaining
challenge is that which cells source holds advan-
tages for tissue regeneration?

From the above arguments, both the differen-
tiated cells and the ASCs hold a unique advan-
tage. In a fully autologous system, a patient’s
cells will be harvested, cultured and reimplanted
or transplanted back into the same patient. It can
be appreciated that there shall be no issues on
immune rejection since the autologous cells are
compatible with the patient’s own body.
Nevertheless, for ESCs, the recipient may require
lifelong immune-suppressive drugs to overcome
rejection of the newly transplanted cells. The dif-
ferentiated cells and ASCs are adult tissues and
obtained with consent from the patient.
Technically, there may be little if any ethical
issue on the ASCs therapies compared to the
ESCs.

7.5.2 Signalling Factors

The governing principle of this part is that cell
fate is influenced by cells’ interactions with com-
ponents of their microenvironment. Cell fate is
believed to have a strong association with culture
conditions. Cell differentiation requires optimum
physiological conditions such as temperature,
pH, oxygen, 3D environment and adequate cell-
to-cell contact. Biochemical factors (e.g. nutri-
ents and growth factors) and physical stimulation
(e.g. compression and tension) are essential to
direct proper cell growth and differentiation.
Insufficient signalling factors will lead to loss of
specific function, cells senescence or ageing and,
eventually, cell death. The signalling factors may
include soluble and immobilised factors, the
ECM (see biomaterial scaffolds) and signals pre-
sented by adjacent cells. In cell culture basis,
defined culture media induce cell differentiation
by providing vital regulatory factors.

Dynamic culture system such as bioreactors
improves cell seeding and functional tissue
development by providing mixing, mass trans-

port and biophysical stimulation. This microenvi-
ronment simulation 1is critical for proper
expansion of cells in vitro and particularly sig-
nificant for both primary and translational
research in TERM.

Gene transfer approaches have been intro-
duced for TERM applications due to inefficien-
cies of protein delivery in vitro ([41]; Md Ali@
[42]). The difficulties of protein delivery include
short biological half-life, ineffective localisa-
tion, rapid withdrawal from the application site,
the higher dosage required, unwanted side
effects and very costly. In overcoming these
issues, gene transfer offers more efficient man-
agement of protein delivery through independent
protein regulation [43]. The advantages of gene
transfer include the ability to sustain and regu-
late the endogenous synthesis of a gene product,
efficient localisation and higher biological
potency with multiple gene transfer [44]. In
practical, gene transfer can be done in situ with
minimal scaffolds requirement.

Genetic engineering is one of the most signifi-
cant discoveries in modern science nowadays. Its
applications (e.g. cloning and recombinant tech-
nology) enable us to synthesise growth factors or
its gene and hormones (e.g. insulin that was taken
from pig previously) for both research and clini-
cal treatments. Gene transfer involves cloning
and thus part of genetic engineering. If the com-
bination of gene transfer and tissue engineering
approaches is successful, a simple, cost-effective,
expedited tissue restoration may be achieved
using a single intraoperative procedure, as indi-
cated in Fig. 7.2.

Figure 7.2 illustrates the hypothetical impres-
sion to use the gene transfection procedure using
the identified vector into the harvested mesen-
chymal stem cells for osteochondral treatment.
The transfecting cells will be then incorporated
with a suitable biomaterial scaffold and trans-
planted into the defect. It is anticipated that the
resulting cells-scaffold complex will be able to
regenerate and achieve full tissue reparation. It is
also believed that this single intraoperative pro-
cedure will reduce harm to the patient [46].
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Fig.7.2 A stepwise gene transfer approach for cartilage TERM based on the osteochondral defect model (Adopted and

adapted from Ref. [45])

7.5.3 Biomaterial Scaffolds

The use of cells and growth factors are quite spe-
cific in TERM experiments. However, the use of
biomaterial scaffolds may vary depending on the
needs or design of a tissue. It is believed that
“nature” is the best designer for tissue or organ
development. It has never been easy to manufac-
ture scaffolds since the suitable design for bioma-
terial scaffolds should bear a resemblance to the
actual extracellular matrix of the tissue [47].
Biomaterial scaffolds can be either natural or
synthetic. The natural and synthetic biomaterials
can be used individually or in combination to
produce functional scaffolds. Suitable scaffolds
will direct cell growth and regenerate 3D tissue
[48]. The naturally derived biomaterials include
protein- and polysaccharide-based materials.
Proteins and polysaccharides hold significant
advantages and meet the requirements for TERM
applications based on their multitude of functions
in the human body. Natural biomaterials usually
have suitable sites for cellular adhesion and bio-

compatible to the human body. However, the
composition of natural biomaterials can be varied
and uncertain. The purity of the protein-based
biomaterials (e.g. collagen, silk and fibrin) or
polysaccharide-based biomaterials (e.g. agarose,
alginate, hyaluronan and chitosan-based scaf-
folds) must be appropriately identified to avoid
potential post-implantation activation of the
immune response. In terms of mechanical prop-
erties, usually the naturally derived scaffolds lack
mechanical strength [49] and thus need to be
optimised accordingly.

Polymer-, peptide- and ceramic-based bioma-
terials are the most common synthetic biomateri-
als used in TERM. As an alternative to the natural
biomaterials, these synthetic biomaterials have
well-defined chemicals and biomechanical com-
positions. The synthetic biomaterial scaffolds can
be tailor-made to meet specifications at the injury
or implantation site. The properties are essential
to determine cell differentiation and facilitate
reproducibility of the scaffolds in that the
mechanical properties, shape and degradation
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rate can be controlled based on the intended
requirement. In drug developments, the specific
degradation rate is more critical as it controls the
release (rate) of drugs incorporated into scaf-
folds. Unlike natural biomaterials, the synthetic
biomaterials lack sites for cell adhesion. The sites
must be altered chemically to allow appropriate
signals for cell adhesion and proliferation.

The suitability for in vivo implantation is sub-
jected to the biocompatibility of the materials
[50]. Therefore, biocompatibility assessment of
the materials and its by-product is essential to
avoid any harms or complications such as
unwanted immune responses that may be trig-
gered in the host-recipient after implantation
[51]. Biocompatibility testing can be done based
on the US Food and Drug Administration (FDA)
guideline to ensure a thorough safety assessment.
Other than safety issues, the origin of the materi-
als should be observed and must not contain pro-
hibited materials.

7.5.4 Scaffold-Based and Scaffold-
Free Approaches: Current
Trend and Way Forward

It can be appreciated that the current methods in
TERM employed two different yet interrelated
strategies, i.e. scaffold-based and scaffold-free
approaches. A systematic search on cartilage tis-

Fig.7.3 The
distribution of scaffold-
based and scaffold-free
approach based on 1645
articles

Natural;
Synthetic

2%

sue engineering study between 1994 and 2017
using Web of Science (WoS) and Scopus data-
bases yielded 4071 articles after the removal of
duplicate items in both databases amounting to
1393 articles. All data were extracted between
January and March 2018, and the thematic analy-
sis was completed on 30 May 2019. After the
exclusion of 189 non-English articles, 1361 non-
original research articles, 138 unavailable full-
text articles and 594 indirectly related articles, a
total of 1789 articles included for the analyses
with 1645 articles are directly related to “bioma-
terials”. Although Martin-Martin et al. [52] sug-
gested that in all areas, Google Scholar database
citation data is a superset of WoS and Scopus,
with substantial additional coverage, the selec-
tion of the two later databases is enough for the
review of this paper.

Out of 1645 articles, 706 studies involved nat-
ural biomaterials, 363 studies used synthetic bio-
materials, 242 studies used combination of the
natural-synthetic biomaterials, 183 studies aimed
at scaffold-free approach, 115 studies did not
specify the types of biomaterials or scaffold they
used and 36 studies used either natural or syn-
thetic biomaterials in their articles (Fig. 7.3).
From the results, the scaffold-based approach
(89%) is more popular than the scaffold-free
approach (11%) across the TERM field world-
wide. Nonetheless, Ovsianikov et al. [53] opined
that the rapidly emerging synergetic TERM strat-
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egy, integrating scaffold-based and scaffold-free
approaches, represents a new, genuinely conver-
gent research direction with strong potential for
enabling disruptive solutions and advancing the
fields of TERM.

The focal point of scaffold-based approach is
on the use of appropriate transient 3D template,
skeleton or framework to support cellular attach-
ment, proliferation and formation of new tissue
and organ. The essence of the vital functions of
the scaffold should be adequately designed to
match the degradation profile of the scaffold to
the formation of new ECM by the cells. This
aspect must be balanced and is always necessary
to maintain the compliance of the TEMPs, par-
ticularly for weight-bearing tissues such as carti-
lage [9]. Durable 3D scaffolds can protect cells
from possible damage by external factors.
Another aspect of design that must be taken into
consideration is that the scaffolds should be able
to equip a biomimetic microenvironment for cells
as well as the delivery and controlled release of
signalling molecules to facilitate new tissue for-
mation [54].

With 89% coverage of research worldwide,
the scaffold-based approach is seen as a popular
and advantageous method, especially in address-
ing the mechanical properties and degradation
profile of TEMPs. The choices of biomaterial
scaffolds are many, and they can be tailored to
suit the TERM applications (Appendix). There is
also an option to deliver signalling molecules
either by controlled release from the materials or
by immobilizing them on the surface [55, 56]. In
addition, rapidly progressing 3D printing
technologies offer a wide range of possibilities
from using bioinspired composites to the realisa-
tion of multiphasic TEMPs and shape-morphing
systems [22-24].

The scaffold-free approach is a bottom-up
strategy using cell sheet engineering [57, 58],
spheroids [10, 11, 59] or tissue strands [60, 61] as
building blocks. This approach depends on the
intrinsic ability of these cellular materials to
assemble and fuse to form larger tissue constructs
or TEMPs. Unlike the scaffold-based approach,
scaffold-free TEMPs need a high initial cell den-
sity. In this case, the proliferation and migration

of cells are not absolute factors, so the time
needed for new tissue formation can be reduced
significantly. A notable advantage of this
scaffold-free approach is its ability to address the
structure or architecture of the multifaceted tis-
sues or organs by the controlled assembly of vari-
ous cellular sources [53].

However, one critical disadvantage of this
scaffold-free approach is the inferior mechanical
properties of the cellular sources in that the mate-
rials of the cell may break during the manipula-
tion in vitro. In addition, the holding time needed
to obtain a reliable TEMP may be longer than the
scaffold-based approach because the scaffold-
free cellular materials sometimes need to fuse
themselves and prompt the ECM to deposit and
thus develop the tissue. Despite lingering uncer-
tainties concerning the above facts, “cell sheet
engineering” perhaps is the most successful
scaffold-free  approach, developed using
temperature-responsive culture dishes by a
Japanese research team. This method is explored
to overcome the limitations of tissue reconstruc-
tion using biodegradable scaffolds or single-cell
suspension injection. Popularised by Yamato and
Okano [62], the resulted cell sheets have been
applied clinically for various tissue reconstruc-
tions, including ocular surfaces, periodontal liga-

ments, cardiac  patches and  bladder
augmentation.
7.6  Conclusion

Basic research and scientific development reveal
the potential of TERM applications. However, a
significant number of unanswered questions
about the actual requirements for tissue regenera-
tion, the mechanisms associated with its patho-
physiology and the unresolved ethical issues
remain as challenges to the field. While an ideal
formulation for cartilage regeneration has yet to
be resolved, it is felt that the scaffold-based
approach is still needed for cartilage TERM for
years to come.
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Appendix

List of biomaterial scaffolds used as an individ-
ual or in combination in cartilage tissue engineer-
ing experimentation based on 1645 studies
starting 1994 to 2017. Note Table (A) natural bio-
materials and (B) synthetic biomaterials.

(A) Natural biomaterials

31. Collagen I; IT; IIT

32. Pellet; ~atelocollagen

33. Fibrinogen

34. Hyaluronic acid;{atelocollagen }

35. Hyaluronic acid (HA) hydrogels (2 wt% 1100
kDa, 2 wt% 350 kDa, 5 wt% 350 kDa, 2 wt% 50 kDa,
5 wt% 50 kDa, 10 wt% 50 kDa; 20 wt% 50 kDa)

36. Pellet; ~collagen

37. Macroporous gelatin-coated microcarrier beads
CultiSpher

38. Gelatin (photopolymerisable styrenated gelatin)

39. Alginate beads; agarose

40. CaReS (rat-tail collagen type I); atelocollagen
(bovine collagen type I); dermal regeneration template
(bovine collagen type I); Chondro-Gide (bovine
collagen type I/I1]); atelocollagen honeycomb small
(bovine collagen type I); atelocollagen honeycomb
large (bovine collagen type I)

41. Human amniotic membrane (epithelial side of

1. Agarose intact HAM (IHE), basement side of denuded HAM
2. Collagen type I (Integra®) commercial (DHB) and stromal side of denuded HAM (DHS))
3. Hyaluronic acid (HYAFF®-11) 42. Collagen type I (Resorba®) commercial

4. Fibrin 43. Collagen

5. Alginate 44. ECM (cell-derived)

6. Collagen I 45. Pellets vitro and vivo; ~alginate gel vivo

7. Collagen I/GAG 46. Micromass; collagen honeycomb

8. Gelatin 47. Osteochondral cores (cylindrical) [NS]

9. Calcium phosphate tribasic 48. Collagen I (Antema®) commercial

10. Collagen type I

49. Pellet — engineered ECM

11. Collagen II

50. Collagen type II

12. Hyaluronic acid, alginate (NS) [NS]

51. Alginate hydrogel; agarose hydrogel

13. Silicone rubber membranes coated with type 1
collagen; ~agarose

52. Hyaluronan biomaterial (HYAFF-11, Fidia)
{cylinder} [NS]

14. Atelocollagen I

15. Silk fibroin

16. Calcium polyphosphate
17. Chitosan

53. Alginate bead — coralline hydroxyapatite

54. Hyaluronic acid {hydrogels}

55. Decellularised (cartilage ECM)

56. Collagen I (Helistat®) commercial

18. HYAFF-11; HYAFF-11-S
19. Sodium alginate

57. Chitosan + Arg-Gly-Asp (RGD);
chitosan + epidermal growth factor (EGF)

20. Methacrylated form of hyaluronan (HA-MA)
(hydrogel, cylindrical) [Photocross-linking]

21. Collagen type I (Cellagen™) commercial

22. Self-assembling collagen type I

58. Coral

59. Whole blood, agarose

60. Cell sheet — cell plate in culture insert;
~atelocollagen honeycomb-shaped

23. Alginate; agarose; gelatin; fibrin

61. Chitin (di-butyryl-chitin)

24. Agarose; alginate; gelatin

62. Alginate beads — calcium phosphate Calcibon®

25. B-TCP

63. Cellulose

26. Cartilage ECM

64. Gellan gum

27. Hyaluronic acid methacrylated

65. Hyaluronic acid HA (0.5, 1 and 2 g)

28. Bacterial cellulose; collagen type II; alginate

66. Aragonite matrix

29. Hyaluronan

67. Layered agarose hydrogel

(continued)
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(A) Natural biomaterials

(A) Natural biomaterials

68. Chondron ECM

69. Cross-linked methacrylated hyaluronic acid
hydrogels (MeHA);{agarose }

70. HA; agarose {gel}

71. Collagen II (recombinant human)

72. Calcium alginate

73. Gelatin, chitosan (cylindrical) [NS]

103. Sponge-like scaffolds were prepared: (1) porcine
type I/III collagen (CI) (0.5% w/v) (Geistlich
Biomaterials, Wolhusen, Switzerland); (2) CI (0.5%)
additionally supplemented with CS (7% w/w relative
to CI) (Sigma Chemical Co., St Louis, MO, USA);
and (3) CI (0.5%) additionally supplemented with HS
(7% wiw relative to CI) (Sigma)”

74. Gellan um;{agarose}

75. Alginate (hydrogel) [NS]; demineralised bone
matrix (NS) [3D printing]

104. Cell pellet — collagen type II nanoarchitectured
molecules; collagen fibrils (CNFs); collagen spheres
(CNPs)

76. Atelocollagen

105. Gelatin; chitosan; agarose

77. Hyaluronic acid (nonwoven mesh) [NS]

106. Decellularised (dermal ECM)

78. Decellularised (osteochondral graft)

79. Demineralised joint condyle

107. Hyaluronic acid (HYAFF®-11); collagen
(Bio-Gide®) commercial

80. Alginate beads; ~hydroxyapatite (HA) carrier

81. Collagen type I (CaRes®)

108. Self-assembled (agarose mould) — collagen
cross-linking via lysyl oxidase (timing)

82. Collagen I (CaReS®)

109. Collagen type I (PureCol®) commercial

83. Hydroxyapatite, chitin, chitosan (NS) [NS]

110. Bacterial cellulose

84. Collagen type I (Arthro Kinetics Biotechnology)

111. Pellet culture (aggregate);~micromass (self-
assembled) in plate; ~collagen II

85. Collagen (Chondro-Gide®)

112. Devitalised cartilage explant

86. Pellet; cross-linkable hyaluronan hydrogel

87. Decellularised osteochondral explant

113. Alginate (beads) [NS]; cell pellet (NS) [NS];
collagen, chitosan (NS) [NS]

88. Gelatin; chitosan

89. Silk fibroin;{hyaluronic acid (HYAFF®-11)}

114. Alginate bead — scaffold free on b-tricalcium
phosphate carriers []

90. Fibrin glue hydrogel; platelet-rich fibrin glue
hydrogel; fibrin glue hydrogel containing heparin-
binding delivery system; platelet-rich fibrin glue
hydrogel containing heparin-binding delivery system

115. Fibrin hydrogel in agarose well; agarose well
only

116. Osteochondral cores, agarose (disc) [NS]

91. Nonbiomedical and biomedical grade alginates

92. Collagen I (Porcogen™)

117. Extracellular matrix (ECM) by ASCs; ECM by
synovium-derived stem cells (SDSCs). The cell in
pellet condition

93. Sodium alginate (Sea Matrix®)

118. TCP

94. Methacrylated glycol chitosan

119. Glycerol phosphate

95. Collagen type I, collagen type III (disc) [NS]

120. Decalcified bone matrix

96. Self-assembled; fibrin

121. Hyaluronic acid hydrogel

97. Collagen I (Ultrafoam®) commercial

98. Pellet culture; agarose

122. Recombinant human collagen type II (Fibrinogen
Europe, Helsinki, Finland)

99. Hyaluronic acid (HA) hydrogel; agarose hydrogel

123. PRP

100. Hyaluronic acid methacrylated; agarose

124. Micromass; pellet culture model; vivo~fibrin gel

101. k-Carrageenan

102. “Hydrogel: (1) soluble rat-tail type I collagen
(0.2% wi/v) (BD Biosciences, San Jose, CA, USA); (2)
type I collagen (0.2%) incorporating transglutaminase
(TG)-2 (100 1gml-1) (Sigma); (3) type I collagen
(0.2%) incorporating microbial transglutaminase
(mTG; 100 Ig ml-1) (Ajinomoto Food Ingredients
LLC, Chicago, IL); (4) type I collagen (0.2%)
incorporating genipin (GP, 0.25 mM) (Wako,
Richmond, VA, USA); (5) type I collagen (0.2%)
incorporating GP (0.25 mM) and control agarose
beads (without heparin) (Sigma); and (6) type I
collagen (0.2%) incorporating GP (0.25 mM) and
heparin-agarose type I beads (10% weight of heparin/
weight of collagen) (Sigma)

125. Injectable hydroxypropylmethylcellulose
(HPMC) hydrogel

126. Hyaluronic acid methacrylate (HA-MA),
chondroitin sulphate methacrylate (CS-MA);
(hydrogel) [NS]

127. Collagen type I, collagen type III (NS) [NS]

128. Sulphated alginate

129. Agarose; plasma; whole blood

130. Photocross-linkable gelatin-methacrylamide
(Gel-MA); varying concentrations (0—2%) of
hyaluronic acid methacrylate (HA-MA)

131. Human acellular cartilage matrix powders

132. Self-assembled (polyethylene terephthalate
(PET)-coated); agarose hydrogel encapsulation

133. Methacrylated gelatin

(continued)
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(A) Natural biomaterials

(B) Synthetic biomaterials

134. ECM (MSC-derived)

135. Demineralised bone matrix

1. 2-Hydroxyethyl methacrylate-L-lactate—dextran
(HEMA-LLA-D)

136. Hybrid organic-inorganic (HOI) material
photopolymer ORMOSIL SZ2080; xcollagen type I
membrane

. B-TCP

. Calcium carbonate (Calcibon®)

137. Decellularised (meniscus ECM)

. Calcium polyphosphate

138. Alginate; chitosan; fibrin

. Cell pellet; ~NPLGA

139. Heparin-conjugated fibrin (gel) [NS]

. Collagen-like proteins

140. Microcavitary alginate hydrogel (microsphere)

. Compact polyelectrolyte complexes (CoPECs)

141. Chondroitin sulphate methacrylate

. Elastin-like polypeptide (ELP)

142. Micromass cell pellets; alginate hydrogels

O 0 NN AW

. Hyaluronan benzyl ester (disc) [NS]

143. 45S5 Bioglass®

10. Injectable PLGA microsphere

144. Graphene oxide (NS) [NS]

11. Macromers of PEG-caprolactone (PEG-CAP)
endcapped with norbornene (PEG-CAP-NOR)

145. Amniotic membrane

146. Hyaluronic acid (NS) [NS]

147. Collagen type I, collagen type II, hydroxyapatite
(cylindrical) [NS]

12. Nonporous microcarriers poly(lactic-co-glycolic
acid) (PLGA); porous PLGA; amine-functionalised
PLGA-NH2

13. Nonwoven PGA fibres

148. Porcine articular cartilage extracellular matrix
(ACECM) (disc) [directional crystallisation and
freeze-drying]

14. Nonwoven polyethylene terephthalate fibre

15. NS polycarbonate membrane

149. Cartilage ECM powder

150. Self-assembled; ~alginate

16. Oligo(trimethylene carbonate)-poly(ethylene
glycol)-oligo (trimethylene carbonate) diacrylate
(TPT-DA)

151. Pellet; ECM hydrogel 17. OPF

152. RGD-immobilised microcavitary alginate 13. PBT

hydrogels; microcavitary alginate hydrogel 19. PCL

153. Gelatin methacryloyl 20. PEG

154. Gelatin methacrylamide (GelMA), hyaluronic 21. PEG hydrogel; PLGA microfibers
acid methacrylate (HAMA), alginate (ALG), 22. PEGDA

hydroxyapatite paste (HAP) (hydrogel) [3D printing] 23. PEGDM

155. Chitosan; alginate; collagen I 24.

156. Demineralised cancellous bone

157. Human dermal fibroblast-derived ECM (hECM)

PEG-oligo(lactic acid) dimethacrylate PEG-LA-DM

158. Decellularised (cartilage ECM) and
methacrylated; methacrylated gelatin

25. Peptide-modified PEGDA (hydrogel) [NS]

26. PGA

159. Calcium-cobalt alginate

27. PGA; PLGA (disc) [NS]

160. Devitalised cartilage

28. PGA; PLLA; PDLLA; PLGA; PCL

161. Transglutaminase-cross-linked hyaluronan
hydrogels (HA-TG); alginate

29. PGA-PLA (Ethisorb 210); poly-L-lactic acid

30. PGLA (polyglycollic-co-lactic acid)

162. Pellet; alginate bead; {monolayer}

31. PHBV (3-hydroxybutrate-co-3-hydroxyvalerate)

163. ECM

32. PLA

164. Alginate; agarose

33.PLA (OPLA®)

165. Decellularised (bone matrix) and demineralised

34. PLA; PGA; PLGA

166. Gelatin methacrylamide; polyacrylamide

35. PLAG

167. Pellets; agarose

36. PLCL

168. Monomeric type I and type II collagen

37. PLG

169. Sodium alginate, collagen type I, collagen type
1L, chondroitin sulphate (hydrogel) [NS]

38. PLGA

39. PLGA, poly(ethylene oxide)-dimethacrylate,
poly(ethy-1-ene glycol) (NS) [double emulsion]

(continued)
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(B) Synthetic biomaterials

(B) Synthetic biomaterials

40. PLGA; polydioxanone (PDO)

71. Polydimethylsiloxane (PDMS) concave microwells

41. PLGA-fleece (darts) [NS]

72. Polyester poly(3-hydroxybutyrate) (PHB) film

42. PLLA

73. Polyethylene glycol diacrylate

43. PLLA (NS) [electrospinning]

74. Polyglycolic acid (PGA)

44. PLLA (RESOMERL207S)

75. Polyglycolic acid (PGA); cartilage explant

45. PLLA; PLGA(L); PLGA(H); PLA/CL; PDLA

46. PLLA; PGA; PLGA; PLAO3

47. Poly(1,8-octanediol citrate)

48. Poly(2-acrylamido-2-methyl- 1-propanesulfonic
acid
(NaAMPS)-co-N,N-dimethylacrylamide(DMAAm))

76. Polyglycolic acid (PGA); poly(glycolic acid-e-
caprolactone) (PGCL); poly(l-lactic acid-glycolic
acid) (PLGA), poly(l-lactic acid-e-caprolactone;75:25
(w/w)) [P(LA-CL)25]; poly-e-caprolactone
(tetrabutoxy titanium) [PCL(Ti)]; fullerene C-60
dimalonic acid (DMA)

49. Poly(2-hydroxyethyl methacrylate)

77. PolyHIPE polymer (PHP)

50. Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBHHXx)

51. Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P3HB4HB)

78. Polyhydroxyalkanoate (PHA) = poly[(R)-3-
hydroxybutyrate-co-(R)-3-hydroxy-10-38
undecenoate] (PHBU)

79. Poly-L,D-lactic acid (PLDLA)

52. Poly(ethyl acrylate-co-hydroxyethyl acrylate)
[P(EA-co-HEA)]

80. Polylactic acid (PLA); Acrylonitrile butadiene
styrene (ABS) (NS) [3D printing]

53. Poly(ethylene oxide) dimethacrylate (PEODM)

81. Polylactic acid poly-e-caprolactone (PLCL)

54. Poly(ethylene terephthalate) (PET)

82. Polylactic acid-polyglycolic acid (PLGA)

55. Poly(glycerol sebacate) (PGS)

83. Polylactic glycolic acid (PLGA)

56. Poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV)

84. Polylactic glycolic acid (PLGA)

85. “Polylactic glycolic

57. Poly(lactic-glycolic acid) (PLGA)

86. acid (3D-PLGA) (NS) [NS]”

58. Poly(L-lactide-co-e-caprolactone) (PLCL) (NS)
[supercritical fluid foaming; solvent-casting and salt
leaching method]

87. Polylactide-polyglycolic acid (PLGA)

88. Polylactide-co-glycolide (PLGA) 85:15
microspheres/biodegradable hydrogel

59. Poly(L-lactide-co-e-caprolactone) (PLCL)
{sponge} [supercritical fluid foaming; solvent-casting
and salt leaching method]

89. Poly-L-lactic acid (PLLA)

60. Poly(L-lactide-co-e-caprolactone) (PLCL);
articular cartilage explant (control)

90. Poly-L-lactic acid (PLLA) microsphere; poly-L-
lactic acid (PLLA) microsphere + tripeptide
Arg-Gly-Asp

61. Poly(N-isopropylacrylamide)-g-methylcellulose
(PNIPAAm-g-MC) thermoreversible hydrogel

91. Polymer solutions of poly(ethylene) oxide
diacrylate

92. Polyurethane

62. Poly(N-isopropylacrylamide-co-acrylic acid)
(p(NiPAAm-co-AAc)) (hydrogel) [NS]

93. Polyurethane (PU); poly(L/DL-lactide)
(PLA)-control

63. Poly(N-isopropylacryl-amide-co-acrylic acid)
thermoreversible gel

94. Polyurethane/poly(L-lactide-co-D, llactide) (PU/
PLDL) [6:4; 5:5; 8:2]

64. Poly(propylene fumarate-co-ethylene glycol)
[P(PF-co-EG)]; {agarose}; {alginate}

95. Poly-e-caprolactone (NS) [electrospinning]

65. Poly(urethane urea) Artelon®

96. PuraMatrix (hydrogel) [NS]

66. Poly(y-benzyl-L-glutamate) (PBLG)

97. PVA

67. Poly(e-caprolactone) (PCL) nanofibrous
electrospinning

68. Poly3-hydroxybutyrate4-hydroxybutyrate
(P34HB)

69. Polycaprolactone; poly(L-lactide); poly(lactic-co-
glycolic acid); polyurethane

70. Polydimethylsiloxane (PDMS)

98. Recombinant streptococcal collagen-like 2 (Scl2)
protein with heparin-binding, integrin-binding and
hyaluronic acid-binding peptide sequences (HIHA)
[nonviral bacteria]. ScrMMP7-HIHA-Sc12, MMP7-
HIHAScI2, MMP7:ACAN(75:25)-HIHA-Scl2,
MMP7:ACAN(50:50)-HIHAScI2,
MMP7:ACAN(25:75)-HIHA-Scl2 and ACAN-HIHA-
Scl2 hydrogels.

(continued)
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(B) Synthetic biomaterials

99. Self-assembling peptide (KLD)
AcN-(KLDL)3-CNH2

100. Self-assembling peptide (KLD); cartilage
explants

101. Self-assembling peptide (KLDL)

102. Self-assembling peptide (RADA)4

103. Self-assembling peptide AcN—(KLDL)3-CNH2
hydrogels;{agarose}

104. Self-assembly aggrecan (0.6% w/w), aggrecan—
HA (0.6% w/w) and HA (1% w/w) solutions; ~type II
collagen/aggrecan; ~PVA hydrogel

105. Silanised hydroxypropyl methylcellulose
(Si-HPMC) hydrogel [E4M®]

106. Silated hydroxypropyl methylcellulose (hydrogel)
[NS]

107. Silk; collagen; gelatin

108. Silk-elastin-like-protein polymer SELP-47 K

109. Sodium cellulose sulphate; polydiallyl dimethyl
ammonium chloride (NS) [NS]

110. Tantalum

111. Tetramethacrylate prepolymer

112. Thermoreversible gelation polymer [poly(N-
isopropylacrylamide-co-n-butyl methacrylate)
(poly(NIPAAm-co-BMA))]

113. Titanium
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Engineering
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Abstract

Inorganic nanomaterials or nanoparticles
(INPs) have drawn high attention for their
usage in the biomedical field. In addition to
the facile synthetic and modifiable property of
INPs, INPs have various unique properties
that originate from the components of the
INPs, such as metal ions that are essential for
the human body. Apart from their roles as
components of the human body, inorganic
materials have unique properties, such as
magnetic, antibacterial, and piezoelectric, so
that INPs have been widely used as either car-
riers or inducers. However, most of the bio-
applicable INPs, especially those consisting of
metal, can cause cytotoxicity. Therefore, INPs
require modification to alleviate the harmful
effect toward the cells by controlling the
release of metal ions from INPs. Even though
many attempts have been made to modify
INPs, many things, including the side effects
of INPs, still remain as obstacles in the bio-
application, which need to be elucidated. In
this chapter, we introduce novel INPs in terms
of their synthetic method and bio-application
in tissue engineering.
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8.1 Introduction

Nanoparticles (NPs) have been widely used in
medical treatment and biomedical research [1—
3]. Since NPs have high surface area to volume
ratio, which meets the dimension of biological
compounds, nanoscale materials can easily inter-
act with their biological surroundings [4]. For
example, NPs can stimulate cellular pathway by
binding ligands on the surface of the cells. NPs
are also able to penetrate the cell membrane by
either active or passive transport, resulting in the
change of cellular activity. Therefore, researchers
have developed various NPs to improve thera-
peutic efficacy by controlling the shape, size, and
components of the NPs [5, 6]. Among the various
NPs, inorganic nanoparticles (INPs) have drawn
high attention for their unique property. INPs are
normally synthesized by inorganic salt crystalli-
zation forming atoms’ binding. Based on metal-
lic and covalent bindings, which are major
bindings in INPs, INPs can have high rigidity and
order. Therefore, it is relatively easy to modify
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and synthesize uniform INPs to achieve the duties
of biomedical application [7, 8]. For example,
INPs can be used for drug delivery systems
(DDS), antibody labeling, bio-imaging, and tis-
sue regeneration [9-12]. Among the applicable
INPs, gold nanoparticles (AuNPs) and magnetic
nanoparticles (MNPs) are normally used as carri-
ers for drug and gene delivery. Brust et al. discov-
ered a simple step to synthesize colloidal AuNPs
[13], and numerous studies to develop AuNPs
have been conducted [14—16]. With the introduc-
tion of synthetic technology to exchange ligands
on the surface of AuNPs, it is possible to detect
target areas with the active targeting property of
AuNPs [16]. AuNPs also have advantages of tun-
able size and surface modification that result in
various effects on biomedical application [17,
18]. MNPs are also widely known candidates for
DDS research, due to their magnetic responsive-
ness properties with biocompatibility and reac-
tional functional groups on the surface of the
MNPs [19, 20]. The MNPs are usually compos-
ited with materials such as metallic, ferrite, and
magnetic element-doped ferrites. Widely used
MNPs include iron oxide nanoparticles (IONPs)
and superparamagnetic iron oxide nanoparticles,
not only for their magnetic properties but also for
their good biocompatibility, which is an impor-
tant issue for bio-application. Under a magnetic
field, MNP carriers can be delivered to the tar-
geted area effectively, even under liquid biologi-
cal environments [21, 22].

Apart from their roles as tools in DDS, INPs
are used as the main factors for inducing tissue
regeneration. As aforementioned, biocompatibil-
ity is a crucial issue for bio-application. Therefore,
INPs consisting of biocompatible metal compo-
nents have been chosen for the candidates. Since
there are many receptors that can correlate with
various metals on the cell surface, some metal
ions, usually degraded from the INPs in the cell,
were discovered to increase tissue regenerative
efficacy by inducing cellular behavior change,
such as cell differentiation by means of the stim-
ulation of the ligand-receptor pathway [23].
Moreover, other unique properties of the INPs,
such as antimicrobial ability and piezoelectricity,
have also been discovered as factors to stimulate

tissue regeneration [24, 25]. In this chapter, we
introduce some novel INPs that mainly consist of
metal derivatives that have been widely used in
tissue engineering, with regard to their synthetic
methods and therapeutic results.

