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Preface

Biomimetics is an imitation of the structures, properties, models, and
compounds of nature to solve complex human difficulties. Biomimetics has
been recognized as an important mission in science and engineering for a long
time. Recently, it has emerged as a new technology inspired by material
science and engineering as well as pure sciences such as chemistry and
biology at different levels from macro- to nanotechnology for diverse
applications such as medical science, aerospace, automobile, and so
on. Taking inspiration from natural phenomena such as the structures and
behaviors of birds, reptile, and shark skin, self-healing abilities in tissues and
proteins in the human body, the hydrophobic surface structure of lotus leaf, as
well as the self-assembly of proteins and deoxyribonucleic acid, scientists and
engineers are continuously working and thinking about how to mimic and
transform the natural resources/synthetic materials for the use in our daily life.
This field is rapidly progressing through the developments in macro-, micro-,
and nanotechnology. Especially, nanotechnology has helped us to understand
the interaction between cell and material surfaces, cell-cell interactions,
protein-protein interactions, as well as cell-extracellular matrix in human
tissues. As an example, the biomimicking of natural structures of medical
devices using nanotechnology and adhesiveness are inspired from Gekkota’s
nanomorphologies due to physical interactions, and murine muscle’s
underwater adhesion, caused by adhesive proteins such as 3,4-dihydroxyphe-
nylalanin (DOPA). Currently, by developing and converging micro-, nano-,
and 3D bioprinting technology, the patient’s specific and complex tissues/
organs are designed and fabricated for the applications in tissue engineering
and regenerative medicine. Further to improve these technologies, involve-
ment of multidisciplinary scientific understanding of physical, chemical,
compositional, and biological properties and morphologies of tissues and
organs is required with the convergence of basic sciences, engineering, as
well as clinical aspects.

This book provides the overviews of biomimetic medical materials which
cover the significance of terminology, diverse fabrication methods, and
technologies ranging from micro-nano to macroscopic 3D printing for
development of functional biomimetic medical materials. While
nanotechnology is to understand the basic sciences of biomimetics of
biomolecular structures, drug delivery, biosensors, tissue regeneration, and
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functional biomaterials, 3D printing technology is to develop micro- and
macroscale biomimetic materials in engineering aspects. This book also
depicts specific fundamental characteristics required for a biomaterial to be
a model biomimetic material, targeting diverse applications in biomedical and
tissue engineering. This book basically outlines the current status of biomi-
metic medical materials used in tissue engineering and regenerative medicine,
nano-biotechnology-based drug/protein delivery, bioimaging, biosensing, and
3D bioprinting technology. It also illustrates the effect of functionalization of
a biomaterial through chemical and biological approaches toward different
applications. This book describes not only the key properties and potential
applications of the biomimetic materials but also the way of product
commercialization by protecting and utilizing the intellectual properties of
the materials and technologies.

I believe that my book will be read by the majority of people working in
this area of research, and they will be benefited from the in-depth explanations
in the book.

I sincerely express my thanks to the authors for their contributions to
valuable chapters and to my lab members, Dr. Dipankar Das, Dr. Janarthanan
Gopinathan, Ms. Sumi Bang, and Eunha Choi, for their contributions toward
research and editing manuscripts. I appreciate our publisher, Dr. Sue Lee, for
the publication of the book. Finally, I would like to give my special apprecia-
tion to my family, Youngmee, April, John, and Claire Noh, as well as my
mother Whoazha Lee for their continuous support, encouragement, and love
throughout my family and research life. I would also like to thank lifetime
mentors, Professor Jeffrey A. Hubbell in the Institute of Molecular Engineer-
ing at the University of Chicago and Professor Elazer R. Edelman in the
Medical Engineering and Science at the Massachusetts Institute of Technol-
ogy, at Harvard Medical School, and at Brigham and Women’s Hospital,
USA. This work was supported by the National Research Foundation of
Korea (NRF) Grant (2015R1A2A1A10054592).

Seoul, South Korea Insup Noh
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Overviews of Biomimetic Medical
Materials 1
Dipankar Das and Insup Noh

1.1 General Introduction

The term ‘biomimetics’ was coined by renowned
American biophysicist Otto Herbert Schmitt in the
1950s (Julian et al. 2006). Biomimetics originates
from the Greek words ‘bios’ and ‘mimesis’ which
mean “life” and “to imitate,” respectively
(Bar-Cohen 2006). Scientist Janine Benyus defined
‘Biomimicry’ in her book ‘Biomimicry: Innovation
Inspired by Nature’ as an “innovative science that
observes nature’s models and formerly duplicates or
takes inspiration from those designs and procedures
to solve human problems” (Benyus 1997; Bello
et al. 2013). Benyus suggests that by treating nature
as a ‘model, measure and mentor,’ biomimicry can
offer advantages relating to ‘leading edge
opportunities’ (Benyus 1997). One important exam-
ple of biomimicry can be observed in the field of
medical materials. Biomimetic medical materials
are biocompatible and/or biodegradable materials
designed by careful observation of nature’s models
and then developed by imitating natural
architectures and methods for use in the medical
industry (e.g., biosensing, tissue engineering and

regenerative medicine, biosignals and drug/protein
delivery) (Fig. 1.1). The method involves the devel-
opment of composite materials that mimic the
characteristics and/or structures of diverse materials
found in nature. Examples of natural structures
serving as inspiration include the honeycomb orga-
nization of a beehive, the fibrous structure of wood,
spider webs, nacre, bone, hedgehog quills, and so
on (Bello et al. 2013). The rapid development of
biomaterials for medical applications is emerging as
a promising interdisciplinary research field between
materials science and biology. Advances in the
biomedical field create an ever-increasing demand
for novel biomaterials with precise and definite host
interactions (Bello et al. 2013; Eggermont 2008;
Nagarajan 2008), and recent progress within
materials research encourages further inquiry into
how to best emulate the structures of natural
materials in biomimetic materials (Bello et al.
2013; Erik and Stephen 2002; Hengstenberg et al.
2001). The emerging field of biomimetics deals
with new technologies generated from biologically
stimulated engineering at nano- to macro- levels
and 3D-bioprinting. Improved understandings of
biological functions and human anatomy are critical
to achieving more varied and efficient biomedical
applications through the development of: (1) more
effective biomimetic materials and (2) approaches
to best leverage advanced technologies.

This book focuses on the development of
diverse biomimetic medical materials with intel-
lectual properties for biomedical applications. It
contains eight sections: (1) introduction,
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(2) nanomaterials as emerging biomimetic
materials, (3) biomimetic materials in tissue engi-
neering, (4) biomimetic materials and stem cell, (5)
3-D bioprinting materials, (6) immune responses
of biomaterials, (7) functional biomaterials, and
(8) intellectual properties of biomimetic materials.
This chapter provides a general overview of impor-
tant developments in the field of biomimetic medi-
cal materials (e.g., key properties and potential
applications). Chapters 2, 3, 4, 5, 6, 7, and 8 pro-
vide more details and the current statuses of indi-
vidual topics.

1.2 Nanomaterials: A Promising
Class of Biomimetic Medical
Materials

Progress made in the fields of nanoscience and
nanotechnology have directly led to advancements

of functional materials with biomedical
applications. Examples of important nanomaterials
include graphene, carbon nanotubes, fullerenes,
polymeric nanoparticles, nanogels, metal organic
nanomaterials, and supramolecular nanostructures
(Bhattacharya et al. 2014). The distinctive
physico-chemical properties (e.g., size, shape, sur-
face charge and chemical composition) drive their
potential utility in sensors, protein cages, drug
delivery, bioimaging, tissue engineering, and so
on (Bhattacharya et al. 2014). The remarkable
variety of potential roles for biomimetic
nanomaterials arises from the observation that
humans are fabricated by nanoscale interactions,
specifically the efficient self-assembly of
biological molecules (Bhattacharya et al. 2014).
Recent noteworthy advancements in the field of
biomimetic materials include organs-on-chips,
smart robotic devices, nanomaterials for tissue

Fig. 1.1 Overview of biomimetic medical materials
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engineering and orthopaedic implants
(Bhattacharya et al. 2014).

1.2.1 Protein Cages

Protein cages are artificial, symmetrical, multi-
functional constructions with three discrete
interfaces (Fig. 1.2): (1) interior, (2) exterior,
and (3) intra-subunit (Uchida et al. 2007; Chen
et al. 2012). These subunits can be chemically
and genetically tailored to generate distinct
cages best designed for a specific biomedical
application (Bhattacharya et al. 2014; Uchida
et al. 2007; Chen et al. 2012). The most common
protein cage applications involve DNA assays,
biomineralization, immunoassay, sequestration,
and the delivery of drugs and nucleic acids
(Bhattacharya et al. 2014). Huard et al. developed
the reverse metal-templated interface redesign
(rMeTIR) method which converts a natural
protein–protein interface into one that selectively
responds to a metal ion (Harrison and Arosio
1996).

They employed this method to the self-
assembly of ferritin protein cage bound by diva-
lent copper metal. In this case, copper acts as a
structural template for ferritin assembly like
RNA sequences that serve as the template for
viral capsid formation (Bhattacharya et al.
2014). This process helps to mimic the structure,
stability and modifications of isolated ferritin
occurring under physiological conditions
(Bhattacharya et al. 2014). The most common
protein cage applications involve DNA assays,
biomineralization, immunoassay, sequestration,
and the delivery of drugs and nucleic acids
(Bhattacharya et al. 2014). Huard et al. devel-
oped the reverse metal-templated interface rede-
sign (rMeTIR) method which converts a natural
protein–protein interface into one that selec-
tively responds to a metal ion (Harrison and
Arosio 1996). They employed this method to
the self-assembly of ferritin protein cage bound
by divalent copper metal. In this case, copper
acts as a structural template for ferritin assembly
like RNA sequences that serve as the template
for viral capsid formation (Bhattacharya et al.
2014). This process helps to mimic the structure,
stability and modifications of isolated
ferritin occurring under physiological conditions
(Bhattacharya et al. 2014).

1.2.1.1 Application of Protein Cage
Towards Nanomedicine

Protein-based nanomedicine systems are attrac-
tive for drug delivery because of their biocompat-
ibility, biodegradability and low toxicity
(Bhattacharya et al. 2014; Suchi et al. 2009).
The subunits of the same protein or a mixture of
proteins self-assemble and form cage-like
structures. Drugs can be loaded into the void
within the protein cage and then selectively deliv-
ered to target cells (Bhattacharya et al. 2014).
Cage sizes are consistent and facilitate the loading
of comparatively even amounts of drugs (Tang
et al. 2011; MaHam et al. 2009). Ferritin- or
apoferritin-based protein cages are naturally
derived, physiologically stable and used as bio-
compatible drug delivery systems. The removal
of iron atoms from ferritin forms apoferritin
(Mazur et al. 1950; Nakamura and Konno
1954). At pH 2, the 24 subunits of ferritin/

Fig. 1.2 Schematic representation of interfaces in a pro-
tein cage available for chemical or genetic modification
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apoferritin can dissociate and when the pH of the
solution is gradually increased, it restructures into
an integral shell structure at neutral and basic pH
(Aime et al. 2002). The dissociation–reassembly
characteristics of ferritin/apoferritin facilitates the
encapsulation of small drugs and biomarkers
(Turyanska et al. 2009; Zhang et al. 2011a, b.
c). Maeda et al. reported apoferritin as a tumor-
targeted drug delivery system. The difference in
pHs of the tumor cells and pH-responsive prop-
erty of apoferritin make it a promising carrier to
load and deliver drugs to cancer cells. They
loaded daunomycin—a drug normally used to
treat acute myeloid leukaemia and acute lympho-
cytic leukaemia diseases—into apoferritin
(Maeda et al. 1999). Fan et al. demonstrated that
magnetoferritin nanoparticles could be employed
to target and visualize tumour tissues without any
targeting ligands or contrast agents
(Fan et al. 2012). For this purpose, they
incorporated iron oxide nanoparticles into
human heavy-chain ferritin (HFn) protein shells,
which can bind target tumour cells (Maeda et al.
1999). The iron oxide core catalyses the oxidation
of peroxidase in the presence of hydrogen perox-
ide to yield a colour reaction which is used to
visualize tumour tissues (Bhattacharya et al.
2014; Maeda et al. 1999). They studied 474 clini-
cal samples from patients with nine types of
cancers and proved that the magnetoferritin
nanoparticles can discriminate cancerous cells
from normal cells with a sensitivity of 98% and
specificity of 95% (Bhattacharya et al. 2014;
Maeda et al. 1999). Zhen et al. reported that
RGD-modified ferritin is an efficient carrier of
doxorubicin for tumor-targeted delivery (Zhen
et al. 2013). They loaded doxorubicin onto
RGD-modified apoferritin nanocages with high
efficiency (up to 73.49 wt %) after being
pre-complexed with Cu(II) (Zhen et al. 2013).
The doxorubicin-loaded ferritin nanocages
exhibited longer circulation half-life, higher
tumor uptake, improved tumor growth inhibition,
and less cardiotoxicity than free doxorubicin on
U87MG subcutaneous tumor models (Zhen et al.
2013). Lin et al. described several multifunctional
ferritin nanocages with defined control of their
composition (Lin et al. 2011). They performed

in vitro and in vivo studies to assess their possible
suitability as multi-modal imaging probes. An
excellent tumour targeting efficiency was
observed and attributed to the EPR effect and
biovector-mediated targeting (Lin et al. 2011).

1.2.1.2 Protein Cage Nanomaterials
for DNA Assays
and Immunoassays

Protein cages also act as templates to prepare
monodispersed nanoparticles for protein assays.
In these methods, the protein cage has diverse
roles: (1) it offers a precise environment and
conditions for the development of highly
monodispersed nanoparticles, (2) it inhibits
aggregation of the designed nanoparticles, and
(3) in several cases, it prompts a mineralization
reaction (Bode et al. 2011; Scuderi et al. 1986).
For example, the Liu group developed different
marker-loaded apoferritin nanoparticle labels for
highly sensitive electrochemical immunoassays
of protein biomarkers and DNA assays (Liu and
Lin 2007; Liu et al. 2006a, b). Apoferritin-
templated synthesis of cadmium phosphate nano-
particle labels for electrochemical immunoassay
of tumour necrosis factor-α (TNF-α) protein bio-
marker was performed by Liu et al., where sharp
cadmium signals were observed with low
concentrations of TNF-α (i.e., from 0.01 to
10 ng/mL) (Scuderi et al. 1986 (Bhattacharya
et al. 2014). The response achieved with a
TNF-α target concentration of 10 pg/mL specifies
a detection limit of about 2 pg/mL. The low
detection is equivalent to the values acquired
by means of a common immunological assay,
like the enzyme-linked immunosorbent assay
(40 pg/mL) (Bhattacharya et al. 2014).
Jaaskelainen et al. developed a method of
fabricating modified nanoparticles using human
ferritin as a labelling agent for a bioaffinity assay
(Sharma et al. 2017). A single chain antibody Fv
fragment (scFv) was employed as the binding
substrate and Eu3+ ions as the label. They claimed
that the synthesized nanoparticles rapidly bound
antigens, and that the process is inexpensive and
ecologically sustainable, thus making the system
highly beneficial, specifically in large-scale
applications (Bhattacharya et al. 2014).

6 D. Das and I. Noh



1.2.1.3 Synthetic Dendrimers
as Alternative Protein Cages

Dendrimers are unimolecular, three-dimensional,
highly branched monodispersed macromolecules
(Sharma et al. 2017). The term ‘dendrimer’
initiated from the Greek word ‘dendrons’ which
means tree or branches, and the word ‘meros’
means parts (Sharma et al. 2017; Tomalia et al.
1990). The availability of various exterior func-
tional groups and tunable surface engineering
empower the modifications of the dendrimer for
gene and drug delivery. The distinctive properties
of dendrimers (e.g., monodispersity, flexible sur-
face functionality and internal holes), make them
model gene and drug delivery carriers. The
important properties of dendrimers which aids
their use in drug delivery include rapid uptake
by cells, presence of large numbers of different
functional groups (e.g., hydroxyl, amine, and car-
boxylic acid), and their capability to conjugate
comparatively higher-molecular-weight drugs at
a higher percentage (Sharma et al. 2017). Among
various dendrimers, poly(amido amine)
(PAMAM) dendrimers are especially promising
and have a topology similar to biomacro-
molecules, mimicking globular proteins
(Bhattacharya et al. 2014). Dendrimers are more
robust for biomedical applications than proteins,
because: (1) globular proteins are vulnerable to
denaturation by pH, temperature, and light due to
their bent structures containing linear
polypeptides units, (2) the interiors of protein
are heavily packed and their surfaces are more
heterogeneous. While, the globular character of
dendrimers is covalently linked and their homo-
geneous surfaces with precise interiors give a
structural reliability for specific biological
functions (Bhattacharya et al. 2014). Dendrimer-
encapsulated gold nanoparticles as carriers of
thiolated anti-cancer drugs were reported by
Wang et al., where dendrimer-encapsulated
drugs exhibited significantly lower cytotoxicity
compared with free anti-cancer drugs (Wang
et al. 2013a, b, c, d). Dendrimer-encapsulated
gold nanoparticles have been used to covalently
immobilize a monoclonal electrochemical
carcinoembryonic antigen for highly responsive
immune-sensing (Jeong et al. 2013). Dendrimer-

encapsulated Pt nanoparticles have also been
employed as protein mimics that displayed simi-
lar catalytic action to catalase, an enzyme which
removes excessive reactive oxygen species
(ROS) in normal cells (Wang et al. 2013a, b, c,
d). The generation 9 PAMAM dendrimers also
provide distinctive benefits to fabricate artificial
enzymes (Bhattacharya et al. 2014). Both
dendrimers and protein cages have also been
utilized as magnetic resonance imaging (MRI)
contrast materials with high relaxivity of water
protons (Helms and Meijer 2006; Aime et al.
2002).

1.2.2 Medical Applications
of Graphene-Based
Biomaterials

Graphene is a single-layer two-dimensional
structured nanomaterial (Yang et al. 2013a, b).
Recently, graphene-based materials received pro-
found interest in physical, chemical and biomedi-
cal fields (Fig. 1.3) because of their distinctive
physicochemical properties (e.g., high surface
area (2630 m2/g) (Zhu et al. 2010), strong
mechanical strength (~1100 GPa) (An et al.
2011), outstanding electrical conductivity (1738
siemens/m) (Weiss et al. 2012), consummate ther-
mal conductivity (5000 W/m/K) (Balandin et al.
2008), and ease of modification (Georgakilas

Fig. 1.3 Schematic representation of potential biomedical
applications of graphene
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et al. 2012; Huang et al. 2012). Graphene-based
materials exhibit excellent electrochemical and
optical properties, with the ability to adsorb sev-
eral aromatic biomolecules via π– π stacking
interaction and/or electrostatic interaction, which
make them excellent candidates for bio-sensing
and drug delivery (Yang et al. 2013a, b).

1.2.2.1 Graphene-Based Biosensors
for Biomolecule Detection

Graphene-based materials have been used to
build several biosensors which work through
optical and electrochemical signalling
mechanisms (Liu et al. 2012). The powerful elec-
trochemical properties of graphene create a favor-
able electrode substrate to improve biomolecule
detection (Yang et al. 2013a, b). Zhou et al.
designed graphene-based electrodes to detect
H2O2, which exhibited higher rate of electron
transfer than graphite-based and bare electrodes.
The result suggest that these materials can be used
as highly sensitive electrochemical sensors (Zhou
et al. 2009). It has also been noted that N-doped
graphene (N-graphene) shows enhanced
electrocatalytic activity toward H2O2 reduction
compared with graphene (Shao et al. 2010). The
H2O2 release from living cells was also detected
by N-graphene (Wu et al. 2012). Numerous
graphene-based glucose biosensors have been
developed and may be useful for the diagnosis
and treatment of diabetes. Thermally split
graphene was used to design a glucose oxidase-
graphene chitosan nanocomposite modified elec-
trode by Kang et al., where the electrode showed a
broader linear range of glucose sensitivity and a
detection limit of 0.02 mM (Kang et al. 2009).
Shan et al. developed a graphene-based glucose
biosensor on the modified electrode through elec-
trostatic interaction with poly(vinyl pyrrolidone)-
protected graphene and negatively charged glu-
cose oxidase (Shan et al. 2009). Wang et al.
showed that nitrogen doped-graphene displayed
high sensitivity and selectivity for glucose
biosensing (Wang et al. 2010a, b). The high sensi-
tivity of graphene-based materials towards glucose
suggests that graphene is a potentially promising
material for biosensors (Yang et al. 2013a, b).

Graphene-based materials have been used to
detect dopamine, a monoamine neurotransmitter
and hormone usually dispersed in the central ner-
vous system of mammals (Yang et al. 2013a, b).
Changes in dopamine concentrations are
connected with human health issue, and fast and
sensitive detection of dopamine is sometimes crit-
ical. Wang et al. reported a graphene-based elec-
trode for selective determination of dopamine
(Wang et al. 2009). Because of the presence of
phenyl ring, dopamine adsorbs on the electrode
surface via the pi–pi stacking interaction with
graphene (Wang et al. 2009).

1.2.2.2 Graphene-Based Bioimaging
Materials

Graphene-based materials, specially graphene
oxide (GO), have been used for biological imaging
due to excellent cellular uptake, biocompatibility,
ease of chemical modifications and typical optical
properties. To visualize adenosine-50-triphosphate
(ATP) and guanosine-50-triphosphate (GTP) in liv-
ing cells, an aptamer-carboxyfluorescein/graphene
oxide nanosheet nano-complex was developed
(Wang et al. 2013a, b, c, d) and tested in JB6
cells (Wang et al. 2010a, b) and a human breast
cancer cell MCF-7 (Wang et al. 2013a, b, c, d),
where graphene does not affect the fluorescence
property of the complex.

Different, coloured (e.g., blue, green and yel-
low) graphene quantum dots have been devel-
oped by changing the reaction temperature
(Yang et al. 2013a, b). Tetsuka et al. and Pan
et al. prepared blue fluorescent graphene quantum
dots from cutting graphene sheets by a hydrother-
mal process (Tetsuka et al. 2012; Pan et al. 2010).
Zhang et al. fabricated yellow-photoluminescent
graphene quantum dots using an electrochemical
method (Zhang et al. 2012). Peng et al. prepared
graphene quantum dots from carbon fibres using
the acid treatment and chemical exfoliation pro-
cess (Peng et al. 2012). All the prepared quantum
dots are associated with high solubility, excellent
biocompatibility, and favorable optical
properties, and hence can be used directly for
intracellular imaging without any surface treat-
ment or modification (Zhang et al. 2012; Peng
et al. 2012; Wu et al. 2013; Zhu et al. 2011).
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1.2.2.3 Graphene-Based Drug/Gene
Delivery Materials

The ultrahigh surface area (2630 m2/g) and pres-
ence of large numbers of SP2 hybridized carbon
make graphene a more suitable and competent
drug carrier than other nanomaterials (Yang
et al. 2013a, b). For instance, Dai’s group
reported loading of anticancer drugs SN38 (Liu
et al. 2008) and doxorubicin (Sun et al. 2008)
onto nano-graphene oxide, which occurred due
to physisorption through π-π stacking interaction.
Zhang et al. described controlled loading of
mixed anticancer drugs (doxorubicin and
camptothecin) onto the folic acid-conjugated
nano-graphene oxide through π–π stacking and
hydrophobic interactions. They used it for the
targeted delivery to MCF-7 cells. Results
established that folic acid-conjugated nano-
graphene oxide loaded with the two anticancer
drugs showed very high cytotoxicity against tar-
get cells than that of a single drug-loaded
graphene conjugate (Zhang et al. 2010).

Graphene-based materials are also used for
gene delivery. For example, poly(ethylene
imine) (PEI) and graphene oxide (GO) were cova-
lently combined through an amidation process
(Zhang et al. 2011a, b, c). The synthesized
PEI-GO supported loading of siRNA by electro-
static adsorption and anticancer drug doxorubicin
through π–π stacking. The loaded PEI-GO-
siRNA and PEI-GO-DOX were transported
into Hela cells. Because of the synergistic effect
of reducing Bcl-2 protein activity (via Bcl-2-
targeted siRNA) and preventing DNA and
RNA production (via DOX), the anticancer
efficiency was considerably increased
(Zhang et al. 2011a, b, c).