8.2 INPs as Carriers

8.2.1 Gold
AuNPs are one of the most promising tools that
can serve as great carriers for drug, gene, and
even other bio-applicable materials [26-28]. One
of the representative properties of AuNPs used
for DDS is their stability, especially in pH respon-
siveness, as compared with other metal materials.
Bhang et al. developed manganese-incorporated
AuNPs (MnAuNPs), where they utilized AuNPs
as nanocarriers for manganese [29]. The
MnAuNPs were fabricated by reducing both
Mn?* and Au?* with sodium borohydride (NaBH,)
in the presence of polyvinylpyrrolidone. As they
treated pheochromocytoma 12 (PC12) cells with
MnAuNPs, MnAuNPs could be delivered to the
PC12 cells via endocytosis, followed by the
release of Mn?* ions into the endosome (Fig. 8.1a).
Mn can relatively easy react with hydrogen, as
compared with Au, due to its low standard reduc-
tion potential of —1.18 V, in contrast to that of Au
of +0.7 V [30]. Therefore, Mn?* can be released
from the MnAuNPs while in the endosomes,
which have low pH conditions. Controlled Mn?**
release allowed PC12 cells to have enhanced neu-
ronal differentiative efficacy without cytotoxicity
(Fig. 8.1b, c), because this system prohibits the
overdose of Mn?* release and ATP depletion in
preventing active transport, which cause PC12
cells” apoptosis [31, 32]. In conclusion, Au in
MnAuNPs served as carriers for the pH-triggered,
intracellular delivery of Mn ions to stimulate
neuronal differentiation of PC12 cells (Fig. 8.1d).
Tian et al. invented functionalized AuNPs as
delivery carriers for cancer therapy by exploiting
the properties of Au, which can retain its stability
in acidic pH condition, including photothermal
therapeutic efficacy [33]. In this study, gold
nanostars (GNS) were incorporated into the pH
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Fig. 8.1 Applications of novel modified AuNPs for bio-
application. Schematics of (a) pH-triggered intracellular
delivery of Mn?* through MnAuNPs for the neuronal dif-
ferentiation of PC12 cells. (b) Western blot analysis for
caspase-3 protein expression, which is a representative
apoptotic marker, and its quantification at 24 h (n = 5,
#p < 0.01 versus Mn** group). (¢) Neutral red assay for
cell viability of PC12 cells at 24 h (n =5, *p < 0.01 versus
no-Mn** group). (d) Neuronal differentiation of PC12
cells evaluated by immunocytochemistry for f-tubulin 111

(low) insertion peptides (pHLIPs) by mixing
amine-PEG-thiol with maleimide-PEG2000-
pHLIPs, followed by adding bare GNS solution
(Fig. 8.1e). The fabricated product was named
GNS-pHLIP. In acidic conditions, the pHLIPs are
protonated to increase the hydrophobicity of the
peptides that inserts the GNS-pHLIP into tumor
cells [34, 35]. GNS are one of the contrast agents
for computed tomography (CT) and photoacous-
tic (PA) imaging, in addition to their photothermal
therapeutic effect [36]. Therefore when irradiated
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(green) and nucleus (blue). (Reprinted from Biomaterials,
55, Bhang et al., pH-triggered release of manganese from
MnAu nanoparticles that enables cellular neuronal differ-
entiation without cellular toxicity, 39, 2015, with permis-
sion from Elsevier). (e) Scheme of GNS-pHLIP for
enhanced cancer therapy with CT and PA imaging. (f) The
tumor temperature variance during the irradiation of laser
in each group in vivo. (Reprinted with permission from
Tian et al., ACS applied materials & interfaces, 9 (3)
pp. 2114-2122)

with NIR light, GNS-pHLIPs could effectively
target and decrease the volume of MCF-7 breast
tumor in vivo (Fig. 8.1f). Simultaneously, GNS-
pHLIPs presented enhanced signals through CT
and PA imaging. This study demonstrated that the
GNS-pHLIPs can be used as dual platforms for
cancer therapy, by targeting and imaging the
tumor at the same time.

Au can easily incorporate with thiol-modified
DNA using Au-thiol chemistry [16, 37]. Because
of the stable and strong covalent bonding between
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AuNPs and thiol-modified DNA, many efforts
have been made to develop AuNPs as carriers for
gene therapy [38—40]. AuNPs have also stimu-
lated tremendous efforts due to their inherent sur-
face plasmon resonance (SPR) effect [41, 42].
Aside from cancer-eliminating tools for the pho-
tothermal effect of AuNPs, their unique SPR
bands have been utilized for gene-releasing plat-
form in DDS. As the shape and size of AuNPs are
changed, the SPR bands of AuNPs are also
changed. For example, Au nanorods are known to
enhance photothermal capability under NIR light
irradiation by the shifting of SPR band toward
the longer-wavelength light region [6]. Tian et al.
used the GNS to allow SPR band to shift toward
the NIR region for effective phototherapy [33].
Vankayla et al. also utilized GNS for in vivo fluo-
rescence imaging with NIR light-activated photo-
dynamic therapy [43]. Recently, Han et al.
utilized these two unique properties of AuNPs,
represented by Au-thiol chemistry and SPR band
shift, for imaging and in vivo drug delivery [44].
The research group designed stabilized up-
conversion nanoparticles based on the coupling
of very tiny AuNPs (=2 nm) and thiol-modified
hairpin DNA (hpDNA). By using coprecipitation
process, NaYF, nanoparticles were co-doped
with Yb** and Tm?*. Thereafter, the research
group coated NaYF,:Yb/Tm nanoparticles with
thin layer of silica, followed by attaching AuNPs
to silica shell. The resultant NaYF,@SiO,-Au
nanoparticles showed increased photothermal
effect. Since AuNPs attached to up-conversion
particles quenched up-conversion emission under
NIR light, NaYF,@SiO,-Au showed the best
photothermal efficacy among the other experi-
mental groups. This is because the quenched
light was mostly absorbed by AuNPs and that of
the absorbed light energy was mostly released as
heat. Since hpDNA has high thermal sensitivity
and ability to encapsulate drug, the released heat
stimulated the release of doxorubicin from
NaYF,@SiO,-Au by means of photothermal
effect. Furthermore, it was observed that the
tumor size of tumor-bearing mice was signifi-
cantly decreased, as compared with all three con-
trol experiments. Up-converted NIR emission
was also detected from the tumor site.

Lei et al. invented a small interfering RNA
(siRNA) of nerve growth factor (NGF)-
incorporated gold nanoclusters, to increase the
therapeutic efficacy of cancer therapy [45]. Aside
from the effect of NGF inhibition for pancreatic
cancer, the research group used gold nanocluster-
shaped AuNPs to enhance the stability of NGF
siRNA. First, the GNS was synthesized by one-
step reduction of Au** (Fig. 8.2a). After that, the
NGF siRNA was absorbed onto cationic GNC
through electrostatic interaction (Fig. 8.2b). The
resultant GNC-siRNA complex structure allowed
siRNA to hide its negative charge in the spacer.
The GNC-siRNA-treated group showed increased
stability in serum nuclease and cellular uptake,
compared to that of free siRNA. For therapeutic
effect of cancer therapy, the GNC-siRNA down-
regulated the NGF expression in Panc-1 cells
with about 75% downregulation of NGF mRNA
expression, as compared to the no-treated group.
The antitumor and gene knockdown effects were
investigated in three different pancreatic models:
subcutaneous model, orthotopic model, and
patient-derived xenograft model. It was con-
firmed that weight and tumor size were also
decreased in the GNC-siRNA complex-treated
group (Fig. 8.2¢c, d). The gene knockdown effect
was also discovered in three different pancreatic
models by detecting NGF mRNA and protein
expression.

8.2.2 Magnetic Materials

MNPs have emerged as a promising tool in bio-
medical fields that include gene delivery and bio-
sensors [46-48]. Representatively, IONPs have
been investigated for their magnetic targeting
efficacy. Wu et al. illustrated natural killer (NK)
cell-based anticancer treatment using the mag-
netic delivery of polydopamine (PDA)-capped
iron oxide (Fe;O4) NPs [49]. They manufactured
Fe;O4 NPs with thermal decomposition method,
before sequentially capping with sodium dodecyl
sulfate and dopamine monomer to fabricate
PDA-capped Fe;0, NPs. PDA shells have been
commonly used to increase biocompatibility and
biodegradability [50-52]. The NK cells were
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Fig. 8.2 Synthetic method of GNC-siRNA complex and
its cancer therapeutic efficacy. (a) Scheme of the posi-
tively charged GNCs. (b) Scheme of the synthetic method
of GNC-siRNA complex. Electrostatic interaction
between cationic GNCs and negatively charged siRNA,
which was condensed onto the GNCs. (¢) Tumor growth
curve during the GNC-siRNA treatments, where the black

treated with PDA-capped Fe;O, NPs, which had
no significant effect on NK cells’ viability and
cytokine production, such as tumor necrosis fac-
tor alpha, and interferon gamma. PDA-capped
Fe;0, NP-loaded NK cells (NP-NK) showed
high toxicity against A549 cancer cell under
magnetic traction in vitro. Additionally, the
researchers investigated increased accumulation
of NP-NK in the tumor microenvironment and
decreased tumor volume, after treatment with
PDA-capped Fe;O, NPs.

Magnetic hyperthermia generates heat in
response to a magnetic field. The properties of
MNPs vary with the size, structure, and composi-
tion, which were discovered to affect the charac-
teristics of magnetic hyperthermia and heating
efficacy [53]. Therefore, various MNPs have
been investigated regarding cancer treatment

arrows indicate the injection time. (d) Tumor weight at the
end of experiment. (This work is licensed under the
Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecom-
mons.org/licenses/by/4.0/, or send a letter to Creative
Commons, PO Box 1866, Mountain View, CA 94042,
USA)

[54-56]. Tsai et al. examined truncated octahe-
dral IONPs that have a double layer of Au/Ag
alloy for magnetic targeting with hyperthermia
and photothermal cancer therapy [57]. In this
study, IONPs were dispersed in oleic acid solu-
tion adding each of AgNO; and HAuCl, solution
twice, to make shell-in-shell structure (Fig. 8.3a).
They performed photothermal ablation of U87
cells, after treating with IONP@shell-in-shell
NPs. Compared to U87 cells with only laser irra-
diation, most of the U87 cells died when treated
with laser irradiation and magnetic attraction
together. Similarly, in vivo test established with
human-brain-tumor mouse model showed that
the IONP @shell-in-shell NPs could penetrate the
blood-brain barrier and were gathered at the
tumor site. Therefore, IONP @shell-in-shell NPs
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Fig. 8.3 Applications of various novel MNPs as carriers
for DDS. (a) Schematic of preparation for the IONP@
shell-in-shell complex. (Reprinted with permission from
(Yun et al., ACS applied materials & interfaces, 18 (2),
pp. 838-845.) Copyright (2018) American Chemical
Society). (b) Scheme of synthetic procedure of FesC,-
GOD @MnO, nanocatalysts. (¢) Biodegradation behavior
of FesC,-GOD@MnO, nanocatalysts and the mechanism
of FesC,-GOD@MnO, generating hydroxyl radicals fol-
lowing the Fenton reaction. (Reprinted with permission
from (Feng et al., ACS Nano, 12(11):11000-11012.)
Copyright (2018) American Chemical Society). (d)
Description of force that a Mag-Cell having ZnMNPs has
to overcome, when moving toward the tissues with mag-
netic assistance. (e) Bioluminescence images of various
material-treated cell migrations. (Mag-Cell-1 indicated
neural stem cell (NSC) with 15 nm ZnMNPs, Mag-Cell-2
indicated NSC with 15 nm Fe;0,, and Mag-Cell-3 indi-

had better photothermal inhibition of tumor
growth, compared to other experimental groups.
When the Fe?* ion of IONPs reacts with H,0,,
highly reactive hydroxyl radicals (OHe) come
out, which reaction is called the Fenton reaction
[58]. Therefore, treatment of IONPs can generate
intracellular hydroxyl radicals from the cells,
which affect cell viability and function [59, 60].
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FE502'GOD@ Mn02

MI'IOZ + H+—) Mn2+ H20 + 1/202T
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Glucose + O, - H,0,
Fe2* + H,0, — Fe®* + -OH + OH-

2

cated NSC with Feridex.) (f) 60-fold more live magneti-
cally targeted Mag-Cells-1 were delivered than
non-targeted ones. (Reprinted with permission from (Yun
et al.,, Nano Letters, 18 (2), pp. 838-845.) Copyright
(2018) American Chemical Society). (g) Schematic illus-
trating the fabrication of magnetic nanospear arrays.
Polystyrene (PS) nanospheres are first assembled on a sili-
con (Si) wafer, followed by size reduction via oxygen
plasma etching. Dry etching is then applied to etch the Si
and nanospheres simultaneously to generate Si nanospear
arrays. Next, layers of nickel (Ni, 40 nm) and gold (Au,
10 nm) are evaporated on the Si nanospear arrays.
Schemes of control of the nanospear mechanical motions
using magnet, including orientation control in the (h) ver-
tical and (i) horizontal plane. (Reprinted with permission
from (Xu et al., ACS Nano, 12 (5), p. 4503-4511.)
Copyright (2018) American Chemical Society)

Feng et al. combined the magnetic property of
IONPs with the Fenton reaction for cancer ther-
apy [61]. They designed manganese dioxide
(MnO,)-encapsulated and glucose oxidase
(GOD)-loaded magnetic iron carbide (FesC,)
core-shell structured nanoparticles (FesC,-
GOD@MnO, NPs) to enhance tumor ablation.
The FesC,-GOD@MnO, was fabricated by
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loading the GOD onto the surface of FesC,
nanoparticles, followed by reducing KMnO, in
the presence of poly(allylamine hydrochloride)
(Fig. 8.3b). Tumor acidic microenvironment gen-
erates Mn?* and O, caused by each decomposi-
tion of MnO, and release of GOD. Thereafter, the
GOD generated H,O,, which consumes glucose
in tumor cells. The FesC, could also induce H,0,
into tumor cells through the Fenton reaction with
enhanced tumor targeting at magnetic field
(Fig. 8.3c). FesC,-GOD@MnO, NPs showed
glucose degradation at pH 6.0 condition, similar
to the pH at tumor microenvironment. The cyto-
toxicity of HeLa cells was the highest in the treat-
ment of Fe;C,-GOD@MnO, NPs in magnetic
field, among the experimental groups.
Furthermore, FesC,-GOD@MnO, NPs with
magnetic field promoted in vivo cancer therapeu-
tic efficacy as well. Yun et al. demonstrated that
zinc-doped ferrite MNPs (ZnMNPs) can control
stem cell migration and differentiation (Fig. 8.3d)
[62]. The ZnMNPs were synthesized by a one-
pot thermal decomposition method using ZnCl,
and Fe(acac);. The fabricated ZnMNPs showed
higher magnetization than both typical ferrite
MNPs and commercial ferrite MNPs, so that
ZnMNPs could increase stem cell migration effi-
cacy, along with the largest magnetic gradient in

"°: . Ml QLRAMA HE

g - 1} - # *

Wertical orientation control

ZnMNP-transfected neural stem cells (MNP-
NSCs) (Fig. 8.3e). In neurodegenerative brain
injury model, the number of magnetic MNP-
NSCs in the brain was about 60-fold larger than
that of non-magnetically moved NSCs (Fig. 8.3f).
Furthermore, zinc ions released from ZnMNPs
enhanced neuronal differentiation and neuro-
trophic factor secretion of NSCs, by activating
Wnt signaling pathway. Xu et al. introduced
novel nanospears having magnetic property
induced by nickel [63]. Polystyrene nanospheres
are assembled on a silicon wafer, followed by
size reduction with oxygen plasma etching.
Thereafter, dry etching is applied to the nano-
spheres to generate Si nanospear arrays. Finally,
both Ni and gold layers were evaporated on the Si
nanospear (Fig. 8.3g). The resultant nanospears
were controlled vertically (Fig. 8.3h) or horizon-
tally by magnet (Fig. 8.31). This study showed
that the targeted cells were transfected with
enhanced green fluorescent protein (eGFP)
expression through eGFP expression plasmid-
modified Au/Ni/Si nanospears. Consequently,
Au/Ni/Si nanospears were introduced to be used
as gene-editing tools for immunology and stem
cell biology.
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8.3 INPs as Inducers
8.3.1 Zinc

Zinc (Zn) is one of the most abundant essential
elements for our human body. It can be observed
in all body tissues, such as muscle, bone, and skin
tissue. In particular, Zn is an important element
for a healthy brain, because it influences regula-
tory, structural, and signaling processes in the
neuronal system. However, the cytotoxicity of
neuronal cells can result from abnormally high
concentration of Zn. Therefore, the level of Zn in
the central nervous system (CNS) has to be regu-
lated in the therapeutic application [64, 65].
Previous study showed that the Zn level is con-
trolled during embryogenesis, so that Zn defi-
ciencies can contribute to the occurrence of
human birth defects involving CNS malforma-
tion [64, 65]. Zn is also an essential component
of RNA and DNA polymerases and histone
deacetylases for both cellular proliferation and
DNA replication [66]. In addition, Zn-dependent
enzyme metalloproteinases and Zn-biding pro-
teins like metallothioneins are responsible for Zn
signaling and metabolism [67]. Specifically, tran-
scription factors such as ZIC1 and ZIC2, which
regulate key genes regarding neurogenesis and
cellular proliferation, are controlled by Zn finger
motifs [68, 69]. Presumably, Zn plays an impor-
tantrole as a cell differentiation inducer. Sabbatini
et al. applied Zn-doped bioactive glasses to undif-
ferentiated SKNBE neuronal cell lines to stimu-
late adhesion and differentiation [70]. Pfaender
et al. confirmed adequate concentration of Zn for
better differentiation efficiency of human-
induced pluripotent stem cells [71]. Another
intriguing aspect of Zn is its antimicrobial and
wound regenerative efficacy [24, 72-74]. It is
important to keep wound sites from microbial
complications, because microbial complications,
including overt and local infection, delay healing
of the wound site [75]. For example, biofilm,
commonly described as microbial colony, colo-
nizes the damaged wound area by attaching to it.
As biofilm attaches to the wound site, it starts to
product destructive toxins and enzymes that
increase the inflammatory state of the wound

[76]. Therefore, various attempts have been made
to use Zn** for wound recovery by inhibiting
microorganisms. Ali et al. synthesized Zn perox-
ide nanoparticles (ZnO, NPs) for increased
wound healing application [77]. ZnO, NPs were
shown to display as significant anti-proteinase
activity as aspirin. In addition, it was discovered
that Zn>* promotes the production of fibroblasts
that stimulate skin wound regeneration [78, 79].
Mao et al. developed hydrogel embedded with
Ag/Ag@AgCl/ZnO nanostructures to promote
wound healing with simultaneous exploitation of
antimicrobial and wound regenerative properties
[24]. The Ag/Ag@AgCl/ZnO hydrogels were
fabricated by a simple synthetic technique. First,
Ag@AgCl was made by adding AgNO; to car-
boxymethyl cellulose and kept the synthetic
hydrogel swollen in water for 12 h. The Ag@
AgCl was irradiated with ultraviolet light to form
the Ag-incorporated Ag@AgCl (Ag/Ag@AgCl).
Thereafter, Zn(NO;), and NaOH were added to
the Ag/Ag@AgCl, to incorporate ZnO with the
Ag/Ag@AgCl. The resultant Ag/Ag@AgCl was
used as photocatalysis stimulated by visible light,
resulting in the release of both reactive oxygen
species (ROS) and Ag* (Fig. 8.4a). As a result,
Ag/Ag@AgCl could stimulate the antibacterial
activity of ZnO. The hydrogel can regulate the
release rate of ions by means of its reversible
swelling-shrinking transition, which varies,
depending on pH conditions. Released Ag* and
Zn** can penetrate the membrane of bacteria, so
that treated E. coli and S. aureus were leaked and
condensed (Fig. 8.4b, ¢). The research group con-
firmed the antibacterial and therapeutic effect of
the Ag/Ag@AgC/ZnO hydrogel by applying
various hydrogels to rat skin wound infected with
S. Aureus. Dermal fibroblasts and newborn blood
vessels were observed 4 days after treatment. In
addition, it was observed that the released Ag*
and Zn?* promoted immune functions with
increasing amount of neutrophil as well.

Zn can also be used for wound regeneration
through its piezoelectricity. It is known that elec-
trical fields (EF) enhance skin wound healing by
stimulating and controlling cellular behaviors in
wound site [80, 81]. The EF stimulation not only
helps the fibroblast differentiate  into
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Fig. 8.4 (a) Overall scheme of the antibacterial effect of
Ag/Ag@AgCl/ZnO hybrid nanostructures toward live S.
aureus and E. coli. Killing ability of hydrogel against (b)
E. coli and (c) S. aureus. (H1, control hydrogel; H2, Ag/
Ag@AgCl hydrogel; H3, H4, and HS5, Ag/Ag@AgCl/
ZnO hydrogels, and H4 for representative; H6, ZnO
hydrogel, n = 3) (Reprinted with permission from (Mao
et al., ACS Nano, 11 (9) pp. 9010-9021.) Copyright
(2017) American Chemical Society). (d) Schematic of the
BDG ZnO NR-based PZP making process. BDG ZNO
NRs are put on the PDMS layer with rubbing for align-

myofibroblast but also increases angiogenesis
and keratinocyte migration and proliferation [82—
84]. Bhang et al. invented a bidirectionally grown
ZnO nanorod-based piezoelectric patch (BDG
ZnO NR PZP) to enhance wound recovery [25].
The research group utilized a poly(3,4-ethylened
ioxythiophene):poly(styrenesulfonate) for anti-
adhesive layer with thermal annealing. Then they
put BDG ZNO NRs on the PDMS layer with rub-
bing for alignment order (Fig. 8.4d). The fabri-
cated BDG ZnO NR PZP patch was placed on the
wound site of mouse (Fig. 8.4e). In this research,
BDG ZnO NR PZP generated sufficient EF
required for wound recovery, generating about
900 mV of electric potential, which was in the
range of 150-1000 mV that was discovered as
adequate range of voltage for wound healing
(Fig. 8.4f) [85]. When dermal fibroblasts were
cultured on the BDG ZnO NR PZP, no cytotoxic
effect was observed, which was attributed to the
biocompatible properties of ZnO. Human dermal
fibroblasts cultured on BDG ZnO NR PZP
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Patch on wound

ment order. (e) In vivo application of a nine-layered
PZP. The skin wound was induced on the back of a mouse.
A nine-layered PZP was placed on the wound, and the
PZP was fixed by dressing a transparent film over the PZP.
(f) The piezoelectric voltage generated upon animal
motion from the nine-layered PZPs applied on the mouse
wound at 95.2% BDG ZnO NR filling density. (Reprinted
by permission from John Wiley & Sons, Inc: [Advanced
Functional Materials] (Bhang et al. 2016), copyright
(2016))

showed increased angiogenic protein expression
and migration efficacy. In further in vivo test, the
BDG ZnO NR PZP patched mouse showed the
best wound recovery, as compared with that of
other experimental groups.

8.3.2 Copper

In Earth’s crust, copper (Cu) is present at
0.00007% as a trace element, and adult males
have ~100 mg of Cu [86]. However, Cu is an
important catalytic and structural cofactor that
activates biochemical events that are essential for
life. In biological systems, Cu ions exist in two
oxidation states: one is reduced (Cu*), while the
other is oxidized (Cu*") state [87]. These Cu*
showed affinity to thiol and thioether groups
(such as cysteine or methionine), and Cu** pre-
fers coordination with oxygen or imidazole nitro-
gen group (such as glutamate or aspartate) [87]
Therefore, Cu ions can easily interact with
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various proteins and biochemical reactions [87].
In particular, it is known that Cu is correlated
with the wound healing process [88]. Cu ions
were known to stimulate tissue regeneration by
promoting angiogenesis in the presence of the
upregulation of angiogenic growth factors, such
as vascular endothelial growth factor (VEGF)
[89], known as the most popular, effective, and
long-term signal that induces angiogenesis in the
wound recovery process [90]. VEGF promoted
angiogenesis by enhancing both the migration
and proliferation of endothelial cells [91].
Furthermore, Cu was discovered to enhance the
expression and stabilization of keratin and colla-
gen components of extracellular skin proteins
[92], and upregulated Cu-mediated enzymes and
polysaccharides are used for matrix remodeling,
cell proliferation, and re-epithelization [93].
However, the excess amount of Cu ions would be
harmful, because Cu ions can induce ROS gen-
eration. It is important to control the amount of
Cu ions to inhibit an excess amount of ROS gen-
eration [94]. Xiao et al. invented folic acid-
modified Cu-based metal-organic framework
nanoparticles (F-HKUST-1) to stimulate wound
healing with alleviated toxicity by regulating the
release rates of Cu?* [95]. F-HKUST-1 was syn-
thesized by the addition of Cu acetate monohy-
drate aqueous solution dropwise into a mixture of
1,3,5-benzenetricarboxylic acid. Thereafter, gel-
like green suspension was fabricated after stirring
at room temperature (RT) for 40 min. When bio-
compatible folic acid is incorporated into
HKUST-1, folic acid blocks most of the pores of
HKUST-1, increasing hydrophobicity and
decreasing the internal surface area of the
nanoparticles. As a result, the stability of the
nanoparticles and the diffusion rate of ions in the
protein solution could be increased and con-
trolled. F-HKUST-1 below the 0.5 mM concen-
tration showed low toxicity against both human
epithelial keratinocytes and human dermal fibro-
blasts (HDFs). In addition, dermal splinted
wound healing of diabetic mice was accelerated
(Fig. 8.5a). It was observed that more new vessels
were formed after treatment with F-HKUST-1
hydrogel, as compared with that of other hydro-
gels, in the dermal tissue of diabetic mouse

(Fig. 8.5b, c). This result showed that controlled
release of Cu?* from F-HKUST can improve the
therapeutic effect of wound healing without
toxicity.

As mentioned earlier, antimicrobial efficacy is
also an important factor for wound recovery.
Nanostructured-based Cu materials showed anti-
microbial activity toward microorganism [96]. Li
et al. fabricated Cu-containing bioactive glass/
eggshell membrane nanocomposites to promote
wound healing, inducing angiogenesis and anti-
bacterial activity [97]. They first made
Cu-containing bioactive silicate glass-ceramic
powders with different Cu contents of 0, 2, and 5
mol. % by using a sol-gel method via tetraethyl
orthosilicate (TEOS, 98%), triethyl phosphate
(TEP, 99.8%), Ca(NO;3),-4H,0, and
Cu(NO;),-3H,0 as primary materials. Thereafter,
Cu-containing glass-ceramic disc was ablated by
focused laser to coat previously prepared egg-
shell film (ESM) in the pulsed laser deposition
chamber. The resultant Cu nanomaterials were
named xCu-BG/ESM films (where x indicates
the concentration of Cu in the BG/ESM films).
The human umbilical vein endothelial cells
(HUVEC) were cultured on the various concen-
trations of xCu-BG/ESM films. Angiogenic gene
expressions were upregulated in the 5Cu-BG/
ESM films, as compared with that of no ESM,
0Cu-BG/ESM films, and 2Cu-BG/ESM films.
5Cu-BG/ESM film group showed the best anti-
microbial effect against E. coli. Moreover, 5Cu-
BG/ESM group showed the best therapeutic
improvement among the experimental groups,
even in the mouse wound model.

8.3.3 Iron

Iron (Fe) is an essential nutrient in the body. It
plays important roles in homeostasis, such as sev-
eral enzyme synthesis, DNA synthesis, and oxy-
gen transport. In the human body, about 65-75%
of Fe is in red blood cell, in the form of hemoglo-
bin [98]. Despite the importance in life conserva-
tion of Fe, a large amount of Fe can cause harmful
effect toward the human body. Dixon and
Stockwell reported that Fe acts as a catalyst,
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Fig. 8.5 (a) Dermal wound healing of diabetic mice
treated with HKUST-1, folic acid, and F-HKUST-1. (b)
Analysis of wound recovery with blood vessels visualized
by eNOS immunofluorescence staining (blue, nucleus;
red, eNOS). (Reprinted with permission from (Xiao et al.,

changing hydrogen peroxides to ROS [99]. As
generated ROS induce mitochondrial damage, in
consequence, Fe-exposed cells can undergo
apoptosis. This pathway is called ferroptosis.
Zanganeh et al. utilized the toxic effect of Fe for
cancer therapy [100]. In the research, the Food
and Drug Administration-approved Fe;0,
nanoparticle compound, called ferumoxytol, was
applied to cancer therapy by inducing pro-
inflammatory macrophage polarization. It was
already reported that ferumoxytol attracts macro-
phages and induces the polarization of macro-
phage into M1 macrophages. Moreover,
pro-inflammatory M1 macrophages are widely
known to release OHe through the Fenton reac-
tion [101, 102]. They found that the administra-
tion of ferumoxytol may attract more
macrophages and then induce the macrophages
to be polarized toward M1 macrophage, which
causes cancer suppression. They found that
implanted ferumoxytol also showed inhibition of
metastases in the liver and lungs in mouse cancer
model.
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ACS Nano, 12 (2) pp. 1023-1032). Copyright (2018)
American Chemical Society). (¢) Quantification of the
positive eNOS immunofluorescence staining (n = 3,
#P < 0.05, %P < 0.001)

Fe has also been discovered to have therapeu-
tic potency toward stem cell. Huang et al. con-
trolled cellular behavior through Fe-based
magnetic nanoparticles [103]. Iron oxide mag-
netic nanoparticle (IO-MNP)-treated bone
marrow-derived mesenchymal stem cells (MSCs)
showed enhanced C-X-C chemokine receptor
type 4 (CXCR4). CXCR4 is a receptor for
stromal-derived factor la (SDF-1a) known as
representative stem cell homing factor, so that
IO-MNP-treated MSCs easily moved to the des-
ignated area, consequently enhancing therapeutic
efficacy. Han et al. increased the therapeutic effi-
cacy of MSCs in myocardial infarction (MI) by
introducing IONPs [104]. Previous studies have
shown that both paracrine factor and the electro-
physical phenotype development of MSCs are
crucial for MI treatment [105, 106]. In this
respect, coculture of cardiomyocytes or cardio-
myoblasts with MSCs was introduced for prim-
ing MSCs (Fig. 8.6a) [107]. Active gap junctional
crosstalk of MSCs with cardiac cells in coculture
has been known to play a key role in the MSC
modification. IONPs  were treated to
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MSCs, including in vivo therapeutic efficacy of the
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cardiomyoblast (H9C2) and confirmed higher
expression of connexin 43 (Cx43) in HO9C2
(Fig. 8.6a). MSCs cocultured with IONP-treated
HOC2 (cMSCs) displayed significantly higher
level of cardiac repair-favorable paracrine profile
among the other experimental groups. As a result,
cMSC-injected rat MI improved animal survival
and heart function, compared with the unmodi-
fied MSC-injected MI models (Fig. 8.6b).

8.4  Conclusion

With increasing interests in INPs, numerous
studies regarding INPs have been discovered [1—
3]. For bio-application, biocompatibility is one of
the most important issues [19, 20]. Therefore,
recent novel INPs have been shown to have their
own unique characteristics that originate from
their metal components with increased biocom-
patibility. In this chapter, we introduced novel
INPs that serve as either carriers or inducers for
tissue regeneration. For the DDS carriers, widely
used materials include AuNPs and MNPs. In the
case of Au, they showed various results for can-
cer therapy through photodynamic, phototherapy,
and bio-imaging efficacy with low responsive-
ness. It was also discovered that MNPs showed
good carriers for delivering several materials to
designated areas with magnetic assistance.

Apart from their roles as carriers, modified
INPs were introduced to increase tissue regenera-
tion. Zn has both antimicrobial effect and piezo-
electricity, so that Zn-derivative INPs showed
increased therapeutic effect on tissue generation,
especially in the wound healing process. Zn also
served as a motif for nerve regeneration. Since
Cu has antimicrobial effect and angiogenic prop-
erty, Cu could be used to help wound recovery.
Fe also has toxicity against the biological organ-
elles, so that Fe was utilized as a cancer-killing
element in cancer therapy. It was also discovered
that Fe-treated stem cells showed increased ther-
apeutic efficacy for stem cell therapy.

Various inorganic materials have been discov-
ered to influence their biological surroundings.
However, little is known about the effect of the
various INPs in bio-application. This chapter can

help to comprehend the synthetic methods of
recent novel INPs and their bio-application. It
can also suggest directions for novel INP applica-
tion to tissue engineering.
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Abstract

The field of tissue regeneration has seen a par-
adigm shift after one wave of technological
innovation after another, which has notably
made significant contributions to basic cellu-
lar response control and overall tissue regen-
eration. One particular area that is seeing
rekindled interest after technological innova-
tion is managing cell migration toward defects
because successful host cell migration from
adjacent tissue can accelerate overall regener-
ation time in tissue defects that are either large
in size or irregular in shape. This chapter sur-
veys significant advances on directed cell
migration upon topological cues. First, we
introduce several examples of patterning and
electrospinning technology for guiding
directed cell migration, followed by a discus-
sion on approaches to influencing radially
aligned topography in pattern or electrospun
sheet for overall tissue regeneration.
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9.1 Introduction

The previous two decades have seen many break-
throughs in tissue engineering and regenerative
medicine. In the earlier days, tissue engineering
studies have been performed to facilitate regen-
eration of injured tissue mostly by simply
implanting various forms of scaffolds or hydro-
gel with cells [1]. However, their structure only
has a simple porous structure and led to incom-
plete tissue regeneration. Tissue engineers soon
began to look into other various biomedical fields
including material science, polymers, cell biol-
ogy, molecular biology, pathology, and so on [2].
One interesting approach tried in in-depth studies
is to rebuild an artificial microenvironment simi-
lar to native tissue to help cells survive [3]. Native
cell-surrounding  environments  (extracellular
matrix or ECM) consist of multiple bioactive
molecules, whose basic backbone is fibers. In
this environment, cells can attach to these fibrous
microstructures through integrin binding and
interact with various water-soluble factors to
multiply or differentiate into specific tissues [4].
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Inspired by how the native environment works,
the engineers have made attempts to artificially
reconstruct microenvironments and to connect
new scaffolds with a real healing process that
occurs within the tissue.

These attempts showcased that the trend was
developing basic techniques that regulate certain
cellular behaviors, not necessarily overall tissue
regeneration [5-9]. For example, synthetic
material-based scaffolds have been modified with
arginine-glycine-aspartic acid (RGD) peptide
just to mimic the cell-adhesive property of native
ECM [10]. In some studies, several growth fac-
tors such as vascular endothelial cell growth fac-
tor (VEGF) and bone morphogenetic protein-2
(BMP-2) are frequently delivered to the damaged
tissues to induce angiogenesis and bone forma-
tion, respectively [11, 12]. Other studies have
demonstrated effectiveness of deploying multiple
cues, e.g., both fibrous architecture/growth factor
and peptide/growth factors, for controlling cellu-
lar behaviors [13, 14]. The implication is that
overall tissue healing process is highly complex
and various basic techniques should be combined
in order to develop highly effective tools for tis-
sue regeneration [15-18]. While many papers
have been written for these individual goals, sim-
ilar attention has not been paid to the topic of
inducing cell migration toward tissue defects.
This needs remedy because host cell recovery
can accelerate overall healing time. This is our
justification for including in our discussion the
trend in developing cell migration guiding tech-
niques, especially “directed migration toward the
defect via contact guidance.” How we can pre-
pare the substrates or scaffolds and what kind of
modifications can be effective to promote the
migration will be introduced in this chapter.

9.2  Basic Cell Migration
and Contact Guidance
9.2.1 Cell Migration

Cell migration is commonly controlled with sev-
eral cues including chemoattractants, ECM gra-
dient, and growth factor gradient [19]. These

mechanisms have been extensively studied in
cancer biology because it could shed light on
cancer metastasis and invasion [20]. One should
note however that in general studies on tissue
regeneration have the goals of accelerating heal-
ing of damaged tissue and directing host cells
from normal tissue to be relocated to damaged
tissue, whereas oncology has a different perspec-
tive. Cell movement can be defined with the fol-
lowing factors: durotaxis (rigidity of extracellular
molecules), haptotaxis (gradient of cell adhesion
molecules), chemotaxis (chemoattractant gradi-
ent), galvanotaxis (electrical potential gradient),
or mechanotaxis (external stimuli) [21]. However,
these key factors present technical difficulties for
regenerating damaged tissues because they can-
not be simply applied in fabricating the scaffolds.
In response, novel techniques, which we describe
in the following section, have been attempted to
promote cell migration, especially contact
guidance.