1.2.2.4 Graphene-Based Photothermal
Therapy Materials

Phototherapy is an approach taken for the treat-
ment of many diseases. This method controls
disease by specific light irradiation through two
processes: (1) photothermal therapy, and (2) pho-
todynamic therapy (Yang et al. 2013a, b). In case
of photothermal therapy, an optical-absorbing
agent capable of producing heat under light irra-
diation is required. Elevated temperatures

facilitate the selective death of abnormal cells
(Li et al. 2012). Owing to the strong optical
adsorption in the near-infrared region, graphene
gained significant attention in photothermal ther-
apy. Zhang et al. synthesized DOX-loaded
PEGylated nanographene oxide that can transport
both the heat and drug to the tumorigenic area to
assist chemotherapy as well as photothermal
treatment (Zhang et al. 2011a, b, c). Yang et al.
fabricated a nanocomposite probe using chemi-
cally reduced graphene oxide and iron oxide
nanoparticle for tumor bioimaging and
photothermal therapy (Yang et al. 2012). Hu
et al. developed a nanocomposite of quantum-
dot-tagged chemically reduced graphene oxide
capable of cell/tumor bright fluorescence
bioimaging and use as a photothermal therapy
(Hu et al. 2013).

1.2.2.5 Graphene-Based Tissue
Engineering Biomaterials

The functionalized graphene, specifically
graphene oxide, serves as a complementary car-
bon nanomaterial to design scaffolds for tissue
engineering due to its high mechanical strength,
large surface area, and favorable electrical
properties (Xie et al. 2013; Shin et al. 2011;
Ramón-Azcón et al. 2013; Li et al. 2013; Geim
and Novoselov 2007; Park and Ruoff 2009; Gao
2015). Wang et al. described that compared to a
crosslinker, a small amount of graphene oxide
dramatically improved the mechanical property
of their prepared self-healing nanocomposite
(Wang et al. 2013a, b, c, d). The effect of
graphene on the proliferation of human mesen-
chymal stem cells (hMSCs) was studied by
Nayak et al. and results showed that it did not
hamper cell proliferation and specifically
enhanced their differentiation into bone cells
(Nayak et al. 2011). Shin et al. designed RGD
peptide-graphene oxide-PLGA nanofiber mats to
be used as scaffolds for vascular tissue engineer-
ing (Shin et al. 2017). It was observed that the
physicochemical, thermal and mechanical
properties of fabricated nanofiber mats are suit-
able for supporting cell growth and thus may
serve as promising scaffolds for vascular tissue
engineering (Shin et al. 2017).
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1.2.3 Nanogel as an Effective Drug
Delivery System

As a member of nano-size particulate materials,
nanogels have potentially enormous significance
for the drug delivery field. By definition, nanogels
are three-dimensional, crosslinked swellable
polymeric networks (smaller than 1000 nm) that,
without dissolving into aqueous media, have high
water-holding capacity (Oh et al. 2008; Soni et al.
2016). Gels with particle size ranges within
200 nm are efficient for targeted drug delivery.
While these particles are mainly spherical, recent
advances in synthetic approaches permit for the
design of nanogels with different shapes (Rolland

et al. 2005; Kersey et al. 2012). Nanogels are
fabricated using physical or chemical
crosslinking methods (Zhang et al. 2016). They
possess combined characteristics of gels—a soft
material which merges the properties of solids
and fluids—and nanoparticles (Soni et al. 2016).
Nanogels have the capacity of absorbing large
amount of water or biological fluids principally
due to its large surface-to-volume ratio and the
presence of –OH, –COOH, –CONH–, –CONH2,
and –SO3H group in their polymer chains (Zhang
et al. 2016). The biocompatible nature of the
nanogels is attributed to the high water content
and low surface tension (Zhang et al. 2016).

Fig. 1.4 In vivo behaviors of nanogel
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The porous nature of nanogels contributes to
the high loading efficiency of guest molecules
and excellent swelling property which makes
them suitable for controlled release systems
(Fig. 1.4). Their features (e.g., size, charge, poros-
ity, softness, and degradability) can be tuned by
changing the chemical composition of the
nanogels (Soni et al. 2016). Their flexibility
permits for incorporation of different types of
guest molecules (e.g., inorganic nanoparticles,
proteins, drugs and DNA), without disturbing
their gel-like behaviors (Chacko et al. 2012).
These multi-functionalities and stabilities are not
observed in other categories of nano particulates
(Napier and DeSimone 2007) particularly the
capacity to incorporate materials with different
physical properties within the same carrier.
Nanogels prevent the denaturation and degrada-
tion of loaded guest molecules (e.g., enzymes,
drugs and genetic material), while the structural
properties of nanogel macromolecular networks
and sustained releases of bioactive molecules
enhance the circulation half-lives of small drug
molecules, and provide a suitable matrix for com-
bination delivery of therapeutic molecules (Zhang
et al. 2016). They can be specifically target sites
of interest through conjugation with a targeting
ligand or by passive targeting owing to their
nano-scale size (Zhang et al. 2016).

1.3 Biomimetic Materials
and Tissue Engineering

Tissue engineering is a process designed to repair
diseased or damaged tissue by incorporating
healthy cells (from the patient or a donor) into
scaffold materials which serve as matrices for cell
cultivation (Kolos and Ruys 2013). To construct
biological tissues, three main components are
essential: (1) scaffold materials, (2) cells, and
(3) signals (Fig. 1.5). Biocompatibility,
3D-structure, distribution of interconnected
pores to encourage vascularization, cell attach-
ment and growth are primary attributes of a
promising scaffold material (Kolos and Ruys
2013; Patterson et al. 2010). Scaffolds may be
biodegradable or permanent. Biodegradation is

ideal for tissue regeneration where host tissue
can substitute the scaffold and that stress can be
shifted gradually from the scaffold to the new
tissue (Kolos and Ruys 2013). Cell signals can
be tuned using differentiation factors or specific
receptors (Kolos and Ruys 2013).

Biomimetic materials for tissue engineering
mimic the important mechanical features of the
organs, tissues and extracellular matrix (e.g.,
mechanical strength, softness, composition of
extracellular matrix), and biological performance
(e.g., adhesion, release and delivery of growth
factors, and tissue-remodeling behaviors
(Patterson et al. 2010). Different types of
biomaterials (e.g., naturally occurring molecules,
functionalized biomolecules, and synthetic chem-
ical materials) have been used in tissue
engineering.

1.3.1 Naturally Occurring Molecules

1.3.1.1 Collagen
Collagen, the most plentiful mammalian protein,
is a triple helix primarily made up of glycine,
proline and 4-hydroxyproline (Patterson et al.
2010). Collagens can be reconstructed into a
fibrillar matrix or gel by changing the temperature
or pH, however, reduced mechanical strength of
collagen gel is a major concern for in vivo

Fig. 1.5 Components for the engineering of tissues
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applications (Patterson et al. 2010). Thus, several
methods have been applied to improve the
mechanical strength of collagen in applications
such as hydrogels, hybrid gels, and hybrid
scaffolds through chemical or physical combina-
tion with other biomaterials (Sheehy et al. 2018;
Hatayama et al. 2017).

1.3.1.2 Glycosaminoglycans
Glycosaminoglycans (GAG) are long unbranched
polysaccharides which can amplify the bio-
mechanical and biochemical functions of ECM
(Patterson et al. 2010). Most GAGs, with the
exception of hyaluronic acid, are components of
proteoglycans; hyaluronic acid does not remain
covalently attached to a protein core, but rather is
entangled within the extracellular space
(Patterson et al. 2010). The anionic polymer
supplies mechanical strength to the ECM by
absorbing water, whereas, the GAG unit
influences tissue organization through cell-
surface receptor interactions (Toole 2004).

The natural source of hyaluronic acid is rooster
comb, however, it can also be produced using
Streptococcus bacterium. It forms a gel by
absorbing large amounts of water, and due to its
high molecular weight, loses its shapes very
slowly. Through the carboxyl and hydroxyl func-
tional groups of hyaluronic acid, several types of
gels and scaffolds with tunable mechanical
properties have been developed and applied to
tissue engineering (Kutlusoy et al. 2017;
Walimbe et al. 2017; Entekhabi et al. 2016;
Chen et al. 2017; Fan et al. 2015).

1.3.1.3 Self-Assembling Polypeptides
Like proteins, peptides self-assemble and may
form nanofibrillar gels through non-covalent
intermolecular interactions (Branco and
Schneider 2009). Numerous nanofibrillar gels
and scaffolds were developed through self-
assembly of peptides and used to deliver growth
factors and impact the 3-D organization of cells
(Zhang et al. 1995; Gelain et al. 2007; Schneider
et al. 2008; Segers et al. 2007; Hsieh et al. 2006).
These gels have been designed to form specific
cell interactions, depending the availability of
specific biofunctional ligands (Branco and

Schneider 2009). To increase cell:tissue
interactions, a laminin-derived peptide Ile-Lys-
Val-Ala-Val-based scaffold was designed by
Silva et al., where the encapsulated neural pro-
genitor cells were perceived to differentiate into
neurons (Silva et al. 2004).

An alternative polypeptide capable of forming
hydrogels from Val-Pro-Gly-X-Gly penta-units
(X is amino acid other than proline) is elastin-
like-polypeptides. They are soluble in aqueous
media, but become insoluble and aggregate at a
critical temperature (Chilkoti et al. 2006). Elastin-
like-polypeptides stimulate the preparation and
preservation of cartilaginous matrix from cap-
tured chondrocytes and stem cells (Betre et al.
2006), while, for cell attachment, elastin-like-
polypeptides have also been reformed with
ECM ligands (Liu et al. 2004).

1.3.1.4 Synthetic Hydrogel Materials
Mimicking Biological
Functionality

Synthetic analogues of biomaterials may offer
several advantages for tissue engineering, how-
ever, in some cases, viability may be affected by
reaction or physiological conditions (Patterson
et al. 2010). Importantly, the use of completely
synthetic materials may reduce purification
issues. One of the emerging materials which
open a new door for tissue engineering is poly-
meric hydrogels which may be fully synthetic or
modified biopolymers. Appropriate swelling
characteristics are important to mimic the visco-
elastic properties of natural ECM (Patterson et al.
2010). Cell-responsive hydrogels for use in tissue
engineering can be prepared by using
polysaccharides (e.g., alginate, starch, cellulose,
chitosan, chitin, pectins, agar, dextran, gellan,
pullulan, xanthan) (Bacakova et al. 2014) and
synthetic polymers incorporating cell-responsive
peptide domains (e.g., poly(ethylene glycol)
(PEG), poly(hydroxyethyl methacrylate), poly
(vinyl alcohol) (Patterson et al. 2010). Peptide-
conjugated polymers may offer ECM-derived
bimolecular signals (Patterson et al. 2010). RGD
is an example of a peptide where conformation
also has a great effect on cell adhesion. For exam-
ple, the incorporation of cyclic RGD into photo-

12 D. Das and I. Noh



crosslinked PEG-diacrylate hydrogels
demonstrated improved endothelial cell adhesion
compared with hydrogels containing linear
peptides (Zhu et al. 2009).

Degradability is another crucial factor for the
design and development of cell responsive
biomaterials (Patterson et al. 2010). The degrada-
tion behaviour of the general hydrogel can be
prompted by the incorporation of hydrolytically
degradable moieties (e.g., poly(glycolic acid),
poly(lactic acid), alginate, or hyaluronate)
(Patterson et al. 2010). In vivo, ECM molecules
are degraded enzymatically by cell-secreted
proteases. Thus, cell-mediated control of degra-
dation can be designed into synthetic hydrogels
by combining protease substrates (Patterson et al.
2010). Again, degradation of photo-crosslinked
PEG-caprolactone gels take place in the presence
of lipase (Patterson et al. 2010). Furthermore,
bio-functionalization will also afford signals
essential to stimulate cell behaviours (Patterson
et al. 2010). For these purposes, researchers are
using single or multiple growth factors to recapit-
ulate natural processes (Patterson et al. 2010).

1.4 Biomimetic Materials and Stem
Cells

1.4.1 The Potential Roles of Stem
Cells in Biomimetic Scaffold
Formation

Stem cells have been renowned for their cell
therapy potential because of their potential to
self-renew via cell division and differentiation
into diverse specialized cell types (Liao et al.
2008). The regeneration of diseased and damaged
tissues using cell therapy is receiving significant
interest because it may potentially extended
human organ functionality, and lead to longer
and healthier lives (Vunjak-Novakovic and
Scadden 2011; Nassar et al. 2017). Recently,
due to the lack of matching donor organs, tissues
which are away from repair, or missing owing to
surgical resection or inborn abnormalities are

being substituted by transplantation (Vunjak-
Novakovic and Scadden 2011). Current advances
in stem cell biology and tissue engineering are
allowing tissue engineers to instruct multipotent
stem cells to differentiate into a proper phenotype
at the right time and location to assist well-
designed tissue structures (Vunjak-Novakovic
and Scadden 2011). A proper combination of
biology and engineering is required for creating
biomimetic atmospheres appropriate for the
development and regeneration of tissue in vivo.
The presence of bioactive molecules capable of
supplying chemical, physical and spatial signals
in the scaffolds is indispensable to mimic natural
tissue growth (Vunjak-Novakovic and Scadden
2011). In addition to that flexibility of stem
cells, one vital characteristic for multiple-tissue
engineering applications is the most promising
source for this purpose.

Generally, stem cells are one of two types,
(1) pluripotent stem cells, containing embryonic
stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), and (2) multipotent adult stem cells
(Fig. 1.6) (Lee et al. 2018). Shinya Yamanaka’s
group first discovered induced pluripotent stem
cells (iPSCs) using the nuclear reprogramming of
unipotent adult somatic cells (Takahashi and
Yamanaka 2006; Rashid and Alexander 2013).
These are a distinct group of stem cells, which
retain pluripotency and the capacity for self-
renewal (Takahashi and Yamanaka 2006; Rashid
and Alexander 2013). Like embryonic stem cells,
induced pluripotent stem cells are known for their
ability to grow indefinitely in culture without the
losing pluripotency and ability to differentiate
into different somatic cells. Multipotent adult
stem cells are seen in many tissues and organs
(e.g., bone marrow, skin, and within the central
nervous system) (Caplan 2007). Human mesen-
chymal stem cells (hMSCs) are a type of
multipotent stem cells found in muscles, fats,
and bone marrow) (Caplan 2007). The hMSCs
of bone marrow are capable of differentiating
into different tissue lineages, like osteoblasts
(i.e., bone cells), adipocytes (i.e., fat cells), and
chondrocytes (i.e., cartilage cells) (Pittenger et al.
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1999). These hMSC-associated abilities support
their potential as striking alternatives for muscu-
loskeletal tissue regeneration.

1.4.1.1 Stem Cells Fate
For practical tissue engineering and regenerative
medicine, morphological and physiological simi-
larity is required between in vivo condition and
converted stem cells and tissues. The
reformations of these cells depend on various
factors (e.g., cell-ECM interaction, concentration
of growth factors, topography, elasticity, stiff-
ness, and porosity of the ECM) (Lee et al.
2018). Generally, cell-secreted molecules (e.g.,
proteoglycans, collagen and elastin) in ECM
have important roles for stem cell activities (Lee
et al. 2018).

1.4.1.2 Polymeric Materials Impacting
Stem Cell Fates

To reduce challenges associated with in vivo
physiological cellular microenvironments and to
control stem cell fate, advanced research is

focusing on in the field of biomaterials science
and engineering (e.g., manipulation of
biomaterial’s composition, stiffness, surface
topography, and porosity) (Lee et al. 2018). In
this regard, polymeric hydrogels have been
employed to mimic the physiological
microenvironments of stem cells (Hoffman
2012) due to the available of compatible space
for cellular adhesion, proliferation and its
mechanical properties (Hoffman 2012).
Hydrogels made from natural products (e.g., col-
lagen, silk protein, hyaluronic acid, cellulose or
chitosan) have been extensively used to arrange
stem cells and improve embryonic body differen-
tiation (Lee et al. 2018). Besides, synthetic
polymers [e.g., poly(ethylene glycol), poly(lactic
acid), and poly(lactic-co-glycolic acid)] have
been used for the in vitro and in vivo stimulation
of stem cell differentiation by incorporating bio-
active signals (Lee et al. 2018).

Fig. 1.6 Classification and processing of stem cells
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1.4.1.3 Nanomaterials for Stem
Cells Fate

As nanotechnology and material sciences prog-
ress, various nanomaterials (eg, 0-D
nanoparticles, 1-D nanotubes, 2-D nanosheets,
and 3-D nanofoams) have been developed to
mimic natural cellular environments to optimize
stem cell control (Lee et al. 2018). Nano-
architectured scaffolds have been designed to
improve cellular attachment and enhance the
modification of overall cellular shapes and
alignments (Lee et al. 2018). Moreover,
nanomaterials should ideally play an important
role leading to improved mechanical properties
and electrical conductivity of the scaffolds (Lee
et al. 2018). Typically, 0-D nanoparticles are used
to design differently patterned topographies to
mimic natural ECMs and to enhance cellular
attachment for cell-ECM interactions (Hou et al.
2013). By controlling surface charges and
hydrophobicity of nanoparticles, they can be
used in protein targeting and binding, which will
be beneficial for stem cell applications (Lee et al.
2018). Again, the uses of 1-D carbon nanotubes
and 2-D graphene nanosheets, and graphene
oxide are broadly used for the improvement of
properties of synthetic tissue engineering
scaffolds because of their excellent electrical con-
ductivity and strong mechanical strengths, and
particularly accelerating stem cell proliferation
and differentiation ability of carbon nanotubes
(Lee et al. 2018).

1.5 3-D Bioprinting Materials

In spite of advances in tissue engineering,
demand for substitute fabrication methods to
build up complex tissues and organs is increasing
due to limited controlling power of conventional
techniques including porogen-leaching,
electrospinning, and injection molding on scaf-
fold architectures, composition, pore shape, size,
and distribution (Ji and Guvendiren 2017; Mur-
phy and Atala 2014; Groen et al. 2016; Shafiee
and Atala 2016). 3D bioprinting provides
immense prospective to construct highly

multifaceted designs with precise control of
structures, mechanics, and biological
characteristics (Ji and Guvendiren 2017). Owing
to diverse advantages (e.g., computer-supported
patient-specific design, controlled manufacture,
superior structural complexity, and high-
efficiency), 3-D printing is a striking technology
to make scaffolds, devices, and tissue models for
biomedical applications (Ji and Guvendiren 2017;
Guvendiren et al. 2016). 3D bioprinting processes
involve fabrication of scaffolds or devices in a
layer-by-layer approach using living cells into a
tissue construct with or without a carrier (Cui
et al. 2017; Shafiee and Atala 2016). The bioma-
terial used for cellular bioprinting is called bioink.
Cell-loaded hydrogels, decellulerized
ECM-based solutions, and cell suspensions are
the most commonly used bioinks (Ji and
Guvendiren 2017; Chen et al. 2016; Gu et al.
2016).

1.5.1 Essential Properties of Bioinks

A model bioink material should contain several
key characteristics of biomaterials and functions
(e.g., printability, mechanics, shape stability,
functionalizability, biocompatibility, bioactivity,
cytocompatibility, and degradability) (Ji and
Guvendiren 2017). Printability includes two
branches: (1) processability of the bioink, and
(2) reliability of mechanical strength of the
printed 3D construction after printing (Ji and
Guvendiren 2017). Viscosity is a vital bioink
factor affecting printability and cell-
encapsulation efficiency. Highly viscous polymer
solutions do not flow easily and thus cannot hold
their shapes for a long time after printing. How-
ever, for regular printing through direct ink
writing method, high pressure is required. Gener-
ally, for inkjet or droplet-based bioprinters, the
bioink viscosity value is near to 10 mPa�s
(Gudapati et al. 2016; Ozbolat et al. 2017), the
viscosity of bioinks for extrusion-based direct ink
writing bioprinting ranges from 6–30� 107 mPa�s
(Ozbolat et al. 2017), and in case of laser-assisted
bioprinting, the bioink viscosity ranges from
1–300 mPa�s (Hölzl et al. 2016). The whole
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mechanics, (i.e., attainable stiffness), is signifi-
cant to produce self-supporting structures and to
control and direct cellular behaviors (Ji and
Guvendiren 2017). Degradation is noteworthy to
progressively replacing the construct with their
regenerated ECM in vivo by cells. Functiona-
lizability is requisite to incorporate biological
signals, specifically, bioactivity, to direct cellular
behavior (e.g., migration, adhesion and differen-
tiation) (Ji and Guvendiren 2017). Furthermore,
biocompatibility, cytocompatibility, and high cell
viability are fundamental for the ink materials
(Kim et al. 2016; Park et al. 2016; Jung et al.
2017).

1.5.2 Currently Available Bioinks

Cell-loaded hydrogels, decellularized
ECM-based solutions, and cell suspensions are
regularly used as bioinks for tissue and organ
printing (Ji and Guvendiren 2017). Cell-loaded
hydrogels are remarkable because of their tunable
characteristics and their ability to recapitulate the
cellular microenvironment (Ji and Guvendiren
2017). ECM-based bioink/decellulerized tissue
inks are attractive because of their intrinsic bioac-
tivity and easiness of making printable bioink
(Ji and Guvendiren 2017). Cell suspension inks
are used to generate scaffold-free biological
constructs using cell aggregates (Ji and
Guvendiren 2017).

1.5.2.1 Cell-Loaded Hydrogels
Cell-loaded hydrogels are typically used as
bioinks for extrusion-based, droplet-based
(inkjet), and laser-based bioprinting methods to
construct scaffolds or organs. Generally, these
bioinks are natural hydrogels derived from
biopolymers (e.g., agarose, chitosan, alginate,
hyaluronate, collagen, fibrin, and gelatin). Addi-
tionally, synthetic hydrogels (e.g., pluronic
(poloxamer) and PEG) are also used. Except
agarose and alginate, biopolymer-based
hydrogels have inherent bioactivity and exhibit
structural similarity to ECM (Ji and Guvendiren
2017). Compared to natural hydrogels, synthetic
hydrogels have more advantageous mechanical

properties, but they do not endorse cellular func-
tion, thus additional functionalization is required
to tether bioactive cues into synthetic hydrogels.
Sometimes, the mechanical properties and/or
bioactivity can also be modified by embedding
nanoparticles into bioink formulation (Ribeiro
et al. 2015). Crosslinking is one of the best
techniques for bioink preparation using poly-
meric materials. Two types of crosslinking pro-
cess exist, (1) physical crosslinking, and
(2) chemical crosslinking. Physical crosslinking
deals with hydrophobic interactions, hydrogen
bonding, and ionic interactions. Chemical
crosslinking involves formation of covalent
bonds through radical polymerization, enzy-
matic reaction or Michael-type addition reaction.
Chemically crosslinked hydrogels are mechani-
cally stronger than physically crosslinked gels,
which is mainly significant for the stem cell
behavior including differentiation (Ji and
Guvendiren 2017). A stable crosslinked gel of
acrylated pluronic has been prepared after print-
ing using UV light by Müller et al. (Müller et al.
2015). Two PEG derivatives (e.g.,
PEG-diacrylate and PEG-methacrylate) are
used as proper polymers for extrusion-based,
laser-based, droplet-based printing systems
(Wüst et al. 2015). Basically, PEG is hydro-
philic, but not adhesive to proteins and cells.
For this reason, the addition of natural polymers
or functionalization with biochemical cues is
required to make it suitable for biological appli-
cation. Hong et al. synthesized 3D printing of
tough and biocompatible, cell-laden PEG–
alginate–nanoclay hydrogels infused with colla-
gen (Hong et al. 2015). Alginate is also used to
prepare bioinks for inkjet and extrusion-based
printing process. In case of inkjet printing, cal-
cium chloride is sprayed onto the solution of
alginic acid (Boland et al. 2007). For extrusion-
based printing, a viscous solution of alginate is
first printed and then the printed designs are
exposed to CaCl2 solution to make a stable
shape after ionic crosslinking (Ji and
Guvendiren 2017). Alginate is not cell-adhesive,
therefore, natural polymers like gelatin or fibrin-
ogen are incorporated into the matrix to induce
cell adhesiveness and biological activity (Lim
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et al. 2016; Pan et al. 2016). Among all
biopolymers, hyaluronic acid and gelatin have
been widely employed for the preparation of
functionalized polymers for 3D-bioprinting
applications. For instance, methacrylated gelatin
are used for the preparation of hydrogels through
radical polymerization for 3D-bioprinting
(Loessner et al. 2016; Lim et al. 2016].
Hyaluronate-based hydrogels have also been
developed and used for 3D-bioprinting technol-
ogy by many research groups (Highley et al.
2015; Ouyang et al. 2016). Recently, self-
assembled peptides (Raphael et al. 2017), and
polypeptide–DNA hydrogels (Li et al. 2015)
have been used as other promising materials for
bioinks fabrication.