9.2.2 Contact Guidance

Contact guidance drives cell migration with
underlying topological cues. In tissue engineer-
ing, a scaffold-based contact with topological
cues is preferred as an alternative strategy
because technical issues render general cell
migration theories inapplicable to scaffold
design. Two notable examples based on this fea-
ture are patterned surface and electrospinning.
First, in the patterned surface approach, a pattern
is prepared via micro-contact printing or soft
lithography [22]. The type of technique used
determines various factors: the scale of pattern
between nanometers and micrometers, the dis-
tance between the patterns and height, and cell
orientation and migration. Laser ablation is also
used in producing highly ordered patterns for
carving metals, ceramics, and polymers, all of
which are popularly used in tissue engineering
[23]. Second, electrospinning is one of the more
popular methods for manufacturing scaffolds
during the last decade [24]. In this approach,
three-dimensional (3D) fibrous scaffolds like the
native ECM were prepared, and it has generated
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Fig. 9.1 Designs of underlying topography for tissue
regeneration. Several designs prepared by patterning or
electrospinning technology are tried to recruit adjacent
host cells toward the defect. Random fibrous or flat pat-
terns do not clearly provide path for cell guiding toward
the core of the defect, and overall cell migration directing
the core is restricted. However, aligned or highly ordered

aligned nanofibers by using specific collector or
adjusting the collector rotation speed [25]. Both
the patterned substrates and the aligned fibrous
sheets present transverse or longitudinal topo-
logical signals ranging from a few nanometers to
a few micrometers to the cells, and many cells
sense these topographical cues and successfully
response by showing cell orientation and directed
migration through the patterns and fiber direc-
tions (Fig. 9.1).

9.3  Fabrication of Underlying
Topography for Regulating
Directed Cell Migration

9.3.1 Micro-/Nano-patterns

For controlling cell migration, the growth factor
gradient has been a popular approach as reported
by Irmeli Barkefors and her colleagues. They

patterns generate transversal or longitudinal guiding path
for the cells, and adjacent cells at the edge of the defect
can move the defect along the pattern or fiber direction. As
an ideal design, radial pattern can manage the directed cell
migration from all front of border toward the center in a
large or irregular shaped defect

generated a gradient of VEGF and fibroblast
growth factor-2 (FGF-2) and demonstrated endo-
thelial cell migration responding to the gradients
[26]. Unlike these traditional factors, geometrical
microfeature successfully modulated migration
of various cells [27-29]. For example, Lei et al.
fabricated line micropatterns (10, 50, and 100 pm
width) using a photolithography and modified
with  GDSVVYGLR peptide. When human
umbilical vein endothelial cells (HUVEC) were
cultured on the surface, directed cell orientation
was observed on a narrow pattern (10 and 50 pm),
whereas a wide pattern and unpatterned groups
exhibited random orientation. It was observed
that the patterns guided bidirectional cell move-
ment, while unpattern group showed random
migration toward all directions (Fig. 9.2a) [30].
Narrower pattern also regulates migration of
fibroblasts. Kim et al. prepared PUA micro- and
nano-pattern arrays which have a gradient pattern
spacing (~100 nm increments in groove width
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Fig. 9.2 Surface patterning for directing cell migration.
(a) Lei et al. prepared GDSVVYGLR peptide-modified
line micropatterns (10, 50, and 100 pm width) using a
photolithography to investigate an orientation and migra-
tion of HUVEC. In the results, directed cell orientation
was observed on a narrow pattern (10 and 50 pm), and the
patterns successfully guided bidirectional cell movement
(reprinted by permission from Public Library of Science:

between neighboring ridges) [31]. The fibroblasts
cultured on the pattern arrays not only had a mor-
phology that varied depending on the density of
the underlying patterns but also a differential
migration speed that varied on different posi-
tions. Direction of migration is also regulated by
the pattern, in which dense pattern allowed bidi-
rectional cell movement than those on the sparse
patterns.

Ordered cell alignment and directed migration
are crucial in nervous tissue regeneration, and a
notable work using the micropattern for nerve
regeneration was reported by Joo et al. [32]. They
developed laminin (stripe) and poly-D-lysine
(background) micropatterns (30 pm of width and
30, 70, 120, and 170 pm of spacing, respectively)
using a polydimethylsiloxane (PDMS) stamp.

PLoS One, copyright. [2012] Lei et al. [30]), and (b) a
graded post pattern prepared by Park et al. influenced
directional migration of melanoma cells on the substrates,
and it was found that it depends on the local topographical
cue, which was correlated with the phosphoinositide
3-kinase (PI(3)K) and ROCK signaling. (Reprinted by
permission from Springer Nature Ltd.: Nat Mater, copy-
right. [2016] Park et al. [33])

When adult neural stem cells were seeded on the
substrates, the cells homogeneously were
attached to the entire surface. However, after
6 days of differentiation, astrocytes were
observed on the laminin stripe, while the neurons
were only positioned at the poly-D-lysine-coated
background. In addition, the astrocytes located
on the laminin stripe mainly migrated following
the pattern, whereas the neurons randomly moved
on the poly-D-lysine-coated background. The
authors claimed that the patterned ECM proteins
can be used to guide neural cell movement and
determine the interaction between astrocyte and
neuron for neural tissue engineering.

Recently, an interesting pattern was intro-
duced for directed migration of cancer cells. Park
et al. fabricated an underlying matrix using a
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photolithography which has a graded post pattern
(Fig. 9.2b) [33]. The post density was varied
from 0.3 and 4.2 pm (constant spacing 600 nm),
and each post was 600 nm in diameter. After
fibronectin coating, melanoma cells were seeded,
and they observed migration of the cell on the
substrates. In the results, the cancer cells widely
moved than those from flat surface. They found
that the directionality of migration depends on
the local topographical cue, which was correlated
with the phosphoinositide 3-kinase (PI(3)K) and
ROCK signaling. It can be useful to determine
the cancer cell behaviors or cell migration for tis-
sue regeneration.

9.3.2 Electrospinning

Electrospinning is a popular fiber manufacturing
technology that has been around for quite some
time, and it has been applied to fabricate fibrous
scaffolds such as extracellular matrices. This
method enables to use various biocompatible
polymers such as natural and synthetic polymers,
and the diameter of fabricated fibers can be from
several tens of nanometers to several microme-
ters in scale. In its early days, electrospun fibrous
sheets featured random fiber orientation similar
to the topography of ECM, which promoted cell
adhesion and proliferation in contrast to flat sur-
faces because the fabricated sheets provided mul-
tiple cell attachment points. In addition, it was
possible to align fibers with the advent of high-
speed collectors, which were effectively used for
regeneration of tissues with directionality, e.g.,
nerve and muscle tissues [34-37]. In tissue repair,
aligned fibrous sheet has been gaining attention
since Patel et al. introduced their experimental
results [38]. To develop a highly effective fibrous
scaffold, they fabricated an aligned poly-L-lactic
acid (PLLA) fibrous sheet, which was then modi-
fied with laminin and FGF-2. The product showed
fiber distribution that was bidirectional and a
potential bio-component for cell migration.
When compared to the sheets that were identical
except alignment, neurite extension from dorsal
root ganglion increased approximately fourfold,
and migration of dermal fibroblast was 1.5 times

higher. However, horizontal alignment of fibers
and cells were observed to inhibit cell migration,
and this highlights the significance of fiber orien-
tation in cell migration. Lee et al. introduced one
of the earlier applications of aligned fibrous
sheets [39]. In their approach, aligned PLLA
nanofiber was prepared with a high-speed collec-
tor (2000 rpm). After polydopamine modifica-
tion, the migration speed of mesenchymal stem
cell was 10 times faster in vitro in the direction of
the fiber. When this scaffold was implanted in a
mouse calvarial defect model, the recovery speed
of the defects in the host cells was 3 times faster
than scaffolds with fibers that were not aligned.
In short, aligned fibrous sheets have been demon-
strated to accelerate overall tissue regeneration
by guiding recruitment of host cells toward
defect. The significance of aligned fibrous sheet
in defect healing was once again emphasized by
Liu et al. [40]. In their experiment, they observed
the behavior of annulus fibrosus-derived stem
cells on aligned fibrous sheets. The results
showed that aligned fibrous sheets allowed higher
gene and protein expression as compared to non-
aligned fibrous sheets, and the produced colla-
gen-I was oriented in the direction of the
electrospun fiber. Thus, they concluded that the
fiber orientation can influence the differentiation
of the stem cells as well as migration.

9.4 Radially Aligned Underlying
Structures for Inducing
Directed Migration from All
Fronts of the Defect

Boundary Toward the Center

Many reports have been produced applicable for
tissue regeneration promoted via patterned sur-
faces or nanofibrous platform, and the applica-
tion may be limited in practice particularly in
recruiting host cells to the defect. Bidirectional
migration with one-way guidance has been
observed only through linear patterns and aligned
nanofibers [41-44]. As like the calvarial defect,
even though it is just a defect model, bidirec-
tional recruitment of the host cells is not enough
to cover the wide or irregular defect. An innova-
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tive design can significantly expedite overall
healing process if it can recruit host cells from all
fronts of the boundary toward the center. A radial
topographical design has been proposed with a
substrate where the surface structure is oriented
toward the substrate center. Considering the
results of previous studies, the alignment and
migration of cells are influenced by underlying
surface topography. Therefore, the designed pat-
tern can guide the movement of cells from the
distal end of the scaffold to the center and finally
can suggest great scenarios for shortening the
recovery time of a defect. Several studies have
demonstrated the usefulness of this design for tis-
sue regeneration.

9.4.1 Radially Aligned Nanofibers

A radially aligned nanofiber structure proposed
by Xie et al. may be a great option for addressing
the concerns we have discussed so far because it
recruits host cells from all directions at the edge
of defects to the center of scaffolds [45]. In the
structure, an electrospinning collector was recon-
structed with a core electrode (metal pin) and an
edge electrode (metal ring) in consideration of
electric fields. During electrospinning, flying
electrospun polycaprolactone (PCL) fibers were
stacked over the metal and the metal ring in high
electrical conductivity, which resulted in a PCL
nanofiber sheet with radially and evenly aligned
fibers. When fibroblasts were seeded at the
peripheral region of the scaffold, cells migrated
toward the center following the direction of the
fibers. The authors argued that their radially
aligned fibrous sheets accelerate overall tissue
regeneration through enhanced cell migration.

In addition, radially aligned nanofibers were
used to create gradient of growth factors. As dis-
cussed in the previous section, radially aligned
electrospun sheets promote cell migration toward
the core region of defects, and its effect may
compound if a gradient of growth factors is inte-
grated into the system. This combination system
was tried by Li et al. [46]. They fabricated radi-
ally aligned collagen/PCL nanofibers in a manner
like Xie et al. and found that the density of fibers

at the center and at the end was different. This led
them to hypothesize that a gradient of growth fac-
tors emerges starting from the center toward the
outer edge when the same amount of growth fac-
tor was introduced. They reported that the density
of stromal cell-derived factor 1o (SDF1a) and the
released amount of SDF1a were higher if closer
to the center of scaffold. This radially aligned
system with growth factor gradient exhibited
their potential in regulating the migration of neu-
ral stem cells. Radially aligned sheet was suc-
cessful in promoting the cell migration as
compared to the random fiber. This migration
was re-accelerated by the introduced SDF1a gra-
dient. The radially aligned nanofiber with the
growth factor gradient prepared in this way was
able to control the migration of the cell toward
the center part more rapidly before and after the
introduction of the growth factor that was
occurred by synergistic effect of the underlying
structure and the growth factor gradient.

There were still further improvements to radi-
ally aligned fibrous sheets. Shin et al. addressed
an issue of scaffold handling that rendered radi-
ally aligned fibrous sheets less practical
(Fig. 9.3a) [47]. They increased the thickness of
radially aligned fibrous sheets by adjusting the
spinning condition so that the structure of the
scaffolds would remain even when soaked in
water. The increased thickness improved the
mechanical property of the scaffolds, enabling to
be useful for bone regeneration. Their scaffold
was further modified with polydopamine to
enhance cell affinity, which promoted overall cell
adhesion and proliferation. Migration of human
mesenchymal stem cell (hMSC) toward the cen-
ter of the scaffolds was accelerated by both
underlying topography and polydopamine modi-
fication. The manufacturing system for radially
aligned fibrous sheet was utilized to develop
transparent hemispherical 3D nanofibrous scaf-
folds for cornea regeneration. As demonstrated
by Kim et al., this modified collector could gen-
erate radially aligned and hemispherical 3D
nanofibrous structures. Along the fiber, the scaf-
fold could align rabbit corneal cells, the migra-
tion of which was promoted toward the core
(Fig. 9.3b) [48].
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Fig. 9.3 Radially aligned fibrous scaffolds for guiding
cell migration. (a) Radially aligned PLLA fibrous scaf-
folds provided a guiding path for the cells seeded at the
border of the scaffolds. A cell-free void area was gener-
ated using a PDMS cylinder (6 mm diameter and 10 mm
height) and traced the cell-free void areas following
7 days of culturing (F-actin-stained cells were scanned
over the entire surface with a confocal laser scanning
microscope). Directional cell migration (migrated cell
number, migration distance, and void area) toward the

9.4.2 Radially Aligned Patterns

Patterning technique is another method for fabri-
cating radial structures. Yoon et al. fabricated
topographically defined implants with micropat-
terns (line and radial with 5 pm of width and
depth) for bone tissue regeneration and evaluated
the direction of cell migration (Fig. 9.4). The cal-
cium phosphate-coated patterns regulated the ori-
entation of MC3T3-E1 osteoblast following the
pattern direction. The migration rates with the
radial, line, and flat patterns were approximately
30, 20, and 5 pm/h, respectively, as observed for
2 days. The effectiveness of the patterned implant
in recruiting host cells was evaluated in the
mouse calvarial defect model. Then the radial
pattern was implanted, and a 4 millimeter bone
defect was completely recovered with a new bone
in 7 weeks. In contrast, the flat and line patterns
accomplished only partial healing, suggesting
that radial structure can promote the regeneration

center of the scaffolds was accelerated depending on the
underlying topography and modification (reprinted by
permission from Royal Society of Chemistry: Journal of
Materials Chemistry B, copyright. [2017] Shin et al. [47]),
and (b) radially aligned and hemispherical 3D nanofi-
brous structures were considerably fitted the curvature of
the eyeball and allowed the alignment and migration of
rabbit corneal cells toward the core the scaffolds.
(Reprinted by permission from Springer Nature Ltd.:
Scientific Reports, copyright. [2018] Kim et al. [48])

of bone defect by allowing the directed cell
migration toward the center of the scaffold [49].

9.5 Conclusions

Over the past two decades, tissue engineering
and regenerative medicine research has contin-
ued to evolve to reach the larger goal of improv-
ing the quality of human lives. Various basic
technologies developed for organ regeneration
from theoretical stages to in vivo trials can be
contributive. In this chapter, we discussed a few
modern tissue engineering methods that control
directional migration of cells among several tech-
niques. Patterning and electrospinning have made
it possible to control directed cell migration,
which was not possible when we hand only the
early 3D porous scaffolds. In addition, radially
aligned topological cues for rapid reconstruction
of irregularly shaped defects are thought to accel-
erate host cell migration at all front of the bound-
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Mouse with fibrin gel
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(diameter = 4 mm)
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Fig. 9.4 Radial pattern for regenerating the bone defect.
Yoon and his colleagues investigated the regenerating effi-
ciency of the micropatterned substrates using a mouse
calvarial defect model. Even though line pattern improved
the migration of seeded MC3T3-El unidirectionally,
radial pattern enabled the seeded cells at the periphery

ary to accelerate tissue regeneration. It can be
helpful for achieving the ultimate goal as a fun-
damental technology.
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migrate faster toward the core of the scaffolds at every
location, and almost complete recovery of the defect was
achieved within 7 weeks after the implantation of the scaf-
folds. (Reprinted by permission from Mary Ann Liebert,
Inc.: Tissue engineering A, copyright. [2016] Yoon et al.
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Abstract chapter also highlights the use of EVs in the
field of drug delivery.
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ROCK RHO-associated protein kinase

TCR T cell receptor

TDP43 TAR DNA-binding protein 43

TFR Transferrin receptor

TSG101 Tumor susceptibility gene 101
protein

TSPAN Tetraspanin

VPS Vacuolar protein sorting

10.1 Background

All cells except specialized cells secrete numer-
ous kinds of membrane vesicles. These vesicles
are categorized as extracellular vesicles (EVs)
[1]. Initially, EV secretion was considered an
elimination process of unnecessary compounds
from the cells [2]. Nowadays, EVs are no longer
considered carriers of only waste. They can
exchange the components of nucleic acids, lipids,
and proteins within cells. EVs also act as signal-
ing vehicles in the homeostatic processes of nor-
mal cells or under pathological changes [3, 4].
Although all secreted membrane vesicles are
known by the generic term “EV,” they are, in fact,
vastly heterogeneous (Fig. 10.1). Transmission
electron microscopy, immune electron micros-
copy, and biochemical assays have provided
insights into the biogenesis of secreted vesicles.
Currently, membrane vesicles are broadly divided
into two main categories: microvesicles and exo-
somes (Fig. 10.1a).

At first, the vesicles released by cultured cells
were termed exosomes which later embraced to
refer to reticulocytes that released membrane
vesicles during the period of differentiation [2].
Exosomes are 30-150 nm-sized cup-shaped ves-
icles originating from fusion between the multi-
vesicular body (MVB) and plasma membrane,
releasing exosomes to the extracellular space
(Fig. 10.1a—c) [5, 6]. At present, it is assumed
that various types of cells secrete exosomes;
however, in the mid-1990s, it was reported that
only dendritic cells [7] and B lymphocytes [8]
secrete exosomes. Microvesicles were once

touted as “platelet dust” because they are secreted
by platelets to normal plasma and serum [9]. In
the past, microvesicles were considered mainly
for their role in blood coagulation; however, at
present, they are thought to play a role in the
intercellular communication of several cell types.
Usually, microvesicles range from 50 to 1000 nm
in diameter. It is evident now that specific com-
position defines the fate and role of each type of
EVs (Fig. 10.1d).

The endosomal system serves as the starting
place of exosome biogenesis (Fig. 10.2).
Endocytosis of plasma membrane-bound cargo
leads to formation of early endosomes. MVBs,
the mature form of early endosomes, fuse with
lysosomes to vitiate their content. MVBs can also
release their substances as exosomes by fusing
with the cell plasma membrane in an exocytotic
manner. A wide array of cells can secrete exo-
somes under normal and pathological conditions
[11]. Rab GTPase regulates the fusion of MVBs
with the cell membrane and regulates the spatio-
temporal traffic of vesicles. Moreover, exosome
formation at the endosomes requires the endo-
somal sorting complex required for transport
(ESCRT) machinery [12].

It has been suggested that ESCRT-dependent
and ESCRT-independent signals determine exo-
some sorting. Exosome formation is carried out
by syndecan heparin sulfate proteoglycans and
their cytoplasmic adaptor, syntenin. The mecha-
nisms mediating exosome uptake involve fusion
of vesicles with the cellular membrane of recipi-
ent cells, juxtacrine signaling via receptor-ligand
interactions, and phagocytosis-induced endocy-
tosis. Although the specific receptors involved
are still unclear, intercellular adhesion molecule
1 (ICAM-1) protein and transmembrane protein
and Tim 1/4 are considered potential receptors
for exosomal uptake [14].

Cell type and cell microenvironment deter-
mine the molecular composition of exosomes.
Topography, mechanical properties, and secreted
exosome’s protein cargo regulator naming bio-
chemical stimuli are the component of microen-
vironment. Nanosized exosomes are enriched in
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Fig. 10.1 Extracellular vesicle main features. (a)
Extracellular vesicles: two distinct classes — exosomes
and microvesicles. (b) Formation of extracellular vesicles.
(¢) Cup-shaped morphology (top panel) by conventional

bilayer lipids, proteins, and nucleic acids. These
lipid bilayer particles contain different lipid
content than the parent cell. Most exosomes
include tetraspanins (CD9, CD63, and CD81),
which are the commonly used marker; adhesion
molecules; heat shock proteins (HSP); and the
endosomal sorting complexes required for trans-
port (ESCRT) pathway markers, namely, ALIX
and TSG101 (Fig. 10.3).

All body fluids, namely, blood, bronchial
lavage, cerebrospinal fluid, lymph, mucus, tears,
semen, ascites, milk, urine, sweat, and even
saliva, can be a source of exosomes in Vivo
[16-29].

ERK. PLD. VPS4

transmission electron microscopy (TEM). Round struc-
tures by cryo-electron microscopy (cryo-EM). (d)
Extracellular vesicle composition [10]

At present, several methods, namely, differen-
tial centrifugation, filtration, immunomagnetic
isolation, size exclusion chromatography, and
polymer precipitation, are being used to isolate
exosomes (Fig. 10.4). All methods have some
advantages and limitations. Among these meth-
ods, differential centrifugation is the widely used
and gold standard method for isolation of exo-
somes from biological fluids [30, 31]. However,
the immunomagnetic isolation method can be
used to obtain ultrapure exosomes or to isolate a
subpopulation of exosomes by targeting exo-
somal markers [32].
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Fig. 10.3 Schematic presentation of exosome’s molecular composition [15]
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10.2 Therapeutic Activities of EVs
10.2.1 EVs in Regenerative Medicine

Although the scrutiny of EVs has an eon of his-
torical standing, the number of comprehensive
studies on EVs was limited because the proce-
dures to study nanosized vesicles are poorly
developed. However, along with technical
advancements in EV studies, their importance
has been revealed, attracting the attention of
many researchers.

10.2.1.1 Lung Regeneration

Studies have revealed that the respiratory system
can lead to regeneration of lost or damaged cells.
Usually, the adult lung is remarkably calm in
unperturbed condition. However, any injury to
the lung activates the populations of progenitor
cells or other cells to re-enter the cell cycle [34].
In several experimental models, mesenchymal
stem cells (MSCs) have been found to protect
against lung injury. However, as the number of
donor cells is low, it is assumed that paracrine
mechanisms facilitate these beneficial effects

[35]. In addition, the lung is unique to other
organs or tissues because it allows both intrave-
nous and inhalation deliveries of stem cells [36].
In 2007, Gupta and colleagues reported intratra-
cheal MSCs have comparable effectiveness to
that of intravenous MSCs in alleviating acute
lung injury in mice [37]. This was one of the ear-
liest studies comparing intratracheal and intrave-
nous delivery of MSCs. After that, many studies
have used and compared these two routes for
other deliveries. However, the route with the
highest efficacy is still debatable [38—42]. Most
studies showed that stem cell-derived extracellu-
lar vesicles act as paracrine factors that support
and enhance lung regeneration rate, irrespective
of delivery route. Recently, it was shown that
human MSC-derived microvesicles have similar
efficacy as that of stem cells in ameliorating bac-
terial pneumonia-induced lung inflammation and
in improving survival from E. coli pneumonia in
a murine model [43].

Wills et al. showed that MSC-derived exo-
somes also alleviate bronchopulmonary dyspla-
sia, improve lung function, decrease fibrosis, and
ameliorate pulmonary hypertension [44]. They
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also reported that these exosomes, even at a sin-
gle dose, restore normal lung architecture, pro-
viding long-term beneficial effects on lung
function in a hyperoxia-induced pulmonary
hypertension and bronchopulmonary dysplasia
mouse model. They also assumed that immuno-
modulatory effects help them achieve this effi-
cacy. Several studies revealed that specific
miRNAs from EVs are vital to lung repair in vivo,
mainly in hypoxia-induced pulmonary hyperten-
sion [45], influenza [46], and ventilator-induced
lung injury [47].

In another study, miRNA regulations during
the early and late stages of repair were analyzed
in an influenza-infected mouse model [46]. miR-
21, miR-290, let-7, and miR-200 were identified
as the most important miRNAs that start the
regeneration process. miR-21 and let-7 also exert
anti-inflammatory properties, providing promi-
nent beneficial effects against uncontrolled
inflammation in the regenerating lung. Pulmonary
inflammation and hypertension are associated
with activation of hypoxic signaling, which can
be prevented by exosomes. Lee and coworkers
used exosomes originating from umbilical cord-
derived MSCs in a hypoxia-induced pulmonary
hypertensive mice model and found that the treat-
ment suppressed hypoxia-induced pulmonary
inflammation and promoted vascular remodeling
in a dose-dependent manner; they also showed
that mouse lung fibroblast-derived exosomes,
compared to exosomes derived from MSCs, have
no protective activity against pulmonary hyper-
tension [45]. This action was attributed to the
presence of miR-16 and miR-21 in MSC-derived
exosomes. Serotonin transporter (SERT) expres-
sion is reduced by miR-16 protein, which is
needed to treat pulmonary edema [48]. Exosomes
derived from MSC reduce the expression of pro-
inflammatory cytokine IL-6. By suppressing the
hyperproliferative pathways, including STAT3-
mediated signaling and hypoxia-induced activa-
tion of the STAT3 gene, MSC-derived exosomes
inhibit pulmonary hypertension [45].

Moreover, specific mRNAs are -effective
against acute lung injury induced by endotoxin.
In Escherichia coli endotoxin-induced acute lung
injury mouse models, intratracheal administra-

tion of microvesicles reduced inflammation and
prevented pulmonary edema formation in the
injured alveoli. Human bone marrow-derived
MSCs were used to generate microvesicles con-
taining the mRNA of keratinocyte growth factor
(KGF), which was then found to be a key factor
in the repair process; thus, the mRNA expression
of KGF played a key role in ameliorating alveo-
lus injury [49].

A recent study revealed that in a sepsis mouse
model, the immunomodulatory effects of human
umbilical cord MSC-derived exosomes are
highly dependent on the role of miR-146a protein
[50]. In a ventilator-induced lung injury mouse
model, inhibition of IRAK-1 and TRAF-6 of
miR-146 suppresses the expression of alveolar
macrophages IL-1p, IL-6, and TNF-a [47].
Moreover, miR-146a reduces the expression of
inflammatory genes and deters inflammation
induced by endotoxin in mice [51]. Through the
toll-like receptor signaling pathway, miR-146a
also reduces microbial and mechanical inflam-
mations in lung epithelia [52]. To improve lung
regeneration after injury with exosomes, exo-
somes must be enriched with miR-146a protein.
Precise and prudent enrichment of exosomes
with miR-146a protein will define the fate of exo-
somes as a treatment for lung regeneration in the
near future.

10.2.1.2 Cardiac Regeneration

Exosomes have great potential in the treatment of
myocardial ~ ischemia. = Exosomes  from
cardiosphere-derived cells were injected into the
hearts of mouse suffering from ischemia injury,
and they were shown to prevent apoptosis and
stimulate the proliferation of cardiomyocytes
[53]. The authors also summarized that these
positive properties are closely associated with
miR-146a content in exosomes. Teng and col-
leagues used exosomes from bone marrow mes-
enchymal stem cells (BMSCs). They found that
these exosomes significantly enhance tube for-
mation of human umbilical vein endothelial cells
and subdue the T cell proliferation in vitro. They
also observed infarct size reduction and well-
maintained cardiac function in rats induced with
acute myocardial infarction following treatment
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with mesenchymal stem cell (MSC)-derived exo-
somes [54]. Khan et al. used exosomes (mES-Ex)
derived from mouse embryonic stem cells. They
found that these exosomes contribute to
endogenous myocardial repair and improve car-
diac function post-myocardial infarction. They
found that neovascularization and cardiomyocyte
survival were improved in mice after intramyo-
cardial administration of mES-Ex at the onset of
myocardial infarction and then used microRNA
array analysis to investigate the mechanisms
associated with these beneficial effects. The
results showed that the regenerative potential of
mES-Exis related to the delivery of embryonic
stem cell-specific miR-294 to cardiac progenitor
cells (CPCs) [55].

Zhao and coworkers showed that exosomes
from human umbilical cord mesenchymal stem
cells (hUCMSCs) protect myocardial cells from
apoptosis and stimulate angiogenesis, thereby
restoring the cardiac systolic function in acute
myocardial infarction rat models. These effects
are possibly associated with modifications in the
expression of Bcl-2 family proteins [56].

Agarwal et al. reported that factors such as
donor age and hypoxia level affect the efficacy of
human CPC-derived exosomes. They investi-
gated the regenerative character of exosomes
derived from human CPCs in a rat model with
myocardial ischemia-reperfusion injury. In their
experiment, human CPCs from children of vari-
ous ages were isolated and then cultured under
normal and hypoxic conditions. Exosomes were
then isolated from the conditioned media and
administered to rats. The results showed that,
regardless of oxygen level in the culture, exo-
somes from neonate CPCs improve cardiac func-
tion by improving angiogenesis and decreasing
fibrosis. On the contrary, exosomes from the
CPCs of older children and cultured in hypoxic
condition only exert ameliorative effects [57].

10.2.1.3 Renal Regeneration

Vinas et al. found that endothelial colony-forming
cell (ECFC)-derived exosomes are rich in miR-
486-5p. ECFCs were derived from human umbil-
ical cord blood. They found that delivery of
PTEN-targeting exosomes derived from ECFCs

led to reduction of ischemic acute kidney injuries
[58].

Borges and colleagues reported that hypoxic
conditions help tubular epithelial cells to produce
exosomes that are rich in transforming growth
factor f1 (TGF-B1) mRNA. These exosomes can
trigger fibroblasts to initiate the response needed
for fibrotic repair. This result suggested that
TGF-p1 mRNA delivery by exosomes induces a
prompt response to trigger tissue regeneration
following hypoxia injury. The authors also
reported the potential of exosome-targeted treat-
ments in protecting against tissue fibrosis [59].
Tomasoni et al. found that hBMSC-released exo-
somes promote the proliferation of proximal
tubular epithelial cells damaged by cisplatin via
horizontal transfer of IGF-1 receptor mRNA
[60]. Zhou et al. reported that hUCMSC-derived
exosomes ameliorate cisplatin-induced acute kid-
ney injuries in rats by decreasing apoptosis and
renal oxidative stress and increasing renal epithe-
lial cell proliferation [61].

Jiang and colleagues showed that kidney
injury induced by streptozotocin is alleviated by
weekly intravenous injection of exosomes from
urine-derived stem cells (USCs-Exo) via the tail.
They also suggested that this treatment obviously
prevents podocyte apoptosis as well as stimulates
vascular regeneration and cell survival [62].

10.2.1.4 Hepatic Regeneration

Before Momen-Heravi and coworkers found that
alcoholic hepatitis patients contain higher plasma
levels of exosomes than the healthy population,
Tan and colleagues investigated the potential of
MSC-derived exosomes in liver regeneration in
mouse models of liver injury induced by carbon
tetrachloride. They found that treatment with
MSC exosomes significantly attenuates liver
injury induced by CCl,. It was assumed that the
activation of proliferative and regenerative reac-
tions helps achieve this effect [63, 64]. Other
groups of researchers have tried to elucidate the
role of exosomes in liver regeneration. Nojima
et al. reported that in acute liver injury, exosomes
derived from hepatocytes promote in vitro prolif-
eration of hepatocytes and in vivo liver regenera-
tion [65]. The mechanism may involve targeting
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of hepatocytes by neutral ceramidase and sphin-
gosine kinase 2 (SK2) exosomal transfer. They
reported that the circulating levels of exosomes
post-liver injury also increased along with the
proliferation-promoting effects.

More recently, Yan et al. reported that sys-
temic administration of exosomes derived from
hUCMSCs (hUCMSC-Ex) effectively rescues
mice from liver failure induced by CCl,. It was
assumed that this effect was closely related with
glutathione peroxidase 1 derived from hUCMSC-
Ex [66]. Nong and coworkers also studied the
potential of mesenchymal stromal cell-derived
exosomes in regeneration. They used MSC exo-
somes (hiPSC-MSCs-Exo) from human-induced
pluripotent stem cells of hepatic ischemia-
reperfusion injury [67]. Although the molecular
mechanism is not clear, it was assumed that these
exosomes exert their regenerative effect by miti-
gating oxidative stress responses, suppressing
inflammatory reactions, and preventing cellular
apoptosis.

10.2.1.5 Neural Regeneration

Research on EVs has led to development in the
research field of neural regeneration. Several
regenerative effects of exosomes on the nerves
and neurons have been reported. Frohlich and
coworkers found that glutamate-stimulated
oligodendrocyte-derived exosomes promote the
survival of oxygen- and glucose-deprived neu-
rons [68]. Xin and colleagues were the first to
mention a communication between MSCs and
brain parenchymal cells. They stated that exo-
somes from multipotent mesenchymal stromal
cells enhance neurite outgrowth by delivering
miRNA-133b to neural cells [69]. Takeda et al.
found that exosomes from differentiating neuro-
nal cells induce neuronal differentiation in human
MSC:s [70]. The authors also suggested that these
exosomes comprise miRNAs, which subse-
quently stimulate neuronal differentiation.

El Bassit et al. also reported the pro-
regenerative effect of exosomes on injured HT22
neuronal cells [71]. They used human adipose-
derived stem cell (hASC)-derived exosomes. The
results showed that hASC-derived exosomes
enhance neuronal survival and proliferation by

elevating the expression of PKCSII in HT22
cells. In another study, MALAT1, a long noncod-
ing RNA obtained from hASC-derived exo-
somes, was reported to mediate splicing of
PKCOII, thereby increasing its expression; this
study also concluded that insulin stimulation fur-
ther enhances the regenerative effect of hASC-
derived exosomes. Recently, Mead and coworkers
found that BMSC-originated exosomes signifi-
cantly promote the survival of retinal ganglion
cells and the regeneration of their axons. They
also reported that these effects might be corre-
lated with the miRNA effector molecule argo-
naute-2 [72].

Without axonal regeneration, spinal cord inju-
ries may lead to permanent damage. Schwann
cells (SCs) mainly support axonal regeneration in
the peripheral nervous system. SCs can dediffer-
entiate and proliferate in response to nervous
damage. They can also efficiently direct axons to
their original target tissues. Lopez-Verrilli et al.
treated nerve injury rat models with exosomes
from dedifferentiated SCs [73]. They reported
that these exosomes are specifically internalized
by axons, consequently increasing axonal regen-
eration in vitro. The authors also found increas-
ing regeneration of sciatic nerve injury in a
Sprague Dawley rats, although the underlying
molecular mechanism remains unknown.
However, they reported that exosomes derived
from SCs trigger axon regeneration. It was
believed that RhoA, a GTPase, could hinder axon
elongation and stimulate growth cone collapse.
The agonist of retinoic acid receptor  (RARP)
could recover the locomotor and sensory
responses of rat cervical avulsion models [74].
Further, cytoplasmic phosphorylation decreases
the activity of major negative regulators of neuro-
nal regeneration, such as PTEN, in RAR(
agonist-treated neurons. Furthermore, neurons
treated with an RARp agonist secrete higher exo-
somes than nontreated neurons. These exosomes
prevent scar formation by reducing the prolifera-
tion of astrocytes. RARP signaling by neuronal
and neuronal-glial regenerative effects ultimately
leads to axonal regeneration in the spinal cord.