1.5.2.2 Cell Suspension Bioinks
Bioprinting of scaffold-free constructs exploits
cell aggregates by forming cellular spheroids as
bioinks (Jakab et al. 2010; Christensen et al.
2015). This procedure relies on tissue liquidity
and fusion, that permit cells self-assembly of cells
and fuse owing to cell–cell interactions (Ji and
Guvendiren 2017). Organovo Inc. is a typical
medical research company that fabricated liver
models through extrusion-based printing tech-
nique with high density bioinks using parenchy-
mal cells/non-parenchymal cells (Nguyen et al.
2016). Again, by combining bioprinting and
microcarrier technology, Tan et al. proliferated
cells on poly(D,L-lactic-co-glycolic acid) porous
microspheres and then performed printing (Tan
et al. 2016).

1.5.2.3 Decellularized ECM-Based
Bioinks

This type of bioink is prepared by: (1) tissue
decellularization, (2) ECM drying (to generate a
powder) and (3) dissolving the powder in a cell
friendly buffer solution (Ji and Guvendiren
2017). A carrier polymer could be employed to
enhance solubility, viscosity, or to induce post-
crosslinking of the bioink (Ji and Guvendiren
2017). Even though this method offers a novel
solution for bioink preparation, the
decellularization procedure involves numerous
steps (e.g., accurate quantification of the DNA

and the ECM components), which make it expen-
sive. Using this method, decellularized
ECM-based bioinks supported by PCL has been
printed to form 3D constructs (Pati et al. 2014).
Printing of vitamin B2-induced decellularized
ECM-based covalent crosslink gel has been
recently reported by Jang et al. (Jang et al. 2016;
Jang et al. 2017).

1.6 Immune Responses
of Biomaterials

The immune system is conventionally considered
from the standpoint of protecting against bacterial
or viral infections (Gardner et al. 2013). The
compatibility of biomaterials is important to
their structural and genetic functions in biomedi-
cal applications (Chung et al. 2017). However,
biomaterial implants can also illicit immune
responses (Gardner et al. 2013). These immune
responses are adjudicated by different molecular
cues (e.g., antibodies, cytokines, and cell types,
such as macrophages, neutrophils, natural killer
cells, neutrophils, T-cells, B-cells, T-cells, and
dendritic cells) (Gardner et al. 2013). Normally,
these molecular signals direct the production of
fibrous capsule around implants, thus protecting
the body from these foreign materials (Gardner
et al. 2013; Chung et al. 2017).

The effect of the biological scaffolds on the
immune system is a crucial feature responsible for
the constructive regenerative results. Many
mechanisms have been proposed for this response
(e.g., the breakdown of ECM can expose multiple
secret domains that govern many cell
functionalities like invasion, migration, adhesion
and differentiation) (Chung et al. 2017). Again, T
helper cells coordinate the phenotypic and func-
tional changes of macrophages to regenerative
ability (Chung et al. 2017). On the basis of
in vitro responses to different cytokines,
macrophages have two functional phenotypes,
M1 (pro-inflammatory) and M2 (pro-healing)
(Chung et al. 2017). From the viewpoint of
immunomodulatory biomaterials, the ECM reno-
vation process could be an excellent approach to
improve regeneration. ECM remodelling is like
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tissue homeostasis, and has precise effects on
wound healing (Chung et al. 2017). Because of
the collagen synthesis and breakdown capacity,
and as a part of ECM, fibroblasts are main agents
in this process. The interaction between fibroblast
and immune cells is related to wound closing and
tissue regeneration (Chung et al. 2017). Actually,
during the wound repairing process, macrophages
favour the anti-inflammatory phenotype, and dis-
charge vascular endothelial growth factor
(VEGF) and transforming growth factor (TGF)-
β (Chung et al. 2017). These elements act as
intercellular communication signals leading to
the proliferation and growth of fibroblast during
the wound remodelling process (Chung et al.
2017). Therefore, understanding the crosstalk
between fibroblasts and immune cells may
empower the design of biomaterials that can con-
trol the healing response and regeneration ability
(Chung et al. 2017). Synthetic biomaterials have
been fabricated in plastics and fabrics, and used
for biomedical applications ranging from artificial
articulating joints to vascular grafts (Chung et al.
2017). While non-degradable synthetic materials
also employed in commercial tissue engineering,
synthetic degradable polymers, like polyesters,
were used as tissue engineering scaffolds to
afford a biocompatible cellular environment
which degrades as tissue forms (Chung et al.
2017). However, biological signals including
proteins, peptides, small molecules, and
carbohydrates could be embedded to improve
cell function and tissue development. The bio-
compatibility of the synthetic implants involved
escaping the foreign body response (FBR),
fibrotic encapsulation, and toxicity of degradation
products (Chung et al. 2017). The FBR was natu-
rally characterized through the arrival and fusion
of macrophages around the foreign body to pro-
duce giant cells (Chung et al. 2017).

1.7 Intellectual Property
(IP) Associated with Biomedical
Materials

Inventors and scientists are continuously put-
ting their efforts towards researches in

companies and institutions to advance society
through innovations in instruments, methods,
software, medical devices and biomaterials.
Protection of IP is particularly noteworthy in
the biomedical industry. Biomaterials used on
or in the human body need wide analyses to
confirm biocompatibility, and to assess side
effects including clinical aspects (Hornick and
Rajan 2015). These evaluations increase the
costs of R&D for novel advanced products.
Innovators think that some yields will be posi-
tive, accept endorsement for sales, produce suf-
ficient income to recover research and advance
costs for both fruitful and failed products, and
make a revenue (Hornick and Rajan 2015). In
recent decades, inventors, their attorneys, the
courts, and even congress have fought with
the patentability of software, as the original
patent laws and even recent amendments do
not clearly address it (Hornick and Rajan
2015). Likewise, in spite of the prospective to
advance science, nanotechnology, 3D
bioprinting technology, and tissue engineering
raise more queries about what features of these
new inventions and advances can be secured by
IP, which cannot be protected, and which
should not be protected for ethical and public
policy motives (Hornick and Rajan 2015).

Implanted biomaterials and medical devices,
surgical treatments and methods, engineered
tissues and medicinal drugs have been secured
by patents, design patents, trademarks,
copyrights, and trade secrets (Hornick and Rajan
2015). Implanted devices remain within the
machine category, for those patent laws, and
design patents are applicable. Although surgical
treatments and methods are not protected in some
countries but in US, it is under process category
of patent laws (Hornick and Rajan 2015). Medic-
inal drugs have been protected by patents for
compositions of substrates, where the patents are
approved for the synthetic chemical structures of
the drugs (Hornick and Rajan 2015). IP laws are
also applicable for all aspects of 3D bioprinting
and nanotechnology (e.g., hardware involved for
printing, software for the design of tissue
structures, and materials with specific
compositions used in this system). The most
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noticeable forms of IP for 3D bioprinting and
nanotechnology are patent and trade secret pro-
tection (Hornick and Rajan 2015). Even though
copyrights also protect the software of 3D
bioprinting and nanotechnology machine
(Hornick and Rajan 2015), the issues of
engineered tissues and organs still remain to be
solved due to humanized used over time.

1.8 Concluding Remarks
and Future Perspectives

Development of biomimetic materials is expo-
nentially increasing, especially for their
applications in tissue engineering and regenera-
tive medicine, biosensors, drug/protein delivery,
stem cell research, 3D bioprinting and so
on. These biomaterials have been fabricated by
taking inspiration from existing designs and
procedures of nature, along with the understand-
ing of the chemistry and mechanisms of cell biol-
ogy, nature of diseases, mode of actions and
mechanism of biomolecules. It is true that till
now, numerous biomaterials have been
fabricated, have faced several difficulties in vitro
and/or in vivo. Many materials achieved to their
best levels but some of them have failed to
achieve their best levels. Research is continuously
going on in this field to find better options and for
progress of the society. However, the inclusive
successful development of biomimetic medical
materials solely depends on their practical imple-
mentation on or in human body. This process is
associated with the development of technology,
software, device and so on. The modern progress
within materials research promotes further inves-
tigation into how to best emulate the structures of
natural materials in biomimetic materials. The
emerging field of biomimetics deals with new
technologies created from biologically stimulated
engineering at nano- to macro- levels and
3D-bioprinting. Indeed, these technologies revo-
lutionize materials science and engineering, and
provide opportunities to develop tissue engineer-
ing scaffolds, devices, and tissue models for bio-
medical applications by embedding several

biomimetic features at the molecular, genetic,
and nanometer scales.

In conclusion, the developed biomimetic med-
ical materials should be biocompatible and flexi-
ble. They should contain cellular and molecular
induction and adhesion sites, sufficient mechani-
cal strength, and possess characteristics of biode-
gradability and tissue remodeling. To be a model
biomedical applicable material, effective in vivo
results are the primary requirements. A combined
package of biomaterial, technology, software, and
device could offer a systematic approach for med-
ical application. Besides, IP protection is impor-
tant in the medical industry. Everything that is
used on or in the human body needs wide-ranging
analysis to confirm biocompatibility, and to eval-
uate side effects by Food and Drug Administra-
tion of each country.

It is expected that in near future, researchers
will able to develop more effective and sophisti-
cated biomimetic medical materials for efficient
biomedical applications through further improve-
ment of the understandings of biological
functions and human anatomy, and using best
leverage advanced technologies especially
through wide applications of biomimetics such
as nanotechnology and 3D-printing.
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Protein Cage Nanoparticles as Delivery
Nanoplatforms 2
Bongseo Choi, Hansol Kim, Hyukjun Choi, and Sebyung Kang

2.1 Introduction

Along with the innovative development of nano-
technology, a wide range of nanoscale delivery
vehicles, including liposomes, micelles, inorganic
and polymeric nanoparticles, and protein cage
nanoparticles, has been developed to effectively
deliver therapeutic and/or diagnostic reagents to
the target sites (Allen and Cullis 2013; Brigger
et al. 2002; Lee et al. 2016; Rösler et al. 2001;
Wang et al. 2012). The nanoscale and modifiable
surface of delivery nanoplatforms generally result
in efficient passive delivery of cargo molecules
mainly relying on enhanced permeability and
retention (EPR) effects of nanoparticles in tumor
tissues (Brigger et al. 2002). EPR effects of deliv-
ery nanoplatforms frequently allow a long circu-
lation time in the bloodstream and deep
penetration of delivered cargoes, such as thera-
peutic and/or diagnostic reagents. For the
localized treatment of diseases, minimizing side-
effects, and target-specific diagnosis of symptoms
in early stage, the active targeted delivery of
diagnostic or/and therapeutic reagents to desired
sites using nanoparticles has been widely
attempted.

Among various delivery nanoplatforms, pro-
tein cage nanoparticles are considered to be excel-
lent candidates for multifunctional delivery
nanoplatforms due to their well-defined
architectures and high biocompatibility (Lee
et al. 2016; Maham et al. 2009). A variety of
protein cage nanoparticles, such as ferritin,
lumazine synthase, encapsulin, and virus-like
particles, have been extensively studied and
their atomic resolution crystal structures have
been solved allowing us to easily manipulate
them genetically and chemically (Fig. 2.1). Pro-
tein cage nanoparticles have three distinct
interfaces: interior and exterior surfaces as well
as the interfaces between subunits. These versa-
tile interfaces allow them to be utilized as delivery
nanoplatforms for diverse applications (Douglas
and Young 2006; Uchida et al. 2010). The
defined interior spaces and/or surfaces of protein
cage nanoparticles are used as rooms for
synthesizing size-constraint biomimetic
nanomaterials or for encapsulating diagnostic
and/or therapeutic reagents (Bode et al. 2011;
Flenniken et al. 2009; Kang and Douglas 2010;
Lee et al. 2016). The exterior surfaces of protein
cage nanoparticles provide the sites for presenting
various types of molecules including affinity tags,
antibodies, fluorophores, carbohydrates, nucleic
acids, and targeting peptides (Kang et al. 2012,
2014; Kim et al. 2016; Min et al. 2014a, b; Moon
et al. 2013, 2014a, b). Chimeric protein cage
nanoparticles having multifunctions can also be
generated by modulating assembly of
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pre-functionalized subunits either in cells or
in vitro (Kang et al. 2008a, b, 2009; Suci et al.
2010). The highly symmetric and uniform, but
multivalent nature of protein cage nanoparticle
makes them attractive as multifunctional delivery
nanoplatforms. In this chapter, we will briefly
discuss about recent development of protein
cage nanoparticles as delivery nanoplatforms
and their broad usages in biomedical fields.

2.2 Therapeutic and/or Diagnostic
Agent Delivery Nanoplatforms

Nature provides a wide range of protein cage
nanoparticles which have their own unique bio-
chemical and biophysical properties, such as size,
composition, stability and biological activity. The
various types of protein cage nanoparticles hav-
ing different origins and compositions have been
used depending on their applications.

2.2.1 Small-Sized Protein Cage
Nanoparticles: Ferritin,
Lumazine Synthase,
and Encapsulin

Ferritins are iron storage proteins found in almost
all living organisms from bacteria to animals
(Theil et al. 2013). Ferritins are composed of
24 subunits and self-assemble into highly sym-
metric 12 nm closed shells having 8 nm inner
diameter cavity. Recently, RGD-modified ferritin
was used to encapsulate doxorubicin (Dox) up to
73.49wt% by pre-complexing with Cu(II) and,
similarly, cisplatin which are Pt-based drugs up
to 50 molecules via metal-ferritin interaction and
selectively delivered them to the target sites
(Zhen et al. 2013). Non-covalent loading and
unloading of hydrophobic drug-like molecules
to ferritin was also demonstrated by chemically
conjugating β-cyclodextrins (β-CDs) on the sur-
face of ferritin which spontaneously capture
hydrophobic drug molecules and reversibly
release them (Kwon et al. 2012). For the targeted

Fig. 2.1 Surface diagram representations of various types
of protein cage nanoparticles. (a) Ferritin (PDB:2JD6) (b)
Lumazine synthase (PDB:1HQK) (c) Encapsuline
(PDB:3DKT) (d) CCMV (PDB:1CWP) (e) bacteriophage

Qβ (PDB: 1qbe) (f) bacteriophage P22 procapsid
(PDB:3IYI). One of subunits is represented as ribbon
diagram in red. All the images are generated by using
UCSF chimera
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delivery of ferritin, monosaccharides, mannoses
or galactoses, were chemically attached to the
surface of ferritin (Kang et al. 2014). Mannose-
or galactose-displaying ferritins recognized and
tightly bound to DC-SIGN or ASGP-R lectins
on the surface of the mammalian cells, DCEK or
HepG2 cells. Antibodies are ideal ligands for
targeted delivery of various therapeutics and/or
diagnostics because they have extremely high
binding affinity and specificity for their target
molecules and a variety of antibodies against
virtually any desired targets can be readily
obtained on demand. Thirteen residue
Fc-binding peptides (FcBP) were genetically
inserted onto the surface of ferritin to couple
antibodies and ferritin without altering the
targeting capability of displayed antibodies
(Kang et al. 2012). FcBP-presenting ferritin
formed stable non-covalent complexes with both
IgGs derived from human and rabbit. Using a
human anti-HER2 antibody and a rabbit anti-
folate receptor antibody along with fluorescently
labeled FcBP-ferritin, the specific binding of
these complexes to breast cancer cells and folate
receptor over-expressing cells were respectively
demonstrated by fluorescent cell imaging (Kang
et al. 2012).

Similar antibody-mediated targeted delivery
nanoplatforms were also established with
lumazine synthase. The lumazine synthase,
isolated from hyperthermophile Aquifex aeolicus
(AaLS), consists of 60 identical subunits assem-
bled into icosahedral capsid architecture with an
exterior diameter of 15 nm and an 8 nm interior
cavity (Zhang et al. 2001). While AaLS is an
enzyme that catalyzes the penultimate step in
riboflavin biosynthesis inside the cell (Zhang
et al. 2003), its hollow spherical architecture has
been used as a template for the encapsulation of
cargo proteins (Azuma et al. 2017; Beck et al.
2015; Frey et al. 2016; Seebeck et al. 2006;
Wörsdörfer et al. 2011, 2012). Instead of
Fc-binding peptides, antibody Fc-binding domain

(ABD) from protein A was genetically fused to
the C-termini of AaLS subunit and
ABD-displaying AaLS (ABD-AaLS) were suc-
cessfully produced without altering cage architec-
ture and stability (Kim et al. 2016). It was
demonstrated that ABD-AaLS effectively capture
various types of antibodies derived from diverse
species, such as human, rabbit, and mouse, on
demand and the resulting complexes have the
capability of selective recognition and binding
to their target cells guided by antibodies
displayed on the surface of ABD-AaLS (Kim
et al. 2016). AaLS exhibits an unusual heat sta-
bility and genetic and chemical versatility. The
AaLS templates acquired two different types of
cell-specific targeting peptides, RGD4C and
SP94 peptides, in two different positions individ-
ually and corresponding cargo molecules, either
detecting molecules, NHS-fluorescein and fluo-
rescein-5-maleimide, or therapeutic molecules,
aldoxorubicin and bortezomib (BTZ), were
chemically attached in combination without
disrupting the overall cage architecture.
RGD4C- and SP94-AaLS individually exhibited
specific binding capability toward their target
cells, KB and HepG2 cells respectively, and the
enhanced cytotoxicity of delivered Dox and BTZ.
(Min et al. 2014a, b)

Encapsulin, another heat stable protein cage
nanoparticle isolated from thermophile
Thermotoga maritima, is assembled from
60 copies of identical 31 kDa monomers having
a thin and icosahedral symmetric cage structure
with interior and exterior diameters of 20 and
24 nm, respectively (Giessen 2016; Sutter et al.
2008). Encapsulin has a large enough central
cavity and tendency to encapsulate a large
amount of therapeutic and/or diagnostic
reagents. SP94-peptides were presented on the
exterior surface of engineered encapsulin
through either chemical conjugation or genetic
insertion and SP94-encapsulin exhibited specific
binding capability to hepatocellular carcinoma
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cells, HepG2, and an ability to carry imaging
probes or prodrug molecules (Moon et al.
2014a, b). In a similar approach, FcBP was
introduced onto the surface loop region of
encapsulin and FcBP-displaying encapsulin
was demonstrated to selectively recognize and
specifically bind to squamous cell carcinoma 7
(SCC-7) cells, which overexpress a cell surface
glycoprotein CD44 involved in cell-cell
interactions, cell adhesion and migration, over
Hela, HepG2, MDA-MB-231 and KB cells
(Moon et al. 2014a, b).

2.2.2 Large-Sized Protein Cage
Nanoparticles: Virus-Like
Particles (VLPs)

Virus-like particle (VLP) is one of the most
widely used protein cage nanoparticles for bio-
medical applications (Ma et al. 2012). VLPs are
generally derived from viral capsids, especially
bacterial and plant viruses. Similar to the other
protein cage nanoparticles, VLPs have a uniform
size distribution and a symmetric and well-
defined multivalent structure. The cowpea mosaic
virus (CPMV) and the cowpea chlorotic mottle
virus (CCMV) are plant viruses and self-assemble
into an icosahedral symmetric cage structure hav-
ing an overall outer diameter of 28 nm (Brumfield
et al. 2004; Ochoa et al. 2006; Sutter et al. 2008).
CPMV exhibits a natural affinity to bind to and
penetrate mammalian cells and fluorescent
dye-labeled CPMVs were used for intravital
imaging of vascular development (Leong et al.
2010; Lewis et al. 2006). Covalent conjugation of
anticancer drugs, Dox, to the CPMV was
achieved and Dox-CPMV conjugates exhibited
superior cytotoxic effect in Hela cells to that of
free Dox (Aljabali et al. 2013). The light-
absorbing molecules, zinc phthalocyanines
(ZnPC), were loaded into CCMV VLPs using
pH- and ionic-strength mediated structural
changes and the ZnPC-loaded CCMV VLPs
were used for photodynamic therapy. RAW
264.7 macrophages efficiently took up ZnPC-

loaded CCMV VLPs and were effectively killed
upon red light irradiation (Brasch et al. 2011).

In addition to plant viruses, bacterial viruses,
bacteriophage MS2, Qβ, and P22, have been used
widely in biomedical applications (Lee et al.
2016; Ma et al. 2012; Shukla and Steinmetz
2015). Bacteriophage MS2 (Peabody 2003) and
Qβ (Brown et al. 2009) contain RNA molecules
as their genomes and they are composed of
180 subunits to form closed icosahedral shells
with an outer diameter of 28 nm similar to that
of CPMV and CCMV. MS2 has been used for the
delivery of nucleic acids, such as siRNA,
miRNA, and antisense ssDNA, anticancer drugs
including Dox and 5-fluorouracil, and ricin toxin
(Ashley et al. 2011; Galaway and Stockley 2013;
Pan et al. 2012a, b; Wu et al. 2005). For the
photodynamic therapy, the interior surface of
MS2 VLPs was chemically conjugated with
180 photodynamic agents, porphyrins, and the
exterior was decorated with approximately
20 copies of a Jurkat-specific aptamer using an
oxidative coupling reaction targeting an unnatural
amino acid. The doubly modified MS2 VLPs
selectively targeted the Jurkat cells and killed
more than 76% of them upon 20 min illumination
(Stephanopoulos et al. 2010). Similar approach
using Qβ VLPs as alternative photodynamic
agent carriers was reported (Rhee et al. 2012).
Alkyne-derivatized Qβ VLPs were prepared by
acylation of the wild-type Qβ VLPs with N-
hydroxysuccinimide ester and subsequently the
zinc tetraaryl porphyrins and glycan, Siaα2-
6Galβ1-4GlcNAc, were attached by the copper-
catalyzed azide-alkyne cycloaddition (CuAAC)
reaction as photodynamic agents and a specific
ligand for the B-cell CD22 receptor, respectively.
It was shown that the doubly modified Qβ VLPs
selectively bind to CD22 receptor bearing Chi-
nese hamster ovary (CHO) cells and efficiently
generate singlet oxygen upon full-spectrum
xenon lamp irradiation showing dose-dependent
phototoxicity (Rhee et al. 2012). Fullerenes (C60)
were also used as an alternate photosensitizing
moiety and their successful cellular uptake into
HeLa cells was reported (Steinmetz et al. 2009).
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P22 VLPs have approximately twice the outer
diameter (~60 nm) of other VLPs that are com-
monly used (~28 nm) (Kang et al. 2008a, b). With
the aid of approximately 300 copies of internal
scaffolding proteins, four hundred and twenty
copies of identical 46 kDa capsid subunits
initially assemble into a 58-nm icosahedral
procapsid structure which transforms into 64-nm
mature capsid upon DNA packaging (Prevelige
et al. 1988). Recently, P22 VLPs have been pop-
ularly used for encapsulation of a wide variety of
proteins, including fluorescent proteins, influenza
nucleoproteins, alcohol dehydrogenase D, and
hydrogenase complexes by truncating scaffolding
proteins and genetically fusing a cargo protein of
interest to the N-terminus (Jordan et al. 2016;
O’Neil et al. 2012; Patterson et al. 2012, 2013,
2014; Qazi et al. 2016; Schwarz and Douglas
2015; Sharma et al. 2017). P22 VLPs have
genome-free hollow architectures, with sufficient
space for accommodating small chemotherapeu-
tic agents and/or diagnostic probes within their
cavity. While catechol ligands were attached to
the interior surface of the P22 WB VLPs through
thiol-maleimide Michael-type addition with N-
(3,4-dihydroxyphenethyl)-3-maleimido-
propanamide, hepatocellular carcinoma (HCC)
cell targeting SP94 peptides were chemically con-
jugated to the exterior surface of them (Min et al.
2014a, b). Anticancer drug, BTZ, formed a stable
complex with catechol ligand within P22 VLPs at
neutral and alkaline pH through the boric acid-
diol complexation and became dissociated under
cancerous acidic conditions to kill them. The
doubly modified P22 VLPs encapsulated up to
280 molecules of BTZ per particle at pH 9.0 and
release them completely within 12 h with a half-
life of approximately 5 h at pH 5.5. They effi-
ciently bound to and killed HepG2 hepatocellular
carcinoma cells in a dose-dependent manner (Min
et al. 2014a, b).

The blood brain barrier (BBB) is often an
insurmountable obstacle for a large number of
candidate drugs, including peptides, antibiotics,
and chemotherapeutic agents. P22 VLPs were
tailored to deliver analgesic ziconotide across a
BBB model by genetically incorporating

ziconotide into scaffolding protein in the interior
cavity and chemically attaching cell penetrating
HIV-Tat peptide on the exterior of the capsid
(Anand et al. 2015). P22 VLPs containing
ziconotide were successfully transported in sev-
eral BBB models of rat and human brain micro-
vascular endothelial cells (BMVEC) using a
recyclable noncytotoxic endocytic pathway
(Anand et al. 2015).

2.3 Vaccine Delivery
Nanoplatforms

To date, vaccination is considered as the most
effective way for control and prevention of infec-
tious diseases. Most vaccines currently available
are based on live attenuated or killed pathogens
against their own original disease-causing
pathogens (Berzofsky et al. 2001). However,
they often cause severe side-effects at some fre-
quency in population and there are limitations for
developing vaccines for non-pathogen derived
diseases, such as cancer, in these approaches.
Although subunit vaccines that are derived from
specific components of disease-causing
pathogens or tissues have been developed to cir-
cumvent these drawbacks, they generally
exhibited limited immunogenicity and longevity
(Bachmann and Jennings 2010). In contrast, pro-
tein cage nanoparticles self-assemble and form
highly symmetric morphology mimicking
disease-causing viruses without infectious genetic
materials. They are efficiently taken up by profes-
sional antigen presenting cells probably due to
their nanometer-range size and surface patterns
and lead to the efficient induction of strong
humoral and cellular immune responses
(Bachmann and Jennings 2010; Chackerian
2007; Grgacic and Anderson 2006; Kushnir
et al. 2012; Plummer and Manchester 2011;
Schwarz and Douglas 2015). Protein cage
nanoparticles have been genetically, chemically,
and/or post-translationally modified to be used as
delivery nanoplatforms for exogenous antigenic
molecules.
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2.3.1 Chemical Conjugation
of Antigenic Molecules
to Protein Cage Nanoparticles

Qβ VLPs were investigated as potential delivery
nanoplatforms for chemically conjugating self-
antigens that induce neutralizing autoantibody
responses (Jennings and Bachmann 2009; Maurer
et al. 2005; Tissot et al. 2008). Fourteen different
self-molecules were individually attached on the
surface of Qβ VLPs and four out of them were
selected and clinically tested (Jennings and
Bachmann 2009). Clinical studies with AngQβ,
which target angiotensin II, reported that three
immunizations with 300 μg of AngQβ reduced
blood pressure in patients with mild to moderate
hypertension during the daytime and especially in
the early morning (Tissot et al. 2008). Similarly,
approximately 585 nicotine molecules were
chemically attached to a Qβ VLP to form NicQβ
and NicQβ induced strong antibody responses in
preclinical studies (Maurer et al. 2005).
Vaccinated mice with NicQβ significantly
reduced nicotine levels in the brain compared
with control group upon intravenous nicotine
challenge. In a phase I study, 32 healthy
non-smokers were immunized with NicQβ and
all volunteers who received NicQβ showed
nicotine-specific IgM antibodies at day 7 and
nicotine-specific IgG antibodies at day 14 (Maurer
et al. 2005).

Similarly, a model antigen, ovalbumin (OVA),
was chemically conjugated to the exterior of a
small heat shock protein (sHsp), which consists
of 24 identical protein subunits forming a near
spherical shell of 12 nm exterior and 6.5 nm
interior diameter, and a single intranasal vaccina-
tion of mice with OVA-sHsp resulted in
accelerated and intensified OVA-specific IgG1
responses within 5 days (Richert et al. 2012). It
was also shown that pretreatment of mice with
P22 VLPs further accelerated the onset of the
antibody response to OVA-sHsp, demonstrating
the utility of conjugating antigens to VLPs for
pre-, or possibly post-exposure prophylaxis of
lung, all without the need for adjuvant (Richert
et al. 2012).

The effective generation of robust cytotoxic
CD8+ T cell immune responses is considered a
primary goal in cancer immunotherapy because
functional cytotoxic CD8+ T cells not only kill
their target cells directly but also secrete the cyto-
kine IFN-γ. E2 protein cage nanoparticles were
used as nanoplatforms for simultaneous delivery
of CD8+ T cell-specific OT-1 peptide
(SIINFEKL) and adjuvant, CpG molecules, to
dendritic cells (DCs). E2 is a non-viral protein
cage nanoparticle composed of 60 identical
subunits forming a hollow dodecahedral shell
with 25 nm outer diameter. OT-1 peptides and
CpGs were chemically conjugated to E2 and they
were effectively delivered to DCs being displayed
on MHC I threefold greater than the control.
Co-delivery of OT-1 peptides and CpGs by E2
to DCs showed increased and prolonged cyto-
toxic CD8+ T cell activation (Molino et al. 2013).

2.3.2 Genetic Insertion of Antigenic
Molecules to Protein Cage
Nanoparticles

In addition to chemical conjugation of antigenic
molecules, genetic modifications have been
widely used for VLP-based vaccine develop-
ment. Bacteriophage MS2 VLP was used for
displaying viral epitope and binding motif on
its surface. Peptides from the V3 loop of HIV
gp120 and the ECL2 loop of the HIV coreceptor,
CCR5, were genetically inserted into the surface
of MS2 VLPs and these genetically modified
MS2 VLPs showed the potent immunogenicity
(Peabody et al. 2008). The RNA bacteriophage
AP205 was also investigated as a nanoplatform
for heterologous display of many antigens. The
AP205 VLP is composed of 180 copies of the
capsid protein and both its N-terminus and
C-terminus are tolerant to the fusion of long
and complex epitopes. A fusion of a gonadotro-
pin releasing hormone (GnRH) epitope to
AP205 VLPs successfully induced antibodies
and vaccination of mice with AP205 VLPs
genetically fused with an extracellular domain
of the Influenza A M2 protein resulted in 100%
protection from lethal infection with influenza
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virus (Tissot et al. 2010). The insect virus flock
house virus (FHV) has been also widely used for
antigen display and delivery in animals (Chen
et al. 2006; Manayani et al. 2007; Scodeller et al.
1995). FHV also forms icosahedral capsid
consisting of 180 copies of the capsid protein
and has several surface exposed loops which are
popular sites for inserting antigenic epitopes.
Chimeric FHV VLPs that carry both Hepatitis
C virus (HCV) and hepatitis B virus (HBV)
epitopes simultaneously was constructed and
they elicited anti-HCV and anti-HBV responses
in guinea pig (Chen et al. 2006). The principal
neutralizing domain, IGPGRAF sequence, from
the V3 loop of HIV-1 was genetically inserted
into the surface of FHV VLPs and these hybrid
VLPs induced strong and broad specific immune
response in guinea pigs against different V3 loop
sequences (Scodeller et al. 1995). In addition to
peptide epitopes, large antigens were displayed
on the surface of FHV VLPs through genetic
insertions. The 181 amino acid ANTXR2 VWA
domain was inserted into a loop of capsid protein
and displayed on the surface of modified FHV
VLPs (Manayani et al. 2007). Vaccination
with engineered FHV VLPs induced a potent
immune response against lethal toxin and
protected rats against lethal toxin challenge
after a single administration without adjuvant
(Manayani et al. 2007).

VLP is not the only one type of protein cage
nanoparticles used for antigen display and deliv-
ery. The ectodomain of A/New Caledonia/20/
1999 (1999 NC) haemagglutinin (HA) was genet-
ically fused to the N-terminus of ferritin subunit
to form HA-ferritin. HA-ferritin self-assembled
and spontaneously generated eight trimeric viral
spikes on its surface (Kanekiyo et al. 2013).
Immunization with HA-ferritin elicited
haemagglutination inhibition antibody titers
more than tenfold higher than those from the
licensed inactivated vaccine (Kanekiyo et al.
2013). Antibodies elicited by HA-ferritin
neutralized H1N1 viruses from 1934 to 2007
protected ferrets from an unmatched 2007 H1N1
virus challenge (Kanekiyo et al. 2013). Further
structure-based development of an H1 HA stem-

only immunogen was carried out. H1 HA
stabilized stem (H1-SS) without the
immunodominant head domain was generated
and genetically fused to ferritin to form H1-SS-
ferritin. Vaccination with H1-SS-ferritin in mice
and ferrets elicited broadly cross-reactive
antibodies that completely protected mice and
partially protected ferrets against lethal
heterosubtypic H5N1 influenza virus challenge
(Kanekiyo et al. 2013). AaLS and encapsulin
were also used as delivery nanoplatforms to
polyvalently display germline-targeting HIV-1
gp120 outer domain immunogens (eOD-GT6)
and the receptor-binding portion of Epstein-Barr
virus (EBV) gp350, respectively. eOD-GT6-
AaLS successfully activated germline and mature
VRC01-class B cells that produce broadly
neutralizing antibodies (bNAbs) against HIV-1
(Jardine et al. 2013) and EBV gp350-encapsulin
induced neutralizing antibody responses in mice
and non-human primates that significantly
exceeded the level obtained with soluble EBV
gp350 protein (Kanekiyo et al. 2015).

Exterior surface is not the only place where
protein cage nanoparticles can carry antigenic
epitopes. A variety of antigenic peptides and
proteins can be encapsulated into spacious inte-
rior cavity of protein cage nanoparticles and/or
inserted into the protein sequences. The
conserved nucleoprotein (NP) from influenza
was genetically fused to SP and
NP-encapsulated P22 VLPs were successfully
generated (Patterson et al. 2013). Vaccination of
mice with NP-encapsulated P22 VLPs resulted in
multi-strain protection against 100 times lethal
doses of influenza in an NP specific cytotoxic
CD8+ T cell-dependent manner (Patterson et al.
2013). Ferritin and AaLS were evaluated as effi-
cient vaccine platforms for systematic studies of
epitope-specific immune responses (Han et al.
2014; Ra et al. 2014). Antigenic peptides, OT-1
(SIINFEKL) or OT-2 (ISQAVHAA-
HAEINEAGR) which are derived from ovalbu-
min, were genetically introduced to various sites
of ferritin and AaLS, effectively delivered to
DCs, and processed within endosomes. Vaccina-
tion of naïve mice with antigenic peptide bearing
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ferritin and AaLS induced an efficient differentia-
tion of OT-1 specific CD8+ T cells into functional
effector cytotoxic T cells and an effective differ-
entiation of proliferated OT-2 specific CD4+ T
cells into functional CD4+ Th1 and Th2 cells
which produces IFN-γ/IL-2 and IL-10/IL-13
cytokines, respectively (Han et al. 2014; Ra
et al. 2014). As an extension of these studies for
cancer vaccine development, antigenic OT-1 pep-
tide was genetically incorporated into three dif-
ferent positions of the encapsulin subunit and
their efficacies of inducing DC-mediated anti-
gen-specific T cell cytotoxicity followed by
B16-OVA tumor rejection were evaluated (Choi
et al. 2016). Vaccination of mice with OT-1-
Encap effectively activated OT-1 peptide specific
cytotoxic CD8+ T cells before or even after
B16-OVA melanoma tumor generation and led
to subsequent infiltration of OT-1-specific cyto-
toxic CD8+ T cells into the tumor sites upon
tumor challenges, providing tumor suppression
(Choi et al. 2016).

2.3.3 Post-translational Addition
of Antigenic Molecules
to Protein Cage Nanoparticles

Genetic fusion of antigenic proteins to the viral
capsid proteins may be the most commonly used
approach to display antigenic proteins on VLPs.
However, genetic fusion of two different proteins,
antigenic proteins and viral capsid proteins, often
leads to misfolding of antigenic proteins and/or
impairing VLP assembly. To circumvent these
issues, antigenic proteins and VLPs were individ-
ually expressed with extra glue domains and then
covalently combined together post-translationally
using recently developed SpyTag/SpyCatcher
(ST/SC) protein ligation system (Moon et al.
2016; Zakeri et al. 2012). In the ST/SC protein
ligation system, the 15 kDa SC protein recognizes
the 13-amino acid ST (AHIVMVDAYKPTK)
and they spontaneously form an irreversible
isopeptide covalent bond. ST and SC can be
genetically fused to antigenic proteins and

VLPs, respectively or reciprocally, and they
maintain their individual functions as well as
stability of the fused proteins (Moon et al. 2016;
Zakeri et al. 2012).

AP205 VLPs were genetically fused to SC
(SC-AP205 VLPs) and subsequently ligased
with ST-fused malaria antigens, including
cysteine-rich Inter-Domain Region (CIDR) and
P. falciparum sexual-stage antigen (Pfs25)
(Brune et al. 2016). Covalent couplings between
SC-AP205 VLPs and ST-fused malaria antigens
were quantitatively achieved (Brune et al. 2016).
Vaccination with SC-AP205 VLPs decorated
with malarial antigens efficiently induced anti-
body responses after only a single immunization
(Brune et al. 2016). ST-AP205 VLPs were also
generated and used for ligating full-length 3d7
circumsporozoite protein (CSP) fused with SC
or Pfs48/45 protein fused with SC (Janitzek
et al. 2016). The CSP is an attractive target for
malaria vaccine and the immunogenicity of
CSP-AP205 VLPs was evaluated in mice
(Janitzek et al. 2016). 112 CSP molecules were
presented on the surface of an AP205 VLP
(180 subunits) on average and mice vaccinated
with CSP-AP205 VLPs generated 2.6 fold higher
antibody titers over a course of 7 months than
those of the control group (Janitzek et al. 2016).
CSP-AP205 VLPs also induced production of
IgG2a antibodies which are linked with a more
efficient clearing of intracellular parasite infection
(Janitzek et al. 2016). Genetic fusion of ST or SC
to the N-terminus and/or C-terminus of AP205
VLPs produced stable, nonaggregated VLPs
expressing one SC, one ST or two ST per capsid
protein (Thrane et al. 2016). Eleven different
vaccine antigens fused to SC or ST were
attempted to be ligased to ST- or SC-AP205
VLPs and antigen-AP205 VLP conjugates were
obtained with coupling efficiencies of ranging
from 22% to 88% (Thrane et al. 2016). AP205
VLPs displaying Pfs25 or VAR2CSA drastically
increased antibody titer, affinity, longevity and
functional efficacy compared to corresponding
monomeric protein vaccines. AP205 VLPs
displaying cancer or allergy-associated self-
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antigens, including PD-L1, CTLA-4 and IL-5,
also effectively broke B cell self-tolerance
eliciting potent and durable antibody responses
upon vaccination (Thrane et al. 2016). As exten-
sion of these studies, the amount and efficacy of
antibodies induced by three different
nanoplatforms were evaluated side-by-side
(Leneghan et al. 2017). Plasmodium falciparum
malaria transmission blocking antigen Pfs25 was
selected as a transmission blocking malaria vac-
cine (TBV) candidate and it was genetically fused
to IMX313, which is a multimerization domain
derived from the chicken complement inhibitor
C4b-binding protein, chemically crosslinked onto
the surface of Qβ VLPs, or conjugated through
ST/SC ligation to SC-AP205 VLPs. While
chemically-crosslinked Pfs25-Qβ VLPs elicited
the highest quantity of anti-Pfs25 antibodies,
Pfs25-AP205 VLPs elicited the highest quality
anti-Pfs25 antibodies for transmission blocking
upon mosquito feeding (Leneghan et al. 2017).
It is anticipated that Pfs25 displayed on AP205
VLPs maintains its native conformation better
than that of Qβ VLPs producing more function-
ally relevant monoclonal antibodies (Leneghan
et al. 2017).

2.4 MRI Contrasting Agent
(CA) Delivery Nanoplatform

Magnetic resonance imaging (MRI) is one of
most powerful in vivo imaging techniques that
provide highly resolved anatomical and func-
tional information without using harmful ionizing
radiation. However, it is difficult to distinguish
selected tissues of interest, such as diseased
area, from background tissues because they gen-
erally produce similar signal intensities. To over-
come this issue, contrast agents (CAs) are
frequently used to increase the sensitivity of
MR to tissues of interest (Caravan 2006). Both
positive (T1-weighted, brightening) and negative
(T2-weighted, darkening) contrast agents are
being actively explored for in vivo applications.
Paramagnetic gadolinium ion (Gd(III))
complexed with poly(aminocarboxylate) com-
pound chelating agents, such as

tetraazacyclododecane tetraacetic acid (DOTA)
and diethylenetriamine pentaacetic acid (DTPA),
is the most frequently used positive contrast agent
for contrast enhancement by reducing spin-lattice
relaxation times (Caravan 2006; Lauffer 1987)
and ferromagnetic iron oxide nanoparticles is the
most popularly used negative contrast agents for
contrast enhancement by promoting T2

shortening (Shukla and Steinmetz 2015). A vari-
ety of protein cage nanoparticles have been used
as templating nanoplatforms for both positive and
negative contrast agents.

2.4.1 Positive (T1) Contrast Agents:
Gd(III)-Chelating Agent/Protein
Cage Nanoparticle Conjugates

Paramagnetic gadolinium ion (Gd(III)) enhances
the image contrast with increased signal intensity
from T1-weighted image acquisition due to the
greatly reduced spin-lattice relaxation times pro-
duced by the interaction between the proton and
unpaired electron spins of Gd(III) (Caravan 2006;
Lauffer 1987). However, the free form of Gd(III)
is toxic and, therefore, should be complexed with
chelating agents or sequestered by composites
(Caravan 2006). Furthermore, covalent conjuga-
tion of Gd(III)-chelating agent complexes to
macromolecules generally improves both the
blood circulation time and relaxivity value for
high resolution/contrast MR image acquisition
(Anderson et al. 2006; Datta et al. 2008; Ferreira
et al. 2012; Liepold et al. 2009). Our discussion
will focus on covalent protein cage nanoparticle
conjugates with Gd(III)-chelating agent
complexes.

CCMV VLPs were used as a templating
macromolecules to attach Gd(III)-DOTA and
each particle contained 60 Gd(III)-DOTAs on
average. The resulting Gd(III)-DOTA-CCMV
conjugates exhibited ionic and particle T1

relaxivities of 46 and 2806 mM�1s�1, respec-
tively, at 60 MHz (Liepold et al. 2007). To
increase the number of Gd(III) ions per particle
and conjugate size, various VLPs and chemical
methods were applied (Anderson et al. 2006;
Datta et al. 2008; Garimella et al. 2011; Hooker
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et al. 2007; Min et al. 2013; Pokorski et al. 2011;
Prasuhn et al. 2007; Qazi et al. 2013). 360 and more
than 500 Gd(III)-DTPAs were attached onto the
P22 and MS2 VLPs and they generated enhanced
T1 relaxivities up to 20503 and 7200 mM�1s�1 per
particle at 60 MHz, respectively (Anderson et al.
2006; Min et al. 2013). The potential use of Gd(III)-
DTPA-P22 conjugates as in vivo MRI contrast
agents was also demonstrated by imaging the
blood vessels of a mouse including the carotid,
mammary arteries, the jugular vein and, the superfi-
cial vessels of the head (Min et al. 2013). Another
Gd(III)-chelating agent complex, Gd(III)
hydroxypyridonate (Gd(III)-HOPO), was also
polyvalently attached to MS2 VLPs obtaining
180 Gd(III) ions per nanoparticle and the resulting
Gd(III)-HOPO-MS2 exhibited maximum ionic and
particle T1 relaxivities of 41 and 7416 mM�1s�1,
respectively, at 60 MHz (Datta et al. 2008;
Garimella et al. 2011; Hooker et al. 2007).

Polymerization chemistry along with VLPs
allowed conjugation of remarkable amounts of
Gd(III) ions to VLPs. The polymerization of
oligo(ethylene glycol)-methacrylate (OEGMA)
and its azido-functionalized analogue (OEGMA-
N3) was directly grafted from the outer surface of
Qβ VLPs by atom transfer radical polymerization
(ATRP) and the resulting surface-grafted Qβ
VLPs held 610 Gd(III) ions exhibiting maximum
ionic and particle T1 relaxivities of 11.6 and 7092
mM�1s�1, respectively, at 60 MHz (Pokorski
et al. 2011). Approximately 1900 Gd(III) ions
were loaded into P22 VLP cavity by using the
branched polymerization of p-SCN-Bn-DTPA-
Gd(III) and 2-azido-1-azidomethyl-ethylamine
(DAA) via stepwise click reactions inside of P22
VLPs and they exhibited maximum ionic and
particle T1 relaxivities of 21.7 and 41300 mM�1s
�1, respectively, at 28 MHz (Qazi et al. 2013).
Similar polymerization approach was applied to
non-VLP protein cage nanoparticle, sHsp. Gd
(III)-DTPA containing branched polymers were
grown inside of sHsp via stepwise click reactions
and the resulting Gd(III)-DTPA-sHsp exhibited
maximum ionic and particle T1 relaxivities of
25 and 4200 mM�1s�1, respectively, at 31 MHz
(Liepold et al. 2009).

In both preclinical and clinical settings, a
demand for MRI contrast agents with improved
relaxivity at higher magnetic fields ( >300 MHz
or 7 T) is being hugely increased. The T1

enhancement ability tends to decrease signifi-
cantly (more than tenfold) as the magnetic field
is increased and often causes a major problem in
in vivo MRI at high field. AaLS was polyvalently
decorated with Gd(III)-DOTA to evaluate its
potential as an in vivo MR CA at the high mag-
netic field strength of 7 T. Each AaLS was conju-
gated with 60 Gd(III)-DOTAs on its surface and
the T1 relaxivities of Gd(III)-DOTA-AaLS were
30.2 and 16.5 mM�1s�1 at 60 and 300 MHz,
respectively, making it attractive as a T1 contrast
agent at high field (7 T) (Song et al. 2015). 3D
MR angiography of mice demonstrated the feasi-
bility of vasculature imaging within 2 h of intra-
venous injection of Gd(III)-DOTA-AaLS and a
significant reduction of T1 values in the tumor
region at 7 h post-injection in the SCC-7 flank
tumor model implied potential use of Gd(III)-
DOTA-AaLS as an tumor-targeting MR CA at
high magnetic field (Song et al. 2015).