Zhang and coworkers also investigated the
regenerative potential of exosomes on traumatic
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brain injury in rats. They used systemic adminis-
tration of human bone marrow mesenchymal
stem cell (hBMSC)-derived exosomes [75]. The
results showed enhanced endogenous angiogen-
esis and neurogenesis in rats, as well as attenua-
tion of neuroinflammation, suggesting that
exosomes from hBMSCs improve functional
recovery in rats suffering from traumatic brain
injury. Zhang et al. in another experiment found
that compared to native MSC exosomes, tailored
MSC exosomes carrying elevated miR-17-92
cluster lead to more enhanced axonal growth
[76]. They reported increased individual mem-
bers of this cluster and that tailored MSC exo-
somes activate the PTEN/mTOR signaling
pathway in the recipient neurons. They concluded
that tailored exosomes can transport their selec-
tive payload of miRNAs into target signals and
activate it in the recipient neurons.

10.2.1.6 Cutaneous Regeneration

The skin frequently suffers from acute and
chronic wounds. Extensive burns or diabetic skin
ulcerations are one of them. These wounds incur
physical and mental distresses in the affected
individuals. Numerous scientists have attempted
to accelerate the process of wound healing, but
still there is no definitive solution. Treatment of
traumatized soft tissue faces two major chal-
lenges in the form of prolonged healing and scar
formation. In tissue regeneration, adipose mesen-
chymal stem cells (ASCs) play a fundamental
role. Several recent studies have reported that
stem cell-secreted exosomes may contribute to
paracrine signaling. Hu et al. investigated ASC-
derived exosomes (ASCs-Exos) and their func-
tions in cutaneous wound healing. Their research
provides a new insight to the use of ASCs-Exos
in repairing soft tissues [77]. After being internal-
ized by fibroblasts, ASCs-Exos stimulate cell
migration and proliferation and collagen synthe-
sis in a dose-dependent manner. The authors also
found significant acceleration in cutaneous
wound healing in vivo in mouse models of skin
wound, suggesting that ASCs-Exos can acceler-
ate cutaneous wound healing by optimizing the
characteristics of fibroblasts.

Liang et al. found that human adipose-derived
MSC (adMSC) exosomes considerably promote
angiogenesis of endothelial cells in vitro and
in vivo [78]. Furthermore, these exosomes relo-
cate miR-125a to endothelial cells, thereby
downregulating angiogenic inhibitor delta-like 4.

Zhao and coworkers tested the effect of human
amniotic epithelial stem cell-derived exosomes
on the healing of full-thickness skin defects in
rats [79]. After isolation, different concentrations
of exosomes were injected subcutaneously
around the wound site. The results showed that
human amniotic epithelial stem cell-released
exosomes promote the migration and prolifera-
tion of fibroblasts. They also found that the accel-
erating effect on the healing of full-thickness skin
defect was dose-dependent. Zhang and col-
leagues found robust proangiogenic and wound
healing activities of exosomes in diabetic rat
models. They used endothelial progenitor cell
exosomes derived from human umbilical cord
blood [80]. Guo et al. reported that platelet-rich
plasma-derived exosomes effectively induce the
proliferation and migration of endothelial cells
and fibroblasts, subsequently triggering angio-
genesis and re-epithelialization in chronic cuta-
neous wound for treatment of chronic ulcer [81].

In 2014, Zhang et al. developed second-degree
burn injury rat models to investigate the role of
EVs in wound healing. Following subcutaneous
injection at three sites, treatment with both
human umbilical cord MSC (hucMSC)-derived
EVs (200 pg) and hucMSC (1 x 10° cells sus-
pended in 200 pl phosphate buffer solution
(PBS)) leads to tremendous re-epithelialization,
compared to treatment with human lung fibro-
blasts (HFL1) or exosomes from human lung
fibroblasts (HFL1-Ex) [82]. Shabbir et al. (2015)
reported that treatment with MSC-EVs leads to a
dose-dependent increase in the growth of normal
fibroblast cells. During treatment with MSC-
EVs, improved migration of normal and diabetic
wound fibroblasts was observed [83].

Burn injury is a predominant cause of cuta-
neous damage. Following burn injury,
interleukin-1p (IL-1p) and tumor necrosis fac-
tor « (TNF-a) levels increase, whereas IL-10
level decreases significantly [84-86]. Li and
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coworkers reported that hUCMSC exosomes
effectively reverse the inflammatory reaction
induced by burn injury [84]. Moreover, miR-
181c in hUCMSC exosomes downregulates the
TLR4 signaling pathway to alleviate inflamma-
tion associated with burn injury, thereby reduc-
ing excessive inflammation and enhancing
tissue repair. Exosomes can also lead to con-
trolled cutaneous regeneration in a bipolar
manner. Zhang and coworkers found that hUC-
MSC-derived exosomes repair damaged skin
tissue by stimulating the Wnt/f-catenin signal-
ing pathway during the initial healing stages of
deep second-degree burn [87].

Han and coworkers revealed that corneal epi-
thelial cell exosomes fuse with keratocytes and
induce myofibroblast transformation in corneal
wound [88]. Moreover, these exosomes can stim-
ulate proliferation of endothelial cells and sprout-
ing of aortic ring in vitro. Exosomes derived from
epithelial cell might be involved in neovascular-
ization processes and corneal wound healing,
suggesting their potential as useful therapeutic
interventions.

Timely and efficient repair of intestinal muco-
sal wound and alleviation of inflammation are
very important in maintaining mucosal homeo-
stasis. Intestinal epithelial cell (IEC)-derived
exosomes have an important content, namely,
annexin A1 (ANXAT1). These exosomes enhance
wound repair in IECs. These exosomes, which
initiate repair of epithelial wound, can also be
obtained from leukocytes after injury [89]. Zhang
et al. reported that exosomes from human-
induced pluripotent stem cells accelerate cutane-
ous wound healing by promoting collagen
synthesis and angiogenesis in a dose-dependent
manner (50 and 100 pg/ml) [90].

10.2.1.7 Hair Growth

Hair loss is a common medical problem with det-
rimental consequences on the quality of life of
both men and women. In the treatment of hair
loss, drug treatment provides short-term improve-
ment, whereas hair follicle transplantation is
costly, and the number of donors is low. Thus, an
efficient and innovative treatment method is
required urgently. Rajendran et al. explored the

effects of EV treatment on the proliferation,
migration, and growth factor expression in human
dermal papilla (DP) cells. The authors used the
EVs derived from mesenchymal stem cell (MSC-
EVs). Treatment with MSC-EV increases the
proliferation and migration of DP cell and ele-
vated the expression of Bcl-2, phosphorylated
Akt, and ERK levels in the cells. MSC-EV-
treated DP cells also showed increased expres-
sion and secretion of IGF-1 and VEGE. Further,
the authors intradermally injected MSC-EVs to
mice, and the results showed enhanced conver-
sion of telogen to anagen, as well as increased
expression of versican, wnt3a, and wnt5a [91].
The results of this research suggested that MSC-
EVs activate DP cells, prolong their survival, and
induce growth factor activation in vitro, as well
as promote hair growth in vivo.

Zhou and coworkers cutaneously injected
exosomes derived from dermal papilla cells
(DPC-Exos) into hair follicles at different stages
of hair follicle cycle. DPC-Exos accelerates the
onset of hair follicle anagen and delays catagen
in mice. Furthermore, treatment with DPC-Exos
enhances the proliferation and migration of outer
root sheath cells, as well as stimulates expression
of B-catenin protein and Sonic hedgehog (Shh)
in vitro [92]. Thus, DPC-Exos play an important
role in regulating and accelerating hair follicle
growth, providing new insight to hair loss
treatment.

10.2.1.8 EVsin Drug Delivery

EVs can transfer and circulate various active
agents in the intercellular environment for a long
period of time. EVs have high stability and speci-
ficity to the recipient, making them a promising
therapeutic agent delivery system [93] that may
replace polymer nanoparticles and liposomes, the
current most prominent delivery systems. EVs
can protect their load from deterioration, which is
an important phenomenon in protein and RNA
delivery within cells. In addition, EVs have low
immunogenicity, no toxicity, and high tolerability
by the host [94]. More importantly, they can
deliver proteins, lipid, peptides, and nucleic acids,
suggesting that therapeutic entities with diverse
chemical nature can be delivered using EVs [95].
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Usually, small interfering RNAs (siRNAs) are
used in genetic therapy for genetic disorders.
However, its use is limited owing to its low
stability and tendency to degrade quickly in the
systemic circulation. Interestingly, exosomes can
act as delivery vehicles that protect and deliver
siRNA to the target cells. Several experiments
have assessed the potential of exosomes as candi-
date delivery vehicles to transport exogenous
genetic materials, as well as the function of exo-
somes after the transport. Alvarez-Erviti et al.
successfully utilized exosomes to deliver siRNA
to mouse brain [96]. In another study, human
exosomes were used to deliver siRNA to T cells
and monocytes [97]; siRNA was introduced to
exosomes isolated from different cell types,
including the peripheral blood of healthy donors,
TB-177 lung cancer cells, and HeLa cells, and
then effective delivery of siRNA into peripheral
blood mononuclear cells (PBMC) was confirmed
by flow cytometry. It was observed that exosomal
siRNA led to a decrease in MAPK-1 expression,
indicating successful gene silencing. Although
further investigation and consideration are
needed to elucidate the function of exosomes in
exogenous siRNA delivery, the result of this
study clearly proves the proficiency of exosomes
as a delivery system of genetic therapy.

Eukaryote gene protein RADS5I1 assists in
repairing DNA double-strand breaks. This pro-
tein has been revealed as a potential target to
repress the progression of abnormally proliferat-
ing cells in cancers [98]. The effect of exosome-
delivered siRNA in knocking down RADS51 upon
delivery to human cells was shown in vitro.
Further, exosomes were isolated from HeLa cells
and loaded with Alexa Fluor 488-labeled siRNA
using chemical treatment. Flow cytometry and
confocal microscopy revealed successful deliv-
ery of siRNA by the exosomes after co-culture
with recipient cells (HeLa and HT1080 cells).
The study also reported that the protein levels of
RADS51 and RADS52 were decreased, which indi-
cates their downregulation [99]. Exosomes
derived from endothelial cells are associated with
atherosclerosis and vascular inflammation.
Exosomes loaded with siRNA were incubated
with luciferase-expressing endothelial cells.

Compared to the control groups, the cells treated
with endothelial exosomes carrying siRNA
showed lower luciferase expression. Taken
together, these results showed that exosomes of
endothelial origin have the potential to deliver
exogenous agents to cells in vitro and remain
functional at the targeted site [100].

miRNAs, a short form of noncoding RNA,
bind to complementary sequences on targeted
mRNAs and regulate post-transcriptional gene
expression [101, 102]. Because exosomes are
known to carry miRNAs naturally, exosomes
may be potential as a therapeutic vehicle for
miRNA delivery to targeted cells. Ohno et al.
[103] used exosomes to deliver miRNA targeting
the epidermal growth factor receptor (EGFR) of
breast cancer cells. The elevated EGFR expres-
sion level in epithelial human tumors suggested
the prospect of EGFR ligand as a cancer drug tar-
get [104]. miRNAs, such as lethal-7 gene (let-
7a), act as a tumor suppressor. They impede
cancer growth by decreasing the expression of
RAS and high-mobility group AT-hook protein
(HMGAZ2). To deliver let-7a to EGFR-expressing
cancer tissues, epidermal growth factor (EGF)
and EGFR-specific peptide (GE11) were fused
onto the surfaces of let-7a-carrying exosomes
[103]. GE11 or EGF was transfected into HEK-
293 cells to generate GE11- and EPF-positive
exosomes. Several experiments verified the abil-
ity of GE11- or EGF-positive exosomes to bind
to EGFR in various breast cancer cell lines,
including HCC70, HCC1954, and MCF-7. In
addition, the researchers hypothesized that
GEl1-positive exosomes might be more suitable
than EGF-positive exosomes for treating breast
cancer in terms of inhibiting cancer -cell
proliferation.

In another study, the lipofection method was
used to incorporate let-7a into GE11 exosomes,
which was then intravenously injected to tumor-
bearing mice. The results exhibited strong inhibi-
tion in the expression of HMGA?2 in cancer cells,
indicating that exosomes effectively transported
their cargo to the target cells [103].

Recently, c¢(RGDyK)-engineered and
curcumin-loaded exosomes were administered
intravenously into an ischemic brain. By target-



154

Md. Asadujjaman et al.

ing the lesion area, the exosomes reduce inflam-
matory response and cellular apoptosis [105].
Furthermore, specific targeting of particular
receptors or cell surface antigens can be realized
by coupling the exosomes with a biological rec-
ognition factor [106].

Microvesicles (MVs) can also act as unique,
cell-originated “liposomes” for disease treatment
by effectively delivering therapeutic mRNA/pro-
teins. Mizrak et al. generated microvesicles con-
taining protein-cytosine deaminase (CD), which
were fused with uracil phosphoribosyltransferase
(UPRT) by transducing donor cells with
CD-UPRT-EGFP (enhanced green fluorescent
protein). Simultaneous injection of the prodrug
5-fluorocytosine and microvesicles containing
CD-UPRT-mRNA/protein led to reduced tumor
size and growth. The reason may be that
5-fluorocytosine is converted to S-fluorouracil
within tumor cells [107].

Epithelial-originated human tumors possess
epidermal growth factor receptor (EGFR). GE11
peptide can bind to EGFR. Ohno and coworkers
isolated tumor cells targeting GE11-positive exo-
somes and showed that let-7a-containing exo-
somes inhibit tumor development by targeting
the tumor in mice models. Cells were transfected
with let-7a miRNA to generate let-7a-containing
exosomes [103]. miR-146b decreases glioma cell
invasion and motility and decreases EGFR
expression. Katakowski and coworkers isolated
exosomes from MSCs, which were then trans-
fected with miR-146b. Delivery of miR-146b-
loaded exosomes reduced the growth of 9L
glioma cells in vitro. It was also observed that 9L
tumor volume was reduced in a primary brain
tumor rat model [108].

Nanoparticles or liposomes are promising
noninvasive drug delivery systems to the brain
[109, 110]. However, owing to their immunoge-
nicity, insufficient specificity, limited half-life,
and post-penetration efficiency in the blood-brain
barrier (BBB), these strategies are not extensively
used in medical practice [111]. EVs are a poten-
tial strategy for delivery of therapeutic agents to
the brain, in terms noninvasiveness [112].

EVs can penetrate the BBB; although the
mechanisms of interaction between the BBB and

exosomes are still unclear, there is evidence of
exosome penetration to the BBB. Furthermore,
exosomes can carry numerous elements to the
brain, and BBB penetration by EVs is mainly
facilitated through active endocytosis [113].
Models are being developed to elucidate drug
delivery to the brain by EVs through the BBB,
such as virus protein-originated, brain-specific
peptides [96, 114]. Macrophage-derived exo-
somes are highly prospective as nanocarriers of
therapeutic proteins to the brain for treating cen-
tral nervous system diseases. Macrophage-
derived exosomes can deliver brain-derived
neurotrophic factor (BDNF), a cargo protein,
through the BBB after intravenous administra-
tion. Interestingly, this delivery is facilitated by
brain inflammation, a typical condition presented
in central nervous system diseases [115].
Alzheimer’s disease (AD) is the disease
responsible for dementia. It is an age-related neu-
rodegenerative disease characterized by dimin-
ishing cognitive response function and
progressive loss of memory. Exosomes have been
used as a delivery platform for the treatment of
this disease [96]. Curcumin or BACE1 siRNA-
containing exosomes were injected to mice to
ameliorate AD-like pathology in the brain. With
advancements in nanotechnological strategies,
these efficient exosomes or exosome-mimicking
liposomes, or even fusion of them, may be useful
to restore brain capacity in patients with AD
[116-118]. In familial AD, genetic mutations
cause increased production of AP [119]. In com-
mon irregular cases, generation of A is normal,
but its clearance is decreased [120]. Exosomes
administered intracerebrally can function as
powerful Af scavengers by binding to AP through
enriched glycans on the glycosphingolipids on
the exosome surface, suggesting that exosomes
play an important role in AP clearance in the cen-
tral nervous system [121]. Therefore, a novel
therapeutic intervention for AD was obtained.
The developed world is challenged with
Parkinson’s disease (PD), one of the fastest
developing neurological disorders. Inflammation
of the brain, activation of microglia, and neuro-
toxic secretions, including reactive oxygen spe-
cies, are the most common phenomena in PD
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[122, 123]. Decreased levels of catalase, super-
oxide dismutase, and redox enzymes are com-
monly found in the brain samples of patients with
PD. These conditions may lead to neurodegener-
ation and oxidative stress in PD patients [124]. In
this perspective, delivery of catalase to the brain
can be an effective strategy to treat PD. Haney
et al. have shown that exosomes can be potent
transporters of catalase and therapeutic proteins
inhibiting microglia activation and secretion of
active oxygen species [125]. Another pathologi-
cal feature in the brain of PD patients is the ubiq-
uitous presence of Lewy bodies. Aggregates of
alpha-synuclein (a-Syn) are the main element of
Lewy bodies. Therefore, attenuating o-Syn
expression is considerably an attractive process
to halt or delay PD progression. In 2014, Cooper
and coworkers have described decreases in the
aggregation and expression of a-Syn following
delivery of a-Syn siRNA with the help of exo-
somes derived from dendritic cells [126].

10.3 Obstacles

Although EVs possess many enthralling features,
we still cannot straightforwardly use them. Some
commercially utilized synthetic vectors, such as
liposomes, can be used in many amenable
approaches and be scaled up in a large magni-
tude. On the contrary, EVs require many more
steps to be used for therapeutic purposes, and
these steps can negatively affect EVs or their par-
ent cells [127]. More importantly, until now, it is
difficult to generate EVs in sufficient amounts
without using an enormous number of cells.
Thus, large-scale production of EVs is still a
foremost challenge for researchers in this field
[128].

The purity and intactness of EVs also pose a
challenge to researchers. Interestingly, many
widely used protocols fail to generate particles
that typically eluted with EVs [129]. In fact, iso-
lation and purification of EVs are difficult tasks
in the development of EVs [130, 131]. Multistep
ultracentrifugation is the most frequently used
strategy to isolate EVs. However, this method
requires a long time, obtains poor yields [118,

132], and requires skilled operators and expen-
sive equipment [133]. By contrast, density gradi-
ent separation techniques afford high-purity
yields and good recovery rate, but they require
complex sample processing and longer process
time [134]. In addition, compared to physical
property-based isolation methods,
immunoaffinity-based isolation and immuno-
magnetic isolation can obtain higher-purity EVs,
despite also affording low yield and causing
damage to vesicles [128]. Currently, there are
commercial reagents in the market for isolating
exosomes using a polymer precipitation method,
which can afford high yield of EVs within a short
time, but with low purity.

It is also noticeable numerous exogenous EVs
can hamper the communication of endogenous
EVs within cells. Furthermore, a timely under-
stood or not understood at all mechanism could
bring to disasters for the hosts. EVs can induce
signaling cascades by binding with cell surface
receptors, thereby releasing intraluminal contents
into the cytoplasm by fusing with the cytoplas-
mic membrane. Endocytosis can internalize
them; otherwise they remain docked on cell sur-
face [135]. These different modes of interactions
will affect the efficacy of the delivered therapeu-
tics. It is important to establish protocols with
robust purification capacity and implement safety
measures to overcome these difficulties in in vitro
and in vivo experiments.

10.4 Conclusion

In the last decade, scientists mainly studied the
vesicles originating from animal cells. However,
in recent times, other vesicles originating from
other sources, such as milk and vegetables, have
gained interest. Their lack of toxicity and possi-
bility of large-scale production may lead to con-
sideration of milk- and plant-derived vesicles for
therapeutic applications. However, to understand
the intrinsic properties and possible biotechno-
logical applications of these vesicles, in-depth
studies are required to characterize these vesicles
and their bioactive contents. EVs, especially exo-
somes, have provided new insight into the fields
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of regenerative medicine and drug delivery.
Currently, scientists are focusing on noncoding
RNAs, such as miRNAs, which promote
regeneration of organ tissues. Thus, the applica-
tion of EVs will certainly continue to swell.
However, the development of EVs for therapeutic
purpose faces limitations in the generation, isola-
tion, and purification of EVs in large quantity.
Overcoming these difficulties will certainly be
useful in almost every sphere of therapeutic
application of EVs.
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Abstract

A rapid development of ultrasonography has
enabled physicians to make earlier prenatal diag-
nosis of various fetal congenital diseases, in mater-
nal-fetal medicine. Due to the significant mortality
and irreversible damage to fetal vital organs during
pregnancy, fetal surgeries have been tried in some
congenital disease including congenital diaphrag-
matic hernia, twin-to-twin transfusion syndrome
(TTTS), myelomeningocele (MMC), and lower
urinary tract obstruction. However, open fetal sur-
gery requires laparotomy followed by hysterot-
omy, which can cause preterm premature rupture
of membrane (pPROM), oligohydramnios, pre-
term delivery, dehiscence of uterine wall, and other
maternal  complications  during  pregnancy.
Minimally invasive approach using fetoscopy has
been tried, and fetoscopic laser photocoagulation
of vascular communications is currently consid-
ered as a treatment of choice for TTTS before
26 weeks’ gestation. However, more development
of surgical instrument and innovative materials
using tissue engineering are required to improve
outcomes of fetoscopic surgery. Because iatro-

development of materials for treatment of sponta-
neous or iatrogenic pPROM and recent experi-
mental progress of tissue engineering-based
technology in  prenatal  treatment  of
MMLC. Placental tissue is an emerging material for
regenerative medicine. This chapter will also
review regenerative potential and experiments of
placenta and placenta-derived stem cells, as well
as prospects of “in utero stem cell therapy.”

Keywords

Fetoscopy - Open fetal surgery - Prenatal
diagnosis - Preterm premature rupture of
membrane - Congenital disease - Maternal-
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11.1 Introduction

11.1.1 Fetal Surgery

genic pPROM is the major challenge after feto-
scopic surgery, this review focuses on current

Surgical fetal intervention can be justified when
the conditions of congenital disease are associ-
ated with significant mortality or very severe

morbidity if left untreated, during pregnancy, and
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(TTTS), congenital diaphragmatic hernia, myelo-
meningocele (MMC), and lower urinary tract
obstruction. However, maternal or fetal compli-
cations secondary to fetal surgery during preg-
nancy still should be considered.

11.1.2 latrogenic Preterm Premature
Rupture of Membrane

The amniotic membrane (AM) is the innermost
layer of the placenta and is composed of a single
epithelial layer, a dense basement membrane and
an acellular compact layer rich in collagen, and
underlying fibroblast and spongy layers [14, 32].
Spontaneous healing process after damage of
AM is unlikely to occur due to poor vascularity.
Therefore, iatrogenic preterm premature rupture
of membrane (pPROM) after fetal intervention is
one of the big challenges in fetal therapy, because
its consequences include oligohydramnios-
related pulmonary hypoplasia, chorioamnionitis,
and preterm delivery, which can result in consid-
erable mortality and severe morbidities in survi-
vors. The incidence of iatrogenic pPROM after
fetal intervention has been reported, up to 15%
after ultrasound-guided shunt operation in lower
urinary tract obstruction [94], from 9% to 39%
after fetoscopic laser surgery [58, 84, 88], and
from 33% to 91% after fetoscopic MMC repair
[4, 40]. Numerous efforts to treat pPPROM have
been reported using various sealants and plug
materials, including fibrin-based products, gela-
tin sponge [55, 67], collagen biomatrix [19],
blood cryoprecipitates [76], platelets [74], colla-
gen sponges [20], poly-l-lactic acid [71], and
decellularized tissue scaffolds [13, 59, 61, 68].

11.2 Experimental and Clinical
Progress in the Treatment
and Prevention of pPROM

11.2.1 Treatment After Established
Membrane Rupture

Established membrane rupture can be diagnosed
when clinical symptom of amniotic fluid leakage
is evident, such as watery vaginal discharge,

decreasing amniotic fluid, or membrane detach-
ment in the ultrasonographic examination. For
the treatment of iPROM after fetoscopic umbili-
cal cord ligation in acardiac twin, the amniopatch
composed of platelets and cryoprecipitate was
firstly described in 1996 [74]. Activation and
aggregation of platelets followed by stabilization
with cryoprecipitate was proposed as a mecha-
nism of amniopatch. After then, ultrasound-
guided injection of amniopatch has been tried in
chorioamnion detachment and iatrogenic pPROM
after invasive genetic testing or operative fetos-
copy [12, 13, 57]. However, intrauterine fetal
deaths after the amniopatch procedure have been
observed in the past studies, although the exact
causes were not proven [13]. It was considered
that serotonin, bradykinin, and other factors
released by activated platelets can make harmful
effect on the fetus. Therefore, the amount of
amniopatch has been decreased. In a recent
cohort study, amniopatch (approximately 30 mL
of platelets followed by 30 mL of cryoprecipi-
tate) within 15 days after iatrogenic pPROM
showed 63.2% successful sealing rate, longer
gestational age at delivery, and improved perina-
tal survival, after fetoscopic laser surgery for
TTTS [9].

Other treatments to reseal the membranes
have been attempted by (a) injecting clotting fac-
tors such as thrombin or fibrinogen and other
medicines into the hole in the womb to create a
patch over the area that is leaking; (b) taking
immunological supplements (that may stimulate
the body’s immune system to mend the area
where the seal has broken); and (c) placing a seal
with a cervical adapter, over the neck of the
womb, to stop fluid leaking out and prevent infec-
tion [12]. An immunological stimulant,
combination of matrix metalloproteinase (MMP)
inhibitors, cytokines, and defensins, showed
some benefit in the prolongation of mean gesta-
tional age at birth [73], but it was less than a
week. Until 2016, there had been insufficient evi-
dence to evaluate sealing procedures or sealing
material after pPPROM, yet [12]. In 2019, Ahmed
et al. reported significant effect of amniopatch
(60-80 mL of platelets and 100-150 ml of FFP)
in spontaneous pPROM through a randomized
controlled trial [57]. Although only 12% of
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women with pPROM showed successful sealing
of the membrane defect with increase of amniotic
fluid, the amniopatch demonstrated significant
effect (p = 0.0144), because none of the expect-
ant group showed similar sealing and increase of
amniotic fluid. The effects of amniopatch have
been better in iatrogenic pPROM than in sponta-
neous pPROM [13]. Because there is no other
available option except expectant management or
pregnancy termination when membrane of rup-
ture is clinically diagnosed, during the mid-
trimester, amniopatch might be worth a try for
treatment after pPROM, until the other material
or procedure is developed, and demonstrates sig-
nificant decrease of perinatal mortality after
pPROM. However, the safety and efficacy profile
about amniopatch needs to be followed in future
studies with more cases.

11.2.2 Secondary Prevention
Approach of latrogenic
pPROM

To prevent clinical amniotic fluid leakage after
fetoscopic intervention, sealing the iatrogenic
membrane defect using a surgical plug, which is
composed of collagen, gelatin, or other matrices,
has been introduced, before finishing a fetoscopic
intervention [20, 55, 59, 65, 67]. Acellular human
amnion plug demonstrated similar efficiency in
restoring amniotic integrity, compared with col-
lagen matrix foil, and native amniotic scaffolds
showed better sealing than polyesterurethane
scaffolds in the rabbit model [55]. Human amni-
otic membrane (hAM) has been used in the treat-
ment of corneal injuries [43, 44], burn injuries,
and chronic or non-healing wound [36, 63, 79,
89], because it has low immunogenic, anti-
inflammatory, antiscarring, re-epithelization, and
non-tumorigenic properties [5, 8, 29, 36, 63, 79,
89]. AM synthesizes and releases cytokines and
signaling molecules such as TNF-a, TGF-a,
TGF-B, FGF-b, EGF, keratinocyte growth factor,
hepatic growth factor, interleukin-4 (IL-4), IL-6,
IL-8, natural inhibitors of metalloproteases,
B-defensins, and prostaglandins, among others
[66]. Decellularized amniotic membrane also has

been studied in regeneration of myocardiac
infarction [77].

Other materials have been suggested for
membrane sealing at the fetoscopic site.
Although injectable sealants using poly(ethylene
glycol)-based polymer hydrogels which is a
mussel-mimetic tissue adhesive, showed effi-
cient, nondisruptive, nontoxic bonding to fetal
membranes in an in vitro model [5], it has not
been tested in vivo, for restoration of amniotic
membrane defect. The other group of the Texas
Children’s Fetal Center made an in vitro uterine
model, to simulate the anatomical relationship
of the fetal membranes, uterine wall, and sur-
rounding amniotic fluid [61]. They demon-
strated that a lyophilized fetal membrane patch
effectively occluded a model of an iatrogenic
fetal membrane defect in an aqueous environ-
ment. The patch was more effective when used
in conjunction with a nanosilica-filled adhesive
coacervate. In swine model, hAM promoted
fetal membrane healing when secured in the
defect site, which was more effective with the
bioinspired underwater adhesive, although fetal
membranes in swine model showed spontane-
ous healing [68], within about 20 days after
fetoscopic operation.

In our longer period study with swine model
(8 weeks), however, there was no complete resto-
ration, but partial restoration of amniotic mem-
brane after iatrogenic pPROM [52]. In our study,
a decellularized amniotic membrane (dAM)-
derived hydrogel with 3D-printed polycaprolac-
tone framework, which is called
“amnion-analogous medical device (AMED),”
demonstrated functional restoration of membrane
integrity with better preservation of amniotic
fluid and normal fetal lung/body weight ratio,
compared with no treatment group, in iatrogenic
fetal membrane defects after fetoscopy. In addi-
tion, when we compared AMED group with a
lyophilized fetal membrane patch group, AMED
group showed less surgical time and better fetal
survival, although both groups induced cellular
ingrowth into the defect area and complete heal-
ing of the AM. A lyophilized fetal membrane
patch group used a commercial amniograft patch,
developed for corneal treatment, and adhesive
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(TISSEEL Kitl Baxter India, Haryana, India)
over the membrane defect.

In a human cohort study undergoing feto-
scopic treatment for congenital diaphragmatic
hernia, collagen plug sealing of iatrogenic fetal
membrane defects after fetoscopic surgery could
not reduce the risk of pPROM [20]. In the other
human cohort study about fetoscopic laser sur-
gery, which is considered an effective treatment
for TTTS, a chorioamniotic plug made of absorb-
able gelatin sponge did not reduce the risk of iat-
rogenic pPROM and did not increase the
procedure-to-delivery interval [67]. The most
significant possible complication associated with
sealant use is the stimulation of an inflammatory
process, which can lead to preterm uterine activ-
ity. Even if a membrane seal is initially success-
ful, the dynamic environment of the amniotic
fluid and the activity of uterine musculature will
constantly challenge it.

Therefore, further studies with experimental
procedure or promising materials are required,
before the application in human studies.

11.3 Fetal Surgery and Tissue
Engineering in MMC

11.3.1 Rationale of Fetal Surgery
in MMC

MMC, the most severe form of spina bifida, char-
acterized by the extrusion of the spinal cord into
a sac filled with cerebrospinal fluid, is a candi-
date congenital disease for fetal therapy, because
neurological damage to exposed neural elements
by amniotic fluid can be progressed and worsen-
ing herniation of hindbrain can result in hydro-
cephalus, during pregnancy, which can lead to
lifelong neurological disabilities [35], including
paralysis and bowel and bladder dysfunction.
Damage to the spinal cord and peripheral nerves
is almost irreversible despite early postnatal sur-
gical repair.

11.3.2 Open Fetal Surgery of MMC

An NIH-sponsored, randomized, controlled,
multicenter trial, comparing in utero open surgi-
cal repair of the MMC defect to standard postna-
tal surgery, revealed that open fetal surgery
improved neurofunctional outcomes and is now a
clinical option for the management of prenatally
diagnosed MMC in selected patients [1]. Open
fetal surgery requires maternal laparotomy fol-
lowed by hysterotomy using a uterine stapling
device. Then the cystic membrane of the MMC is
excised, and the attachments of the meninges to
the skin and soft tissues are detached. If possible,
native dura is closed over the spinal cord as a first
layer, followed by closure of paraspinal myofas-
cial flaps, and then the skin surrounding the
lesion is mobilized and closed to complete the
repair. When the skin cannot be closed primarily,
an acellular human dermis graft is used to com-
plete the closure. However, open fetal surgery
showed significant obstetric complications such
as preterm delivery, PPROM, placental abrup-
tion, and maternal complications.

11.3.3 Fetoscopic Surgery of MMC

Although fetoscopic approaches have been tried
as a minimally invasive technique, fetoscopic
surgeries have reported higher rates of preterm
delivery, pPPROM, and technical failure to achieve
closure, compared to open fetal surgery, so far
[40], while the rate of uterine dehiscence was less
after fetoscopic surgery. More minimally inva-
sive techniques for better outcome of fetoscopic
surgery are required using a single trocar or at
most two small (<2 mm) trocars [45]. Because
prolonged operation time for fetoscopic surgery
is considered as a significant factor for obstetric
complications and postnatal revision of lesion
due to incomplete coverage of MMC defect more
frequently occurred in fetoscopic surgery than in
open fetal surgery, several studies using scaffold-
based coverage of the MMC defect for complete
watertight coverage, to make less operation time
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with simplified method as an alternative to surgi-
cal skin closure, have been reported [6, 17-19,
21, 26, 27, 39, 69, 80, 81, 83, 92, 93]. For the full
coverage of MMC, several patches, such as bio-
cellulose patch with or without bilaminar skin
substitute [48] and collagen/Teflon patch [31],
have been applied in fetoscopic surgery of human
MMC cases. However, those patches were fixed
by clip or suture. Otherwise, the skin was closed
over the patch with a stitch.

11.3.4 Investigation of Tissue
Engineering Materials
for the Fetal Treatment
of MMC

In animal model, several biomaterials using tis-
sue engineering have been developed and stud-
ied. The scaffolds investigated in the experiments
for the treatment of MMC were naturally derived
materials including collagen, alginate, cellulose,
or gelatin; synthetic materials including silicone
or polypropylene with high-density polyethyl-
ene, poly-L-lactic  acid, poly-L-lactide-
cocaprolactone, and polypropylene glycol; or
acellular scaffolds such as small intestinal
mucosa biomatrix and acellular dermis. However,
most of them required suturing or adhesives for
clinical use.