2.4.2 Negative (T2) Contrast Agents:
Iron-Oxide Nanoparticle/
Protein Cage Nanoparticle
Core-Shells

Ferritin is probably the best protein cage nanopar-
ticle for preparation of ferrimagnetic iron oxide
nanoparticles because it inherently sequestrates
irons in vivo and converts and stores them as
forms of iron oxide (Fe2O3) (Uchida et al.
2006). Recombinant human H chain ferritin
(rHFn) was used as size-constrained
nanoplatforms for ferromagnetic iron oxide nano-
particle synthesis and it generated a series of iron
oxide nanoparticles with diameters ranging from
3.6 to 5.9 nm with increasing iron loading
amounts from 1000 to 5000 iron ions per rHFn
(Uchida et al. 2008). The iron oxide-mineralized
rHFn exhibited comparable MR signals to known
iron oxide-based MRI CAs, such as ferumoxtran-
10, and they were readily taken up by
macrophages in vitro and provided strong
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T2-weighted MR contrast (Uchida et al. 2008).
The iron oxide-mineralized rHFn were also used
to image vascular macrophages in vivo in murine
carotid arteries through MRI (Terashima et al.
2011). The iron oxide-mineralized rHFn
accumulated in vascular macrophages in mice
atherosclerotic lesions without any additional
macrophage targeting moieties allowing in vivo
MR imaging of atherosclerosis (Terashima et al.
2011). Recently, the iron oxide-mineralized rHFn
were demonstrated to be targeted to numerous
types of cancer cell lines that express high trans-
ferrin receptor 1 (TfR1) levels (Fan et al. 2012).
As a following study, the iron oxide-mineralized
rHFn with the core size of 5.3 nm were prepared
and exhibited extremely high relaxivity (T2) of up
to 224 mM�1s�1 (Cao et al. 2014). TfR1-positive
MDA-MB-231 or U87 tumor-bearing mice were
treated with the iron oxide-mineralized rHFn and
tumor sites either in thigh or brain were success-
fully visualized with MRI (Cao et al. 2014). This
study indicated that the iron oxide-mineralized
rHFn can cross the endothelium, epithelium, and
BBB layers (Cao et al. 2014). In vivo MRI of
vascular inflammation and angiogenesis in exper-
imental carotid disease and abdominal aortic
aneurysm (AAA) were also performed with
RGD peptide displaying rHFn which mineralized
iron oxide nanoparticles within its cavity
(RGD-HFn-Fe3O4) (Kitagawa et al. 2017).
RGD-HFn-Fe3O4 was taken up more than
HFn-Fe3O4 in both the ligated left carotid arteries
and AAAs probably due to active targeting of
cells and thus exhibited significantly enhanced
MRI signals (Kitagawa et al. 2017).

VLPs have been also popularly used as
templating nanoplaforms for negative MRI CAs.
BMV VLPs derived from plant virus, brome
mosaic virus, were disassembled and reassembled
with pre-formed ferromagnetic iron oxide
nanoparticles to generate core-shell hybrid
composites comprising an iron oxide core and a
BMV capsid protein shell (Huang et al. 2011).
The resulting hybrid composites showed T2

relaxivity of 376 mM�1s�1, which is 4- to
6-fold higher than commercially available con-
trast agents, and penetrated into tissue and trans-
ferred long-distance through the vasculature in

Nicotiana benthamiana leaves (Huang et al.
2011). Similar core-shell formation approach
using Rotavirus or Simian virus 40 (SV40)
VLPs derived from mammalian viruses along
with the ferromagnetic iron oxide nanoparticles
was carried out and it was demonstrated that the
resulting core-shell hybrid composites (Chen
et al. 2012; Enomoto et al. 2013) were efficiently
internalized by their target cells significantly
improving cellular MRI sensitivity compared
with commercially available surface passivated
iron oxide nanoparticles (Chen et al. 2012).

2.5 Conclusion

Macromolecular composites, including synthetic
polymers, dendrimers, liposomes, carbohydrates,
and inorganic nanoparticles, have been exten-
sively studied for development of versatile
in vivo delivery nanoplatforms. Although protein
cage nanoparticles are in the very early stages of
development as in vivo delivery nanoplatforms
for diagnostics and/or therapeutics, they are a
promising class of macromolecular composites
for development of in vivo delivery
nanoplatforms because they have a high biocom-
patibility and well-defined monodisperse struc-
ture which are hardly achieved by other types of
macromolecular composites. Protein cage
nanoparticles also have the genetic and chemical
plasticity that can be used to acquire diverse
functions, such as cargo encapsulation, targeting
ligand presentation, and functional molecule con-
jugation, by design depending on their purposes.
Numerous studies discussed in this chapter pres-
ent that various encapsulation strategies of cargo
molecules in combination with diverse presenta-
tion strategies of targeting ligand molecules are
applicable to many protein cage nanoparticles and
protein cage nanoparticles are promising in vivo
delivery nanoplatforms for diagnosis, prevention,
and therapy of diseases. Although there are some
clinical trials using protein cage nanoparticle-
based delivery nanoplatforms undergone and
planned, further through studies related to their
fate within target cells, in vivo immune alteration
caused by them, and their bio-distribution and
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pharmacodynamics upon in vivo administration
should be carried out before clinical applications
can be considered.
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Cell Membrane Coated Nanoparticles: An
Emerging Biomimetic Nanoplatform
for Targeted Bioimaging and Therapy

3

Veena Vijayan, Saji Uthaman, and In-Kyu Park

3.1 Cell Membrane Coated
Nanoparticles

Recent advances in nanotechnology have opened
doors to the problems which were once regarded
impossible. Nanotechnology has offered many
new ways to tackle the problems in the clinical
world through the novel features offered by
nanoparticles in the field of drug delivery, vacci-
nation, detoxification, gene delivery, antimicro-
bial purposes and so on (Gao et al. 2015; Hu et al.
2013; Kroll et al. 2016). One major use of
nanoparticles is its ability to functionalize
surfaces with moieties which include targeting
ligands, polymers, enzymes and also
biomolecules. Targeted drug delivery had side
effect which tends the use of large doses through-
out the body to achieve the necessary results.
Even now for various diseases, targeted drug
delivery seems to be a mere topic of discussion,
as in conventional methods it is quite difficult for
the drugs to reach specific regions through
concentration-dependent diffusion.

Nanoparticle based drug delivery offers
numerous advantages (Tan et al. 2015; Chen
et al. 2016). The amount of success achieved
through this technique has brought in a wide-
spread of research focus in enhancing and engi-
neering nanoparticles with specific
physicochemical properties which include
smaller size, surface charge, surface hydrophilic-
ity and geometry and also in superior accumula-
tion. Nanoparticles (NPs) are exogenous
materials which are recognized by the immune
system and by renal and hepatic clearance. The
inherent issue can be solved by making the
nanosystems more biocompatible. A recent
advancement in biomimetic nanoengineering
with the cell membrane-coated nanoparticle
comprises of a core-shell structure with the core
material coated by a material derived from the
source cell. Biomimetic NPs attain special
functions which include ligand recognition and
targeting, long blood circulation, immune escap-
ing and offer a wide variety of applications in
photothermal therapy, drug delivery, detoxifica-
tion and vaccination (Chen et al. 2016; Ding
et al. 2015; Hu et al. 2011, 2013; Rao et al. 2017a,
b, c, etc.). One of the first kind in this develop-
ment consisted of a cell membrane-coated nano-
particle with the inclusion of red blood cells
(RBCs) as the source cell, wherein the RBC
membrane being derived through hypotonic treat-
ment and being coated onto negatively charged
polymeric nanoparticles through extrusion
(Hu et al. 2011). Further modifications have
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allowed for “active targeting” of nanoparticles with
ligands that are bound to the surface receptors on
target cells or tissues. It was indicative that active
targeting has not only enhanced retention but also
the cellular uptake of nanoparticles by these target
cells. Currently, the much focused type of ligands
comprises of small molecules, peptides, antibodies
and aptamers which have been widely used in
direct targeted delivery of drugs through these
nanocarriers (Parodi et al. 2013a, b).

Another appealing feature of nanoparticles is
that they canmodify their geometrical conformation
and also their surface characteristics in favor to the
drug release at targeted sites of surrounding tissues.
Targeted delivery of nanoparticles has paved new
ways in effectively delivering the drugs to the target
sites (Zhang et al. 2017a; Gao et al. 2016; Hu et al.
2011, 2013; Parodi et al. 2013a, b).

Cell membrane-coated nanoparticles have
indeed proven to be a promising area in future
research. Importantly the nanoparticles can more-
over be functionalized by coating particles with
membrane derived from source cells of different
types. The resulting membrane-coated
nanoparticles have high biocompatibility,
prolonged circulation and tumor-targeting ability
based on the nature of the membrane used. Dif-
ferent types of cell membranes have distinct
functions in targeted drug delivery, photothermal
therapy and combinational therapy. (Ren et al.
2017; Fu et al. 2015; He et al. 2016a; Chen
et al. 2016; Li et al. 2017a, b) In the context of
these, preclinical trials on targeted drug delivery
has turned the spotlight in creating fine-tuned
nanomaterials and nanostructures deployed for
drug delivery. Of lately, biomimetic delivery
systems have been the of interest due to its
nature-inspired materials that could harness
these natural occurring biological features and
channel it into forming a superior targeted drug
delivery system. One such implementation is in
the use of coating the nanoparticles with these
natural cell membranes for biofunctionalization.
These naturally occurring membranes do provide
a bilayer medium intended for a transmembrane
protein anchorage and also preclude the loss of
reliability and their functionalities which occurs
during the formation of drug followed by the

delivery. (Kroll et al. 2016; Luk and Zhang
2015; Zhang et al. 2017a, b).

3.2 Preparation of Cell Membrane
Coated NPs

3.2.1 Isolation of Plasma Membrane
from Different Cell Sources

Cell membranes, a biological membrane
separating the interior of cells from outside the
cells are composed of lipid bilayer with embed-
ded proteins with specific biological functions.
To derive the plasma membrane from the cell,
initially, the intracellular components should be
emptied by a sequence of hypotonic lysis or
repeated freeze-thaw procedure, mechanical dis-
ruption of the membrane. Soluble proteins are
removed through differential centrifugation and
finally nanovesicles were formed by extrusion.
Briefly, the cells are lysed firstly using a subcel-
lular fractionation buffer, centrifuged at different
degrees starting from low speed to high speed up
to 40,000 rpm (100,000 � g) and sonicated in
between in ice. The final pellet obtained is the
membrane pellet which is re-suspended in stan-
dard lysis buffer. (Subcellular fractionation proto-
col, Abcam 2016; Sun et al. 2016; Suski et al.
2014) Finally the cell membrane pellets were
extruded through a porous polycarbonate mem-
brane to form plasma membrane vesicle.

3.2.2 Incorporation of Core Particles
into Membrane Vesicles

After the progressive removal of the intracellular
components, the plasma membrane vesicle thus
obtained should be coated onto a core particle.
This can be achieved either through physical
extrusion, sonication or by means of electropora-
tion. In the case of extrusion, the two components
are coextruded through a 200 nm polycarbonate
membrane which results in the mechanical
adsorption and fusion of membrane vesicles on
the surface of the nanoparticle (Ren et al. 2017;
Chen et al. 2016; Luk et al. 2016). Simple
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co-incubation of membrane vesicles and core
nanoparticles under sonication results in the for-
mation of membrane-coated nanoparticles but the
demerit of this is that the coating formed might
not be uniform and the size might be uneven
(He et al. 2016a, b). Electroporation induces mul-
tiple pores in the cell membrane as the cells are
exposed to the strong external electric field. The
nanoparticles can diffuse into the cells through
these pores. Microfluidic electroporation is also
used to obtain the membrane coated
nanoparticles, which uses different microfluidic
chips to improve the transfection performance
and decrease the voltage which is used for elec-
troporation. Microfluidic chips have various
merits which include high throughput, quantita-
tive format, robustness, parallel dependence and
versatility (Rao et al. 2017b) (Fig. 3.1).

3.3 Core Particles for Membrane
Coating

3.3.1 Organic Nanoparticles

Organic NPs are the NPs which are composed of
organic compounds like lipids and polymers.
These types of NPs are synthesized through
emulsification process and by precipitation
methods. (Allouche 2013). The most commonly
used organic nanoparticles which are used as
core nanoparticles are poly (lactic-co-glycolic
acid) (PLGA) NPs, which is Food and Drug
Administration (FDA) approved and biodegrad-
able, biocompatible and non-toxic. They are
used either alone or encapsulated with any NIR
dye or anticancer agents. Indocyanine green
(ICG) is the only U.S. FDA approved NIR dye.
It is known to have remarkable optical features
which are extensively used for fluorescence
imaging and photothermal. Since it has certain
drawbacks such as nonselectivity for cancer
cells, rapid clearance with a short halftime and
low singlet oxygen quantum, it needs to be
delivered with some nano delivery systems.

PLGA core forms the perfect delivery system
due to its combination with a high drug loading
capacity and also its biocompatible membrane

coating (Dehaini et al. 2017). This core along
with RBC membrane coating can be extensively
used in delivering the anti-cancer drug DOX to
solid tumors (Luk et al. 2016), also in reducing
hypoxia in tumors with the encapsulation of per-
fluorocarbon (PFC) to deliver oxygen. (Gao et al.
2017b) and encapsulation with hemoglobin
(Hb) and doxorubicin (DOX) – chemotherapy
and targeted oxygen supply to reduce hypoxia
-cancer cell membrane- (Tian et al. 2017).
PLGA loaded with paclitaxel cytotoxic T lym-
phocyte (CTL) membrane along with a low dose
irradiation is used in tumor localization stimulus
for drug delivery (Zhang et al. 2017a). Gelatin
nanogels are used to encapsulate DOX, with mes-
enchymal stem cells for tumor-targeted drug
delivery (Gao et al. 2016). Liposomes are also
used as a core to encapsulate cytotoxic anticancer
drug emtansine and further macrophage mem-
brane coating owes for specific metastasis
targeting (Cao et al. 2016).

Human Serum Albumin (HSA) nanoparticles
increase the stability of ICG and extend the sys-
temic circulation time for the accumulation in
tumor. To solve the problem of low singlet oxy-
gen quantum, perfluorocarbon (PFC) is used to
increase the oxygen supply in the tumor microen-
vironment. This Indocyanine green (ICG) and
PFC RBC enhances PDT and PTT. (Ren et al.
2016).

3.3.2 Inorganic Nanoparticles

There are a variety of inorganic NPs used as core
NPs and further camouflaged with different mem-
brane vesicles. Inorganic NPs can be easily and
cheaply synthesized. They exhibit magnetic, elec-
trical and optical properties which could be
customized by controlling the shape, size, surface
interactions of the NPs (Tan et al. 2009). Silica
nanorattle – encapsulated with DOX and mesen-
chymal stem cell membrane coating on this is
used for tumor-tropic therapy with increased and
prolonged intratumoral drug distribution and
enhanced tumor cell apoptosis (Li et al. 2011).
Janus microcapsules have surface areas and can
be used to perform multiplexed biomolecular
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detection, where one side of the Janus capsules
are modified for target recognition and the other
side functionalized with noble metals which
have a combination of specific recognition to a
cancer cell and photothermal performance. Leu-
kocyte cell membrane coated Janus
microcapsules have gold nanoparticles on one
side and the membrane coating on another side.
(He et al. 2016a, b)

Magnetic o-carboxymethyl-chitosan (CMC)
nanoparticle is used as core to co-encapsulate
hydrophobic – hydrophilic chemotherapeutic
drugs paclitaxel (PTX) and DOX. When RBC
membrane (anchored with Arg- Gly- Asp) coat-
ing is provided onto this nanoparticles, CMC core
exhibited great tumor growth inhibition (Fu et al.
2015). Magnetic iron oxide nanoparticles enter
the RBC vesicles through microfluidic electropo-
ration, provide prolonged circulation, and
minimized accelerated blood clearance finds
application in MR imaging (Rao et al. 2015).
Upconversion NPs can convert light from NIR
range to the visible range which in turn opens
the way for fluorescence imaging applications
with unique optical properties like narrow emis-
sion peaks, low toxicity, and good photostability.
RBC membrane coating over this particle pave

the way for efficient tumor imaging (Rao et al.
2017b).

3.4 Types, Functions,
and Mechanism of Membrane
Coatings

3.4.1 Blood Cells Component
Coated NPs

3.4.1.1 Platelet Membrane Coated NPs
Platelet or thrombocyte is an important compo-
nent of blood which is essential for the mainte-
nance of homeostasis. Functionalizing the
nanoparticles with platelet membrane enables
the nanoparticles to circulate throughout the
bloodstream without any immune system attack.
It also facilitates biomimetic targeting by
interacting with platelet surface markers and dif-
ferent targets. The platelet membrane coating
binds to the damaged blood vessels and certain
pathogens, allowing the core biocompatible nano-
particle to deliver the payload. The platelets with
unique surface moieties function immune eva-
sion, sub endothelial adhesion, and pathogen
interactions make it appropriate to be used as a
nanocarrier. This platelet membrane mimics the

Fig. 3.1 General Scheme of membrane coated nanoparticle: membrane derivation, the formation of vesicle and fusion
of core NPs and vesicle. PTT photothermal therapy, CTC circulating tumor cells, RT radiotherapy
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platelets in terms of the complete set of surface
moieties, antigens, and proteins present on the
native platelets. Platelet membrane-coated
nanoparticles find itself fitted in variety of
applications like drug delivery (Li et al. 2016),
treatment of immune thrombocytopenia (Wei
et al. 2016), cancer treatment (Hu et al. 2015a).

P- Selectin is a protein which is overexpressed
on the platelet membrane which has high speci-
ficity towards CD 44 receptors which are
upregulated on the surface of cancer cells. Thus
platelet membrane-coated nanoparticles extend
their applications being used in anticancer ther-
apy where platelet membrane coating helps in
active targeting to the tumor site and sequentially
deliver the anticancer core nanoparticle. This
platelet membrane coating helps the anticancer
drug from sudden burst release.

3.4.1.2 RBC Membrane-Coated
Nanoparticles

Red blood cells (RBCs) which are also termed as
erythrocytes belong to the most common type of
blood cells which are mostly involved in the
oxygen supply in the body. RBCs have a long
circulation life in the body (lifetime of
100–120 days) before getting cleared by the
immune system. Nanoparticles are coated with
different types of cell membranes to achieve
prolonged circulation, which in turn promises
better targeting of tissues through both passive
and active mechanisms. For prolonged circula-
tion, surface coatings should be chosen in such a
way that it should prevent the nanoparticles from
early uptake by the reticuloendothelial system.
RBC has unique physicochemical characteristics
such as self-markers on their surface which
suppresses immune attack and makes it the viable
candidate to be used in long-circulating carriers.
Because of this RBC coating, the core nanoparticles
are likely to have improved drug tolerability, thera-
peutic efficacy (Ren et al. 2017; Fu et al. 2015; Gao
et al. 2017b). This conventional chemical conjuga-
tion approach seems to be rather impractical
because of the major difficulty in functionalizing
nanoparticleswith the complex surface chemistry of
the biological cell. In such case, the cell membrane-
coated nanoparticles solve the above problem by
translocating the protein makeup on the RBC

surface and reduce accelerated blood clearance.
RBCmembrane capped nanoparticles can be used
for personalized diagnosis and therapy (Luk
et al. 2014). RBC membrane coatings can be
incorporated into numerous nanoparticles through
techniques previously discussed in the earlier
sections.

RBC membrane-coated nanoparticle is the first
cell membrane coated nanoparticle where RBC
becomes the source cell and the RBC membrane
derived by hypotonic treatment is coated onto
anionic polymeric nanoparticles for long-
circulating cargo delivery (Hu et al. 2011). RBC
coated nanoparticles finds it applications wide-
spread in drug delivery, tumor targeting and
imaging (Luk et al. 2016; Fu et al. 2015; Rao
et al. 2017a, b; Jiang et al. 2017a, b), therapeutics
for broad-spectrum toxin neutralization (Hu et al.
2013). RBC- platelet hybrid membrane-coated
nanoparticles encompasse on hybrid
functionalities of RBCs and platelet, that is RBC
membrane enhances the longer circulation of NPs
and introduction of platelet membrane adds a
targeting ligand which helps to improve localiza-
tion to target (Dehaini et al. 2017). RBC coating
over Human serum albumin (HSA) NPs with
Indocyanine green (ICG) and perfluorocarbon
(PFC) enables the particle to be used for enhanced
phototherapy (Ren et al. 2017). RBC membrane
coating over monoclonal antibody NPs for effec-
tive drug delivery and tumor treatment (Gao et al.
2017a)

3.4.2 Immune Cell Membrane
Coated NPs

3.4.2.1 Macrophage Membrane Coated
Nanoparticles

Macrophages are typical white blood cells that
identify, engulf and digest cellular debris and
foreign substances, which do not have specific
biomarkers of healthy body cells. Macrophages
are present in the tumor microenvironment by
direct association with tumor progression and
metastasis (Qian and Pollard 2010). When the
nanoparticles are camouflaged with macrophage
membranes, the cell-cell adhesion becomes pos-
sible for cancer targeting. The macrophage
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membrane-derived vesicles contain the associated
membrane proteins from natural macrophages
thus making it ideal for cancer targeting and
imaging (Rao et al. 2017c). Macrophages can
actively bind to a cancer cell through interactions
with α4 integrins of macrophages and that of
vascular adhesion molecule-1 (VCAM-1) of the
cancer cells. The macrophage membrane is
derived by draining their intracellular contents
through the combined procedures of hypotonic
cytolysis, membrane disruption and series of cen-
trifugation. These derived membranes are then
coated on nanoparticles through mechanical
extrusion. The macrophage membrane-coated
nanoparticles also find its place in photothermal
cancer therapy when the core nanoparticle is a
photothermal agent and its optical absorption
lies in the NIR region showing good biocompati-
bility, reduced opsonization, prolonged
circulating time and enhanced tumor accumula-
tion (Xuan et al. 2016). Macrophage membrane
coating over a pH-sensitive liposome for the
delivery of anticancer drug emtansine facilitates
specifically targeting to metastatic sites and
thereby enhancing the therapeutic efficacy (Cao
et al. 2016) (Fig. 3.2).

3.4.2.2 Neutrophil Cell Membrane-
Coated Nanoparticles

Neutrophils are granulocytes which are most
abundant types of white blood cells which form
an essential part of the innate immune system.
Neutrophils are not like other WBCs; they are
not confined to a specific area of circulation and
can move freely through the walls of veins and
body tissues to instantly attack antigens. The role
of neutrophils is vital in cancer as it plays an
active role in the progression of cancer.
Neutrophils are recruited in tumors through the
secretion of chemoattractants from tumors. The
antitumor response is compromised with the
increased number of circulating neutrophils
which negatively influence the cytotoxic activity
of NK cells and lymphocytes (Treffers et al.
2016). Neutrophil membrane-coated
nanoparticles can be synthesized by coating
nanoparticles with neutrophil membranes. This
neutrophil membrane coated nanoparticle can be

used to target circulating tumor cells (CTCs) in
circulation. And loading the nanoparticle with a
second-generation proteasome inhibitor can find a
therapeutic application by preventing de novo
metastasis and inhibition of already formed
metastasis (Kang et al. 2017) (Fig. 3.3).