For the application of biomaterials in the fetal
MMC therapy, there are several conditions to
overcome. Firstly, amniotic fluid in utero makes
not only poor visualization for fetoscopic proce-
dures but also limitation in the use of adhesives
which is required for the watertight coverage of
the defect, instead of suturing of biomaterials. To
improve visualization during fetoscopic proce-
dures, a new operation technique which is partial
evacuation of amniotic fluid and carbon dioxide
insufflation (PACI) has been introduced by
Thomas Kohl, in German [46]. Then, in 2015,
Belfort et al. at Texas Children’s Fetal Center
reported a developed PACI after maternal lapa-
rotomy and closed the 4 mm uterine port sites

with absorbable sutures [3]. Their approach
showed the lowest preterm birth rates (36%) in
any previously reported cohort of fetal MMC
repair [4]. However, there has been no biocom-
patible adhesive which can secure the material on
the defect, in wet condition, yet. Secondly, sim-
plified method, rather than suturing, which can
be applied in fetoscopic surgery needs to be
developed to decrease operation time. Recently,
injectable materials are introduced. Growth fac-
tor encapsulated injectable alginate microparti-
cles showed that significant soft tissue coverage
of the MMC defect in a rat model [27]. However,
it is unclear whether it can be delivered and
secured to the defect without adhesive, by ultra-
sound- or microscope-guided injections, in
human utero environment. In addition, safety
profile of injectable alginate with growth factor
needs to be investigated, especially when mic-
roparticles are delivered into the fetal organ, acci-
dentally. The other recent material is reverse
thermal gels (RTGs) that can undergo reversible
spontaneous phase transition from liquid to phys-
ical gel upon temperature change without the
need for reactive chemical species (cross-linkers)
or outside energy sources (UV stimulation) [78].
It has been evaluated for intraamniotic injection
in rat and mice [2, 39, 62, 98, 99]. RTGs are
chemically conjugated poly(serinol hexameth-
ylene urea) (PSHU) and poly(N-isopropyl acryl-
amide) (PNIPAm) which has reverse thermal
gelling properties. However, chemical modifica-
tion of RTG for enhanced adhesive properties is
required to improve defect coverage. Thereafter,
it needs to be investigated for long-term coverage
of defect in utero, with growth factors, in other
experimental model with longer gestation.
Thirdly, multiple ports or large diameter of uter-
ine port are also associated with the risk of iatro-
genic PPROM after fetoscopy. However, if an
injectable material using a single or small port
can be secured on the defect site, in short time,
the risk might be decreased. Lastly, biomaterial
and adhesive for fetal surgery need to show plas-
ticity, according to the fetal growth in utero.
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11.4 Regenerative Potentials
and Experiments
of Placental Tissue

Human placenta contributes to the development
and nutrition of the offspring and promotes feto-
maternal immunotolerance, although most pla-
centas are discarded after birth. They are rich in
extracellular matrix, which includes important
sources for regenerative medicine such as colla-
gens, laminin, fibronectin, glycoproteins, and
growth factors associated with vascular, mesen-
chymal, parenchymal, and other cell types [60].
In addition, they are high-yield source for the iso-
lation of stem/progenitor cells.

Laminins, a family of large heterotrimeric
(alpha, beta, gamma) proteins, are major compo-
nents of basement membranes. Different com-
mercial laminin preparations isolated from
human placenta have been widely used for neuro-
nal cell cultivation and promoting angiogenesis
[96]. Extracellular matrix hydrogel from human
placenta has been studied in the culture of cardio-
myocytes, stem cells, and blood vessel assembly
from endothelial cells, and animal model showed
potential in therapeutic cardiovascular applica-
tion [28]. Decellularized placental tissue as scaf-
folds in tissue engineering demonstrated
hepatized potential for hepatic tissue engineer-
ing, in an induced acute liver failure sheep model
[41]. Wharton’s jelly in the umbilical cord also
showed promising potential as a scaffold in dif-
ferent tissue defects [38]. Commercial products
using decellularized human amniotic membranes
are already available (i.e., Acelagraft™ and
Biovance™, Celgene Cellular Therapeutics,
Morris, New Jersey) for wound healing [54].

As an important source of mesenchymal stem
cells (MSCs), placenta has been received
attention.

Several studies have isolated and identified
MSCs from placental tissues, including the amni-
otic membrane, the amniotic fluid, the umbilical
cord, the chorionic membrane, and the decidua
[15, 16, 64]. MSCs renew themselves, and they
have characteristics of rapid proliferation and
multipotency, including adipogenic, chondro-
genic, and osteogenic differentiation potential.

MSCs are the most widely explored cell pheno-
type for therapy due to their regenerative and
immune regulatory properties [23]. Because of
immunomodulatory effects by suppressing acti-
vated pro-inflammatory T cell proliferation and
cytokine production, but by increasing in regula-
tory T cells, MSCs have been applied in clinical
trials for GVHD and organ graft rejection, as well
as autoimmune diseases [25]. Although a recent
Cochrane review found insufficient evidence that
MSCs were an effective therapy for GVHD [24],
paracrine factors of MSCs and MSC-derived
extracellular vesicles are getting more attentions
for mediating immunomodulatory and regenera-
tive MSC functions [70]. It is still unclear as to
which patients might benefit from MSC thera-
peutics, yet. Because placenta is a wasting prod-
uct after delivery, it can be promising source of
MSCs, if the safety and efficacy of placenta-
derived MSCs is more investigated and proven.

In Utero Stem Cell
Transplantation and Gene
Therapy

11.5

In utero stem cell transplantation (IUSCT) has
been suggested for several genetic disorders and
hematopoietic diseases.

MSCs have been proposed as potential in
utero stem cell treatments for diseases ranging
from severe combined immunodeficiencies
(SCID) to osteogenesis imperfecta (OI), which
are candidate congenital disorders of pregnancy
termination. The unique situations in utero pro-
vide rationale for IUSCT [82]. Before the devel-
opment of immune system to distinguish between
autologous and foreign antigens, during fetal life,
transplanted foreign cells may be recognized as
self, may develop donor-specific immune toler-
ance, and may not undergo rejection, but prolifer-
ate in utero. [IUSCT requires less stem cell dosage
for fetus, compared with neonates for postnatal
treatment. In addition, the same donor cells can
be used for postnatal “booster” transplantation,
without immunosuppression preventing for rejec-
tion [34].
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There have been case reports about prenatal
MSC infusion, in OI [30, 47, 49]. However, low
engraftment levels of donor cells were observed
in clinical cases and preclinical studies [33, 34,
91], despite improvement of clinical symptom
and bone properties. It is considered that para-
crine effects from soluble factors and releasing
extracellular vesicles like exosomes and
microvesicles, by MSCs, might be responsible
for regenerative roles including stimulating
endogenous cell proliferation, cell-to-cell com-
munication, and preventing apoptosis of resident
cells [7, 42]. An open-label multiple dose multi-
center phase I/II trial, which is called “The Boost
Brittle Bones Before Birth (BOOSTB4),” is
planned to evaluate safety and efficacy of postna-
tal or prenatal and postnatal infusions of alloge-
neic fetal liver-derived MSCs for the treatment of
severe Ol compared with historical and untreated
prospective controls [37].

Intrauterine hematopoietic stem cell trans-
plantation (IUHSCT) has been tried in congenital
disorders of hematopoietic cells, such as sickle
cell anemia, thalassemia, chronic granulomatous
disease, hemophilia A, Hurler’s syndrome, meta-
chromatic leukodystrophy, and Niemann-Pick
disease [95]. IUHSCT in hematopoietically com-
petitive diseases except SCID was not successful
in establishing engraftment, in clinical studies. In
addition to the competitive barriers, the other rea-
son for the poor engraftment was maternal allo-
immunization. Because maternal
alloimmunization caused by the ITUHSCT with
allogenic donor cells can transfer alloantibodies
in breast milk and cause fetal adaptive immune
response, it has been suggested that maternal
donor cells need to be used for [UHSCT [56]. To
evaluate the safety, efficacy, and feasibility of
TUHSCT approach with maternal donor cells, the
University of California, San Francisco (UCSF),
in the United States started a phase I clinical trial
in fetuses with alpha thalassemia major and other
similar variants, in 2017 [10]. Because alpha
thalassemia major or hemoglobin Bart’s syn-
drome leads to severe fetal anemia, which
requires lifelong transfusions and bone marrow
transplantation with immunosuppressive treat-
ment, [IUSCT with intrauterine blood transfusion

might allow postnatal “booster” transplantation
with maternal cells due to the improved tolerance
to maternal HCT, even if IUHSCT shows low
levels of chimerism.

To avoid immune response from allogenic
donor cells, experiments using gene-corrected
autologous fetal stem cells have been tried. In a
fetal sheep, there was successful cell migration and
engraftment in fetal blood and organs, by ultra-
sound-guided intraperitoneal injection of fetal cells
from amniocentesis, after transducing an integrat-
ing lentiviral vector [86, 87]. Because the genetic
manipulation of the autologous stem cells occurs
outside the fetus, it might be able to avoid the risk
of germline gene transfer, off-targeting effects, and
transfer of the gene therapy to the mother [75]. In
hemophilia A, which is the most frequent inherit-
able defect of the coagulation proteins, in utero
FVIII transgene therapy with MSCs as cellular
vehicles showed high levels of MSC engraftment
and therapeutic benefit, in animal studies [72, 97].
It suggests clinical feasibility and possibility as a
better treatment strategy of combining IUSCT with
gene therapy than postnatal therapy in several
genetic diseases.

However, prior to the application of in utero
gene therapy in humans, a number of safety con-
cerns must be investigated more, although the UK
Gene Therapy Advisory Council (GTAC) consid-
ered that the use of genetically modified stem
cells in stem cell transplantation to the fetus was a
possibility stating “such ex vivo modification
would be unlikely to carry with it any higher risk
to the germ line than the trials of postnatal somatic
gene therapy which have already been approved”
(Gene Therapy Advisory Council 1998).

11.6 Conclusion

Risk of iatrogenic pPROM after fetal surgery is a big
challenge in fetal therapy. Because minimally inva-
sive approach using fetoscopy is also required to
minimize the risk of pPROM, size and number of
fetoscopic ports, as well as operation time, should be
decreased. In addition, when a strategy for secondary
prevention of iatrogenic pPROM using tissue engi-
neering is further developed, minimally invasive pre-
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natal treatment will be more feasible. Therefore,
further studies with experimental procedure or prom-
ising materials are required, before the application in
human studies.

In the prenatal treatment of fetal defect such
as MMC, nontoxic, biocompatible, fluid-
impermeable, and expansible materials which
can secure the defect completely are required for
better outcomes of fetoscopic surgery. A biocom-
patible adhesive, which is applicable in wet con-
dition, should be developed, together. Otherwise,
further development and optimization of inject-
able biomaterials such as RTGs, which can be
adhered without glue, might be needed. In addi-
tion, stem cell therapy for fetal MMC using bone
marrow MSCs and human embryonic stem cells
have been studied for intra-amniotic injection
[50, 51, 53]. MSCs from amniotic fluid stem cells
(AFS) have also shown beneficial effects on the
central nervous system, and therapeutic potential
of AFS was reported in MMC [15, 16, 22, 64, 85,
90]. Because AFS can be obtained autologously,
during pregnancy, by amniocentesis, it might be a
feasible candidate for fetal therapy. Future stud-
ies need to find the best combination of a candi-
date material and those stem cells. Placental
tissues with abundant immunoregulatory proper-
ties are emerging materials for regenerative med-
icine, as a valuable source of extracellular matrix
and stem cells. More than 250 clinical trials
employing feto-placental tissue-derived products
in advanced cell therapy have been registered for
hematology, oncology, acquired neurological
conditions or disorders, and so on [11]. In the
future, cryopreserved placental tissue can be
more likely utilized for cellular therapies and per-
sonalized medicine.
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Abstract

A body of evidence indicates that peripheral
nerves have an extraordinary yet limited
capacity to regenerate after an injury.
Peripheral nerve injuries have confounded
professionals in this field, from neuroscien-
tists to neurologists, plastic surgeons, and the
scientific community. Despite all the efforts,
full functional recovery is still seldom. The
inadequate results attained with the “gold
standard” autograft procedure still encourage
a dynamic and energetic research around the
world for establishing good performing tissue-
engineered alternative grafts. Resourcing to
nerve guidance conduits, a variety of methods
have been experimentally used to bridge
peripheral nerve gaps of limited size, up to
30—40 mm in length, in humans. Herein, we
aim to summarize the fundamentals related to
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peripheral nerve anatomy and overview the
challenges and scientific evidences related to
peripheral nerve injury and repair mecha-
nisms. The most relevant reports dealing with
the use of both synthetic and natural-based
biomaterials used in tissue engineering strate-
gies when treatment of nerve injuries is envi-
sioned are also discussed in depth, along with
the state-of-the-art approaches in this field.

Keywords

Peripheral nerve regeneration - Tissue
engineering - Biomaterials

12.1 Introduction
The most significant advances in peripheral nerve
repair and regeneration have been achieved over
the last years with the improvement of techno-
logical tools. However, the study of nerve and its
regenerative potential initiated in earlier times,
possibly in the ancient Greek period [1].
Nevertheless, the establishment of the basic
notions and modern concepts of nerve repair and
regeneration were only developed in the twenti-
eth century with the emergence of the neurosur-
gery field [2].

Peripheral nerve injuries (PNIs) usually
involve sensory and motor neurons and frequently
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result in axonal loss and demyelination, depend-
ing on the severity of the injury. Under ideal con-
ditions, regeneration of a nerve cable is followed
by remyelination, thus allowing a certain degree
of sensory and functional recovery to be achieved.
In the clinics, PNI repair is based on the knowl-
edge of physiological regenerative processes [3].
However, if no additional strategies are used,
functional recovery following an injury remains
incomplete. In order to address this tissue regen-
eration and improve clinical outcomes, the con-
tribution of multidisciplinary fields is required.
Interestingly, tissue engineering (TE) has allowed
to take impressive steps toward the improvement
of functional outcomes, by means of combining
areas such as reconstructive microsurgery, trans-
plantation, and biomaterials [4]. Furthermore, the
basic triad of TE has an important role in success-
ful nerve regeneration, as the goal remains to
develop and fabricate novel nerve guidance con-
duits (NGCs) built from a particular biomaterial,
capable of housing cells and delivering biological
and physical molecular cues, enhancing and
guiding nerve regeneration [5]. As tubulization
and the use of NGCs remain the base for nerve
repair, the choice of adequate type(s) of biomate-
rials is the pillar to achieve the so desired regen-
eration [6]. In fact, it has been confirmed
experimentally that engineered NGCs may also
lead to effective nerve repair that was earlier
thought to only be restorable using autograft [7].

The topics related to the anatomy of the ner-
vous system as well as on the innate mechanisms
related to the natural attempts of tissue regenera-
tion are addressed herein. A comprehensive over-
view of the biomaterial’s approaches being
pursuit in nerve regeneration can also be found.
Pre-clinical studies comprising natural, synthetic,
and endogenous biomaterials have also been
extensively explored. Additionally, strategies to
achieve nerve repair as well as challenges that
need to be overcome are highlighted.

12.1.1 Organization of the Nervous
System

In the case of an injury, in order to make an initial
assessment/diagnosis and proceed with the
appropriate treatment, it is imperative to have
plain knowledge of nervous system anatomy. The
nervous system is the instrument through which
organized vertebrates keep in touch with its inter-
nal structures and external surroundings, reacting
to changes and adapting to them. This system has
a fundamental role in behavior control and can be
divided into the central nervous system (CNS)
and peripheral nervous system (PNS) [8]. The
CNS, composed of the brain and its caudal pro-
longation, the spinal cord, is connected to the
periphery by the PNS [9]. During the embryonic
development known as ontogenesis, the CNS
emerges from the neural plate of the ectoderm
that molds into the neural groove, from which the
neural tube results. Subsequently, the neural tube
is restructured and gives origin to the brain and
spinal cord. This phenomenon is known as neuru-
lation. Two bands of tissue called the neural crest
will give origin to the forthcoming PNS that run
along the neural tube. These are multi-potent pro-
genitor cells that later form the PNS [10].

At an anatomical level, the CNS consists of
the brain and the spinal cord, being both enclosed
by three types of meninges [11]. The PNS con-
sists of cranial nerves, spinal nerves and their
roots and branches, peripheral nerves, and neuro-
muscular junctions, in a total of 43 pairs of sen-
sory and motor nerves [12]. Bundles of axons in
the PNS are referred to as nerves. These are com-
posed of more than just nervous tissue. They have
connective tissue participating in their structure,
as well as blood vessels supplying the tissues
with nourishment. A neuron consists of a cell
body, known as soma, which gives out extensions
in PNS, called axons. These are crucial for target-
ing distant tissues and organs. Axons are coated
with myelin sheath membranes, formed by
Schwann cells.
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Anatomically, each individual axon is firstly
protected by a myelin sheath and sheltered by a
first layer of collagen and elastic elements, the
endoneurium. A group of endoneurium protects
axon groups into nerve fascicles, which are
sheathed by the perineurium, mainly composed
of connective tissue. Finally, several fascicles are
gathered together by the epineurium. In the outer
layer, the mesoneurium can be found, which also
comprises blood vessels supplying oxygen and
nutrients to the nerve. Any break or defect in this
stratified structure falls out in a programmed and
permanent cell death, unless rapidly and meticu-
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Fig. 12.1 Schematic representation of nervous system
anatomy in the human body. The nervous system is
divided into CNS (in blue) and PNS (green). (a) The PNS
is composed of several pairs of nerves, which transmit sig-
nals between afferent sensory neurons and efferent motor
neurons to the CNS; (b) CNS, composed of the brain and
spinal cord, which has connections to PNS. In CNS, inter-
neurons receive information from the periphery; (c) a
peripheral nerve contains many nerve fibers that are held
together by connective tissue and bundled into nerve fas-

lously reestablished [13]. Besides myelinated
nerve fibers, the PNS contains unmyelinated
fibers, with the majority found in the cutaneous
nerve, the dorsal roots, and some muscle nerves.
Figure 12.1 shows the schematic representation
of CNS and PNS in the human body, as well as
detailed anatomy of peripheral nerves and
neurons.

Myelin is a constant in both PNS and
CNS. Myelin found on neurons in the PNS is
formed by Schwann cells, while myelin found in
the CNS is generated by oligodendrocytes.
However, one striking difference can be pointed.
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cicles. The entire nerve is enclosed by connective tissue
called epineurium. Individual fascicles are delineated by
perineurium. Endoneurium surrounds each nerve fiber;
and (d) each neuron is composed of a cell body, known as
soma, which contains dendrites. The axon, elongating
from the cell body, may present myelin sheaths. The
spaces between the myelin sheaths are nodes of Ranvier.
In the end of the neuron, there is an axon terminal, which
releases neurotransmitters from one neuron to another
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In one hand, oligodendrocytes and Schwann cells
are often compared to each other in terms of
function. However, the biggest difference among
the two resides in their ability to repair neurons
after nerve damage, as Schwann cells promote
nerve regeneration and repair, whereas
oligodendrocytes inhibit neuron repair after an
injury [14].

In terms of purpose, the primary function of
the CNS is integration. Conversely, the PNS is
mainly a receptor and effector organ that con-
nects the CNS to every part of the body by cranial
and spinal nerves and associated ganglia. This
connection is made by sensory and motor neu-
rons that conduct impulses to the CNS or the
periphery, respectively [15].

12.1.2 General Overview
of Peripheral Nerve Injuries

Neurological defects are among the most
demanding clinical situations despite decades of
research in the neurological field [16]. The rea-
son for this relies in the complexity of the ner-
vous system functions, structure, and anatomy,
which makes it more challenging to treat as com-
pared to other tissues in the human body [17].
Opposing to the CNS, the PNS is not protected
by a hard bone layer or by the blood-brain bar-
rier, making it much more disposed to trauma-
tisms or any kind of injuries [18]. Therefore,
PNISs are considered a huge clinical burden, being
the incidence 1 in 1000 individuals per year [19].
The estimated numbers of PNIs range from
300,000 and 360,000 cases per year for Europe
and the USA, respectively [20]. In fact, PNIs are
associated with $150 billion healthcare expenses
per year in the USA alone [15]. These costs are
underestimated, since “bed-days” and lack of
productivity also account for monetary losses,
worldwide. It has been assessed that 25% of
patients suffering from traumatic injuries and
undergoing surgery do not return to work
1.5 years after the intervention.

This scenario tends to worsen with the increas-
ing world population and respective average
lifespan. Considering those, an additional num-

ber of injuries tend to appear, and consequently a
high number of treatments and surgeries will be
required to allow the restoration of the damaged
nerves [21]. Although the CNS is vastly protected
and therefore less prone to injuries, it has a lim-
ited ability to regenerate because of the succeed-
ing scar tissue development which can be created
by a vast range of cell types, such as fibroblasts,
neuroglia, monocytes, and endothelial cells [22].
In contrast, PNIs are considerably more com-
mon, but the peripheral nerves have a greater
regeneration potential as compared to the nerves
of CNS. This is because PNS glial cells, Schwann
cells, adjust to a regenerative phenotype and have
the capacity of triggering neuronal regenerative
processes, although usually slow and in a partial
manner [23]. The regeneration process, however,
is dependent on certain factors, such as the lesion
size and the quality of the affected nerve, the per-
son’s health statues (e.g., diabetic or non-
diabetic), age, and, most importantly, the time
period from injury to surgical reconstruction. In
the case of lengthy time without repair, the distal
nerve end and target tissues and organs are chron-
ically denervated, becoming chronically axoto-
mized, which leads to neurons undergoing
apoptosis [24].

Given to their exposure, peripheral nerve
damages can be caused by many types of events,
such as traumatic injuries, complications on sur-
geries, congenital defects, and war wounds.
Concerning the traumatic injuries, they can also
vary significantly and include tearing injuries,
crushing or smashing, ischemia, and less preva-
lent types of injury such as thermal, electric
shock, and radiation [25]. Compression neuropa-
thies are also ubiquitous among nerve injuries.
For instance, carpal tunnel syndrome, the most
common compression type of injury, affects 4%
of the overall population [26]. A vast range of
diseases can also be the root cause of PNIs, as is
the case of diabetic peripheral neuropathies [27,
28]. Most of these traumatic events cause neuro-
nal death, demyelination, and axonal degenera-
tion resulting in persistent complaints, such as
impaired sensory and motor nerve functionality
and radiating neuropathic pain. Disorders con-
cerning the PNS usually have overwhelming and
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life-disturbing impacts on patients’ daily func-
tions and habits, which are not usually regarded
as significant. There is a substantial lack of con-
sideration of the impact of injury on social and
emotional well-being, despite their importance to
patients. There is, in fact, a strong correlation
between PNIs and pain and depression in those
patients [29].

Due to the great variety of peripheral nerve
traumas, there was a categorization of nerve inju-
ries in main domains, as an attempt to system-
atize them for the medical and scientific
community. Several degrees of injury to periph-
eral nerves are detailed in Table 12.1, which were
firstly described by Seddon [30] and later by
Sunderland [31].

The Seddon classification is divided into three
categories according to the gravity of the injury:
(i) neurapraxia, (ii) axonotmesis, and (iii) neurot-
mesis. By its turn, Sunderland classification com-
prises five different categories: first, second,
third, fourth, and fifth degree. Seddon classifica-
tion is more straightforward and therefore the
most used. Neurapraxia is the least severe type of

injury, and it is not associated with long-term
impairments and consequences. The second
level, axonotmesis, is related to axon and myelin
discontinuity or disruption. The most severe type,
neurotmesis, involves the complete disconnec-
tion of the nerve, where a gap is formed.

12.1.3 Degeneration
and Regeneration Processes
Following PNIs

Immediately after injury, the regeneration pro-
cess of peripheral nerves runs in sequenced
phases, and different events occur at different
levels on the injury site encompassing both prox-
imal and distal sites (Fig. 12.2a) [32]. In the prox-
imal position, separated axons and cell bodies
degenerate via a programmed cell death pathway
called chromatolysis [33]. In the distal injury
end, a process called Wallerian degeneration
occurs 24—48 h after injury, and all nerve compo-
nents, including the distal axons and adjacent
myelin, start to degenerate [34]. The goal of that

Table 12.1 Seddon [30] and Sunderland [31] classification of PNIs

Seddon and
Sunderland Sunderland scheme of nerve | Neurological
classification Process injury deficits Degree of recovery
Neurapraxia | Local myelin damage st B e Neuritis, Full recovery
usually secondary to ‘@ paresthesia
compression i~ e
Axonotmesis Axon severed but Paresthesia Full recovery
11, 111, TV endoneurium intact
(optimal
circumstances for
regeneration)
Axon discontinuity, Paresthesia, Wallerian
endoneurial tube @ dysesthesia degeneration,
discontinuity, recovery incomplete
perineurium, and
fascicular
arrangement
preserved
Loss of continuity of Dysesthesia, Wallerian
axons, endoneurial M neuroma degeneration,
tubes, perineurium recovery incomplete
and fasciculi;
epineurium intact
Neurotmesis V| Complete physiologic — ~ Intractable pain, | Wallerian
disruption of the M g neuroma degeneration,
entire nerve trunk recovery incomplete
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Fig.12.2 (a) Progression of Wallerian degeneration. (I) A
single axon with enwrapping myelinating Schwann cells
suffers a traumatic injury. (II) The axon breaks, and the
distal stump undergoes cellular changes. Distal to the
injury, there is a destruction of the remaining intact axon
and disintegration of myelin cover, leaving debris behind.
Macrophages and Schwann cells, which turned to a pro-
regenerative phenotype, accumulate at the lesion site and
scavenge the debris. (III) Schwann cells align in the bands

of Bungner. These tubes provide a permissive growth envi-
ronment and guide extending axons toward distal targets.
(IV) If the axon is able to traverse the injury gap, the distal
target becomes re-enervated, and the neuron becomes fully
functional. (b) The growth cone is a large actin-supported
extension of a regenerating neurite pursuing its corre-
sponding synaptic target. It is responsible for the migration
and path finding during neurite extension, in which the
lamellipodia and filopodia interact with the adjacent matrix
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phenomenon is related to the clearance of unde-
sired debris. Schwann cells phagocytize axonal
and myelin debris, until only empty endoneurial
tubes remain. Normal nerve function depends on
such type of cells, which are the myelinating glial
cells of the PNS [35, 36].

After debris removal, Schwann cells fill the
empty endoneurial tubes and organize in charac-
teristic bands or tubes of Bungner and by this
mean supporting the regrowth of axons. Not only
Schwann cells have a crucial role, but also mac-
rophages are recruited to the area releasing
growth factors and cytokines. The release of
cytokines will stimulate Schwann cells and fibro-
blast proliferation and are responsible for the
axonal regeneration process [37]. Ahead in the
process, in the proximal injury end, a growth
cone emerges following the path formed by the
band of Bungner, which is of fundamental impor-
tance for the advance of the regenerating axon
[38]. The growth cone can be seen in Fig. 12.2b
[39]. In optimal conditions, axonal regeneration
is very slow, occurring at a rate of approximately
1 mm/day and demanding at least more than
1 year for muscle re-innervation and initial func-
tional recovery [40].

The Role of Schwann Cells

in Injury Response

Schwann cells are among the first active compo-
nents after nerve injury. Finding their embryo-
logic origin in the neural crest, Schwann cells
have the capacity to proliferate, produce, and
deliver neurotrophic factors, modulate the
immune response, myelinate axons, migrate, and
adjust their shape and phenotype. This makes
them the perfect cells toward intervening in neu-
ral repair [41].

Although the degeneration of axons in the dis-
tal nerve end starts roughly 2 days after injury,
activity of Schwann cells can be distinguished
before that, within hours of injury, where
Schwann cells undergo a phenotypic change
[14]. This phenotypic change will support PNR
in several ways. Firstly, they dedifferentiate by
means of acquiring a non-myelinating and imma-
ture Schwann cell stage phenotype. That stage is

12.1.3.1

characterized by an upregulation of L1, NCAM,
p75NTR, and glial fibrillary acidic protein
(GFAP). On the other hand, myelin-associated
genes are downregulated, which comprise myelin
transcription factor Egr2, organizational and
mechanical supporting proteins such as protein 0
(PO), myelin basic protein (MBP), and myelin-
associated glycoprotein [42]. There is also an
upregulation and secretion of a beneficial group
of trophic factors, such as nerve growth factor
(NGF), brain-derived neurotrophic  factor
(BDNF), ciliary neurotrophic factor (CNTF),
basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), and pleiotro-
phin [43]. Furthermore, the expression of cyto-
kines capable of recruiting macrophages is also
upregulated, which include tumor necrosis factor
(TNF)-a, LIF, interleukin (IL)-la, IL-1f, and
monocyte chemoattractant protein 1 (MCP-1).
Schwann cells activate a cell-intrinsic myelin
breakdown process, which will destroy myelin
by an autophagy process, roughly at the 5th day
after injury [23]. This is a key process intimately
related to increasing the regenerative potential
after injury. In fact, elimination of degenerated
myelin is fundamental for repair since PNS
myelin holds molecules that inhibit regeneration
of severed axons, namely, the myelin-associated
glycoprotein [44]. At last, Schwann cells’
response to injury also includes the formation of
regeneration tracks, known as bands of Bungner.
For that, Schwann cells adopt the elongated
spindle-shape morphology and line up in col-
umns. To perform such task, they express a vari-
ety of adhesion molecules on their surface, such
as N-cadherin, L1, and N-CAM. Extracellular
matrix (ECM) molecules are also secreted, such
as laminin and fibronectin. All the secreted mol-
ecules are considered guidance-promoting sig-
naling molecules, important not only during early
development but also to create a microenviron-
ment that mediates axon regrowth and guidance,
allowing axons to reconnect with their target tis-
sues [45].

Overall, Schwann cells acquire a pro-
regenerative phenotype, capable of promoting
nerve repair, when there is a conversion of
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myelin-Schwann cells to repair Schwann cells.
The single protein capable of this transformation
is c-Jun, which is rapidly upregulated in the distal
nerve end after injury [46].

12.1.4 Strategies for Nerve Repair

Clinically, the straightforward technique to repair
minor nerve defects is the end-to-end suture [47].
However, this technique is circumscribed to a
maximum gap length ranging from 5 mm to
20 mm, depending on the nerve, since the suture
must be done without creating excessive tension
in the nerve ends. When the nerve gap length
makes end-to-end suture unfeasible, peripheral
nerve grafts are the gold standard treatment for
nerve restoration. In a technique that dates to
Philipeux and Vulpian in 1817 [48], the insertion
of a graft section provides a physical and biologi-
cal scaffolding, over which axonal outgrowth
occurs. Grafts can be autologous, known as auto-
grafts, or allografts. The use of autografts has
inherent disadvantages, such as donor site mor-
bidity and reduced availability [49]. For
allografts, the tissue is harvested from another
donor, which can increase the risk of disease
transmission and immunological response.
However, related to allografts, a recent and prom-
ising alternative for patients who have exhausted
all reconstructive methods is the vascularized
composite tissue allotransplantation (VCA) [50].
Furthermore, tacrolimus, one of the immunosup-
pressant drugs that will accompany the patients
for a lifetime when subjected to this procedure,
has shown to have positive effects in PNR [51].

However, despite those seemingly good
chances of recovery with grafts, incomplete recu-
peration from PNIs usually can lead to multiple
negative consequences, which comprise numb-
ness of affected members, chronic pain, dimin-
ishing of sensory and/or motor function, and a
disturbing permanent disability of the patients
[52]. It is a fact that these outcomes are unsatis-
factory for the demands of today’s patient lives,
since only 25% of patients regain proper motor
function and less than 3% recuperate sensation in
a full extent [53].

Decellularized nerve conduits are another
possibility for nerve repair [54]. In order to avoid
the need of immunosuppressive drugs associated
with allograft requirements, which make the
patient more prone to acquire infection and
tumors, the decellularized nerve conduits can
eliminate the cellular components that cause
immunogenic reactions. However, the native
ECM is conserved, along with the basal lamina,
and the guiding mechanical cues for axonal
growth are maintained. Several methods can be
used to decellularize nerves, among them, physi-
cal methods such as lyophilization [55], direct
pressure, and agitation [56]. Chemical methods
have also been attempted and include digestion
with alkaline or acidic solutions [57] and deter-
gents [58], together with the action of enzymes
such as trypsin and endonucleases [59]. Various
studies support the hypothesis that decellularized
grafts are among the best options for nerve repair,
since they can bridge more than 10-20 mm long
gaps in rats [60, 61]. However, as concluded by
the authors who performed a 10-year review of
the use of allografts for PNR [54], further
research is desirable in order to improve and
standardize preparation protocols, including
recellularization, and advance their effectiveness,
therefore being able to substitute the current gold
standard, especially in the repair of long nerve
defects.

For these reasons, increasing efforts have been
made over the last decades in the search for effec-
tive alternatives to autografts. Surgical treatment
strategies in the case of PNI can be seen in
Fig. 12.3.

In an attempt to overcome the limitations of
nerve grafting as well as the unsatisfactory out-
comes, TE approaches focusing on the develop-
ment of innovative biocompatible artificial nerve
devices to assist innate regeneration processes to
reestablish the peripheral nerve have also been
reported [62, 63]. TE strategies have been a
widely travelled alternative to bridge the nerve
gap, and throughout the years, many types of
NGCs were proposed, being some of them
already approved by the Food and Drug
Administration (FDA) [64, 65]. Since mature
neurons are not susceptible to mitosis phenom-



12 Fundamentals and Current Strategies for Peripheral Nerve Repair and Regeneration 181

Nerve Conduits

Nerve treatment
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Fig. 12.3 Strategies for nerve repair. In the case of a sig-
nificant nerve gap formation where end-to-end coaptation
is not possible, nerve grafts or engineered NGCs are
required to serve as a bridge between the nerve stumps
and to support axonal regrowth. In the case of grafts, they
can be from the patient herself/himself, known as the
autografts. Allografts and xenografts are also a possibility.

ena, it is crucial to support the regrowth of the
existing cell bodies, providing both a protective
environment and guiding paths. In this way, it is
possible to direct axons from the proximal to the
distal site, permitting the proper linking of the
damaged synapse connections. In brief, the pro-
tection of the injury site and performance as a
guidance substrate are the two main reasons why
tubulization is used in PNIs.

Engineering a NGC should aim at facilitating
cellular spreading and growth of damaged nerve
tissues in three dimensions (3D) [66]. In addi-
tion, it is crucially important that the material
envisioned to be used to construct the NGC is
cytocompatible and has pronounced biomechani-
cal properties, and suturability. If an engineered
NGC does not present a proper cytocompatibil-
ity, it may not contribute to the growth of dam-
aged nerves, but would instead be the reason of
acute inflammation and even infection [67]. It
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As an alternative, if the option falls in the NGCs, those
can be nerves harvested from the body, which undergo a
process of decellularization to avoid immunological reac-
tions, maintaining the ECM for physical support. NGCs
can also be manufactured and engineered with biological
or synthetic materials, as well as a combination of both

must exhibit good biocompatibility with low
inflammatory and immunogenic reactions [68]. It
must also be biodegradable and ideally degrade
in the same rate as nerve regenerates. Otherwise,
aquick degradation might trigger an inflammatory
response [66, 69]. Regarding the mechanical
properties, the NGC should provide sufficient
mechanical strength to prevent the NGC rupture
during the patient’s movements and physically
support neural tissue regeneration. Concurrently,
the NGC should have appropriate elasticity to be
able to lessen tensions in the damaged area [67].
Two other major features that NGCs must pos-
sess are related to the suturability, where the
suture thread cannot be pulled out of the material
when in physical stress [70]. The second feature
relates to the ability of a medical device to not
calcify when implanted in vivo. Such characteris-
tic must be previously tested and avoided at all
costs, since calcification of a conduit would hin-
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der regeneration in a great extent. In fact,
Carvalho et al. [71] recently reported on a silk
fibroin NGC that would or not calcify, according
to the method of solvent removal and final sur-
face properties.