3.4.2.3 Cytotoxic T Cell Membrane-
Coated Nanoparticles

Cytotoxic T cell generally known as Tc/CTL is a
T lymphocyte (a type of WBC) that kills cancer
cells and other infected cells. Cytotoxic T
lymphocytes can promote carefully chosen target
cells death (apoptosis) with the use of a combina-
tion of granule and receptor-mediated
mechanisms. CTLs have exquisite specificity for
an antigen that can recognize the T cell receptors
on the target cells and present antigen derived
peptide fragments which appear to be on the cell
surface to be inserted into the groove of class I
major histocompatibility molecules (MHC). CTL
becomes attractive as mediators of antitumor
immunity with a variety of properties. Their prop-
erty to recirculate throughout the body in seeking
out antigen can be widely utilized in the treatment
of systemic disease. MHC class I complex can
activate cytolysis just through the recognition of a
single peptide. CTLs do also employ noneffector
mechanisms along with the production of inter-
feron gamma, which is a cytokine comprising of
several antitumor properties (Maher and Davies
2004). Because of the above-mentioned
properties of CTL, cytotoxic T cell membrane
camouflaged nanoparticles can be used as cancer
targeting nanoparticles. This CTL membrane-
coated nanoparticle along with local low dose
irradiation was exclusively used for target gastric
cancer. In this system, poly(lactic-co-glycolic
acid) nanoparticles co-loaded with paclitaxel
were coated with CTL membrane and through
an application of low dose irradiation at the
tumor site showed significantly inhibited tumor
growth. Low dose irradiation resulted in the
upregulation of adhesion molecules in tumor
vessels which in turn aides to the localization of
the CTL membrane-coated nanoparticles (Zhang
et al. 2017a).
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Fig. 3.2 Scheme of Macrophage-Membrane-Coated Liposome loaded with emtansine for suppressing lung metastasis
of breast cancer. (Cao et al. 2016. Copyright #2016 American Chemical Society)

Fig. 3.3 Scheme of neutrophil membrane-coated nanoparticles loaded with carfilzomib for targeting circulating tumor
cells (CTCs). (Kang et al. 2017, Copyrights received #2017 American Chemical Society)
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3.4.2.4 Leukocytes Cell Membrane-
Coated Nanoparticles

Leukocytes are a type of white blood cells which
form a part of the immune system and are
involved in protecting the body against infectious
diseases and foreign invaders, hence their mem-
brane has the property to evade the immune sys-
tem and localize at target tissues thus exhibiting
their targeting ability through cellular membrane
interactions. Leukocyte membrane-coated
nanoparticles avoid opsonization, delay uptake
by mononuclear phagocyte system. These leuko-
cyte membranes facilitate the transport of
chemotherapeutics across the endothelium by
preferential binding to inflamed endothelium,
thus eluding the lysosomal pathway (Parodi
et al. 2013a, b). Nanoporous silicon particles
were also used as the core to deliver cargoes and
protect this therapeutic cargo for enhanced effi-
cacy (Parodi et al. 2013a, b). Other than
nanoparticles, microspheres are also coated with
leukocyte membrane. The dual functionalized
Janus capsule has photothermal effects which in
turn can be used as a photoactive cancer cell
detector to kill the cancer cells. This photothermal
effect is seen when one compartment of the cap-
sule has a gold shell which has strong NIR absor-
bance under laser irradiation. Cancer cell walls
get ruptured due to violent evaporation of water
under NIR irradiation finally leading to cell death
(He et al. 2016a, b).

3.4.3 Cancer Cell Membrane-Coated
Nanoparticles

Cancer cells adhere to one another through
homotypic binding allowing the growth of the
tumor. The membrane of cancer cells when
coated over nanoparticles helps in homotypic
targeting and self- recognition internalization by
the source cells. This membrane coating over
different nanoparticles makes it an appropriate
candidate for the application of anticancer vacci-
nation and drug delivery (Fang et al. 2014), also
in dual modal imaging guided by photothermal
therapy (Chen et al. 2016), targeted oxygen

interference therapy to overcome hypoxia-
induced chemoresistance (Tian et al. 2017),
MRI (Zhu et al. 2016).

Cancer cell membrane derivation was accom-
plished by emptying the intracellular contents
through a series of hypotonic lysing, mechanical
membrane disruption and differential centrifuga-
tion. Cancer cell membrane vesicles were then
formed by physical extrusion through a 400 nm
porous polycarbonate membrane. For coating,
this membrane vesicle over the nanoparticle,
both the core nanoparticle and membrane vesicle
were coextruded through a 200 nm porous poly-
carbonate membrane. Cancer cell membrane
coated NPs allow membrane-bound tumor-
associated antigens along with immunological
adjuvants to efficiently deliver to antigen
presenting cells by stimulating anticancer
immune responses. Homotypic cell membrane
increases the particle-to-cell adhesion and has
the prospective capability to target distant body
sites that are inclined to cancer metastasis.
Targeting the source cell via homotypic binding
mechanism paves way for anticancer drug deliv-
ery and the colocalization of multiple antigens
together with immunological adjuvants in a
stabilized form which facilitates uptake of
membrane-bound tumor antigens for efficient
presentation and downstream immune activation
in the case of cancer immunotherapy (Fang et al.
2014). When the core nanoparticle is NIR dye
like ICG, it helps in image-guided photothermal
therapy when laser irradiated. Complete tumor
irradiation was obtained with such cancer cell
membrane coated ICG nanoparticles as it pos-
sessed homologous targeted binding to achieve
high tumor accumulation. (Chen et al. 2016)
(Fig. 3.4). If the core nanoparticle is magnetic
nanoparticles, it paves way for the MRI applica-
tion. It shows the excellent self-targeting homing
ability to homologous tumor even in competition
with other heterologous tumors and further anti-
cancer drug encapsulation provides potency for
tumor treatment. (Zhu et al. 2016). Conformal
cancer cell membrane coating over poly (lactic-
co-glycolic acid) PLGA core which is
encapsulated with hemoglobin and anticancer
drug Doxorubicin attained a high selective
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targeted delivery of doxorubicin and oxygen to
homologous tumors breaking the hypoxia-
induced chemoresistance (Tian et al. 2017).

3.4.4 Stem Cell Coated Nanoparticles

Most systemically administered nanoparticles
which circulate itself in the blood get rapidly
sequestered by the reticuloendothelial system
(RES) even by the assistance of tumor-associated
EPR effect and conjugation with these targeted
moieties. The nanoparticles which get
accumulated on tumor are in terms very less to
initiate therapeutic effect. Stem cells are known to
possess self-renewable capacity with high repli-
cative potential in multilineage differentiation
capacity. Generally, embryonic stem cells are
widely used for therapeutic purposes due to its
higher totipotency and indefinite lifespan.
Tumors send out chemo-attractants such as the
vascular endothelial growth factor (VEGF) to
recruit mesenchymal stem cells in the formation
of supporting stroma for the tumor and pericytes
intended for angiogenesis. The stem cell mem-
brane coated nanoparticle has an inherent
tumoritropic property which could be an interest-
ing alternative.

Stem cell membrane coated nanoparticle is not
only attractive in tumor based targeting but also
finds application in many molecular recognition
moieties due to their easy isolation. Mesenchymal
stem cell membrane coated gelatin nanogels
derived from bone marrow are developed for
highly efficient tumor based targeted drug deliv-
ery. These nanogels also consist of a unilamellar
membrane coating which is functionalized with a
tumor-targeted antigen which is also associated
with stem cells. They showcase excellent mesen-
chymal stem cell mimicking cancer targeting
capability in in-vitro and in enhanced tumor accu-
mulation in in vivo. Because of this membrane
coating, the tumoritropic property is well pre-
served and clearance through RES is decreased
(Gao et al. 2016).

3.5 Characterizations of Cell
Membrane-Coated
Nanoparticles

The membrane coated NP’s need to be
characterized for their physiochemical and
biological functions. The membrane coatings on
the nanoparticles can be confirmed by the
changes in size, surface charge, protein

Fig. 3.4 Synthesis of Cancer cell membrane coated NPs for image-guided Photothermal therapy. (Chen et al. 2016.
Copyrights received # 2016, American Chemical Society)
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composition etc. Transmission Electron Micros-
copy (TEM) reveals the superficial coverage of
the membrane coating confirms the presence of
cell membrane coating over the nanoparticles.
The shape of the final membrane-coated
nanoparticles and core-shell structure is also
revealed by TEM. Scanning electron microscopy
(SEM) explains the morphology of the membrane
coated nanoparticle. Generally, the membrane
coating is very thin approximately around
10 nm. Dynamic light scattering (DLS) gives
insight into the information regarding the hydro-
dynamic size of the membrane coated
nanoparticles. Zeta potential measurements done
here suggests successful coating as well as the
surface charge on the core particles after mem-
brane coating,

The successful functionalization of
nanoparticles with these cell membrane antigens
was confirmed by analysis of the protein content
of the membrane coated nanoparticles. This was
analyzed using Gel electrophoresis/polyacryl-
amide gel electrophoresis (PAGE)/SDS PAGE
followed by protein staining which shows the
protein profile when compared to the raw cell
lysate. Western blotting analysis confirms on var-
ious intracellular protein markers, the presence of
surface antigens and adhesion proteins on the
membrane coated nanoparticles. In this analysis
carried on for protein markers in the nucleus,
mitochondria and cytosol should be down-
regulated on the final nanoparticles. The mem-
brane coated nanoparticles can be fluorescent
labeled and visualized using confocal laser scan-
ning microscope to check the nanoparticle
internalization.

3.6 Applications of Cell Membrane-
Coated Nanoparticles

The main advantage of cell membrane-coated
nanoparticles is their easy functionalization. Dif-
ferent type of membrane coatings and core
materials paves the way for different biological
applications, which includes drug delivery, pho-
totherapy, radiotherapy, in anticancer
vaccination, etc.

3.6.1 Photo Therapy

Phototherapy is used for cancer treatment due to
its selective and localized therapeutic effects
through laser irradiation. In photothermal therapy
the near-infrared (NIR) lasers photoabsorbers are
employed for thermal ablation of cancer cells
through NIR laser irradiation. Whereas Photody-
namic therapy uses a photosensitizer which is
excited with specific band light thus generating
singlet oxygen which creates local hyperthermia
to kill cancer cells. Different types of membrane-
coated nanoparticles have been used to enhance
phototherapy. RBC membrane coating onto ICG-
HSA NPs through extrusion prolonged circula-
tion time and increased singlet oxygen generation
for photodynamic therapy. In this, the core HSA
NPs was synthesized by encapsulating ICG and
perfluorotributylamine (PFTBA) and coated with
RBC membrane vesicle through extrusion (Ren
et al. 2017). In another study, magnetic NPs were
forced to enter RBC vesicles through electropora-
tion method and the resulted NPs helped in MR
image-guided photothermal therapy (Rao et al.
2017a; Ren et al. 2016). Cancer cell membrane
coating on PLGA NPs with ICG through extru-
sion demonstrated specific homologous targeting
towards cancer with excellent fluorescence and
photoacoustic imaging-guided photothermal ther-
apy. Briefly, the core NPs was ICG-loaded PLGA
polymeric core and the cancer cell membrane
vesicles were fused on the surface by extrusion.
This biomimetic NPs showed excellent
monodispersity, photothermal property, fluores-
cence/photoacoustic dual-modal imaging
properties and moreover homologous tumor
targeting ability (Chen et al. 2016). In another
cancer cell membrane coated study, phosphores-
cence image-guided photodynamic therapy was
carried out. In this Platinum (II) porphyrinic
nanoscale metal-organic framework (NMOF)
with Zirconium (Zr6 cluster) in which the porphy-
rin- NMOF with high photosensitizer loading has
O2 sensing and phosphorescence guided PDT
(Li et al. 2017a, b) Gold nanoshells when coated
with macrophage membrane (through repeated
extrusion) become a photothermal conversion
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agent for effective photothermal therapy in cancer
(Xuan et al. 2016). Janus capsules when modified
with gold nanoparticles in one part and leukocyte
membrane on the other part was also shown to
have specific targeting towards cancer cells and
increased PTT (He et al. 2016a).

3.6.2 Drug Delivery

Various types of membrane coating were used for
targeted drug delivery (Fig. 3.5). RBC-NPs were
used to deliver DOX for the treating solid tumors
(Luk and Zhang 2015). RBC membrane coatings
over hydrophilic–hydrophobic anticancer drugs
DOX and PTX were used for combined chemo-
therapy. They co-encapsulated both hydrophobic
and hydrophilic chemotherapeutic drugs into
magnetic O-carboxymethyl chitosan particle
which hides in the bloodstream and activates
magnetically and gets accumulated in tumor
cells and releases drugs into the cytoplasm, the
erythrocyte membrane vesicle was coated onto
the NPs through a series of extrusion (Fu et al.
2015). When RBC membrane modified by
pre-inserting streptavidin and incorporating a

biotinylated form of DCDX peptide, possessed
the capability to cross the blood-brain barrier
and thus can be used to deliver DOX against
brain glioma (Chai et al. 2017). RBC membrane
coatings over upconversion nanoparticles
(UCNPs) were used as PDT agents and enable
targeted drug delivery and phototherapy (Ding
et al. 2015). Monoclonal antibodies are coated
with RBC membrane and different types of
antibodies are intracellularly delivered (Gao
et al. 2017a). pH-sensitive liposomes coated
with macrophage membrane successfully deliv-
ered anticancer drug emtansine against lung
metastasis of breast cancer (Cao et al. 2016).
Platelet coated NPs with docetaxel and vancomy-
cin are used for disease-targeted therapy (Hu et al.
2015b). Table 3.1 summarizes the application of
various membrane-coated nanoparticles.

3.7 Conclusion and Future
Perspective

Nanoparticles coated with different types of cell
membranes could be employed for a variety of
biological applications including drug delivery,

Fig. 3.5 Schematic diagram showing general mechanism of membrane coated NPs in Photothermal therapy
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Table 3.1 Applications of different types of membrane coated NPs

Type of NPs Membrane derivation Core particle Application References

RBC/erythrocyte
coated NPs

Hypotonic treatment
followed by extrusion

1. HSA NPs with ICG and
PFTBA

Enhanced
phototherapy

Ren et al.
(2017)

Sonication approach 2. Magnetic NPs Toxin nanosponge Ren et al.
(2016)

Hypotonic treatment and
sonication

3. PLGA NPs Drug delivery to
treat solid tumors

Hu et al.
(2013)

Microfluidic
electroporation

4. PLGA NPs coloaded with
DOX

Combinational
chemotherapy

Luk et al.
(2016)

5. Magnetic O-carboxymethyl-
chitosan nanoparticles
coloaded with PTX and DOX

enhanced
Radiotherapy

Fu et al.
(2015)

6. PLGA core with PFC Enhanced tumor
imaging

Gao et al.
(2017b)

7. DSPE-PEG functionalized
UCNPs

Rao et al.
(2017b)
Hu et al.
(2011)

Leucocyte coated
NPs

Coincubation 1. Janus particles Photothermal
cancer treatment

He et al.
(2016a, b)

2. Nanoporous Silicon NPs Drug delivery Parodi
et al.
(2013a, b)

Neutrophil
coated NPs

Percoll gradient
separation followed by
emulsion/solvent
evaporation

1. PLGA NPs loaded with
carfilzomib

Targeting CTCs in
circulation and
premetastatic niche

Kang et al.
(2017)

Platelet coated
NPs

Repeated freeze-thaw
process followed by
sonication

1. PLGA NPs with Docetaxel
and Vancomycin

Disease-targeted
delivery

Hu et al.
(2015b)

2. Si NPs, TRAIL conjugation Li et al.
(2016)

3. TRAIL-DOX NPs Wei et al.
(2016)
Hu et al.
(2015a)

Cancer cell
membrane coated
NPs

Extrusion 1. PLGA core with DOX and
Hb

Oxygen interfered
chemotherapy

Tian et al.
(2017)

2. PLGA core with ICG Photothermal
therapy,
Photoacoustic
imaging

Chen et al.
(2016)

3. PLGA with adjuvants Phosphorescence
image-guided
photodynamic
therapy

Fang et al.
(2014)

4. Fe3O4 and DOX Anticancer
vaccination and
drug delivery

Li et al.
(2017a, b)

5. Pt(II) porphyrin nanoscale
metal-organic framework with
Zirconium cluster

MRI

(continued)
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phototherapy, photodynamic therapy, imaging
applications, anticancer vaccines and so on. The
membrane coating enhances the particle interac-
tion, in turn, helping for prolonged circulation in
blood, escape blood clearance. Nanoparticles
coated with a particular cell membrane will pro-
vide a homologous targeting and enhanced tumor
accumulation.

The membrane coated nanoparticles indeed
mimic the source cells. The membrane coated
NPs improve the therapeutic efficacy of drugs
and other therapeutic cargos through specific
delivery and enhanced accumulation in the
tumor. Further modification of the isolated cell
membranes like double membrane coating and
incorporation of novel therapeutics endows a
new strategy in biomimetic platforms.
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4.1 Graphene

4.1.1 Key Properties of Graphene

Graphene has been drawing tremendous attraction
since the crystal graphene had been first observed
by Novoselov in 2004 based on scotch-tape
method (Novoselov et al. 2004). The name of the
one-atom thick 2-D material, graphene is com-
posed of two concepts, graphite and -ene. The
thickness of graphene is the separation distance
of the graphite, which is 0.335 nm recording the
thinnest among all the nanomaterials developed
until now. Graphene is 100–300 times stronger
than steel with its Young’s modulus of
0.5–1.0 TPa and intrinsic strength of 130 GPa
(Lee et al. 2008). The electron mobility at room
temperature is 2.5 � 105 cm2 V�1 s�1 (Mayorov
et al. 2011) with tis maximum current density
reaching a few million times larger than copper
(Liu et al. 2007). The single atom thick crystal
material has high thermal conductivity of
3000 WmK�1 (Balandin et al. 2008) and high
optical transmittance of 97.7% (Nair et al. 2008).
Rightly these superb properties contributed Nobel
Prize for Physics in 2010 and have been widely

used for applications including sensors, electron-
ics, energies and biology.

Two approaches are usually applied for the
synthesis of graphene, bottom-up and top-down
methods. In bottom-up method graphite is
oxidized under very harsh condition to produce
well-dispersed graphene oxide in aqueous
medium, which in turn reduced to graphene.
However, the reduction process does not produce
completely -reduced graphene form. The chemi-
cal process generates graphene with some defects
causing to be called reduced graphene oxide
instead of graphene. In the top-down method
chemical vapors are crystalized on a proper sub-
strate form single-layer graphene. However, this
is not suitable for mass production process. Many
different types of exfoliation methods have been
developed due to advantages of producing large
amount of graphene in a relatively simple
process.

4.1.2 Mechanical Exfoliation

The first discovery of graphene was processed
based on mechanical exfoliation method using
graphite, in which graphene is stacked together
linked by van der Waals force. Although the van
der Waals force itself is weak the force between
graphenes in graphite is very strong since the van
der Waals force works all over the surface of
graphene. In order to produce graphene through
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exfoliation the van der Waals force is the first
thing to overcome. Also another point to consider
in exfoliation is lubricating effect in the lateral
direction.

Sonication turned out to be a useful tool in
exfoliation process due to advantage of
producing large amount of graphene. When
sonicated graphite powder is dispersed in solvents
such as N, N-dimethylformamide (DMF) or
N-methylpyrrolidone (NMP). However due to
limit in dispersibility of graphene in
those solvents, the concentration of graphene pro-
duced from sonication exfoliation is usually too
low (~ 0.01 mg/mL) to be of any practical use.
When the difference in surface energy between
graphene and solvent is minimum, exfoliation
tends to occur more easily. From the mechanistic
point of view exfoliation is facilitated by liquid
cavitation which in turn generates micro-bubbles.
When the bubbles explode around the graphite
the impulse helps to generate exfoliation process
(Ciesielski and Samori 2014). However, sonica-
tion process has been reported to generate oxygen
containing defects such as aldehyde, carboxylic
acid, and ethers (Skaltsas et al. 2013).

Ball milling is another way for exfoliating
graphite into graphene. In contrast to the sonica-
tion method where normal force is the major
contributor, in the ball milling process shear
force is the dominant factor. Another factor of
force in the ball milling process is the balls
which act on graphite through collisions. The
ball milling can be processed either by wet or
dry condition. In the wet process typically graph-
ite is dispersed using solvents that are in good
match with the surface energy of the graphite.
Although mostly DMF and NMP are used as the
matching solvents, combined use of 1-pyrenen
carboxylic acid and methanol turned out to result
in more efficient exfoliation than DMF alone
(Aparna et al. 2013).

In spite of the scalability in production, the
above-mentioned mechanical methods for exfoli-
ation have to be developed to produce enhanced
yield in monolayer graphene. Fragmentation
effects also have to be reduced. In the case of
sonication many interacting factors such as
power, frequency, and time have to be optimized.

Also detects of the graphene has to be minimized
and uniformness of the product has to be
enhanced.

4.1.3 Synthesis of Graphene

Although many different processes for exfoliation
have been developed for large-scale production,
the peeling-off method cannot avoid defects espe-
cially when it comes to producing large-scale
graphene. Synthetic methods have been reported
to be advantageous in this respect (Dreyer et al.
2010; Choi et al. 2010). Chemical vapor deposi-
tion (CVD) has been mostly widely used due to
processibility of generating single-layer graphene
over relatively large area (Li et al. 2009). For
example, centimeter-scale graphene was able to
be produced on a copper substrate using CVD
method. Chemical synthetic method for graphene
has also been widely used since the chemical wet
process is suitable for large production. In the
chemical process graphite is oxidized to produce
graphene oxide (GO), which in turn is chemically
reduced to reduced form of graphene oxide (rGO)
(Li et al. 2008). Since the quality of rGO in the
chemical synthetic method depends largely on the
efficiency of reduction process, many different
methods and reducing agents have been devel-
oped to obtain high quality rGO.

4.1.4 Characterization of Graphene

As described in the exfoliation and synthetic
method for graphene, the product is usually a
mixture of a single- and multi-layer of graphene.
Many of the characterization methods for
graphene is focused on the differentiating those
species. Since, in the chemical synthetic method,
GO is reduced to rGO, differentiation between
these species and degree of reduction are critical
aspects to be understood.

UV-visible spectroscopy can be used to iden-
tify GO and rGO. GO is characteristic of two
absorption maxima (λMAX) at 234 nm and
299 nm. The shorter λMAX is attributed to π-π*
transition in the aromatic C¼C bonds while the
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longer λMAX is caused by n- π* transition in C¼O
bonds. In the case of rGO, λMAX appears at
269 nm which corresponds to π-π* transition in
the aromatic C¼C bonds. The red shift of π-π*
transition in the aromatic C¼C bonds for rGO
indicates more delocalization of p-orbitals when
GO is reduced to rGO (Paredes et al. 2008)

Raman spectroscopy is an efficient tool to
identify pristine graphite, GO and rGO. Pristine
graphite shows a very sharp G peak at 1581 cm�1,
which is caused by the in-plane vibration in the sp
2 carbons. When graphite is oxidized, the G peak
shits to 1589 cm�1 in somewhat broadened mode
and disordered structural pattern of GO, which
has been caused by oxidation, produces a D
band at 1352 cm�1 (Wang et al. 2009a, b, c).
When GO is reduced to rGO, the G peak blue-
shifts to 1582 cm�1 which is close to the G peak
from the pristine graphite. Therefor the relative
peak intensity between D and G can be used to
understand the degree of defect in graphene.

XPS can be effectively used to understand the
extent of reduction of GO. Since oxidized form of
carbons in GO occurs as C-O (ethers and
hydroxyls) and C¼O (carbonyl) in addition to
C-C (unoxidized carbons), C atoms in GO reveals
at three different energies, 284.6 eV for C-C,
286.7 eV for C-O and 288.4 eV for C¼O.

Atomic force microscopy (AFM) is a useful
tool to identify single-layer graphene, of which
thickness is reported to be 0.32 ~ 1.2 nm. More
accurate way to characterize single-layer
graphene than AFM is transmission electron
microscopy (TEM), in which observation of
transparency and edge of the graphene directly
reveals whether the graphene is single-layered,
double-layered or triple-layered, as well statistical
analysis of the thickness (Hernandez et al. 2008).

4.1.5 Functionalization of Graphene

Even though graphene has great potential for
applications in electronics, sensors, and various
composites, in order to be of any practical utility,
some barriers have to be overcome such as zero
band gap, low dispersibility and inertness to
chemical modifications. Many different methods

for functionalizing graphene have been devel-
oped to enhance the real applicability of
graphene. Functionalization on graphene can be
processed either through covalent bonding or
through non-covalent bonding. In this review
functionalization of graphene will be focused
mainly on method via covalent bonding. From
the organic chemistry point of view, the chemical
reactions can generally be processed by conden-
sation reaction, addition reaction and substitution
reaction, which can also be subdivided into nucle-
ophilic and electrophilic substitution reactions.

In the condensation-type modification of
graphene, thionyl chloride (SOCl2) chemistry is
widely used to enable further functionalization on
graphene. GO, which contains diverse oxygen-
containing functional groups such as hydroxyl,
epoxy and carboxylic groups is a good starting
point to initiate functionalization process. The
carboxylic acid on GO was reacted with SOCl2
to generate –COCl group which is labile to vari-
ous types of nucleophiles. Indeed, alkylamine
(RNH2) was reacted with –COCl to produce
amide bond (-CONHR). Now the functional
group R is linked with GO through amide bond,
enabling the product with easy dispersibility in
various types of solvents including THF, carbon
tetrachloride (CCl4) and dichloroethane (Niyogi
et al. 2006). Isocynate compound (RNCO) has
been used to prepare amide bone (-CONHR) via
reaction with carboxylic acid. Also the functiona-
lization enables compatibility of GO with various
polymers to produce graphene-polymer compos-
ite (Stankovich et al. 2006).

Different from condensation reaction which is
mostly carried out via GO, addition reaction on
graphene turned out to be a useful tool to enable
direction chemical modification on graphene.
Diazonium salt is an effective compound to
carry out functionalization on graphene via free
radicals which can be generated by heating the
diazonium compound. Based on this chemistry,
nitrophenyl diazonium compound (BF�4 N+

2-
C4H4-NO2) was reacted on graphene to produce
nirophenyl group. The addition reaction turned
out to affect conductivity of graphene by
transforming sp2 carbons to sp3 carbons. Based
on this, conductivity of graphene was able to
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adjusted in a controlled manner, which in turn
generated band gap on graphene making possible
of applications as semiconducting materials
(Sinitskii et al. 2010; Niyogi et al. 2010).

Substitution reactions can occur at epoxy
groups on GO using diverse types of nucleophilic
functionalities. Primary amine groups are good
candidate for the purpose. Amines with varying
length of alkyl groups (CnH2nNH2) were used to
ad alkyl groups on GO (Bourlinos et al. 2003).
When the alkyl chain was relatively short (n ¼ 2,
4, 8, 12) the reaction was able to proceed at room
temperature. However, when the alkyl chain was
long (n ¼ 18) the reaction had to be refluxed to
complete the reaction.

4.2 Graphene Quantum Dots
(GQDs)

Graphene quantum dot (GQD) is a graphene
fragmented within around 20 nm. Although semi-
conductor quantum dots (SQDs) have been
attracting much attention, more diverse and
wider applications of GQDs are limited due to
problems related with cost, toxicity, biocompati-
bility and chemical modification. In contrast,
GQDs are understood be superior to SQDs with
those problems. In this section synthetic methods
and optical properties of GQDs are described.

4.2.1 Synthesis of GQDs

GQDs are generally prepared in two approaches,
top-down and bottom-up. In the top-down
method GQDs are prepared by exfoliating graph-
ite followed by fragmentation step. The top-down
method involves harsh reaction conditions and
produces GQDs with irregular morphology and
wide size distribution. Graphite is usually a
starting material and is converted into GO using
a modified version of the Hummers procedure
(Hummers and Offeman 1958), in which sulfuric
acid, sodium nitrate and potassium permanganate
are involved. In the case of bottom-up method

very uniform GQDs are produced. However,
bottom-up preparation of GQDs involves com-
plex synthetic steps.

Many different top-down methods have been
developed and the major difference among them
is how GO is converted into GQDs. Hydrother-
mal cutting is one of the widely used top-down
method, in which relatively strong basic com-
pound such NaOH is used as scissors for the
carbon precursors. Pan et al. prepared GQD with
diameter of 5–13 nm in aqueous media by ther-
mally reducing GO to graphene and chemical
oxidation of the graphene followed by hydrother-
mal reduction to GQD (Pan et al. 2010). From a
mechanistic point of view, oxidation process
generates epoxy groups in linear fashion along
carbon lattice, which upon further oxidation are
converted to carbonyl groups. Under hydrother-
mal condition the linear mode of oxidation acts as
defect site for to be cut to produce GQDs.

Solvothermal method was used to produce
GQDs. GO in DMF was sonicated and heated at
200 �C to produce GQDs with average diameter
of 5.3 nm and thickness of 1.2 nm indicating most
of the GQDs are in single layered or bi-layered
state. The resulting GQOs displayed strong fluo-
rescence with photoluminescence quantum yield
of 11.4% (Zhu et al. 2011).

Microwave has been utilized for synthesizing
GQDs (Li et al. 2012; Zhu et al. 2010; Chen et al.
2010, 2012). Use of microwave has advantage
over the hydrothermal and oxidation procedure
by providing high energy rapidly and uniformly
throughout the reaction medium which results in
short reaction time and enhanced uniformity of
GQDs. One-pot microwave approach in the
absence of stabilizer was reported to produce
greenish yellow luminescent GQDs from GO
(Li et al. 2012). Epoxy groups were oxidized to
form a line of mixture of functional groups com-
posed of minor amount of epoxy and majority of
carbonyl groups. The greenish yellow-
luminescent GQDs were mostly single and
bi-layered graphene with average diameter of
4.5 nm with photoluminescence (PL) quantum
yield of 11.7%. By treating the GQDs with
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NaBH4 blue-luminescent GQDs were obtained
almost without change in dimension with PL
quantum yield of 22.9%.

Electrochemical methods also have been used
to prepare GQDs (Li et al. 2011; Zhang et al.
2012) based on anode oxidation and anion inter-
calation which in turn help exfoliate carbon
anode. When graphite is used as a working elec-
trode in the preparation of carbon dots, the high
redox potential ranging from �1.5 V to �3 V can
oxidize carbon-carbon single bond enabling oxi-
dative cleavage (Lu et al. 2009). Also potential
cycling allows the involving electrolytes to be
intercalated into carbon anode. Zhang reported
high yield process by exfoliating graphite based
on electrochemical method. Dependency of the
functionalization mode on temperature was
reported. When the hydrazine reduction
was processed at ambient temperature, reduction
was exerted mostly on basal epoxy and hydroxyl
groups. However, when the temperature was
increased the reduction produced amidation on
the edge carboxylic groups leading to hydrazide
formation between two adjacent carboxylic
groups.

In a bottom-up method, a polycyclic aromatic
molecule, hexa-peri-hexabenzocoronene, was
pyrolzed, oxidized and functionalized followed
by reduction to produce GQDs (Liu et al. 2011).
Yan et al. produced GQDs by oxidizing dendritic
polyphenylene precursors. In order to provide
solubility of the resulting GQDs phenyl rings
were substituted with 3 long alkyl groups (Yan
et al. 2010).

4.2.2 Luminescence Properties
of GQDs

According to the calculation based on density
function theory, the energy gap of GQDs of π –

π* transition decrease as the size of GQDs
increase (Eda et al. 2010). Depending on the
way a graphene sheet is cut along the crystallo-
graphic direction, the edges can form zigzag or
armchair mode. It is reported that types of edges

affect the optoelectronic and magnetic properties
of GQDs. Such size-dependent properties arise
from quantum confinement effect (Chan and Nie
1998; Michalet et al. 2005; Smith and Nie 2010).
In general, the smaller GQDs display lumines-
cence at shorter wave length (Freeman and
Willner 2012).

Also PL of GQDs tend to be affected by pH
(Pan et al. 2010; Zhu et al. 2012). While hydro-
thermally prepared GQDs under basic condition
display strong PL, GQDs prepared under acidic
conditions show negligible PL. Under acidic
conditions protonation of the zigzag edges
disrupts the emissive triplet carbene state. In con-
trast under basic condition detachment of protons
from the zigzag edges revive PL. Also PL
patterns are affected by solvents and concentra-
tion of GQDs (Fan et al. 2012).

4.3 Applications of Graphene
for Biosensors

4.3.1 Introduction

Many different types of sensing systems have
been developed in order to maximize detection
performance as well as to minimize handling
procedures and the size of the sensors. Since
electrical and fluorescent properties are the most
prominent characteristics of graphene derivatives,
sensing systems based on electrochemical and
fluorescent properties of graphene have been
much studied.

Use of graphene as an electrode in electro-
chemical applications has advantage in catalytic
efficiency which is superior to that of carbon
nanotube (CNT) with wide range of electrochem-
ical potential of 2.5 V in 0.1 M PBS at pH 7.0
(Alwarappan et al. 2009). Graphene has lower -
charge-transfer resistance than graphite and glass
carbon electrodes (GCEs) (Zhou et al. 2009).
Electrical properties of were investigated for dif-
ferent redox systems, Ru(NH3)6

3+/2+, Fe(CN)6
3�/4-, Fe3+/2+ and dopamine (Tang et al. 2009).
Two different electrodes were compared, bare
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glassy carbon (GC) and glassy carbon modified
with rGO sheet film (rGSF). Much faster
apparent electron-transfer rate constant (k� app)
was observed on rGSF than on GC for both Ru
(NH3)6

3+/2+, Fe(CN)6
3�/4-.

4.3.2 Graphene-Based
Immunosensors

Immunoassay takes advantage of the interaction
between antibody and antigen. Enzyme-linked
immunoassay (ELISA) is a standard clinical diag-
nostic method, in which a capture antibody is in
complexation with an antigen and a detection
antibody in a sandwich-type fashion. One of the
key factors for high sensitivity in electrochemical
detection is how efficient the electron transfer is
on the electrode surface. Highly conductive prop-
erty of graphene is well suited for this purpose
and much application has been developed to
enhance the electrical conductivity on electrode
surface by using graphene as surface modification
medium. Many different types of protein-based
cancer biomarkers have been detected using elec-
trochemical immunoassay. Alpha-fetoprotein
(AFP), a biomarker for hepatocellular cancer,
was assayed on graphene-modified electrode in
the hope of enhancing sensing performance by
facilitating electron transfer rate of the electrode
using graphene (Du et al. 2010).

Ultrasensitive immunoassay was processed by
generating polyaniline (PAN) via catalysis with
Horse-radish peroxidase (HRP)-conjugated
AuNP (HRP-AuNP) (Fig. 4.1) (Lai et al. 2014).
In the presence of poly(diallyldimethy-
lammonium chloride) (PDDA) GO was reduced
by hydrazine to produce composite of
rGO/PDDA. AuNPs were mixed with the com-
posite of rGO/PDDA to prepare rGO/AuNP. The
rGO/AuNP was dispersed in water to be dropped
on the screen-printed carbon electrode (SPCE),
onto which anti-human IgG(anti-HIgG) was
added. Due to high surface area of the rGO/AuNP
nanocomposite provides large amount of anti-

HIgG may be position, which would lead to
highly sensitive assay system. In order to process
immunoassay, HIgG was added followed by
HRP-conjugated AuNP to form sandwich-typed
complexation. Aniline monomer and H2O2 were
added to form PAN. The aniline monomers are
polymerized through catalysis by HRP oxidation
of aniline by HRP-AuNP. Thus produced PAN is
electrochemically determined for immunoassay.
The nanocomposite system was reported to be
able to detect 9.7 pg/mL of IgG with dynamic
range covering 4 orders of magnitude. Such a
high sensitivity is reported to have been
contributed by the amplification effect of
HRP-AuNP and the acceleration of electron trans-
fer by rGO/AuNP.

Ultrasensitive electrochemical immunoassay
system (limit of detection 100 fg/mL, 700aM)
was reported using rGO (Fig. 4.2) (Monsur et al.
2012). Indium tin oxide (ITO) electrode was
functionalized with amine group using amine-
functionalized benzenediazonium. The amine
functionalized ITO surface was coated with GO,
in which the primary amine on the ITO surface
was reacted with carboxylic acid positioned at the
edge of GO. Then the GO on the ITO surface was
electrochemically reduced to prepare rGO on ITO
surface. Using π-π interaction of the aromatic
rings positioned between ITO surface and poly-
mer, the N-acryloxysuccinimide-functionalized
poly(BMA-r-PEGMA-r-NAS) was coated on the
rGO surface. IgG was tethered on the polymer
coating through reaction of the primary amines in
IgG with N-succinimide in the polymer. Then
ELISA was processed via sandwich-type com-
plexation with antigen and HRP-labeled second-
ary anti-IgG.

GQDs were used for immunoassay taking
advantage of the unique luminescent and reso-
nance energy transfer (RET) properties of GQDs
to recognize 10 ng/mL of human IgG (Fig. 4.3)
(Zhao et al. 2013). When mouse anti-human
immunoglobulin G (mIgG) functionalized
GQDs came in contact with graphene, the lumi-
nescent GQDs became quenched through π-π*
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stacking interaction. To this quenched system
human IgG was added to restore some degree of
luminescence caused by interruption of the π-π*
stacking interaction due to the intervening IgG.

4.3.3 Graphene-Based Detection
of Oligonucleotides

DNA also can be recognized on graphene-based
electrode via electrochemical analysis. Graphene-
based electrode can catalytically oxidize the four

DNA bases, A, G, C, and T, enabling direct
detection of a single-nucleotide polymorphism
(SNPP in a short oligonucleotide (Zhou et al.
2009). Immobilization of single-stand DNA can
be processed either through adsorption or cova-
lent bonding. Simple adsorption of single-strand
DNA were processed on GO or rGO. Reduction
of GO was processed electrochemically
(Giovanni et al. 2012), thermally (Yang et al.
2013) or polyaniline-electrochemically (Wang
et al. 2011). Covalent immobilization of DNA
was processed by reacting amine-functionalized

Fig. 4.1 Schematic view
of the preparation for
ultrasensitive detection of
IgG based on rGO/AuNP
system. (Lai et al. 2014.
Copyright # Lai et al.)

Fig. 4.2 Schematic view of the preparation and working principle for the ultrasensitive electrochemical immunoassay.
(Monsur et al. 2012 Copyright # Monsur et al.)
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DNA on the oxygen containing rGO via
carbodiimide (Bonanni et al. 2012).

Quain et al. reported fluorescence resonance
energy transfer (FRET)-based DNA assay with
limit of detection (LOD) of 75 pM and dynamic
range of 6.7 ~ 46 nM (Fig. 4.4.) (Qian et al.
2014). GQDs were treated with NaBH4 to pro-
duce reduced GQDs (rGQDs), which can fluores-
cence prominently. Single-strand DNA (ssDNA)
probes were tethered on rGQDs (ssDNA-rGQDs)
through condensation reaction. The ssDNA-
rGQDs came in contact with GO through π-π
interaction leading to fluorescence quenching.

When target DNA was added to form double-
strand DNA (dsDNA), the dsDNA interrupts the
π-π interaction to detach ssDNA-rGQDs from GO
leading to restoring of fluorescence.

Zhang et al. presented a molecular beacon
(MB)-based miroRNA detection system utilizing
GQDs (Fig. 4.5) (Zhang et al. 2015). Molecular
beacons are oligonucleotides designed with
stem and loop structures (Broude 2002; Wang
et al. 2009a; Stobiecka and Chałupa 2015; Tang
et al. 2009). The oligonucleotides are equipped
with a fluorophore at one end and a quencher at
the other. MicroRNAs were able to be

Fig. 4.3 GQD as an immunoassay system via luminescence resonance energy transfer (LRET). (Zhao et al. 2013.
Copyright # Zhao et al.)

Fig. 4.4 GQDs-based DNA detection system based on fluorescence resonance energy transfer (FRET). (Qian et al.
2014. Copyright # Qian Z S et al.)
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analyzed with LOD of 100 pM and dynamic
range of 0.1 ~ 200 nM. Pyrene-functionalized MB
(py-MB) probes were prepared with 50 modification
on pyrene and 30 modification of the fluorescence
dyes, Cy3 and Cy5, while leaving the loop part of
the sequence complementary to the target miRNA.
The π-π interaction between pyrene part of the
py-MBs and GQDs tethers the py-MBs on GQDs.
When no target miRNAs came in contact with the
probe py-MBs, FRET occurs between GQDs and
the fluorescence dyes. However, when target
miRNAs are added, double strands are formed
preventing FRET from occurring.
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Graphene-Functionalized Biomimetic
Scaffolds for Tissue Regeneration 5
Yong Cheol Shin, Su-Jin Song, Suck Won Hong, Jin-Woo Oh,
Yu-Shik Hwang, Yu Suk Choi, and Dong-Wook Han

5.1 Introduction

Tissues of animals, including human beings, are
in principle classified into four types based on
their origin and function: connective, muscular,
nervous, and epithelial tissues. The tissues are
fundamental and essential components of the
body, and sometimes they can be injured as they
are frequently used depending on each function.
A mild damage can be healed naturally, but a
severe injury is quite difficult to naturally heal,
leads to serious health implications. In recent

years, a tissue engineering approach has emerged
as a new approach to healing these severely dam-
aged tissues. In tissue engineering approaches,
biomimetic scaffolds, which can not only struc-
turally support, but can also functionally promote
cell behaviors, are designed and developed for
promoting tissue regeneration (Langer and
Vacanti 1993; Dvir et al. 2011). Up to now,
many scaffolds having various structures and
compositions have been developed and employed
for biomedical applications, and a variety of bio-
active materials has been further functionalized
into the scaffolds in order to improve their
biofunctionality (Vasita and Katti 2006; Zhao
et al. 2013; O’Brien 2011; Dvir et al. 2011; Guo
et al. 2015; Wolf et al. 2015; Shin et al. 2016b). In
addition to various biomolecules possessing
diverse biological and pharmacological activities,
such as proteins, peptides, lipids, carbohydrates,
and nucleic acids, more recent efforts have
focused on the potentials of nanomaterials. The
term “nanomaterials” are commonly defined as
materials with smaller than 100 nm in size at least
one dimension, including thickness, width,
length, or diameter (MacDiarmid 2001; Hood
2004; Shin et al. 2017d). The nanomaterials
exhibit unique properties that are not observed
in the bulk materials composed of the same
components (Valiev 2002; Dobrovolskaia and
McNeil 2007; Liu and Webster 2007; Ray 2010;
Zhou et al. 2011; Lin et al. 2012; Cherukula et al.
2016). Therefore, there is a rapidly growing inter-
est in the potentials of nanomaterials.
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Graphene and its derivatives are one of the
promising nanomaterials, and there have been
tremendous efforts to explore their potentials
and possible applications in various fields, such
as biology, chemistry, physics, and nanoscience.
Graphene is a two-dimensional (2D) atomic layer
of graphite, where carbon atoms are assembled in
a honeycombed lattice structure. The graphene
nanomaterials can be categorized into three pri-
mary groups, including graphene, graphene oxide
(GO) and reduced graphene oxide (rGO). These
graphene family nanomaterials have been
reported to have unique characteristics, such as
remarkable electrical, mechanical, biological, and
chemical properties (Gómez-Navarro et al. 2008;
Tang et al. 2009; Wang et al. 2011; Sanchez et al.
2011; Papageorgiou et al. 2017). In particular,
GO and rGO have oxygen-containing functional
groups on their surface, results in facilitated
interactions with cells or biomolecules (Nayak
et al. 2011; Lee et al. 2011; Yue et al. 2012). In
addition, the oxygen-containing functional
groups allow graphene family nanomaterials to
be easily incorporated with scaffold materials,
which in turn, they can afford the opportunity to
fabricate desirable tissue engineering scaffolds
having the distinctive advantages of graphene
family nanomaterials. Moreover, it has been
reported that the graphene family nanomaterials
can be used as stimulating factors for not only
promoting cellular behaviors, but also for
enhancing the differentiation of various cells
towards particular lineages, including neuro-
genic, osteogenic, chondrogenic, myogenic, and
adipogenic lineages (Ruiz et al. 2011; Kalbacova
et al. 2010; Lee et al. 2011, 2015a, c; Park et al.
2011; Li et al. 2013; Nayak et al. 2011; Ku and
Park 2013; Shin et al. 2015a; Patel et al. 2016b;
Seong et al. 2010) (Fig. 5.1). Therefore, substan-
tial efforts have been devoted to designing and
developing graphene family nanomaterial-
functionalized biomimetic scaffolds for tissue
engineering and tissue regeneration.

Herein, we are attempting to provide an
overview of recent findings in the fields of tissue
regeneration concerning the graphene family
nanomaterial-functionalized biomimetic
scaffolds, and to highlight the promising

perspectives for the possible applications of
graphene family nanomaterials.

5.2 Skin Tissue Regeneration

Skin is a complex organ mainly consisting of
epithelial and connective tissues, and it is com-
posed of three distinct layers of epidermis, dermis
and subcutaneous fat layers. The skin covers
whole body, and it plays a primary role in
protecting our body from external pathogens and
damages. Because skin is the primary defense
mechanism against surrounding environment, it
is vulnerable to injury. In case of severe skin
damages, it takes a long time to heal and requires
additional surgical treatment. Therefore, a lot of
efforts have been made to effectively heal the
serious skin damage, and many commercially
available products have been developed. None-
theless, there are still some limitations in healing
widespread or deep wounds (i.e., full-thickness
wounds), and intensive efforts have been under
way to accelerate the healing process through a
tissue engineering approach (Lu et al. 2012; Col-
lins and Birkinshaw 2013; Chaudhari et al. 2016;
Zhou et al. 2016b; Shin et al. 2016b; Yin et al.
2016; Ho et al. 2017).

To provide suitable microenvironments for
wound healing, most scaffolds are generally
fabricated in the form of a 3D porous network
structure or hydrogel for mimicking the natural
extracellular matrix (Li et al. 2002; Drury and
Mooney 2003; Li and Xia 2004; Murugan and
Ramakrishna 2006; Teo and Ramakrishna 2006;
Liu et al. 2012; Norouzi et al. 2015). It has been
commonly believed for a long time that the colla-
gen, the main component of extracellular matrix,
is the most suitable materials for scaffolds, but
during recent years, many studies have focused
on the biomimetic composite scaffolds fabricated
using various biodegradable polymers and
bioactive materials. Graphene family
nanomaterials have also attracted a great attention
as a novel candidate for scaffold materials, which
can promote skin tissue regeneration (Fan et al.
2010; Lu et al. 2012; Shin et al. 2013; Lee et al.
2014; Nishida et al. 2014; Cha et al. 2014; Sayyar
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et al. 2015; Murray et al. 2015; Zhang et al.
2016a; Unnithan et al. 2016).

Graphene and its derivatives can be easily
incorporated into polymer scaffolds. Lu et al.
and Lee et al. proved that graphene- or
GO-incorporated composite scaffolds were suc-
cessfully fabricated by electrospinning, and the
composite scaffolds were beneficial to cell growth
and wound healing (Lu et al. 2012; Lee et al.
2014). Lu et al. revealed that the polyvinyl alco-
hol (PVA) and chitosan scaffolds containing
graphene have higher healing effects on the skin
wounds of mice and rabbits than PVA-chitosan
scaffolds without graphene (Fig. 5.2). In addition,
they proposed a possible wound healing mecha-
nism of graphene. The graphene is composed of
carbon atoms arranged in a hexagonal lattice

structure, leads to a different electron transfer
process towards cells (Lu et al. 2012). Although
an electron can be easily transferred from
graphene into cells because of the cell membrane
potential, the electron movement is dependent on
the cell types. In case of eukaryotic cells, the
electrons escaping from graphene are difficult to
enter the nucleus because of the nuclear mem-
brane, and thus they cannot affect DNA or other
genetic materials of eukaryotic cells. Whereas
since there is no nuclear membrane in prokaryotic
cells, electrons are able to easily enter their
nucleus, which can damage DNA or other genetic
materials of prokaryotes. In general, the
microbes, which inhibit the wound healing pro-
cess, are prokaryotic cells, which in turn, the
damages and impeded proliferations of

Fig. 5.1 Stimulating effects of graphene family nanomaterials on the differentiation of various cells. (Reproduced from
Seong et al. 2010, Copyright (2010) IOP Publishing Ltd.)
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prokaryotic cells by graphene are beneficial to the
wound healing. On the other hand, the GO can
also promote wound healing by enhancing the
growth of fibroblasts (Lee et al. 2014). The
GO-functionalized scaffolds have a more hydro-
philic surface and a higher surface energy than
hydrophobic polymer scaffolds due to the hydro-
philic groups of GO, such as hydroxyl, carboxyl,
carbonyl, and epoxy groups. These increases in
surface hydrophilicity can promote the cell adhe-
sion and proliferation of dermal fibroblasts, which
can benefit skin wound healing.