Furthermore, the materials used to construct
NGCs should prevent the penetration of fibro-
blasts that will lead to the formation of glial scar
tissue around the implant, which could reduce
the healing chances [72]. The permeability of a
conduit is also an important parameter to con-
sider in the NGC design as both nutrients and
oxygen must diffuse into the site of
regeneration.

Otherwise, cells inside the conduit, espe-
cially if it is a long conduit, will be under a del-
eterious ischemic environment which can result
in cellular hypoxia and lack of proper nutrients.
Ideally, electrical conductivity would be pre-
ferred for a NGC used in neural TE in order to
mimic the electrical properties of nerves and at
the same time excite the neuron communication
[73]. The parameters to be considered for the
design of NGCs are summarized in Table 12.2
[66, 74-81]. In brief, an ideal NGC should be
biocompatible, biodegradable, flexible, kink-
resistant, compliant, easily suturable, porous,
neuroconductive, and with suitable surface and
overall mechanical properties [66].
Furthermore, the developed NGC should allow
vascularization to occur in the lumen and avoid
calcification in vivo.

In the early use of NGCs made of synthetic
materials, they were mainly composed of silicon
tubes and could only repair injuries up to 10 mm.
Some disadvantages on the use of that conduits
included total lack of biodegradability, which led
to inflammation and chronic foreign body reac-
tion, as well as lack of swelling capacity, which
would compress the nerve, thus hindering the
regeneration process [83]. In order to overcome
such difficulties, biodegradable NGCs have been
proposed, some of which are FDA-approved and
being currently used in the clinical setting [65].
The FDA-approved NGCs can be seen in
Table 12.3 [65].

Table 12.2 Design criteria for the development of NGCs

Ideal properties of

NGCs Detailed description
Biocompatibility | Must be well incorporated in
surrounding tissues and not cause
inflammatory response [74]
Degradation Degradation rate should match
nerve regeneration rate [75]
Porosity NGC must allow nutrient and
oxygen exchange, limiting scar
tissue infiltration [76]
Anisotropy The NGC conduit itself or the

luminal filler should be aligned to
provide directional guidance [77]
NGC or the luminal filler should

Adequate protein

release provide sustained release of
growth factors [78]

Physical fit Adequate internal diameter not to
compress the growing nerve [66]

Cellular support Must allow the adhesion and
proliferation of relevant cell
types, such as Schwann cells and
endothelial cells [79]

Electrically Capable of propagating electrical

conducting signals [80]

Vascularization The NGC must allow the

vascularization to occur inside the
NGCs, to nourish the
regenerating tissue [81]

The implantable NGC must not
calcify in vivo [71]

Calcification

Suturability The NGC must withstand a suture
being pulled out without breaking
the biomaterial [82]

12.1.4.1 Biomaterials

Synthetic Biomaterials

Regarding the synthetic materials, these are still
considered very promising since the majority of
the FDA-approved NGCs are composed of mate-
rials such as Neurotube (Polyglycolic acid, PGA)
and Neurolac (poly(L-lactide-co-e-caprolactone,
PLCL). Other synthetic materials widely used in
PNR are polylactic acid (PLA), polylactic-co-
glycolic (PLGA), polycaprolactone (PCL), and
polyhydroxybutyrate (PHB). In brief, synthetic
nerve conduits provide higher degree of control-
lability, better mechanical properties, and poor
bioactivity as compared to their natural equiva-
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Table 12.3 Approved NGCs used in the clinical setting
Degradation
Product name Company Biomaterial composition time
Neuragen® Integra Neurosciences, NJ, USA Collagen type I 36—48 months
NeuraWrap™ Integra Neurosciences, NJ, USA Collagen type I 36—48 months
NeuroMend™ Collagen Matrix, Inc., NJ, USA Collagen type I 4-8 months
Neuromatrix/ Collagen Matrix, Inc., NJ, USA Collagen type I 4-8 months
Neuroflex™
Neurotube® Synovis Micro Companies Alliance, | Polyglycolic acid (PGA) 6—12 months
AL, USA
Neurolac™ Polyganics Inc., Netherlands Poly(D,L-lactide-co-¢- 16 months
caprolactone (PLCL)
SaluBridge/ SaluMedica LLC, GA, USA Polyvinyl alcohol (PVA) Non-
SaluTunnel™ degradable
Axoguard® Cook Biotech Products, IN, USA Porcine small intestinal N/A
submucosa matrix
Avance® AxoGen Corporation, USA Human nerve allograft N/A

Fig. 12.4 Promising results obtained with synthetic
polymers applied to PNR. (a) A non-woven polylactic
acid (PLA) tube. Scale bar: 1 mm. (b) SEM images of the
PLLA multi-channel conduits cross section using differ-
ent magnification. Scale bar: 500, 100, and 10 pm, from

lents [65]. Moreover, these materials are known
for low inflammatory response and effortlessness
processing, which means they can be processed in
a variety of forms, to enhance nervous tissue
growth. However, in spite of the referred positive
characteristics of synthetic polymers, a few disad-
vantages are also reported [84]. The main nega-
tive aspects are related to suboptimal
biodegradation and possible toxic biodegradation
byproducts. These drawbacks block their extended

B
il

OxPVA

top to bottom. (¢) Scanning electron micrograph of
double-walled microsphere following incorporation into
PCL nerve guides. (d) Gross appearance of disk-shaped
and tubular scaffolds made of OxPVA. (a—d) were
reprinted with from [86, 88, 95] and [98], respectively

use in the clinics [85]. Figure 12.4 shows some
promising results considering synthetic biomate-
rials applied to PNR. From Table 12.4, it is also
possible to find the most recent and relevant
reports considering the use of synthetic biomateri-
als in PNR [86-98].

PLA
PLA has been used as a nerve conduit material in
a few studies. Matsumine et al. [86] developed a
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Table 12.4 Relevant and recent published works focused on the fabrication of NGC with synthetic biomaterials

Conduit Location, defect Year,
material | Fabrication method size, model Outcomes reference
PLA Non-woven material, melt-blown Facial nerve, Comparable ability to induce 2014,
process 7 mm gap, rat PNR as autologous nerve graft [86]
Multi-layer, microbraided, Sciatic nerve, Successful regeneration with 20009,
fiber-reinforced conduit 10 mm gap, rat cables bridging the gap [87]
PLLA | Low-pressure injection molding and | In vitro assays 81.1% of NSCs differentiated 2014,
thermal-induced phase separation with NSCs into neurons [88]
technique, 33 inner channel NGC
Porous PDLLA conduit achieved by | Sciatic nerve, Presence of Schwann cells did 2004,
dipping method, with 10 mm gap, rat not affect results; speed of [89]
micropatterned inner lumen by ion functional recovery was
etching. Pre-seeded with Schwann enhanced
cells
PGA Neurotube® is fabricated to forma | Segmental nerve | Exhibited the poorest results for | 2009,
knitted or woven tubular device defect, 10 mm functional motor recovery in the [90]
gap, rat rat model in comparison to other
FDA-approved conduits
Facial nerve, Valid solution for this kind of 2005,
10-30 mm gap, defect in emergency. Associated | [91]
humans with some limitation such as high
cost and possible intolerance
PLGA | PLGA fibrous outer layer produced | In vitro assays Significant higher proliferation 2017,
by electrospinning and containing with Schwann and elongation of Schwann cells | [92]
laminin-coated yarns obtained by cells along the inner yarns
double-nozzle electrospinning
Two concentric biodegradable Sciatic nerve, Optimal release levels of NGF; 2017,
PLGA tubes enclosing a NGF 15 mm gap, rat improved muscle weight, [93]
reservoir. Solvent casting method myelinated nerve growth, and
higher target connection
PCL 3D printed conduit embedded with | In vitro assays Increased average neurite length | 2017,
electrospun aligned nanofibers with NSCs and and directed neurite extension [94]
primary cortical along the fiber
neurons
PCL conduits were fabricated by Sciatic nerve, GDNF increased tissue formation | 2010,
dipping and incorporate double- 15 mm gap, rat within the nerve guide lumen and | [95]
walled PLGA/PLA microspheres promoted the migration and
encapsulating GDNF proliferation of Schwann cells
PU Mold casting followed by freeze- Sciatic nerve, Significantly greater efficacy of | 2017,
drying, producing a porous scaffold | 10 mm gap, rat the PU conduit when compared [96]
to the commercial Neurotube®.
Electrospun antioxidant PU conduit | In vitro study with | DRGs demonstrated aligned 2018,
filled with freeze-dried aligned neuro-2a, C2C12, | growth of the neurites along the [97]
chitosan-gelatin cryogel and DRGs. pores of the cryogel inside the
NGCs
PVA SaluBridge™, implantable wrap N/A No manuscripts have been N/A
published regarding this NGC
Dipping technique of Oxidized Sciatic nerve, Axon density in the middle of the | 2018,
polyvinyl alcohol (OxPVA) 5 mm gap, rat conduit significantly higher as [98]

hydrogel

compared to autograft

biodegradable nerve conduit with PLA non-
woven fabric and evaluated its nerve regeneration-
promoting effect. The conduit made of randomly
connected PLA fibers demonstrated a compara-

ble ability as the autograft to induce PNR in the
buccal branch of a 7 mm facial nerve defect.
Another author developed a biodegradable multi-
layer microbraided PLA fiber-reinforced conduit
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with outstanding mechanical properties, which
revealed to be a promising tool for neuro-
regeneration [87].

PLLA

PLLA is the crystalline form of PLA. In a study
by Zeng et al. [88], several topographies were
achieved in the PLLA conduit using low-pressure
injection molding and thermal-induced phase
separation, including a nanofibrous microstruc-
ture, microspherical pores and nanofibrous pore
walls, and a ladder-like microstructure. Of all the
topographies experimented, the nanofibrous
microstructure allowed the differentiation of neu-
ral stem cells (NSCs) into neurons. Also paying a
lot of attention to the inner structure of the NGC,
others have developed a conduit that consists of a
porous poly(D,L-lactic acid) (PDLLA) tubular
support structure with a micropatterned inner
lumen pre-seeded with Schwann cells [89]. Such
device delivered physical, chemical, and biologi-
cal guidance cues.

PGA

The use of PGA is not very common in PNR
field. However, of the clinically available NGCs,
PGA has the most rapid degradation rate, and it is
FDA-approved (Neurotube®). When testing
Neurotube® for facial nerve repair, it was found
to be an effective substitute to autologous nerve
grafts. However, the authors reported a few limi-
tations to this NGC, which consist in the fact that
it can only be used with gaps of less than 30 mm,
it is quite costly, and intolerance cases have been
reported [91]. When compared to other FDA-
approved conduits, Neurotube® achieved the
poorest result in terms of nerve regeneration [90].

PLGA

PLGA is one of the most attractive synthetic
polymers and broadly used in PNR. This FDA-
approved material gives rise to very low inflam-
matory responses, and its degradation can be
easily controlled by altering the ratio of its mono-
mer components. Additionally, PLGA scaffolds
have the unique ability of adhering to Schwann
cells and directing their growth [99]. A recent
study focused on producing a laminin-coated and

yarn-encapsulated PLGA NGC [92]. The PLGA
fiber yarns were fabricated through a double-
nozzle electrospinning system, and then the
PLGA fibrous outer layer was collected using a
general electrospinning method. The conduit
demonstrated adequate mechanical properties as
well as promising potential in promoting
Schwann cell proliferation and migration. In
another study also focused on different topogra-
phies [100], it was developed a hybrid-structured
nerve conduit which consists of a PLGA microfi-
brous bundle wrapped in a micro-/nanostructured
PLGA membrane. This device demonstrated
high capability for guiding nerve cells and pro-
moting cell migration. Many other studies using
PLGA were developed, inclusively with conduits
capable of releasing NTFs or other neuroprotec-
tive molecules such as salidroside and Nectin-
like molecule 1 (NECL1) [93, 101, 102].

PCL

PCL is one of the most used polymers in TE
[103]. It has been broadly applied in bone [104],
cartilage [105], cancer defects [106], and drug
delivery applications [107]. It is a biodegradable
semicrystalline linear polyester produced by
ring-opening polymerization of e-caprolactone
with a low melting point of around 60 °C. For the
biodegradable polyesters mentioned so far,
in vivo degradation rate is in the order PCL <
PLA < PGA. Due to PCL’s very low in vivo deg-
radation rate and high drug permeability, it has
been found to be useful in long-term implantable
delivery devices [108]. Bearing in mind that
polymeric bioabsorbable conduits can be used as
drug delivery systems, Salmoria et al. [109] pro-
duced PCL conduits by melt extrusion technique,
which were loaded with ibuprofen. PCL is also a
very attractive polymer for the rapidly emerging
and recently popular 3D printing technology. In a
study recently published by Lee et al. [94], com-
bination of stereolithography and electrospinning
techniques allowed to fabricate a novel 3D bio-
mimetic PCL neural scaffold with tunable porous
structure and embedded aligned fibers. The
results indicated that PCL fibers greatly increased
the average neurite length and directed neurite
extension of primary cortical neurons along the
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fiber. Quite often, polyesters are blended with
other components to make composite NGCs
which allows to improve their mechanical prop-
erties and control the general features of the
NGCs in more detail [95, 110-113].

PU

Created by a water-borne process, PU has
recently been applied as the base material for the
construction of a novel NGC [96]. The NGC was
built through the freeze-drying technique and
presented an asymmetric microporous structure
that allowed bridging a 10 mm gap in rat sciatic
nerve. The results, in terms of nerve regeneration,
were remarkable. Inclusively, based on func-
tional recovery and histology findings, the effi-
cacy of PU NGC was superior to that of
commercial conduit Neurotube®, to which it was
compared. Recently, an antioxidant PU conduit
was developed using the electrospinning tech-
nique by Singh et al. [97] and further filled with
an aligned chitosan-gelatin cryogel filler. The
in vitro cellular tests with dorsal root ganglia
(DRGs) cultures showed the aligned growth and
cellular migration along the pores, indicating that
both the outer part of the conduit and the luminal
filling are potentially appropriate for PNR.

PVA

PVA is another synthetic polymer used in the
construction of NGCs. It is water soluble but
non-degradable, being  considered non-
resorbable. There is currently FDA-approved
NGCs made of PVA hydrogels, named
SaluBridge™ and SaluTunnel™. However, such
devices have not been validated with accessible
pre-clinical or clinical studies. It can also be
stated that the utilization of nonabsorbable con-
duits has declined with the recent use of absorb-
able synthetic grafts [114]. To improve that,
Stocco et al. [98] recently manufactured a con-
duit made of a patented and novel biodegradable
hydrogel, oxidized PVA (OxPVA). An in vitro
and in vivo battery of tests revealed that OxPVA
scaffolds performed very similarly to the auto-
graft group.

Natural-Origin Biomaterials

Natural-origin biopolymers used for the fabrica-
tion of NGCs typically have regenerative bioac-
tivity along with appropriate mechanical
properties. Natural biomaterials allow for
improved communications between cellular
components, and the scaffold is also an advan-
tage since cells must be stimulated to proliferate,
benefiting tissue regeneration [115]. However,
some restrictions are associated with natural-
origin biomaterials, such as the batch-to-batch
disparities [116]. In the section below, interesting
and recent reports using natural-origin biomateri-
als for PNR applications, from proteins (e.g., silk
fibroin and keratin) to polysaccharides (e.g., chi-
tosan and alginate), will be reviewed. Figure 12.5
shows some promising results obtained with
natural-origin biomaterials, in particular using
silk fibroin, chitosan, and alginate polymers. The
significant works considering the use of natural-
origin biomaterials in PNR are summarized in
Table 12.5 [117-128].

Silk Fibroin

Silk fibroin (SF) is a fibrous protein with remark-
able mechanical properties produced by silk-
worms and spiders [129]. Silk polymers consist
of repetitive protein sequences and provide struc-
tural roles in nature, such as cocoon formation,
nest building, and web creation [130]. With very
low immunological response, capacity to be
transformed in diverse shapes and matrices, tun-
able degradation, as well as easily chemically
modified, SF has the potential to impact the clini-
cal needs in terms of nerve regeneration [131].
Beyond PNR, SF has been extensively applied in
the TERM field with very distinctive applications
[132-134].

Carvalho et al. [71] produced tunable enzy-
matically cross-linked SF NGCs, resourcing to
tyrosine groups present in silk structure that are
known for allowing the formation of a covalently
cross-linked hydrogel. The fact that the process
involves an enzymatic cross-linking allows tun-
ing several parameters in the final conduit, i.e.,
from its mechanical properties to porosity or bio-
logical properties.
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Fig. 12.5 Promising results obtained with natural-origin
polymers applied to PNR. (a) Example of an enzymati-
cally cross-linked SF nerve guidance conduit developed
and patented by Carvalho et al. [71] for application in
PNR. The developed NGC presents outstanding mechani-
cal properties, with kinking-resistant capacity and sutur-
ability, as can be seen by the images (in that row). (b)
Images of a 5% of degree of acetylation chitosan mem-

One of the advantages of SF relies on the abil-
ity to be processed in a variety of shapes. Dinis
et al. [135] developed a 3D multi-channel SF
conduit through electrospinning system encom-
passing approximately 12 multi-channel guides
of different sizes inside the main conduit, mim-
icking the native structure of the nerve endoneu-
rium, perineurium, and epineurium. In fact, due
to the outstanding properties that several silk
NGC have demonstrated after decades of
research, there is an active clinical trial
(NCT03673449) with SilkBridge. Such device is
a biocompatible SF-based matrix that aims at
attracting the patients’ native cells to regenerate
the nerve, i.e., without the need to add cellular

brane, which can be further used as a NGC by rolling up
or in a different strategy, as a luminal filler. (¢) 5% degree
of acetylation chitosan membrane incorporating human
hair keratin, developed at our research institute. (d)
Confocal laser microscopy showing macroporous alginate
fibers incorporating gelatin particle porogens. Scale bar:
500 pm

components previous to the implantation. The
SilkBridge is also being used in digital nerve
defects.

Keratin

Keratin protein has been recognized as biomate-
rial with high potential due to its excellent bioac-
tivity and biocompatibility [136]. Lately, the hair
keratin has gained much attention [137, 138], not
only because of its properties but because the fol-
licle itself is a bizarrely proliferative organelle
that illustrates an extremely arranged regenera-
tive process. Also, the fact that it is potent natu-
rally derived biomaterial, is human-derived, and
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Table 12.5 Relevant and recent published works focused on the fabrication of NGC with natural biomaterials
Conduit Defect size, Year,
material Fabrication method location, model Outcomes references
Silk Simple spider silk fibers, | In vitro study, Spider silk fibers represent a suitable NGC | 2018,
fibroin from Nephila edulis co-culture of filler due to cell migration and elongation [117]
(SF) species ADSCs and along the fibers
Schwann cells
SF and PLLA conduit 10 mm gap, The presence of silk augments VEGF 2018,
fabricated by sciatic nerve secretion, therefore increasing neo- [118]
electrospinning defect, rat angiogenesis and stimulating nerve
regeneration
SF conduit with aligned | 10 mm gap, FluoroGold retrograde tracing and 2018,
SF filaments in the sciatic nerve histological investigation; SF conduits were | [119]
interior defect, rat able to promote nerve regeneration with
results approaching those provoked by the
positive control autografts
Adsorption of gold 10 mm gap, Nerve conduction velocity as well as the 2018,
nanoparticles onto SF sciatic nerve compound muscle action potential was [120]
fibers and defect, rat improved due to the presence of conductive
electrospinning gold nanoparticles
Keratin Human hair keratin 4 mm gap, tibial | Robust nerve regeneration response, in part | 2008,
hydrogel was injected in | nerve defect, through activation of Schwann cells. [121]
a FDA-approved conduit | mice Results similar to autograft
Neuragen® collagen 10 mm gap, Confirms earlier findings in studies using 2014,
conduit filled with median nerve rodents; represents off-the-shelf alternative | [122]
keratin hydrogel defect, Macaca | to autograft
fascicularis
Double-wall PCL 10 mm gap, Significant increased density of both 2012,
containing GDNF sciatic nerve Schwann cells and axons, resulting in the [123]
microspheres with a defect, rat better quality of the regenerated nerve
keratin hydrogel through the conduit with keratin
Chitosan | Chitosan nerve guides 15 mm gap, Supported robust axonal regeneration and 2016,
from Reaxon® with a sciatic nerve functional recovery in healthy animals but [124]
longitudinal chitosan defect, diabetic also demonstrated to be beneficial for the
film as a filler rat regeneration process in diabetic rats with
relevant blood glucose levels
Chitosan film enhanced 10 mm gap, Chitosan film enhanced with MSCs 2018,
with MSCs sciatic nerve improved functional, electrophysiological, [125]
defect, rat and histomorphometry recovery of
transected sciatic nerves
Chitosan membranes Schwann cell % of acetylation were found to favor 2017,
with different degrees of | and fibroblast Schwann cell invasion and proliferation, [126]
acetylation in vitro assays presenting at the same time low fibroblast
adhesion
Combination of MSCs 10 mm gap, MSCs were useful for the injury because of | 2018,
with a chitosan film sciatic nerve the release of several neurotrophic factors [126]
defect, rat as well as the synergistic effect of chitosan
accelerating wound healing by promoting
an anti-inflammatory effect
Alginate | Macroporous alginate In vitro assays Encapsulation of primary DRGs in 2017,
fibers produced with a with DRGs macroporous alginate fibers resulted in [127]
syringe pump marked neurite outgrowth over 150 pm
3D bioprinting of In vitro assays Printability, mechanical stability, and 2019,
alginate scaffolds with Schwann neurite outgrowth were assessed with [128]

conjugated with single
or dual RGD and YIGSR
motifs

cells and DRGs

promising results to be used as luminal
filler
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possesses cellular interaction sites makes it an
attractive protein in TE applications [139].

So far, little has been done concerning the
application of hair keratin to PNR. All in vivo
work done with keratin in the scope of PNR has
been developed under the supervision of the sci-
entist Van Dyke at Wake Forest University [121—
123, 140].

Chitin and Chitosan

Chitin and chitosan are two of the most popular
natural biopolymers in the TE field, as well as in
the area of nerve repair [141]. Chitin is a natural
biopolymer normally present in the exoskeletons
of arthropods and the shells of crustaceans, being
the main sources, in fact, the marine crustaceans
such as shrimp and crabs. It is a linear homopoly-
mer composed of N-acetyl-D-glucosamine units
that form beta-(1-4)-linkages. The most abundant
polysaccharide in nature is cellulose, immedi-
ately followed by chitin [142]. On the other hand,
chitosan is obtained through the partial deacety-
lation of chitin. It is a polysaccharide composed
of D-glucosamine and N-acetyl-D-glucosamine
units linked through beta-(1-4)-glycosidic bonds.
Soluble in acidic aqueous media, chitosan is find-
ing applications in many areas, such as food, cos-
metics, and biomedical fields [143].

It has early been proved that chitin- and
chitosan-based scaffold can allow the attach-
ment, migration, and proliferation of Schwann
cells as well as of DRGs, two of the main players
in the nerve regeneration process [144—147].
Furthermore, chitosan biomaterials encourage
the aligned orientation of Schwann cell and
growing axons [148-150], which is a relevant
phenomenon in the process of Wallerian degen-
eration and consequent regeneration.
Additionally, chitosan-based NGCs are easily
handled, and transparency facilitates surgical
manipulation and suturing of the nerve stumps.

Due to the recognized potential of chitosan, a
chitosan-based nerve conduit under the name
Reaxon® Nerve Guide manufactured by
Medovent GmbH (Mainz, Germany), in accor-
dance with the international standard DIN EN
ISO 13485, was launched in the market in 2014.
These conduits were thoroughly investigated in a

report by Haastert-Talini et al. [151], where the
referred conduits combined several prerequisites
for a clinical acceptance; and the tube with a
degree of acetylation of 5% was considered as
the most supportive for peripheral nerve regen-
eration to bridge a 10 mm gap. That conduits
were used in a critical sized nerve gap [64] and in
type II diabetic Goto-Kakizaki rats [152], con-
firming their good in vivo performance.

Alginate

Alginate is a broadly used bioresorbable polysac-
charide in the food industry, in wound manage-
ment, or in the TE field. It is a block co-polymer
consisting of beta-d-mannuronic acid and alpha-
l-guluronic acid, extracted from brown seaweed
[153]. Tt is considered a biocompatible material
which has no inhibitory effect on cell prolifera-
tion in vitro and induces reduced foreign body
reaction when implanted in tissues in vivo [154].
It has been described that calcium ions induce
specific associations between alginate chains,
consequently forming hydrogels [155]. Using
such mechanism, previous studies [156, 157]
have shown the possibility to use alginates
applied to PNR. Namely, a decomposable freeze-
dried alginate gel covered by PGA mesh was
employed in a 50 mm gap in a cat sciatic nerve
model with positive results [156]. The same
authors later examined the interaction between
regenerating axons, Schwann cells, and the
implanted alginate gel [157], showing that algi-
nate gel provides a good environment for axon
outgrowth and Schwann cell migration. In
another study [127], macroporous alginate fibers
encapsulating primary DRGs were produced by
wet spinning an alginate solution containing dis-
persed gelatin particles. Marked neurite out-
growth was evident over 150 pm, indicating that
pores and channels created within the alginate
were providing a favorable environment for neu-
rite development. Other studies have focused on
using alginate as NGC luminal fillers, with prom-
ising results [158—160].

Endogenous Biomaterials/ECM Proteins
Still among the natural-origin biomaterials, ECM
endogenous proteins such as collagen, fibrin,
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laminin, and hyaluronic acid (HA) have been
highly investigated, since they naturally exist in
the human body. ECM is a highly organized 3D
structure that occupies the intercellular space,
providing a physical support to tissue. It funda-
mentally acts as a natural scaffold by delivering a
matrix, where cells can arrange within the con-
nective tissue. Besides delivering the physical
support, ECM also provides the chemical setting
for adequate cellular behavior in terms of sur-
vival, differentiation, and overall fate.
Furthermore, Schwann cells express specific
integrins, such as o f;, 0P, oPi, 0Py, 5P, and
aVf;, that connect to ECM and encourage
myelination through their interaction with the
basal lamina [161]. The important interaction
between ECM molecules and the nervous system
can also be inferred from the fact that laminin,
fibronectin, and collagen are effectively used as
coatings of tissue culture plastics to enhance
Schwann cell and DRGs responses, such as adhe-
sion and migration [162].

A few recent publications related to the use of
endogenous biomaterials applied to PNR can be
found in Table 12.6 [163-173]. Furthermore,
Fig. 12.6 summarizes the promising results mak-
ing use of endogenous biomaterials applied to
PNR.

Collagen

Collagen is, within the ECM, probably the major
organizational and structural protein of hard and
soft tissues. It provides strength, mechanical sta-
bility, and structural integrity and plays a crucial
biological role in a variety of tissues and organs
including the bone, cartilage, tendon, skin, and
cornea [174]. To achieve that, collagen is
extremely dynamic, undergoing constant modifi-
cations to deliver proper physiologic functions
[130]. Although collagen offers structure to our
bodies, protecting and supporting the soft tissues,
collagen is a relatively simple protein, containing
a triple-helical structure and the presence of
4-hydroxyproline. Up to this date, 28 collagen
types have been acknowledged. The types I, II,
III, and V constitute the essential part of collagen
in the bone, cartilage, tendon, skin, and muscle.

Collagen can be extracted and purified from a
variety of sources, typically from bovine and por-
cine sources. However, in recent years, new
sources are being exploited, such as marine-
origin residues [175]. The fact that collagen is
considered low immunogenic and has good per-
meability, biocompatibility, and biodegradability
makes it a great component for TE scaffolding
strategies [176].

Collagen use in PNR approaches is also exten-
sively accepted, as the protein often exhibits cell-
binding domains for aiding neuronal and glial
cell attachment and migration. In fact, three col-
lagen conduits are commercially available on the
market: the FDA-approved NeuraGen® and
NeuroFlex®, which are both made of type I col-
lagen, and RevolNerve®, which is made of type I
and type III collagens from porcine skin. In a pio-
neering strategy, Neuromaix® containing
collagen-based microstructured 3D longitudinal
guidance channels is capable of providing
mechanical support to sprouting DRG axons and
can offer a shielding niche for nerve cells [177].

Fibrin

In the human body, fibrin is an integral part of the
clotting cascade. When the coagulation cascade
is triggered after an injury, thrombin activates
soluble plasma protein fibrinogen, resulting in
the formation of an insoluble fibrin milieu. Fibrin
is a protein involved in the formation of the blood
clot [178]. It has found application as a sealant
glue in neurosurgery for decades, without any
reported complications [179]. Furthermore, fibrin
plays a critical part in PNR, where longitudinally
oriented fibrin cables are formed spontaneously
shortly after injury, as a part of the nerve regen-
eration process, with the intent to direct migra-
tion and proliferation of Schwann cells. In fact,
the use of fibrin to repair ilioinguinal nerve has
shown to have some neuroprotective effect in the
injured nerve, where less fibrosis and collagen
deposition were found [180].

Fibronectin
Fibronectin, one of the most complex and
intriguing proteins, is an abundant soluble con-
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Table 12.6 Relevant and recent published works focused on the fabrication of NGC with endogenous biomaterials

Conduit Defect size, Year,
material Fabrication method location, model Outcomes references
Collagen Oriented collagen tubes 15 mm, sciatic The presence of bFGF revealed to be | 2017,
with adsorbed bFGF nerve defect, rat beneficial in terms of functional [163]
recovery
Blend of collagen and 15 mm, sciatic Axonal regeneration and Schwann 2018,
chitosan as luminal filler | nerve defect, rat cell migration, inclusively inducing | [164]
in a PCL conduit comparable functional recovery to
that of the autograft control group
Fibrin Micro-suturing with 10 mm, sciatic Reduced the operating time and 2013,
fibrin glue coaptation nerve defect, rat increase the regeneration distance as | [165]
well as increasing the arborizing
axons
Epineural repair with 10 mm, sciatic Embedding cellular components in 2016,
fibrin-glue embedded nerve defect, rat the fibrin glue enhanced [166]
ADSCs regeneration, as immunolabeled
cells could be found at the neuronal
repair site and near intraneuronal
vessels indicating an active
participation of ADSCs in the
process of nerve angiogenesis
3D hierarchically aligned | 10 mm, sciatic In vitro, directional cell adhesion 2017,
fibrin nanofiber hydrogel | nerve defect, rat and migration of Schwann cells and | [167]
through electrospinning DRGs was detected. In vivo, results
and molecular self- showed that the developed NGC
assembly and placed it performed similarly to the
inside chitosan conduits autologous nerve graft
Fibronectin | Chitosan conduit 15 mm, sciatic Fibronectin-enriched scaffolds 2017,[169]
enriched with fibronectin | nerve defect, rat increased muscle re-innervation and
the number of myelinated fiber
Schwann cells embedded | 10 mm, sciatic Synergistic effect when both 2003,
in a matrix of alginate/ nerve defect, rat Schwann cells and fibronectin were [168]
fibronectin combined with alginate
Laminin Laminin-incorporated In vitro studies Schwann cells expressed bi- and 2014,
PLCL nanofibers were with neonatal tri-polar elongations due to the [170]
produced by Schwann cells presence of laminin
electrospinning
Direct injection of Nerve crush Increased axon presence, larger axon | 2019,
laminin in a peroneal defect, rat diameter, accelerated axon growth [171]
nerve crush and maturity, and advanced motor
function recovery
Hyaluronic | Electrospinning of a In vitro cells tests | PCL/HA 95:5 exhibit the most 2016,
acid (HA) blending of HA in PCL with SH-SYS5Y balanced properties to meet the [172]
human required specifications for neural
neuroblastoma cells
cell line
Single-channel tubular In vitro tests with | Impeded the leakage of the cells 2016,
conduits based on Schwann cells seeded in their interior and made [173]

hyaluronic acid (HA)
with and without
poly-I-lactide acid fibers
in their lumen were
fabricated

them impervious to cell invasion
from the exterior while allowing
transport of nutrients and other
molecules needed for cell endurance.
The NGC interior tubular surface
was completely covered with
Schwann cells
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DRGIAFG

Fig. 12.6 Promising results obtained with natural-origin
polymers applied to PNR. (a) SEM micrographs of trans-
verse section of the oriented collagen-chitosan filler/PCL
sheath scaffold and magnification of the interior of the
conduit. (b) SEM micrograph of the aligned fibrin hydro-
gel nanofiber and its magnification. Below, a DRGs where
the neurites align along the aligned fibers. (¢) Transversal
cryosections of hyaluronic acid conduits cultured for

stituent of plasma and other body fluids and part
of the insoluble ECM. It also mediates a wide
variety of cellular interactions with the ECM
and plays important roles in cell adhesion,
migration, growth, and differentiation [181].
After extensive characterization, it was found
that fibronectin expresses the RGD motif,
related to cell adhesion. However, fibronectin
has an extensive variety of practical functions
other than associate with cell surfaces through
integrins. It binds to several biologically impor-
tant molecules that include heparin, collagen,
and fibrin. The potential of including fibronectin
for PNR was firstly realized when Whitworth
et al. [182] reported a new nerve conduit mate-
rial consisting of orientated strands of the cell
adhesive fibronectin. In a 10 mm nerve defect in
rat, the developed NGC produced the highest
rate and amount of axonal regeneration, compa-
rable to the one obtained for autografts.
Furthermore, increased expression of fibronec-
tin can be found in damaged peripheral nerve
during Wallerian degeneration [183].

=1

w

Axon Size (um) (10wpi) *

o

PBS alam

10 days with Schwann cells in their lumen, after staining
with Harris’ hematoxylin, Alcian blue, and picrosirius
red. (d) Longitudinal section of injured nerve treated with
PBS (at left) or laminin (at right), stained with antibodies
recognizing NF-h (a-RT97, green). The bar graph illus-
trates significantly increased axon diameter (pm) with
laminin treatment. (a—d) were reprinted with the permis-
sion from [164, 167, 171, 173] respectively

Laminin

Laminin is a glycoprotein naturally occurring in
nerves. It is a component of ECM that plays a
decisive part in cell recognition and therefore
influences cell migration, differentiation, and
axonal growth [184]. Laminin can also be per-
ceived as a fundamental guiding cue, since the
growth cone of regenerating axons is attracted to
laminin [185]. To make PHBV aligned nanofi-
bers more attractive to neuronal components
[186], laminin was adsorbed via electrostatic
interactions. Containing both topographic and
chemical cues suited for Schwann cell alignment
and elongation, the developed NGC was
implanted in a critical sized nerve defect in rat,
with 12 mm gap, and proved to be suitable for
such an application.

Laminin was also added to collagen gels in a
gradient of concentrations with interesting effects
[187]. For collagen gels without laminin, a
typical bimodal response of neurite outgrowth
was observed, with increased growth at lower
concentrations of collagen gel. However, in the
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presence of higher laminin concentrations, the
growth became independent of the gel stiffness.

Hyaluronic Acid (HA)

HA is a linear, anionic, non-sulfated glycosami-
noglycan that composes the ECM of all living tis-
sues. Being a very versatile polymer, it finds
applications in diverse areas. Furthermore, differ-
ent molecular weights have an impact on the bio-
logical performances, being a highly tunable and
adaptable polysaccharide [188].

Its use is widely spread in TE applications due
to its biocompatibility, biodegradability, and
chemical modification easiness. HA is also a very
versatile biomaterial, which can be prepared in
the form of hydrogels, sponges, cryogels, and
injectable hydrogels [189]. Additionally, HA
degradation products seem to exert a positive
effect in diverse TE areas as they encourage
wound healing, tissue restoration, and vascular-
ization [190]. The injection of HA in a nerve
defect has proved to be beneficial for nerve
regeneration, since HA groups showed an
increase in myelinated axon counts, as well as an
increase in retrograde flow, necessary for the
regenerative process [191]. Furthermore, the
advantage of including HA also resides in the
fact that it can reduce scar formation after nerve
injury [192].

12.1.4.2 The Possibility of Patient-

Specific Nerve Repair

and NGCs
Personalized TE and regenerative strategies pro-
pose a possible solution for contemporary
untreatable injuries or illnesses. The use of TE
triad offers the possibility of interminable combi-
nations of cells, scaffolds, and growth factors,
suggesting endless possibilities to customize
diagnostic tools, biomedical devices, as well as
the final treatments [193]. Huge efforts are being
carried in laboratories throughout the world to
personalize the clinical care, catalyzing major
advances in the techniques that allow the treat-
ment of serious injuries and chronic diseases
[194]. The customization and individualization

of medical care carries huge advantages for the
patients and the healthcare systems as well.
Targeting the treatments to a specific damage of a
patient is critical due to innate discrepancies in
patient anatomies, injury shapes and gravity, as
well as individual genetic and proteomic features
[195]. The benefit is clear for the patient, i.e., a
tailor-made treatment according to its own organ-
ism features. For the hospitals and healthcare
systems, the fact that a treatment is 100% suited
for that specific patient and will not fail will save
time and budget.

Peripheral nerves are tissues with different
geometries and shapes, which vary anatomically
according to the location within the body. But
more importantly, the same nerve may vary from
person to person with age, according to their
medical condition or type of injury [196].
Furthermore, the process of nerve regeneration
and repair itself is a complex biological phenom-
enon, with vast singularities, that requires an
equilibrium at a molecular, cellular, and tissue
level [197]. Overall, many advantages are envi-
sioned when using 3D printing for nerve repair
and regeneration: (i) fabrication of personalized
NGC, (2) concomitant assembly of luminal fill-
ers inside NGCs, (3) 3D bioprinting of cells
within a bio-ink or into the NGCs, and (4) estab-
lishment of growth factor gradients or pathways
[198].

Only recently the hypothesis of patient-
specific strategies in nerve regeneration has risen
with the development of the 3D printing technol-
ogy [199]. This was further permitted by the
combination of 3D imaging machineries and 3D
printing methods. Johnson et al. [199] success-
fully established the combination of 3D imaging
and 3D printing for the design and fabrication of
anatomically biomimetic truly patient-specific
nerve regeneration strategy. It allowed the fabri-
cation of NGCs with complex anatomical struc-
tures and inner biofunctionalization with
neurotrophic factors, to create a sensory and a
motor pathway (Fig. 12.7a).

Hu et al. [200] explored the 3D printing tech-
nology to prepare a bio-conduit with designer
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Fig. 12.7 Patient-specific and 3D printing technologies
will allow improving the treatment given to patients in the
future. (a) 3D printed complex nerve pathways from 3D
scanned bifurcating nerves. Reprinted with permission

structures for PNR, where the chosen polymer,
cryoGelMA gel, was cellularized with ADSCs.
When implanted in a 10 mm rat sciatic nerve
defect, the results were very similar to the auto-
graft in terms of functional recovery. Tao et al.
[201] were able to 3D-print an hydrogel conduit
with customized size, shape, and structure, pro-
viding a physical microenvironment for axonal
elongation, where the nanoparticles sustained
release a drug to facilitate the nerve regeneration.
Zhong et al. [202] described the key technology
of 3D peripheral nerve fascicle reconstruction.
First, a 3D virtual model of internal fascicles was
obtained and successfully applied for 3D recon-
struction for the median nerve (Fig. 12.7b).
Exceptional technologies are emerging every
day, and 3D printing promises to revolutionize
the patient-specific healthcare, namely, in PNR.

12.2 Conclusions

The complex anatomy and physiology of the
PNS makes nerve’s injury very problematic and
extremely difficult to repair. The full recovery is
challenging because of the loss of native cues,

from [199]. (b) Imaging of a 3D model of median nerve,
for further precise reconstruction. (Reprinted with permis-
sion from [202], Copyright © 2015, Macmillan Publishers
Limited)

formation of scar tissue, lack of proper vascular-
ization, and inflammation. The diverse treatments
used for nerve repair such as coaptation suturing,
grafts, and conduits pose several limitations
when trying to recuperate full functionality.
Therefore, the development of new NGCs
requires a clever combination of the following
strategies: (i) the development of new polymer or
combination of polymers for better integration
with neural native tissue, (ii) addition of topo-
graphical structures to intensify neurite align-
ment and growth, and (iii) biological cues such as
growth factors or cellular components.

In what regards the biomaterial choice, there
are numerous options to capitalize on different
properties of each material. Although many exist
and can be used, natural materials are known to
be better integrated by host tissue when com-
pared to synthetic ones, more promptly instigat-
ing the regenerative mechanisms. The biomaterial
availability and cost are also essential parameters
to consider. Therefore, and in the author’s opin-
ion, SF is probably one of the most versatile bio-
materials. It can be processed in a variety of ways
and maintain outstanding mechanical properties/
suturability and is considered non-immunogenic,
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with cheap and easy access as well as natural dis-
tribution. This biomaterial can be used to fabri-
cate the conduit itself, as well as anisotropic
filling scaffolds in the lumen, in order to be able
to treat larger nerve gaps. In addition, several fab-
rication methods can be used for this biomaterial,
including the cross-linking of the tyrosine groups
with an enzymatic mediated system or function-
alization with growth factors and other molecules
of interest. In this context, conductive materials
can also be used to intensify the needed neuro-
logical transmission and communication.

A brief mention must also be made to the
potential of 3D printing for patient-specific nerve
reconstructions. The rising of this technology
allows to closely reproduce features of the native
peripheral nerve, with the aim of possibly replac-
ing autologous nerve grafts. Therefore, the cur-
rent and future bio-imaging modalities allied
with detailed printing will permit the production
of patient-specific nerve conduits, revolutioniz-
ing the field. As the scientific community makes
advances on the fundamental knowledge related
to the biological mechanisms behind nerve injury
and repair, engineers are able to integrate that
knowledge in more complex designs, to better
mimic natural nerve regeneration and patient
specificity in respect to anatomy and biology
requirements.
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Abstract

Despite the use of active surgeries, radiother-
apy, and chemotherapy in clinical practice,
brain tumors are still a difficult health problem
due to their rapid development and poor prog-
nosis. To treat brain tumors, various nanopar-
ticles can be used to target -effective
physiological conditions based on continu-
ously changing vascular characteristics and
microenvironments to promote effective brain
tumor-targeting drug delivery. In addition, a
brain tumor-targeting drug delivery system
that increases drug accumulation in the brain
tumor area and reduces toxicity in the normal
brain and peripheral tissues is needed.
However, the blood-brain barrier is a big
obstacle for drug delivery to the brain. In this
chapter, we provide a broad overview of brain
drug delivery and current strategies over the
last few years. In addition, several questions
have been reconsidered, such as whether
nanoparticles believed to be delivered to the
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brain can pass through the blood-brain barrier,
whether the drug is delivered to the target site,
and what brain tumor treatment is possible.

Keywords

Brain tumor - Drug delivery - Oral adminis-
tration of protein-based drug - Drug stability

13.1 Introduction

Brain diseases such as central nervous system
disorders and brain cancers are the most preva-
lent and fatal yet untreatable diseases. Brain
tumors include a variety of neoplasms that can be
classed as either primary or metastatic [30, 85].
Three major types of brain tumors are known by
the World Health Organization (WHO) as the
classes of gliomas: astrocytomas, oligo-astrocy-
tomas, and oligodendrogliomas [114]. These
tumors are classified as subtypes (mainly astro-
cytomas) and are graded from I to IV, with type
IV being the most aggressive, glioblastoma mul-
tiforme (GBM) [113].

Malignant astrocytoma constitutes about
50-60% of primary brain tumors [34]. The inci-
dence of brain tumors seems to be increasing, but
it is not clear whether this is because of environ-
mental or genetic factors [46]. The standard treat-
ment for brain tumors consists of maximal
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surgical resection, radiation therapy, and chemo-
therapy. However, despite ongoing research and
new approaches, the prognosis for patients with
malignant brain tumors is still very poor [17].
Thus, the median survival rate for GBM patients
is 20 weeks with surgical resection or 36 weeks
with surgical and radiation therapy, while cyto-
toxic chemotherapy maximizes survival and
increases median survival to 40-50 weeks [9].

Despite the development and progress of anti-
cancer drugs in the past decades, the prognosis of
patients with brain cancer has remained almost
unchanged [89]. These results imply that it is dif-
ficult to avoid the various resistance mechanisms,
deliver the therapeutic agents across the blood-
brain barrier (BBB), and reach the desired target
[41, 52]. In addition, low-molecular-weight che-
motherapeutic agents also have the disadvantage
that they do not maintain effective steady-state
concentrations in glioma cells because of their
short blood half-lives [109].

Considering the high incidence of brain
tumors and their poor prognosis, much effort has
been made to identify the delivery of optimal
drugs and valuable systems or anticancer drugs to
the central nervous system (CNS). For the tumor
to grow, it must develop a vascular network, and
the angiogenesis system in the tumor is com-
posed of vasculature with increased permeability
due to large endothelial gaps compared to normal
vessels [101]. This feature can be used in the
anticancer delivery system.

This chapter deals with various approaches for
the treatment of primary CNS tumors. In addi-
tion, it focuses on the recent discovery of a new
strategy for delivering anticancer drugs to the
CNS based on efficient targeting protein vectors
(antibodies and protein carriers) or nanosystems
(colloid carriers) that can cross chemical and bio-
logical barriers such as the BBB [7, 16, 58].

13.2 Barriers to Drug Delivery
for Brain Tumors

Use of a drug delivery system, one of the thera-
pies used to treat tumor progression in glioma, to
reach the tumor site is complicated by many bar-
riers. There are three major barriers to the treat-
ment of brain tumors: the BBB, the blood-brain
tumor barrier (BBTB), and the active efflux effect
(Fig. 13.1). Specific brain tumor developmental
stages require corresponding barrier-targeting
treatment strategies.

13.2.1 Blood-Brain Barrier

The blood-brain barrier (BBB) is a diffusion bar-
rier essential for normal functioning of the brain
and regulates influx of blood into the brain to
maintain homeostasis [20]. Brain capillary endo-
thelial cells (BCECs), tight junctions (TJs), astro-
cytes (covering up to 90% of brain capillaries),
pericytes, neurons, and basement membranes
constitute physically rigid brain capillaries in the
BBB [52, 99]. Unlike the peripheral microvascu-
lature, BCECs are interconnected by tight junc-
tions with few fenestrations that form a physical
barrier to prevent diffusion from blood vessels
into the brain. Interendothelial junctions severely
limit penetration of water-soluble materials by
connecting the endothelial cells to a continuous
barrier. In addition, these junctions lead to very
high trans-endothelial electrical resistance
(TEER) between the blood and brain, signifi-
cantly limiting the passive diffusion of com-
pounds [3]. The interendothelial junctions are
divided into adherence junctions, tight junctions,
and gap junctions [64]. Primary control of the
permeability of the endothelial barrier is the role
of adherence junctions. Tight junctions are
important in maintaining the permeability barrier
of the epithelial and endothelial cells that regu-
late tissue homeostasis [69]. Gap junctions com-
posed of six connexin molecules are responsible
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Fig. 13.1 Graphical depiction of the difference structure between normal capillary, BBB, and BBTB

for direct electrical and chemical communication
between endothelial cells [42]. Pericytes, astro-
cytes, and basal membranes form a structure that
surrounds the endothelial cells and eventually
forms an impermeable BBB. Efflux transporters
are located in the BCECs and provide an addi-
tional barrier to substances entering the brain (a
more detailed description of efflux transporters is
given in the next section). Thus, the physical bar-
riers of the BBB significantly limit the accumula-
tion of large molecules such as antibodies and
antibody-drug conjugates, as well as small hydro-
philic drugs that cannot easily traverse the plasma
membranes of capillary endothelial cells [87].
However, the BBB not only has a static struc-
ture as mentioned above but also adapts continu-
ously to various physiological changes of the
brain [4, 64]. Molecules can cross the BBB by
paracellular pathways or transcellular pathways.
In the paracellular pathways, ions and solutes
pass through the BBB by passive diffusion
through a concentration gradient. The transcellu-
lar pathways involve various mechanisms such as
passive diffusion, transcytosis, and receptor-
mediated transcytosis [20]. Physicochemical fac-
tors affecting BBB permeability also include
molecular weight, charge, surface activity, lipid
solubility, and molecular size. [39]. For example,

small lipophilic molecules such as carbon diox-
ide can pass through the BBB by passive diffu-
sion through transcellular pathways. Hydrophilic
molecules such as proteins or peptides can enter
the brain through specific receptor-mediated
transport mechanisms such as glucose trans-
porter-1 (GLUT-1) and insulin transporter, and
these transporters are expressed at the luminal
and abluminal endothelial cell membranes [79].
Therefore, both physical and biochemical barri-
ers within the BBB significantly limit delivery of
remedial agents to the brain, which can limit
treatment efficacy.

13.2.2 Blood-Brain Tumor Barrier

Brain tumor cells have a structure similar to that
of the BBB in the early stage to match their rapid
cell growth and migration rates. When growth of
tumor cells reaches a certain level, the BBB
structure is damaged, and the blood-brain tumor
barrier (BBTB) is created from new blood ves-
sels. The BBTB is located between the brain
tumor tissue and the microvessels formed by
endothelial cells with highly restrictive barriers
[86]. Compared to peripheral tumors, the BBTB
has a small pore size and represents a stronger
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drug efflux pump, affecting such agents as
P-glycoprotein, multidrug-resistant proteins, and
breast cancer-resistant proteins [32, 60, 82, 104,
110]. This barrier also limits intercellular trans-
port of most hydrophilic molecules to the tumor
tissue. Therefore, the BBTB structure more
highly limits drug distribution to brain tumors
than to peripheral tumors. For example, Kunal
et al. found that the metastatic breast tumor-bear-
ing mouse model showed a lapatinib concentra-
tion in lung metastasis that was 5.15 times higher
than that in brain metastasis [67]. This result
assumes that the BBTB limited drug distribution
from the blood to the brain tumor area [10, 38,
41]. Thus, the combination of the BBB and
BBTB poses a major barrier to brain tumor drug
delivery.

13.2.3 Active Efflux Transporters

Drug efflux receptors are expressed in brain cap-
illary endothelial cells and cancer cells them-
selves, resulting in brain tumors that are resistant
to anticancer drugs [14, 100, 107]. There are vari-
ous types of efflux transporter systems, all of
which belong to the multidrug resistance (MDR)
family [106]. Among the MDR family,
P-glycoprotein (P-gp, MDR1) is the most impor-
tant active efflux transporter in drug disposition
in the human body [100]. The molecular weight
of P-gp is 170 kDa; it is expressed on the apical
side of the BBB and actively pumps a variety of
anticancer drugs into the systemic circulation
[18]. This active transport process is one of the
basic mechanisms of CNS anticancer drug resis-
tance. The importance of P-gp in BBB was dem-
onstrated using P-gp knockout mice [1, 111].
Penetration of vinblastine, a chemical analogue
of vincristine, into the brain was 7- to 46-fold
higher in knockout mice than in wild-type con-
trols [124]. For this reason, many cytotoxic
agents that are P-gp substrates cannot reach the
tumor cells in the brain parenchyma and have no
effect even if the tumor cells do not express P-gp
[35, 118]. Furthermore, P-gp has been found in
resistant glioblastomas, suggesting that it restricts
penetration of anticancer agents into brain tumors

despite the leaky nature of the glioma vasculature
[6]. Therefore, inhibition of P-gp activity in brain
endothelial cells is important for increasing anti-
tumor effects.

13.3 Drug Delivery Strategies
in Brain Cancers

As mentioned above, unlike other peripheral tis-
sues, a brain tumor involves many barriers to
transmission of anticancer drugs such as the
BBB, BBTB, and efflux transporters. However,
drug delivery systems for overcoming these
problems and treating brain tumors have been
actively studied. There are a number of overex-
pressed receptors and carriers that can act as
channels through which the BBB can mediate the
transport of certain ligands and cargo, even under
intact conditions [102]. The BBB membrane has
a negative charge, so it has a high affinity for
positively charged compounds and can induce
cell internalization. Low-molecular-weight, fat-
soluble, and neutral drugs can pass through the
BBB via passive diffusion [36]. In a brain tumor,
nanoparticles of a certain size or less can pass
through the gap between the endothelial cells due
to the enhanced permeability and retention (EPR)
effect caused by collapse of blood vessels due to
solid tumor formation. In addition, drug delivery
systems that target specific receptors and specific
structures overexpressed in the BBTB, which is a
structure independent from the BBB, have been
studied.

13.3.1 EPR Effect

As brain tumors develop, they exhibit the EPR
effect, though it is much weaker in the brain
microenvironment than in peripheral tumors. The
EPR effect allows a nanosystem with an appro-
priate particle size to enter the brain tumor
through the microvascular endothelial cleft of the
brain tumor. In addition, tumoral masses accu-
mulate macromolecules larger than about 40 kDa
in the microenvironment because of poor lym-
phatic drainage [49, 74, 134]. Nanoparticles use
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this feature to target solid tumors. The ideal size
range for achieving the benefits of EPR is
10-200 nm. Outside this range, small particles
are removed by the kidneys to prevent them from
accumulating at the tumor site, and particles
larger than this range cannot adequately penetrate
the tumor vasculature and interstitial space.
Therefore, some nano-sized drug delivery sys-
tems have been developed to use the EPR effect
for brain tumor targeting. Huang et al. have
developed a tumor-targeting nanoparticle system
with passive tumor targeting based on the EPR
effect. This system was able to extend the sur-
vival time of US7MG tumor-bearing nude mice
[49]. There have also been attempts to increase
the efficiency of the EPR effect by induction of
hypertension, repair of abnormal vascular sys-
tems, or targeting of peripheral blood cells [51].

13.3.2 BBTB Targeting Delivery

The blood-brain tumor barrier (BBTB) is located
between the microvessels and brain tumor tissues
and is formed by highly specialized endothelial
cells, limiting paracellular delivery of hydro-
philic molecules to tumor cells [86]. The blood
tumor barrier structure that grows in the periph-
eral tissues is generally more permeable than that
in the brain [84, 104]. As brain tumors deterio-
rate, tumor neovascularization becomes more
active and the BBB structure becomes damaged,
creating a new structure called BBTB. This struc-
ture supports the growth of glioma. Abnormality
of tumor vasculature increases the permeability
of the BBTB, while the cranial microenviron-
ment reduces the permeability of glioma area
[112, 133]. Thus, BBTB can limit glioma-tar-
geted transport of chemotherapeutic agents [133].

Therefore, some receptors present on the
BBB/BBTB provide an opportunity for glioma-
targeted drug delivery at this stage. Several stud-
ies proposed a strategy for BBTB targeting based
primarily on the receptors expressed at high lev-
els in tumors, such as epidermal growth factor
receptors and integrins [128]. The adhesion
receptor integrin is overexpressed in the tumor
neovasculature and glioblastoma U87MG cells

and was identified as a marker of angiogenic
blood vessel tissue. The integrin av3 expression
is overexpressed in malignant glioma but not in
normal brain cells. As ligands for integrins, cyclic
arginine-glycine-aspartic acid (RGD) peptides
and their analogues have been extensively stud-
ied for glioma-targeted drug delivery [11, 63,
73]. Therefore, integrin and RGD interactions are
promising drug delivery strategies that target the
BBTB. Zhan et al. developed c-RGDyK-modi-
fied  polyethylene  glycol-polyethylenimine
nanoparticles (PEG-PEI NPs) for glioma-tar-
geted gene delivery [136]. These NPs showed
high binding affinity with U87MG cells and pro-
moted target gene delivery to intracranial glio-
blastoma in vivo compared to PEG-PEI gene
carriers without RGD modification. The thera-
peutic efficacy of this gene transducer has been
demonstrated by significantly prolonging the sur-
vival rate of nude mice with intrathecal glioblas-
toma. These results demonstrated the therapeutic
potential of the gene delivery system for the treat-
ment of brain glioma cells using integrin avp3
[136]. Zhan et al. reported cyclic RGD peptide-
conjugated PEG-PLA micelles for chemotherapy
of intracranial glioma. The median time of intra-
cranial US7MG tumor xenograft survival was
significantly prolonged after treatment with
¢(RGDyK)-PEG-PLA-PTX micelles, indicating
that the RGD muotif is effective in drug delivery
targeted to glioblastoma overexpressing integrin
avp3 [134].

Epidermal growth factor receptor (EGFR) is a
transmembrane tyrosine kinase expressed in epi-
thelial cells, mesenchymal cells, and neuronal
tissues [116, 131]. Overexpression of EGFR for
the BBTB is a promising target for treatment
[88]. Epidermal growth factors (EGF) and anti-
epidermal growth factor ligand (anti-EGFL)
monoclonal antibodies are commonly used
EGFR ligands in glioma-targeted therapy.
Fondell et al. have adopted EGF to target EGFR
and have recently developed a strategy for deliv-
ering recently synthesized daunorubicin deriva-
tives to cancer cell nuclei using PEG-stabilized
targeted liposomes called “nuclisome-particles”
[33]. Tsutsui et al. established a new drug deliv-
ery system using hybrid bionanocapsules (BNCs)
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coupled with anti-human EGFR antibodies and
confirmed the specific delivery of BNCs to brain
tumors in in vivo brain tumor animal models
[123].

13.3.3 Receptor-Mediated
Transcytosis

Many receptors, including the transferrin (Tf)
receptor, the nicotinic acetylcholine receptor
(nAchR), and the insulin receptor, are overex-
pressed in the BBB [43, 137]. These receptors
specifically bind to corresponding ligands and
can cause cellular internalization. Thus, these
receptors and their corresponding ligands can be
functionalized into the nanoparticle phase to
mediate transport through the BBB. Due to the
specificity of the interaction between the receptor
and ligand, receptor-mediated delivery was the
most commonly used and most successful strat-
egy for delivering NPs to the brain via the
BBB. The contents of the receptor-mediated tran-
scytosis-related studies will be discussed in more
detail in the next section.

13.4 Protein-Based Drug Delivery
to Brain Tumors

A variety of proteins and peptides have been
studied as promising therapeutic agents for brain
pathologies [5, 96] (Table 13.1). Proteins and
peptides are present in the entire nervous system
with a unique distribution pattern. They have
numerous biological actions in the brain, such as
controlling the brain’s internal environment, con-
trolling cerebral blood flow, controlling the per-
meability of the BBB to nutrient supply,
neurotransmission, neuromodulation, and the
various roles of the immune system [22, 96]. This
suggests that the diversity of the biological
actions of proteins could be used in the treatment
of brain and spinal cord disorders. But like all
potential neuroleptics, proteins must be trans-
portable from the blood to the brain. Protein
nanocarriers are now drawing great interest as

drug delivery systems targeting brain tumors [26,
27]. The unique biodegradability and high drug
binding capacity of protein drugs indicate them
as good alternatives to synthetic polymer
nanoparticles. In addition, the available func-
tional groups present in the proteins, such as
amino and carboxyl groups, can be derivatized to
specific ligands for drug delivery targeted to
brain tumors [25, 29].

13.4.1 Transferrin

The transferrin (Tf) receptor, composed of two
90 kDa subunits, is an iron-binding, single plasma
glycopeptide that controls the concentration of
free iron in biological fluids. Many reports have
shown that Tf can target Tf receptors (TfR) that
are overexpressed in cancer cells and brain capil-
lary endothelial cells of the BBB, and TfRs have
been shown to pass through the BBB and cancer
cell membranes [102]. Thus, modification of
nanocarriers with Tf is a typical pathway of
receptor-mediated delivery, one of the major
mechanisms by which various mediators can
cross the BBB [94, 95]. In several studies,
Tf-modified NPs (Tf-NPs) showed good affinity
for endothelial cells of the brain capillaries and
could deliver much more cargo to the brain than
unmodified NPs. Linuma et al. modified cisplatin
(Cis)-liposomes (Tf-Cis-lipo) to enhance trans-
port across bEnd3 cells as a model of the BBB
using the TfR [53]. They also identified Tf-Cis-
lipo endocytosis through recognition of Tf recep-
tors on the surface of C6 glioma cells. Tf-modified
liposomes encapsulating vincristine and tetra-
cene (TFT) have been developed to overcome the
multidrug resistance (MDR) that causes glioma
treatment failure. Similarly, Tong et al. studied
the decoration of artesunate (ART)-loaded lipo-
somes containing Tf-ART-LPs and found that the
absorption rate of U87 glioma cells increased
from 18.7% for ART-LPs (not modified with Tf)
to 59.8% for Tf-ART-LPs [122]. Song et al. con-
jugated the liposome surface to the Tf via acyla-
tion, in which one of the amino groups of Tf
coupled with the N-hydroxysuccinimide (NHS)
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Table 13.1 List of protein- or peptide-modified nanocarriers for the treatment of brain tumor

Material Modified agents Drugs References
Transferrin Liposome Tt-Cisplatin-liposome [53]
Tf-ART-LPs [122]
Tf-PEG-DSPE [115]
Monoclonal antibody [92]
PDMS-b-PMOXA conjugated to 83-14 mAb | [19]
Gene Tf-PEI2-ChA [23]
Inorganic NPs TPGD [21]
C-Dots-Tf-DOX [72]
Tf-PLCaPZ NPs [108]
CPP Tt3.4 K-CPP2K-liposome [76]
Dendrimer G4-DOX-PEG-T{-TAM [71]
Lactoferrin Tumor-homing tLyP-1/Lf-NPs [83]
peptide
Folic acid L{/FA/PLGA NPs [68]
Polymersome Lf-PO-DOX/TET [93]
Lfy-NPs [119]
Peptide Urocortin-loaded Lf-NPs [48]
S14G-humanin/Lf [55]
Magnetic NPs Lf-M-PAEEPPLLA-NPs [78]
Cy5.5-L{-SPIO micelles [138]
Lf-CUR-PDNC [31]
Albumin Glucose derivatives c¢/m-HSA NPs [12]
Folic acid FA-BSA-SPIO NPs [127]
Self-assembled NPs LMWP-BSA-NPs [73]
HSA-Ce6@HSA-RGD NPs [13]
Peptides Small peptide SynB1 [105]
ANG1005 [120]
T7-modified dendrimer [70]
CDX [135]
CPP AngioPep-2 [126]
Glycoprotein peptide | RVG29 [50, 75]
RVG79-modified poly(mannitol-co-PEI) [97]
vector
Apolipoprotein ApoA and ApoE [103, 132]
Polysorbate 80-coated NPs [37, 130]
Polysorbate 60/80 [81]

ART artesunate, LPs liposomes, NP nanoparticle, PDMS-b-PMOXA poly(dimethylsiloxane)-block-poly(2-methyl-2
oxazoline), mAb monoclonal antibody, PEI polyethyleneimine, ChA cholic acid, TPGD transferrin-DOX-loaded
PEGylated graphene oxide nanoparticles, DOX doxorubicin, C-Dots carbon-dots, CaP calcium phosphate, PLCaPZ
CaP NP was complexed with zoledronic acid (ZOL), mixed with PEGylated cationic liposomes, CPP cell-penetrating
peptide, G4 fourth generation, TAM tamoxifen, Lf lactoferrin, FA folic acid, PLGA poly(lactide-co-glycoride), PO
polymersome, Lfy-NPs PEGylated DOX was converted to Lf, S/4G-humanin a humanin analogue peptide drug,
PAEEP-PLLA poly(aminoethyl ethylene phosphate)/poly(L-lactide), Lf-M-PAEEPPLLA-NPs OAM-MNP-loaded
PAEEP-PLLA NPs modified with Lf, OAM-MNPs oleylamine (OAM) coating for Fe304 magnetic NPs, SPIO super-
paramagnetic iron oxide, CUR curcumin, PDNC polydiacetylene nanocarriers, HAS human serum albumin, c-HSA
cationic HSA, m-HSA mannose-modified albumin, BSA bovine serum albumin, LMWP low-molecular-weight prot-

amine, Ce6 chlorin e6, RGD Arg-Gly-Asp, T7 peptide HAIYPRH, RVG29 rabies virus glycoprotein peptide
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group of I,2-distearoyl-sn-glycero-3-phospho-
ethanolamine (DSPE)-conjugated polyethylene
glycol with an active succinimidyl ester (DSPE-
PEG-NHS) [115]. Tf-modified liposomes
(Tf-PEG-DSPE) can enhance transport through
the BBB, increase cellular uptake, and inhibit
MDR. Therefore, liposomes accumulated in
brain tumors and showed high anticancer efficacy
in glioma mice.

Monoclonal anti-transferrin receptor antibody
(0OX26) is an antibody that can recognize the Tf
receptor. Pang et al. conjugated OX26 to the NP
for brain-targeted delivery of the peptide
NC1900, which is used to treat a neurodegenera-
tive disorder [92]. The concentration of OX26-NP
in brain tissue 2 h after intravenous injection was
2.62 times higher than that of unmodified NP. As
a result, NC1900-loaded OX26-NP showed the
best results for Alzheimer’s disease rats, as deter-
mined by the water maze learning task using rats
with scopolamine-induced learning and memory
impairment [92]. In addition, the insulin receptor
83-14 mAb antibody (INSR alpha [83-14]) was
about 10 times more effective than the anti-Tf
receptor antibody for BBB penetration [15].
Therefore, Dieu et el. conjugated insulin receptor
83-14 mAbs to the NP surface (polymersomes
composed of poly(dimethylsiloxane)-block-
poly(2-methyl-2-oxazoline), PDMS-b-PMOXA)
for brain target drug delivery. In vitro results
showed that brain endothelial cells effectively
absorbed modified NPs from insulin receptor
83-14 mAb, which could be inhibited by more
than insulin receptor 83-14 mAb use alone [19].

To deliver the gene to glioma cells, Dube et el.
developed a new nonviral vector based on low-
molecular-weight  polyethyleneimine  (PEI
2 kDa) modified hydrophobically to cholic acid
(ChA) to obtain PEI2-ChA [23]. Condensation of
pDNA by the PEI-ChA complex protected the
pDNA from enzymatic degradation and pro-
moted absorption of the complex by the cells. Tf
was also incorporated into nanopeptides to com-
bine the high gene transfer efficiency of the PEI-
ChA  nanopeptides with Tf  receptor
(TfR)-mediated uptake. Tf facilitated the binding
of pDNA nanopeptides to Tf receptors on target
cells and promoted endocytosis of vesicles,

escape of DNA from endosomal compartments,
and entered to the nuclei. The size of tumors in
the mouse brain treated with Tf-PEI2-ChA nano-
peptides was five times smaller than those in the
untreated animals.

Inorganic NPs can also be transformed into Tf
to enhance brain tumor accumulation. Dong et al.
explained that Tf was covalently bound to DOX-
loaded PEGylated graphene oxide nanoparticles
(TPG) [21]. Modified TPG can pass through the
BBB to enhance DOX accumulation and act as
dual chemo- and photothermal therapies.
Targeted TPGD combination therapy increased
the number of neuroblastoma lymphoma cells
and prolonged the survival of glioma-bearing
mice compared to single DOX or PGD therapy.
Carbon dots (C-dots) and quantum-sized carbon
NPs, which were smaller than 10 nm, exhibited
good water solubility, excellent biocompatibility,
excitation wavelength-dependent photolumines-
cence, and high cell membrane permeability
[72]. Thus, the C-Dots-Tf-DOX covalent bond
was synthesized by covalently bonding the car-
boxyl groups of the C-dots to the primary amines
of Tf via carbodiimide coupling. C-Dots-Tf-
DOX at the 10-nm size was much more cytotoxic
than DOX alone, reducing the survival rate by
14—45% in many pediatric brain tumor cells [72].
Another type of inorganic nanoparticle, calcium
phosphate NP (CaP NP), was complexed with
zoledronic acid (ZOL), mixed with PEGylated
cationic liposomes, and then transformed into Tf
to generate Tf-PLCaPZ NPs for brain tumor
treatment. Sequential treatment with temozolo-
mide (TMZ) and Tf-PLCaPZ NP showed supe-
rior therapeutic activity compared to single
administration. In the group treated with
Tf-PLCaPZ NPs, the tumor size of mice xeno-
transplanted with U373MG was significantly
reduced, but treatment had no effect in the free
TMZ group [108].

A dual brain targeting effect was achieved by
decorating the nanocarrier surface with Tf com-
bined with other ligands for the purpose of
increasing drug accumulation in tumor cells. Liu
et al. conjugated Tf and cell-penetrating peptide
(CPP) to PEGylated liposomes (Tf-CPP-
liposomes) to bind endogenous escaping and per-
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meability of CPP with Tf receptors (Tf-Rs)
overexpressed in the BBB and glioma cells [76].
A “hand in hand” effect was observed in the
Tf3.4 K-CPP2K-liposome and allowed longer
PEG chains to nonspecifically mask CPP during
blood circulation. The longer PEG chain at the
tumor site promotes binding of Tf to the Tf recep-
tor, while the flexible PEG linker is shortened, so
that CPP improves cellular internalization
through cell adsorption. The CPP portion was
concealed by the large volume of the PEG 3.4 k
linker of Tf. Howeyver, when the
Tf3.4 K-CPP3.4 K-liposome was used, CPP
could not be sterically hindered, demonstrating
its permeation efficiency and significantly
increasing normal cell uptake. Thus, to obtain
maximum efficacy in target cells, PEG 3.4 k and
PEG 2 k were selected to conjugate Tf and CPP
with liposomes for the production of Tf-CPP-
liposomes. These liposomes had the highest tar-
get efficacy for brain microvascular endothelial
cells and C6 cell uptake, but absorption into nor-
mal cells was scant. Furthermore, Tf-CPP-
liposomes were captured in the endosomes of C6
cells, where the complex escaped from the lyso-
somes and successfully released liposome-con-
fined doxorubicin (DOX) to the cytoplasm. Li
et al. conducted double modification of the
fourth-generation (G4) DOX-loaded
poly(amidoamine) (PAMAM) dendrimer with Tf
and tamoxifen (TAM) (G4-DOX-PEG-T{-TAM).
They found that about 7 DOX molecules, over 30
PEG (1000 Da) and PEG (2000 Da) chains, and
one Tf group were conjugated on the surface of
each G4 PAMAM dendrimer, while 29 TAM
molecules were encapsulated into one dendrimer.
The result is that TAM inhibited MDR efflux
transporters (e.g., P-gp, which is overexpressed
in BBB and C6 glioma cells) with Tf receptor-
mediated endocytosis to enhance BBB transport
and accumulation of DOX in C6 cells. In addi-
tion, DOX accumulated in the C6 glioma spher-
oids and the tumor volume was effectively
reduced [71].

13.4.2 Lactoferrin

Similar to transferrin, lactoferrin (Lf) is a mam-
malian cationic iron-binding globular glycopro-
tein belonging to the transferrin family and has a
molecular weight of about 80 kDa [59].
Lactoferrin has many physiological functions
such as defense against infections and severe
inflammation. Lactoferrin receptors (LfRs)
include low-density lipoprotein receptor-related
protein 1 (LRP1) and LRP2, and LfRs induce
internalization of Lf into the body. Previous stud-
ies have shown that LfRs are highly expressed in
the BBB and in glioma cells. The positive charge
of Lf promotes electrical attraction between the
positively charged Lf-modified drug carrier and
negatively charged BBB basement membrane,
and this combination is absorbed through LfR-
mediated endocytosis. That is, the Lf-modified
nanocarrier was transported through the BBB by
receptor-mediated transcytosis. Several studies
have shown that the BBB permeability of Lf is
better than that of transferrin (Tf) [28] because
binding between Lf and its receptor is not affected
by endogenous Lf. Lactoferrin receptors were not
saturated under physiological conditions due to
low plasma concentration of endogenous Lf.
Conversely, the concentration of the intrinsic Tf
in plasma is very high, so TfR is almost saturated
under physiological conditions. Therefore, it
could be better to use LfR as a target to modify
the Lf and transmit it to brain tumors through
receptor-mediated transcytosis of BBB.
However, Lf-functionalized nanoparticles for
glioma treatment may still be limited because of
the high interstitial pressure in cerebral blood
vessels and glioma glands with reduced brain
function and low efflux system from the blood
vessels and low permeability to the glioma paren-
chyma [54]. Therefore, administering nanocarri-
ers that target both the BBB/BBTB and glioma
cells with a tumor penetration-enhancing peptide
is a promising platform for antitumor brain drug
delivery. For example, Miao et al. reported that
lactoferrin was modified with the surface of
poly(ethylene glycol)-poly(lactic acid) (PEG-
PLA) NPs through a maleimide-mediated cova-
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lent bond to induce BBB/BBTB and glioma cell
targeting. A tumor-homing peptide, tLyP-1, was
also used to mediate BBB penetration through
the C-end rule sequence (CendR, R/KXXR/K)
and the neuropilin-1 (NRP1) interactions, which
induce tissue internalization [83]. Then, tLyP-1
was co-administered with Lf-NPs, which
enhanced the accumulation and deep penetration
into the glioma parenchyma. In in vitro tests,
Lf-NPs showed the most increased cytotoxicity
and deep penetration of 3D glioma spheroids in
both brain capillary endothelial cells (BCECs)
and C6 glioma cells. In vivo, Lf-NPs also exhib-
ited the highest accumulation in the brain tumor
area and deep penetration. Due to the specific
expression of NRP1 in the endothelial cells of
tumor vessels, the distribution of functionalized
nanoparticles (Lf-NPs) was reduced in normal
brain tissue. In another study, Lf and folic acid
(FA) were cross-linked on poly(lactide-co-gly-
coride) (PLGA) NPs to carry etoposide (ETO, a
chemotherapy medication used for glioblastoma)
across the BBB and to treat human brain malig-
nant glioblastoma [68]. Lf- and FA-modified
PLGA NPs (Lf/FA/PLGA NPs) were infiltrated
into human brain microvascular endothelial cells
(HBMEC:S) to inhibit the proliferation of U§7MG
cells. The antiproliferative effects on the growth
of US7MG cells were highest in the Lf/FA/PLGA
NP treatment group compared with the other
groups. The targeting ability of Lf/FA/PLGA
NPs was proved by immunostaining of LfR on
HBMECs and FA receptors on US7TMG cells
through endocytosis.

To create a biodegradable nanoparticle, Pang
et al. co-loaded doxorubicin (DOX) and tet-
radrine (TET) into the Lf-modified polymer-
somes (PO), Lf-PO-DOX/TET. In vitro, the
Lf-PO-DOX/TET NPs were absorbed into cells
and exhibited the strongest cytotoxic effect in C6
glioma cells compared with other NP groups.
During in vivo imaging analysis, Lf-PO labeled
with near-infrared (NIR) dye was absorbed in the
brain and accumulated at the tumor site. A phar-
macodynamic study demonstrated that the tumor
size of the Lf-PO-DOX/TET group was signifi-
cantly smaller than those of other groups and the
median survival time of the Lf-PO-DOX/TET

group was longest compared to those of the other
therapeutic groups [93]. Jiang et al. modified
polymersomes using Lf to stimulate brain accu-
mulation and to be able to administer S14G-
humanin (a humanin analogue peptide drug,
which has been proved to have an activity 1000-
fold more powerful than humanin) to protect the
brain from learning and memory damage induced
by amyloid f,s_3s. These results demonstrate that
Lf can act as an active BBB target ligand that
enhances drug delivery to the brain [55].
Similarly, a dual-target drug delivery system
based on bovine serum albumin (BSA) NPs mod-
ified using both Lf and mPEG2000 and loaded
with DOX was designed and tested for infiltra-
tion of the BBB and evaluated for glioma cell tar-
geting properties [119]. PEGylated DOX was
converted to Lf (Lfy-NPs) based on electrostatic
interactions between the cationic Lf molecules
and negatively charged BSA-NPs (P,g0-NPs) at
physiological pH. Compared to the other groups,
Lfy-NPs showed strong cytotoxicity and high
uptake in both BCEC and C6 cells in vitro. In
glioma model rats, the biodistribution of DOX
testing showed that the Lf};-NP group had signifi-
cantly increased DOX accumulation in the brain
compared with other groups, especially at 2 h
post-infusion (intravenous, P < 0.05). Hu et al.
used Lf-NPs to deliver urocortin, a peptide com-
posed of 40 amino acids and highly expressed in
the central and peripheral nervous systems, to the
brain for treatment of Parkinson’s disease (PD)
[48]. The results showed that the urocortin-
loaded Lf-NP treatment group had significantly
attenuated striatum lesions induced by 6-hydroxy-
dopamine (6-OHDA) in rats. In addition, immu-
nohistochemistry  and  transmitter  results
demonstrated that treatment with urocortin-
loaded Lf-NPs prevented the loss of transmitter
contents in the brain, similar to that in normal
rats, which means that the behavior of mice from
the urocortin-loaded Lf-NP treatment group was
significantly better than those in the control and
untreated nanoparticle-infused rats.

Magnetic resonance imaging (MRI) is widely
used for clinical diagnosis because it is safe to
use nanoparticles for diagnostic purposes. In
recent years, nano-scale contrast agents have
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been developed to improve MRI diagnosis. For
this, Lue et al. developed an oleylamine (OAM)
coating for Fe;0, magnetic NPs (OAM-MNPs),
which were encapsulated in amphipathic
poly(aminoethyl ethylene phosphate)/poly(L-
lactide) (PAEEP-PLLA) copolymer NPs to diag-
nose malignant neuroma [78]. The
OAM-MNP-contained ~ PAEEP-PLLA  NPs
(M-PAEEP-PLLA-NPs) were further modified
with Lf (Lf-M-PAEEPPLLA-NPs) for brain tar-
geting. The Lf-M-PAEEP-PLLA-NPs showed
excellent biocompatibility in cytotoxicity assays
and high cell uptake in C6 cells, which indicated
that Lf provided active targeting to the brain
tumor site. Moreover, a significant enhancement
of contrast images was obtained on MRI of
Wistar rats in the glioma area in the Lf-M-
PAEEPPLLA-NP treatment group. Prussian blue
staining in this section also demonstrated reten-
tion of Lf-M-PAEEP-PLLA-NPs in brain tumor
tissues. Zhou et al. used encapsulated hydropho-
bic superparamagnetic iron oxide NPs (SPIONs)
in polyethylene glycol-block-polycaprolactone
(PEG-b-PCL) and Cy5.5, a near-infrared fluores-
cent probe, to obtain optical imaging. Then, to
target glioma, Lf was used with NPs as a brain
MRI contrast agent [138]. The in vivo results
showed that Cy5.5-SPION micelles with Lf
accumulated efficiently in the C6-induced glioma
region and prolonged the intensity persistence in
tumor sites over 48 h in MR images compared to
non-target groups. The MRI results demonstrated
that the glioma margin was clearly distinguished
from the fluorescence image, and the mean fluo-
rescence intensity of the tumor was about four
times higher than that of normal brain tissue.
Therefore, these optical/MRI dual-functional
micelles (Cy5.5-Lf-SPIO micelles) can specifi-
cally target glioma and provide guidance for sur-
gical resection of glioma prior to and during
surgery.

Polydiacetylene nanocarriers (PDNCs) exhibit
higher sensitivity and color change depending on
temperature and pH due to molecular perturba-
tion [31]. Hydrophobic superparamagnetic iron
oxide (SPIO) NPs were used as a nano-substrate
for spontaneous assembly of 10, 12-pentacoca-
dylic acid, a diacetylene monomer, on the surface

through strong ionic and hydrogen bonds under
ultraviolet (UV) irradiation. In addition, cur-
cumin (CUR) was incorporated into the shell
between SPIO and polymerized 10, 12-pentaco-
sadiynic acid (PCDA), while self-assembled
PCDA micelles were formed. PDNC-modified
lactoferrin was used to improve the transport of
PDNC across the BBB to track and target glio-
mas. As a result, improved therapeutic efficacy
was obtained using Lf-CUR-PDNC, with
improved retention time of the encapsulated
CUR, and the number of NPs was four times
higher in the brain than in the group treated with
free CUR. Recent studies have also shown that
lactoferrin not only is a ligand for glioma target-
ing but also inhibits glioblastoma cell growth.
This suggests that lactoferrin may play a role in
enhancing the anticancer effect in clinical uses
such as temozolomide for the treatment of GBM

[2].

13.4.3 Albumin

Albumin nanocarriers have been used as drug
delivery systems and were successfully used to
target drugs to brain tumors. The biodegradable,
nonantigenic, and non-toxic characteristics of
human serum albumin (HSA) make it an ideal
candidate for tumor targeting [24]. The reason for
this is that the secreted protein acidic and rich in
cysteine (SPARC) and glycoprotein 60 (gp60),
albumin-binding proteins, are highly expressed
in human glioma cells. On the other hand, since
normal BBB blood vessels have a very low level
of albumin protein expression, the passage of
natural albumin is difficult [24]. The surface of
albumin NPs can be transformed into various
ligands for enhanced brain targeting. For exam-
ple, the surface of albumin can be cationized
through the binding of ethylenediamine onto the
carboxyl group of albumin, and this is an effec-
tive form for brain targeting [61]. Cell surfaces in
brain endothelium are maintained with a negative
charge at physiological conditions (pH).
Therefore, positively charged HSA attached to
negatively charged endothelial cells by electro-
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static interactions, which led to absorption-medi-
ated transcytosis [77].

Several glucose derivatives, such as mannose,
galactose, and 2-deoxyglucose, can pass through
the BBB via carrier-mediated delivery. For exam-
ple, mannose can pass through the BBB via glu-
cose transporter 1 (GLUTI1) and GLUT3, and
across the brain monolayer endothelial cells [55].
Therefore, Byeon et al. designed nanoparticles to
contain naive albumin (human serum albumin,
HSA), cationic HSA (c-HSA), or mannose-mod-
ified albumin (m-HSA) in doxorubicin (DOX)
[12]. In vitro, ¢/m-HSA NPs showed the most
prominent transport across the monolayer of
bEnd.3 brain endothelial cells and were also
absorbed into US7MG glioblastoma cells and
spheroids. In vivo xenografted glioma cell-bear-
ing mice were treated with PBS, free DOX or
HSA NPs, and ¢/m-HSA NPs. Among them, the
c¢/m-HSA NP-treated mice group showed signifi-
cantly smaller tumor size in the brain than other
groups. This improved antitumor efficacy can be
explained by dual cationic absorption transfor-
mation and glucose transport by the combination
of c- and m-HSA. Wang et al. used folic acid
(FA), a tumor-specific ligand, to coat bovine
serum albumin (BSA)-superparamagnetic iron
oxide (SPIO) NPs as a contrast agent for
MRI. After confirming intracellular absorption
and internalization by glioma U251 cells,
FA-BSA-SPIO NPs were labeled with fluores-
cein isothiocyanate (FITC) for intracellular visu-
alization [127].

However, effective intratumoral penetration is
another obstacle that leads to drug resistance and
cancer treatment failure due to inadequate drug
distribution and intracellular concentrations into
the tumor hypoxic area. Lin et al. designed self-
assembled NPs through hydrophobic interactions
with the domains of albumin by adding hydro-
phobic drugs such as paclitaxel (PTX) and fen-
retinide (4-HPR) with a large amount of water
[73]. Cleavage of the disulfide bond of albumin
allowed the protein to form a linear structure, and
additional disulfide bridges were formed to fur-
ther stabilize the NPs. The combination of the
two drugs, PTX and 4-HPR, improved the inter-
and intra-molecular interactions with linear albu-

min, and this structure formed more stable
hydrophobic cores. These NPs were further mod-
ified by low-molecular-weight protamine
(LMWP), one of the cell permeability peptides
(CPPs), to produce more potent nanoparticles for
glioma cell penetration, because CPPs are often
used as adjuvants in tumor invasion. LMWP-
BSA-NPs showed 2.5-fold higher cellular uptake
in U87MG cells than in unmodified BSA-NP via
bEnd.3 monolayers. In addition, LMWP-BSA-
NPs penetrated significantly deeper into the
U87MG spheroids. Compared with the free drug,
the cytotoxicity of LMWP-BSA-NP exhibited
the highest antitumor activity, although a weaker
inhibitory effect was observed in the PTX or
4-HPR treatment group [73]. Based on a strategy
of hydrophobic drug-induced albumin self-
assembly, Chen et al. also used PTX to induce
aggregation of HSA into theragnostic NPs.
Albumin was pre-modified using chlorin e6
(Ce6) and cyclic Arg-Gly-Asp (cRGDyK) pep-
tides. Ceb6 is a substance used as a chelating agent
for Mn?* to enable dual-modal magnetic reso-
nance and fluorescence imaging, and cRGDyK
peptide is a peptide capable of targeting the
avp3-integrin upregulating endothelial cells of
tumor vessels [13]. The result was that significant
synergistic cancer cell death was observed using
NPs under light irradiation, which means that
HSA-Ce6@HSA-RGD NPs were able to target
avp3-integrin. This signifies that HSA-Ce6@
HSA-RGD NPs can be applied by combining
photodynamic therapy and chemotherapy for
treatment of glioma.

13.4.4 Peptide-Based Drugs for Brain
Delivery

Protein ligands have several disadvantages that
limit their application, including low stability,
high immunogenicity, high molecular weight,
and high production costs. To avoid these prob-
lems, research on peptide-based ligands, rather
than proteins, has received increasing attention.
There are two common strategies to generate
peptide ligands: protein ligand redesign and
selection from a peptide library [38]. Rousselle
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et al. have shown that doxorubicin increases brain
intake in rats when conjugated to a small peptide
(SynB1) compared to doxorubicin alone [105].
AngioPep-2 (TFFYGGSRGKRNNFKTEEY, a
cell penetrating peptide) also showed enhanced
delivery of small molecules through the BBB via
low-density lipoprotein receptor-related protein
(LRP1) [126]. ANGI1005 (also known as
GRN1005) is a conjugate of three molecules of
paclitaxel and one molecule of AngioPep-2 pep-
tide and can significantly increase paclitaxel
delivery in a rat brain perfusion model [120].

Phage display can select peptides capable of
binding to specific receptors or cells. Using this
method, the T7 peptide, HAIYPRH, was selected
for specificity onto transferrin (Tf) receptors
through sequential negative and positive selection
[70]. T7 was decorated with peptides onto den-
drimers to deliver DNA for genetic treatment of
gliomas [65]. Modification with T7 significantly
increased cell uptake by BCEC, and gene transfer
efficiency could be reduced if Tf was exceeded,
which means that the T7-modified dendrimer
absorption is mediated by the Tf receptor. The
T7-modified dendrimer showed 1.7-fold higher
gene expression in the brain, demonstrating that
T7 can act as an effective brain-targeting ligand.
Rabies virus glycoprotein peptide (RVG29) is
derived from a rabies virus glycoprotein capable
of binding the nicotinic acetylcholine receptor
(nAchR) and can enhance drug delivery to the
brain [50, 75]. The apparent permeability coeffi-
cients of the RVG79-modified poly(mannitol-co-
PEI) vector were 2.23 times higher than those for
the vector untreated by RVG [97]. In vivo the
RVG-modified vector delivered the GADPH
siRNA and BACEI siRNA to the brain more
effectively than the unmodified vector.

Homeobox protein (CDX) is a peptide made
from the loop II robe of candoxin and is a ligand
capable of binding to nAchR. Although the bind-
ing affinity of CDX and nAchR is lower than that
of candoxin, it showed significantly improved
intake in BCEC cells. After being loaded with
paclitaxel, CDX-modified NPs demonstrated a
better antitumor effect with a prolonged median
survival time of 27 days, which was longer than
that for untreated NPs [135].

There are other ligands that can recruit pro-
teins from plasmids to bind to specific receptors.
Apolipoproteins (Apo), including ApoA and
ApoE, are serum proteins that can be delivered to
the brain via low-density lipoprotein (LDL)
receptors that are highly expressed in the
BBB. Thus, peptides derived from ApoA and
ApoE showed the ability to mediate brain trans-
mission of nanoparticles [56, 103, 121, 132].
Polysorbate-80, a nonionic surfactant and emul-
sifier often used in foods and cosmetics, was able
to adsorb ApoE in serum when conjugated to NP,
and there have been many studies demonstrating
that polysorbate-80-coated NPs can target deliv-
ery to the brain [37, 81, 129, 130]. Martins et al.
evaluated the efficiency of polysorbate-60 and 80
NPs to enhance brain targeting. The plasma area
under the curve (AUC) of NPs coated with poly-
sorbate-60 was 1.18 times higher than that of
polysorbate-80-coated NPs; however, in the
brain, the number of NPs coated with polysor-
bate-80 was 1.77 times higher than that coated
with polysorbate-60 [81]. This result indicates
that polysorbate-80 is a better surfactant for brain
targeting. Gao et al. also found that the efficiency
of brain targeting of NPs coated with polysor-
bate-80 was affected by the particle size [37].
Comparisons of polysorbate-80-coated NPs with
particle sizes of 70, 170, 220, and 345 nm showed
that 70-nm NPs delivered the cargo most effec-
tively to the brain.

13.5 Oral Delivery of Protein-
Based Drugs to Brain Tumors

It is still challenging to increase the bioavailabil-
ity of therapeutic peptides and proteins that are
administered orally and deliver them to the target
site correctly. However, since they have many
advantages, work will continue. Because of their
small size and high surface area, nanoparticles
used to mediate oral peptide delivery improve the
bioavailability of these protein drugs (increase
long-term drug exposure compared to intermit-
tent intravenous infusion) [57]. However, bio-
compatibility through intraoral delivery is almost
meaningless due to proteolytic degradation and
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gastrointestinal (GI) barriers, as these polymers
cannot penetrate the intestinal wall. For example,
P-gp expressed in the luminal aspect of the
plasma membranes of intestinal epithelial cells
prevents P-gp substrate-based chemotherapy
from adsorbing in the intestine [45]. Thus, for the
past several years, various kinds of microparti-
cles and nanoparticles have been used to modify
protein and peptide drugs to overcome intestinal
barriers and obtain advanced bioavailability in
oral administration.

13.5.1 Current Studies on Oral
Delivery of Protein Drugs
in Brain Tumors

Paclitaxel is a potent chemotherapeutic agent that
has been shown to have therapeutic effects on a
variety of solid tumors such as breast cancer, lung
cancer, and head and neck cancer [44]. Paclitaxel
has also been reported to have antiangiogenic
properties, and this property indicates that pacli-
taxel may be a good candidate for the treatment
of brain tumors [8, 40, 98]. However, since pacli-
taxel is a P-gp substrate [80, 117, 125], it is dif-
ficult for orally administered paclitaxel to reach
the tumor cells from the parenchyma [45, 62].
Therefore, as inhibition of P-pg activity is essen-
tial, Paek et al. studied the combination of P-gp
inhibitor HM30181A and paclitaxel to produce
oral paclitaxel chemotherapy for brain tumors
[90, 91]. They have investigated the therapeutic
effects of this combination method in two animal
models, a melanoma brain metastasis (MBM)
mouse model and an early glioblastoma mouse
model. Oral co-administration of HM30181A
and paclitaxel showed significant therapeutic
effects in both brain tumor models.

13.6 Conclusion and Future
Perspectives

This chapter highlights important advances in
brain delivery of protein drugs that have been
studied in recent years. There are still several
limitations on cerebral delivery through adminis-

tration of peptides and protein drugs. Drug deliv-
ery to GBM is difficult because the BBB provides
physical and biochemical barriers that limit the
penetration of most drugs. However, some strate-
gies show significant potential for improvement
in brain intake. Therefore, this approach is still
under development, but it will play an increas-
ingly important role in the treatment of central
nervous system disorders.
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Abstract

This chapter reviews the studies of keratin-
based biomaterials in the past and discusses
the advancement of it in recent years. Keratin,
as a protein-based biopolymer, possesses
excellent biocompatibility and biodegradabil-
ity. In addition, keratin has abundant disulfide
bonds, which result in its unique and tough
structure. However, the property also results
in dissolubility, which causes difficult process
ability. Over the past years, much research uti-
lizes different methodologies to extract kera-
tins. Different kinds of extraction methods
affect the characteristics of keratins and give a
wide variety of application forms. The fea-
tures of different methods are discussed and
summarized in the following.
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Protein Structure
and Characteristics

14.1

Keratins are a family of structural proteins char-
acterized by high sulfur content. The most nota-
ble feature of keratin different from other natural
proteins is the large number of cysteine groups in
constitution, resulting in extensive disulfide-
bonding formation [1, 2]. Generally, keratin can
be sorted into two categories depending on their
hardness. Keratins with low disulfide bond den-
sity are commonly consisted in epithelial tissues
present a more flexible structure, which is called
“cytokeratins,” while the high disulfide bond
density keratins, usually existed in wool, hair,
and hooves, construct the tough protective tissues
[3,4].

Because of the cysteine-rich nature, keratins
play an important role in supporting construct.
Under the sight of a fluorescent microscope, the
fiber-like structures spread all over cells. These
intermediate filaments, or, namely, cytokeratins,
endow cells’ stiffness and help in the migration
behavior of cells [5-7]; in wools and human hair,
different kinds of keratin build up these compli-
cated structures [8, 9]. There are three major
groups of keratins in these fibers. Alpha-keratins
are the main components of the fiber cortex. They
are low in sulfur content and build up the distinct
helix structure. Beta-keratins form the outer pro-
tective tissue. Gamma-keratins are high in sulfur
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content and behave as a disulfide cross-linker
bundling the cortical structures together [10].

In addition to the distinctive mechanical prop-
erties, the intrinsic bioactivity-related factors
make keratin a suitable candidate for biomateri-
als. These factors can interact with adhesion
receptors such as integrins on the cell membranes
to regulate cell cycle and organization of the
intracellular cytoskeleton. Hence, they promote
cell adhesion. The ample cell-binding motifs in
keratins such as arginine-glycine-aspartate
(RGD), leucine-aspartic acid-valine (LDV), and
glutamic acid-aspartic acid-serine (EDS) provide
friendly microenvironment for cell adhesion and
proliferation [11-13]. According to previous
studies, RGD and LDV sequences are also abun-
dant in other proteins such as fibronectin [14].
Keratin-based biomaterials, therefore, could be
fabricated into wide-variability applications
mimicking the extracellular matrix in native
tissues.

Extraction and Purification
Methodologies

14.2

14.2.1 Removal of Lipid

The pre-procedure of keratin extraction is the
cleaning of dust and removal of lipid on the sur-
face of tissues, especially for wools and hair.
First, the tissues are washed several times to
remove dust and then are cut down into small
pieces or be pulverized to powder form for
enhanced performance of keratin extraction.
Then, the tissues are immersed in organic sol-
vents to dissolve the grease. For example,
Sinkiewicz et al. utilized a Soxhlet apparatus
with petroleum ether to remove the lipid of the
feather [15]. Yamauchi’s group immersed wool in
chloroform/methanol (2:1, v/v) for 12 h [16].
Kakkar used Soxhlet’s apparatus with hexane
and dichloromethane (1:1, v/v) to treat hoof [17].
After draining the organic solvent, the materials
are drying and are then prepared as defatting
materials for the next step.

14.2.2 Extraction

There are many kinds of extraction methods with
different mechanisms as shown in Table 14.1.
Generally, extraction methodologies could be
classified into two groups: “reductive extraction”
and “oxidative extraction.” Proteins acquired by
reductive methods are named ‘“keratin,” while
those extracted by oxidative methods are called
“keratose” or “oxidative keratin” [3].

14.2.2.1 Reductive Extraction
(Urea/2-Mercaptoethanol)
Yamauchi’s group developed the reductive

method using urea, 2-mercaptoethanol, and
sodium dodecyl sulfate (SDS) to extract keratin
[16]. The function of urea is the interrupter of
hydrogen bonding; it could enhance the disper-
sion of keratin in solution. 2-Mercaptoethanol is
used to break disulfide bonds in keratin. Disulfide
bonds would be reduced to thiol groups. However,
thiol groups are very active. The disulfide bonds
would reform when the extract is dialyzed against
DI water. One method to prevent the aggregation
of keratin is the addition of SDS, which is usually
used in electrophoresis. The SDS would surround
the surface of keratin, making them unfolded to
prevent aggregation. Nakamura et al. used a simi-
lar extraction solution with the addition of thio-
urea to treat human hair. Their results showed
that the protein yield could be effectively
increased [18]. Yung-Hao Lin et al. utilized simi-
lar chemicals to extract keratin. The SDS-PAGE
result is shown in Fig. 14.1 [19]. In Fig. 14.1., the
left lane represents the molecular weights of pro-
tein standard, and the right lane shows the molec-
ular weight of extracted keratins. The band from
40 to 60 kDa refers to the a-keratins, and the band
from 5 to 16 kDa indicates the matrix proteins,
while the band larger than 100 kDa represents
some coarse and aggregate components.

14.2.2.2 Reductive Extraction (Na,S)

Kamarudin et al. treated ground chicken feathers
with an aqueous solution containing Na,S (0.5 M)
and placed it under 60 °C for 2 h. The acquired
solution was further filtered and centrifuged at
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Table 14.1 Extraction methods of keratin
Method Advantages Disadvantages References
Urea/2-Mercaptoethanol | Well studied Environment-toxic, stinky smell [16, 18, 19]
Na,S High yield of keratin, inexpensive | Low purity of product [20]
L-cysteine Environment-friendly, low toxicity | Lower content in alpha-keratin yield |[21]
Peracetic acid Easy handling, inexpensive Temperature-induced aggregation [22,23]

Fig. 14.1 SDS-PAGE
shows the characteristic
band of a-keratin

95 kDa
66 kDa

52 kDa

37 kDa

30 kDa

16 kDa

6.5 kDa

10,000 rpm for 5 min. The supernatant was
treated with 5 ml HC1 (2 M) being added drop-
wise. The solution was centrifuged at 10,000 rpm,
and the sediment was washed with ddH,O for 3
times. The precipitate was added with 30 ml
NaOH (2 M) and then centrifuged again at
10,000 rpm for 5 min. The acquired supernatant
was used for further experiments [20]. This study
aimed to develop a more efficient way to extract
keratins. The result showed that sodium sulfide
increases the yield (53%) compared to other
reductive reagents such as potassium cyanide and
thioglycolic acid (< 30%).

L

N
.

14.2.2.3 Reductive Extraction
(L-Cysteine)

K. Wang et al. used L-Cysteine as a reducing
agent substituted for 2-mercaptoethanol [21].
Wool fibers were immersed in an aqueous solu-
tion containing urea (8 M) and L-cysteine
(0.165 M); then pH value was adjusted to 10.5
with NaOH (5 M). The extraction solution was
treated by shaking at 75 °C for 5 h. Their study
indicates that keratins treated by this method con-
tain more of B-sheet structure and less of a-helix
structure. The research team also claims that this
method provides a simple, eco-friendly, and eco-
nomical extraction way compared to other extrac-
tion methods.



226

|-C.ChenandJ. Yu

14.2.2.4 Oxidative Extraction
(Peracetic Acid)

Guzman et al. treated human hair with peracetic
acid to extract oxidative keratin [22]. The sample
was later washed with water to remove oxidants.
Then, the treated hair was immersed in a Tris
base solution and ultrapure water for the extrac-
tion of soluble protein. According to previous
studies, the disulfide linkages were irreversibly
oxidized to sulfonic and sulfinic groups [22, 24].
These hydrophilic functional groups led to a
homogeneous dispersion of oxidative keratin.

14.3 Biomaterial Applications
14.3.1 Sponge Scaffolds

Che-Wei Lin et al. used the freeze-drying tech-
nique to fabricate the pristine keratin sponge
scaffold. The scaffold possessed interconnected
pores and good biocompatibility. The optical
appearance of the product is shown in Fig. 14.2
[25]. However, Yung-Hao Lin et al. indicated that
the pristine keratin scaffold is too fragile for wide
application in tissue engineering. Therefore, they
fabricated a keratin scaffold cross-linked with
chitosan via an azide functional group. The Live/
Dead assay results in Fig. 14.3 showed that the
scaffolds displayed excellent biocompatibility.
Further cultural differentiation results showed

that different ratios of keratin and chitosan would
influence the osteogenic differentiation of human
adipose-derived stem cells [19]. Hamasaki et al.
adapted a protocol combining the particulate-
leaching technique and freeze-drying method to
fabricate a porous and flexible keratin sponge
scaffold. The solution containing keratin and
alginate beads was freeze-dried to form a sponge
scaffold and then immersed in a solution contain-
ing EDTA (0.5 M) for 12 h. Then, the sponge was
further immersed in DI water to remove alginate
calcium beads and was treated with lyophiliza-
tion technique again to form a highly intercon-
nected porous sponge. Their result showed that
the alginate beads-treated scaffold had more flex-
ible properties compared to the pristine keratin
group [26].

14.3.2 Electrospun Scaffolds

Aluigi et al. used keratin extracted from wool
fibers by the reductive extraction method with
urea (8 M), m-bisulfite (0.5 M), and SDS (0.05 M)
to fabricate nanofibers. After the extraction, the
keratin solutions were adjusted to specific con-
centrations. Then, poly- (ethylene oxide) (PEO)
powder with a viscosity-average molecular
weight of 400,000 g/mol (from Sigma—Aldrich,
St. Louis, MO) was added to keratin aqueous
solution to obtain the mixing solution. Then, the

Dissecting and electronic microscopic images of different concentration keratin scaffolds
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Fig. 14.3 Fluorescence image of cells using LIVE/DEAD assay on days 1, 4, 7, and 14. Live cells fluoresce bright

green, whereas dead cells with compromised membranes fluoresce red. Scale = 100 mm

mixing solution was used to fabricate nanofibers
with electrospinning technique. The product
without defect could be obtained by varying con-
centrations of polymers. Utilizing the electros-
pinning technique, different forms of keratin
application could be fabricated, including fiber-
structure scaffold and planar films [27]. Edwards
et al. used keratin obtained by oxidative extrac-
tion, mixing it with Poly(e-caprolactone) (PCL)
dissolved in trifluoroethanol (TFE) to fabricate
nanofibers. The extracted keratin powder was
dissolved in DI water, and PCL was dissolved in
TFE. Then, a keratin/PCL solution was prepared
by mixing keratin with PCL at different ratios.
The mixing solution was vortexed until reaching
a homogeneous solution. The different concen-
tration ratios of keratin to PCL resulted in varia-
tions in physicochemical properties. The
nanofiber-constructed membranes showed low
cytotoxicity and could be developed into medical
applications [28]. Ju Wang et al. also used oxida-
tive keratin and poly (vinyl alcohol) (PVA) to
fabricate nanofibers. First, PVA was dissolved in
DI water. And then, oxidative keratins were
added to the PVA solution to reach different oxi-
dative keratins/PVA mass ratio. With the electro-
spinning technique, the mixing solution was
further turned into nanofibers constructed mem-

brane. The membrane was implanted into animal
models. The results showed that the product pos-
sessed excellent biocompatibility and biodegrad-
ability [29].

14.3.3 Hydrogels

Saul et al. used oxidative keratin extracted by
peracetic acid and Tris base solution to fabricate
keratose hydrogel. The extracted keratose was
rehydrated in phosphate-buffered saline to obtain
a 20% solution with or without ciprofloxacin-
HCI. The solution was warming overnight at
37 °C to form a viscous hydrogel solution. The
hydrogel showed the capability of sustained
release of antibiotics and could serve as a plat-
form for controlled drug release [30]. Similar
methodologies were conducted by Guzman et al.
to combine keratose and BMP-2 for Bone regen-
eration [23]. Other research used keratin extracted
by sulfitolysis method to prepare hydrogel. Silva
et al. prepared hybrid hydrogel combining algi-
nate and keratin. The in vitro study showed
enhancement of cell adhesion and proliferation,
which might be able to serve as applications for
tissue regeneration [31]. They claimed the hydro-
gels exhibit interconnected pores, which can
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improve the transport of nutrients and oxygen
based on the SEM analysis. Ali’s group used the
intrinsic property of keratin which is a cysteine-
rich protein to fabricate visible light cross-
linkable hydrogel. Keratin was blended with
PEG-4Nor  and  cross-linked by  the
thiol-norbornene reaction. Their research showed
that the hydrogel presents good biocompatibility,
which can be seen from the Live/Dead assay and
phalloidin/DAPI staining. The product could be
used for applications in tissue engineering and
bioprinting [32]. Barati et al. used tris(2-
carboxyethyl) phosphine (TCEP) to extract kera-
tin from chicken feather. The thiol groups of
keratin were then further modified to allyl thio-
ether. The modified keratin was capable of being
UV cross-linked to hydrogel [33].

14.4 Conclusions and Future
Perspectives

Keratin is a naturally abundant protein commonly
existing in animal tissues. The huge amounts of
keratinous waste from wool production and live-
stock slaughter industry could be processed into
value-added applications. Due to the unique
characteristics of disulfide bonding formation,
different extraction methodologies can be imple-
mented and can further result in various applica-
tion forms including sponge scaffolds,
electrospun scaffolds and hydrogels, etc. The
intrinsic biological activity-related properties of
keratin endow itself excellent conditions for
developing medical applications such as wound
dressing, surgical implants, or drug carriers.
However, the weak mechanical strength after the
breaking of disulfide bonds requires combining
other materials or developing other cross-linking
mechanisms to reinforce the structure. Keratin
has great potential in bioengineering but still
requires comprehensive development of proto-
cols and more in vitro and in vivo experiments to
demonstrate its versatile application in the bio-
medical field.
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