In order for composite materials to be used as
scaffolds for tissue regeneration, they should have
suitable and tunable mechanical properties. The
excellent mechanical properties are one of the
major advantages of graphene family
nanomaterials, which enable them to be
employed as scaffold materials, and the
functionalization of graphene materials has been
found to reinforce polymer hydrogel composites
(Fan et al. 2010; Shin et al. 2013; Cha et al. 2014).
Various types of hydrogels have been extensively
utilized as scaffold materials for tissue regenera-
tion, because they can provide a 3D microenvi-
ronment, which is structurally similar to the
natural extracellular matrix. However, the
increasing the cross-linking density to obtain
high mechanical properties of hydrogels can
sometimes reduce the permeability and biode-
gradability of hydrogels due to the dense pore
structure of hydrogels, and it is also not favorable

for cell behaviors and exchange processes of
nutrients, biochemical stimuli and cell
metabolites (Engler et al. 2006; Nichol et al.
2010; Shin et al. 2013). One way to overcome
this problem is to control the mechanical
properties of hydrogels by functionalizing
graphene family nanomaterials into hydrogels. It
has been reported that the mechanical properties
of gelatin methacrylate (GelMA) hydrogels can
be significantly improved by incorporating with
GO (Shin et al. 2013). This can be attributed to
the strong non-covalent cross-linking interactions
between GO and GelMA hydrogel (Wan et al.
2011; Sharma et al. 2017). On the other hand, the
incorporated GO did not affect the intrinsic
characteristics of GelMA hydrogels, including
biodegradability, porosity and internal morphol-
ogy. In addition, the GO-incorporated hydrogels
containing 2.0 mg/mL of GO exhibited the out-
standing biocompatibility to NIH-3T3 fibroblasts.
Meanwhile, these reinforcing effects of GO on
polymer hydrogels can be further enhanced by
surface modification of GO. Cha et al. showed
that the GO modified with methacrylate groups is
more effective to improve mechanical properties
of hydrogels by covalent interactions of chemi-
cally modified GO (methacrylated GO) and poly-
mer hydrogels (Cha et al. 2014). The
methacrylate groups on GO could prevent aggre-
gation of GO within polymer solution. The stable
dispersions of GO within hydrogels could reduce
the structural defects of hydrogels, thereby

Fig. 5.2 Wound healing effects of PVA-chitosan
scaffolds containing graphene in mice and rabbits models
and possible wound healing mechanism of graphene.

(Reproduced from Lu et al. 2012, Copyright (2012)
Royal Society of Chemistry) *Abbreviations: CS chitosan,
PVA polyvinyl alcohol
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enhancing their structural integrity and resistance
to fractures without adverse effects on their rigid-
ity. Moreover, they demonstrated that the
encapsulated fibroblasts within hydrogels favor-
ably proliferated due to the minimization of
changes in rigidity, which can influence cell
behaviors. These results indicated that the
graphene family nanomaterials can be utilized as
reinforcing agents to control the mechanical
properties of composite scaffolds, and the
graphene-functionalized scaffolds have been
demonstrated to possess a good biocompatibility
in vitro.

The in vivo biocompatibility and bioactivity of
graphene-functionalized scaffolds have been also
investigated (Nishida et al. 2014). Nishida et al.
prepared GO-coated collagen scaffolds, and
evaluated their in vivo healing effects in skin
incisional models in rats. It was revealed that the
GO-coated collagen scaffolds (0.01 wt% of GO)
did not induce severe inflammatory responses,
and the ingrowth of fibroblastic cells and blood
vessels was significantly promoted as compared
with collagen scaffold without GO coating. In
addition, the GO-coated scaffolds easily resorbed
as newly ingrown tissues were reconstructed. On
the other hand, the promoting effects of
GO-coated collagen scaffolds on tissue regenera-
tion were greatly affected by the concentration of
GO. It has been found that the biological effects
of graphene family nanomaterials are highly
dependent on their concentrations (Zhang et al.
2010b; Akhavan et al. 2012; Lee et al. 2012b;
Park et al. 2015a; Kim et al. 2015a). Moreover,
these effects of graphene family nanomaterials in
dose-dependent manner can also affect the
properties of scaffolds, such as degradation rate,
thermal stability, conductivity, and interactions
with cells. According to the recent findings, the
physicochemical, mechanical, thermal, electrical,
and biological properties of scaffolds are closely
related to the incorporating content of graphene
family nanomaterials (Murray et al. 2015; Sayyar
et al. 2015; Unnithan et al. 2016; Zhang et al.
2016a). Therefore, even if graphene-
functionalized scaffolds exhibit outstanding bio-
compatibility and biofunctionality, it is very
important to determine the graphene material or

its content, and to design scaffolds with suitable
properties for a target application to specific tis-
sue regenerations.

5.3 Neuronal Tissue Regeneration

Graphene family nanomaterials have exceptional
electrical conductivity, which makes them attrac-
tive for potential applications in neuronal tissue
regeneration. The graphene family nanomaterials
have been shown to exhibit superior conductivity
compared with the graphite materials, whereas
their resistivities are quite lower than those of
graphite materials (Zhang et al. 2010a; Qiu et al.
2016). Therefore, numerous studies have focused
on applying graphene-functionalized scaffolds
directing neural tissue regeneration (Park et al.
2011; Li et al. 2013; Tang et al. 2013; Akhavan
and Ghaderi 2013; Akhavan et al. 2014; Serrano
et al. 2014; Jakus et al. 2015; Baniasadi et al.
2015; Song et al. 2015; Akhavan et al. 2016;
Zhang et al. 2016b; Martín et al. 2017; Golafshan
et al. 2017). The cytotoxicity effects of graphene
and its derivatives on neuronal cells were also
directly dependent on their concentrations
(Zhang et al. 2010b). The cytotoxicity of
graphene family nanomaterials may attributed to
the oxidative stress as similar to the other carbon
nanomaterials (Lam et al. 2004; Hussain et al.
2006; Zhang et al. 2010b; Lee et al. 2012b). In
addition to concentrations, there are, of course,
many other factors that influence the cytotoxicity
effects of graphene family nanomaterials, such as
size, aggregation, surface chemistry, and expo-
sure time. Nevertheless, the graphene family
nanomaterials showed less cytotoxicity than
other carbon nanomaterials, including fullerene,
carbon nanotube and carbon black, indicating that
the graphene-functionalized scaffolds can be
favorably exploited in neuronal tissue regenera-
tion (Zhang et al. 2010b; Zhou et al. 2016a;
Baweja and Dhawan 2018).

The easiest way to use graphene family
nanomaterials as a scaffold is to fabricate
graphene-coated substrates (Park et al. 2011;
Lee et al. 2012a). Park et al. prepared graphene-
coated films by transferring graphene onto glass
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substrates, and examined the growth and differ-
entiation of human neural stem cells (hNSCs)
(Park et al. 2011). It was shown that the hNSCs
quite stably adhered to graphene-coated region,
followed by differentiation into neurons and neu-
roglia cells. Whereas hNSCs on glass region were
aggregated and were less differentiated into
neurons than the graphene-coated region. In gen-
eral, the neural differentiation of hNSCs is pro-
moted when they are surrounded by a substantial
number of neuroglia cells (Song et al. 2002).
Therefore, a substantial number of cells on
graphene-coated region can effectively promote
the differentiation of hNSCs into neurons. In
addition, the genes related to the calcium signal-
ing pathway were also up-regulated on graphene-
coated substrates, and the neural activity of
hNSCs was confirmed by the increase in intracel-
lular calcium ion concentrations. The similar
results were reported for rat adrenal pheochromo-
cytoma cells (PC-12 cells) where the neurite
outgrowth of PC-12 cells was remarkably
enhanced on graphene-coated substrates as com-
pared with that on bare glass substrates (Lee et al.
2012a). Meanwhile, rGO can be also used as
scaffold materials for accelerating the differentia-
tion of hNSCs. Akhavan et al. documented that
the rGO-coated substrates can effectively acceler-
ate the differentiation of hNSCs into neurons
rather than neuroglia cells (Akhavan et al.
2014). Interestingly, they synthesized rGO using
Asian red ginseng as a reducing agent to secure
high biocompatibility. The commonly used
reducing agent for the synthesis of rGO is a
hydrazine, but it is highly toxic to cells. However,
they could obtain the higher biocompatibility of
rGO by using ginseng as a green reductant than
that using hydrazine. In addition, it was proved
that the rGO synthesized using ginseng was found
to have a more stable dispersibility, improved
graphitic structure, increased hydrophilicity, and
biocompatibility due to the presence of
ginsenoside molecules on its surface. Further-
more, these improved physicochemical properties
and biocompatibility played a key role in
accelerating the differentiation of hNSCs into
neurons. These results indicate that graphene-

functionalized substrates are beneficial to neuro-
nal cell growth and differentiation.

Graphene family nanomaterial-functionalized
composite scaffolds have been also found to have
promising potentials to facilitate neuronal tissue
regeneration (Song et al. 2015; Baniasadi et al.
2015; Zhang et al. 2016b; Golafshan et al. 2017).
The incorporation of graphene family
nanomaterial can allow control over the physico-
chemical, thermal, mechanical and electrical
properties of polymer-based scaffolds. These
characteristics of scaffolds are very important
for neuronal tissues because they communicate
with each other using electrical signals. The
functionalization of graphene family
nanomaterials into polymer scaffolds imparts
excellent mechanical properties and formation of
conductive networks to them. In addition, the
graphene incorporation can improve the tensile
strength, elongation, toughness of polymer
scaffolds without significant alteration of their
rigidity (Golafshan et al. 2017). The rigidity is
critical factors that can significantly affect cell
behaviors of soft tissues, including nerve tissues.
Therefore, the functionalization of graphene fam-
ily nanomaterials is highly useful in neural tissue
regeneration and engineering. Moreover, the
improved mechanical and electrical properties of
scaffolds can effectively promote the neuronal
cell behaviors, including initial adhesion, spread-
ing and proliferation (Song et al. 2015; Golafshan
et al. 2017). Although it is very important to
optimize the appropriate amount of graphene,
there is no doubt that the functionalization of
graphene family nanomaterials is a very valuable
approach for developing tissue engineering
scaffolds for neural tissue regeneration. On the
other hand, specific configuration of graphene-
functionalized scaffolds can further enhance the
neuronal cell behaviors. Zhang et al. reported that
the aligned poly(L-lactide) (PLLA) nanofibrous
scaffolds coated with GO greatly promoted the
behaviors of schwann cells and PC-12 cells
(Zhang et al. 2016b). The GO coating can
improve the mechanical and biomedical
properties of scaffolds, and the alignment struc-
ture can guide the neurite outgrowth, suggesting
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that the aligned nanofibrous scaffolds coated with
GO have great potentials to be employed as a
nerve guidance conduit for nerve regeneration.

The improvement of electrical signaling in
neural networks is another very crucial aspect
for regeneration of nerve tissues. It is a univer-
sally acknowledged fact that the exceptional elec-
trical conductivity of graphene family
nanomaterials is quite helpful in enhancing elec-
trical signaling of neural networks and nerve
tissues (Park et al. 2011; Tang et al. 2013;
Akhavan and Ghaderi 2013; Li et al. 2013;
Akhavan et al. 2014; Serrano et al. 2014; Jakus
et al. 2015; Martín et al. 2017). The details of
neural network formation on graphene-
functionalized scaffolds and their interactions
with neural networks have been described by
Tang et al. and Akhavan et al. (Tang et al. 2013;
Akhavan and Ghaderi 2013) (Fig. 5.3). They
demonstrated the capabilities of graphene to
improve neural network formation, electrical sig-
naling and neural performance by monitoring the
intracellular Ca2+ fluctuation in neural networks
on graphene substrates. It was shown that the
graphene films have a good biocompatibility to
NSCs, and the density of mature neurons on
graphene films is much higher than that on tissue
culture plastics. In addition, the mature neurons
on graphene films could be organized into

functionally active neural networks, and the
increased neural network activities were con-
firmed by the enhanced frequency and amplitude
of spontaneous postsynaptic currents as well as
the increased intracellular spontaneous and syn-
chronous Ca2+ spikes. Because the neural net-
work activities are significantly affected by the
interactions between neurons and substrate
materials, the intrinsic electrical properties of sub-
strate materials can strongly influence the neural
and synaptic activities (Schmidt et al. 1997; Parak
et al. 2001; Cellot et al. 2011). Hence, electrical
coupling of neuronal cells and graphene
substrates is able to enhance the neural network
activities because of exceptional electrical con-
ductivity and large surface area of graphene.

It has been extensively acknowledged that in
many cases, cell behaviors in the 3D
environments are quite different from those in
the 2D environments. Therefore, in more recent
years, many attempts have been made to develop
a graphene-functionalized 3D scaffold to provide
a more similar environment to the natural extra-
cellular matrix (Li et al. 2013; Serrano et al. 2014;
Akhavan et al. 2016; Martín et al. 2017). In par-
ticular, nerve tissues are composed of complex
3D neural networks, which cannot be reproduced
in a 2D culture system. Li et al. suggested that the
porous graphene foam scaffolds can be a

Fig. 5.3 The improvement of neural network formation
and electrical signaling in neural networks on graphene-
functionalized scaffolds. (Reproduced from Tang et al.

2013, Copyright (2013) Elsevier Ltd.) *Abbreviations:
sPSC spontaneous postsynaptic current, TCPS tissue cul-
ture plastics
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promising candidate to address these limitations
(Li et al. 2013) (Fig. 5.4). In their study, the 3D
graphene foams were prepared using a chemical
vapor deposition method with Ni foam templates,
followed by coating with laminin, and the cellular
behaviors of NSCs, including adhesion, prolifer-
ation and differentiation, were examined. In addi-
tion, the potentials of 3D graphene foams as a
conductive platform, which can mediate electrical
stimulation for NSCs were explored. It was
indicated that the 3D graphene foams have suit-
able physicochemical and electrical properties to
provide favorable 3D microenvironments for cell
growth. The 3D network structure with
interconnected pores allows the NSCs to success-
fully adhere and proliferate in a 3D fashion. Addi-
tionally, the unique nanoscale rippled and
wrinkled features on the surface of 3D graphene
foams could offer a mechanical interlocking with
cells, leads to enhanced cell adhesion and prolif-
eration (Li et al. 2010). Moreover, these specific
topographical cues of 3D graphene foams, includ-
ing curvature, anisotropic microstructure and
roughness, could provide contact guidance to
cells, which results in the promoted differentia-
tion of NSCs towards neuronal lineage. On the
other hand, an external electrical stimulation was
also successfully delivered to NSCs through 3D

graphene foams, and a good electrical coupling of
3D graphene foams with differentiated NSCs was
clearly observed due to the superior electrical
properties and large surface area of 3D graphene
foam scaffolds. According to another study, the
in vivo performance of graphene-based 3D
scaffolds was verified (Jakus et al. 2015). The
3D-printed graphene scaffolds composed of
graphene flakes and poly(lactic-co-glycolic acid)
(PLGA) possessed a good mechanical integrity,
electrical conductivity and biocompatibility. The
expression of neurogenic relevant genes was also
up-regulated in human mesenchymal stem cells
on 3D-printed graphene scaffolds. They further
investigated the in vivo performance of the
3D-printed graphene scaffolds in a female
BALB/c mouse model. The results showed that
a severe immune response or fibrous encapsula-
tion was not observed, and the scaffolds were
actively degraded by macrophages. Moreover,
the ability of scaffolds to be intraoperatively
manipulated, surgically implemented and handled
has also been demonstrated. These results imply
that the graphene-functionalized 3D scaffolds can
be also promising candidates for neural tissue
regeneration.

Fig. 5.4 Graphene-functionalized 3D scaffold for neuro-
nal tissue regeneration. (Reproduced from Li et al. 2013,
Copyright (2013) Nature Publishing Group)
*Abbreviations: GAPDH glyceraldehyde-3-phosphate

dehydrogenase, GFAP glial fibrillary acidic protein, NSC
neural stem cell, O4 oligodendrocyte marker, sPSC spon-
taneous postsynaptic current, TCPS tissue culture plastics
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5.4 Other Tissue Regeneration

In addition to the applications of graphene-
functionalized scaffolds to skin and neuronal
regeneration, their potentials have been examined
for various types of tissues. Among them, herein,
we are attempting to briefly summarize the major
literature concerning the representative
applications to the regeneration of muscle, car-
diac and bone tissues.

Numerous studies regarding the graphene-
functionalized scaffolds for muscle tissue regen-
eration have been conducted as the stimulating
effects of graphene family nanomaterials on myo-
genic differentiation were demonstrated (Ku and
Park 2013; Ahadian et al. 2014; Shin et al. 2015a,
c, 2017b; Bajaj et al. 2014; Ciriza et al. 2015; Lee
et al. 2016b; Jo et al. 2016; Krueger et al. 2016;
Chaudhuri et al. 2014, 2015, 2016; Patel et al.
2016a). Most studies focus on promoting myo-
genic differentiation and muscle tissue regenera-
tion by coating graphene family nanomaterials
onto substrates or incorporating them into
polymer-based scaffolds. It has been revealed
that the stimulating effects of GO or rGO can be
attributed to the fact that the oxygen-containing
functional groups on GO or rGO surface are able
to increase in the adsorption of serum proteins

from the culture media via electrostatic
interactions, which results in the strong activation
of insulin-like growth factor-1 (IGF-1) signaling
pathway (Lee et al. 2011; Ku and Park 2013; Shin
et al. 2015a, 2017c; Chaudhuri et al. 2016). In
addition, the myogenic differentiation can be fur-
ther enhanced by introducing external electrical
stimulation since muscle cells are activated by
electrical stimulation (Ahadian et al. 2014; Bajaj
et al. 2014; Krueger et al. 2016; Jo et al. 2016).
Electrical conductivity can be imparted to
non-conductive polymer-based scaffolds by
incorporating graphene family nanomaterials,
and the other properties of scaffolds can be also
manipulated. The efficient myogenic differentia-
tion could be achieved using graphene family
nanomaterial-based scaffolds, but when the
scaffolds were used together with electrical stim-
ulation, the myogenic differentiation was further
accelerated and promoted (Ahadian et al. 2014).
Moreover, the expression levels of gene related to
the myotube formation and contraction ability
were substantially up-regulated under the appli-
cation of electrical stimulation (Fig. 5.5). These
findings suggested that the use of graphene-
functionalized scaffolds in a combination with
electrical stimulation can be a novel strategy for
muscle tissue regenerations. Meanwhile, because

Fig. 5.5 Enhanced myogenic differentiation using
graphene-functionalized scaffold in a combination with
electrical stimulation. (Reproduced from Ahadian et al.

2014, Copyright (2014) Royal Society of Chemistry)
*Abbreviations: ES electrical stimulation, GO graphene
oxide, TR-Graphene thermally reduced graphene
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myocardial tissues lack the ability to regenerate
themselves when they are damaged, studies on
myocardial tissue regeneration using graphene-
functionalized scaffolds have been steadily car-
ried out (Park et al. 2014, 2015b; Shin et al.
2016a). The rGO-incorporated GelMA hydrogels
showed significantly lower electrical impedance
values than pristine GelMA hydrogels, and good
cytocompatibility to cardiomyocytes (Shin et al.
2016a). Considering that the homogeneous cell
distribution is desired for a myocardial repair and
regeneration, significantly improved initial homo-
geneous adhesion and spreading of
cardiomyocytes on rGO-incorporated GelMA
hydrogels could facilitate the myocardial tissue
regeneration. The expression of cardiac markers,
including sarcomeric α-actinin and connexin
43, and the spontaneous beating rates of
cardiomyocytes were also increased on
rGO-incorporated GelMA hydrogels, indicating
that the rGO-functionalized GelMA hydrogels
can be used as a promising scaffold for cardiac
tissue regeneration. The underlying mechanism
for the ability of graphene-functionalized
scaffolds to enhance cardiomyogenic differentia-
tion was proposed by Park et al. (2014). They
described that the graphene-functionalized
substrates increased the gene expressions of
cardiomyogenic differentiation-related extracel-
lular matrix proteins, such as type I collagen
(Col I), type III collagen (Col III), type IV colla-
gen (Col IV), fibronectin, and laminin. In addi-
tion, the focal adhesion kinase (FAK) expression
was also up-regulated on graphene-functionalized
substrates, followed by the up-regulation of
phosphatidylinositol 3-kinase (PI3K)/Akt signal
transduction pathways, and subsequently the
cardiomyogenic differentiation was promoted.

The graphene-functionalized scaffolds for
applications to bone tissue regeneration have
also been extensively explored (Nayak et al.
2011; Depan et al. 2011; Kumar and Chatterjee
2015; Liao et al. 2015; Shuai et al. 2015;
Elkhenany et al. 2015; Wang et al. 2015; Park
et al. 2016; Nie et al. 2017; Marrella et al. 2017;
Peng et al. 2017). Bone tissues, a type of dense
connective tissue, are generally considered to
belong to a hard tissue. Therefore, scaffolds for

bone tissue regeneration should also have good
mechanical properties. In addition to polymer
materials, a calcium phosphate material, such as
hydroxyapatite, tricalcium phosphate and
biphasic calcium phosphate, has been widely
used as scaffolds for bone tissue engineering.
However, their inherent poor mechanical
properties, such as brittleness, low wear resis-
tance and low fracture toughness, are often
quoted as disadvantages (Liu et al. 2014; Shin
et al. 2015b, 2017d; Lee et al. 2015b). In order
to overcome these disadvantages, graphene fam-
ily nanomaterials have emerged as novel
reinforcing nanofillers. The functionalization of
graphene family nanomaterials can reinforce the
mechanical properties of composite scaffolds
(Depan et al. 2011; Liao et al. 2015; Shuai et al.
2015; Peng et al. 2017; Marrella et al. 2017). The
reinforcing effects of graphene family
nanomaterials on the mechanical properties of
composite scaffolds can be explained by the fact
that the interfacial interactions between graphene
family nanomaterials and composite scaffolds
through π-π stacking interaction, hydrogen bond-
ing or electrostatic interaction can achieve the
reinforced mechanical properties of scaffolds
(Yoon et al. 2012; Ionita et al. 2013; Shin et al.
2017a; Peng et al. 2017; Marrella et al. 2017).
The functionalized graphene family
nanomaterials can behave as an interface phase
between composite scaffolds, and can directly
transfer physico-mechanical stress from scaffolds
to graphene family nanomaterials, results in the
improved mechanical properties (Peng et al.
2017) (Fig. 5.6). Moreover, it has been proved
that the graphene and its derivatives can acceler-
ate the osteogenic differentiation without hinder-
ing cell growth, which makes graphene-
functionalized scaffolds a promising candidate
for bone tissue regeneration (Lee et al. 2011,
2015a, 2016a; Nayak et al. 2011; Akhavan et al.
2013; Kim et al. 2015b, 2017). Hence, many
studies have been recently reported to improve
the bone regeneration by functionalizing
graphene family nanomaterials into commercially
available bone grafts in various industrial fields as
well as research area (Lee et al. 2015a, b; Shin
et al. 2015b; Park et al. 2016; Kim et al. 2017;
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Peng et al. 2017). In particular, the potentials of
graphene family nanomaterials have become
more prominent as the in vivo performance of
the graphene-functionalized scaffolds, composed
of commercially available polyetheretherketone
(PEEK) and hydroxyapatite powders and GO, in
new bone formation capability has been
demonstrated in a rabbit bone defect model
(Peng et al. 2017) (Fig. 5.6). Therefore, the
functionalization of graphene family
nanomaterials is a highly versatile strategy for
bone tissue regeneration.

On the other hand, in addition to the cases
described here, there are a variety of applications
of graphene-functionalized biomimetic scaffolds
for tissue regeneration (Shin et al. 2017d; Lee
et al. 2011; Chen et al. 2012a, b; Shah et al.
2014; Díez-Pascual and Díez-Vicente 2016;
Lalwani et al. 2017). For example, Díez-Pascual
et al. prepared the poly(propylene fumarate)
(PPF)-based nanocomposites incorporating
poly(ethylene glycol) (PEG)-modified GO, and
investigated their antibacterial activity against
human pathogenic bacteria and cytotoxicity
against human dermal fibroblasts (Díez-Pascual
and Díez-Vicente 2016). It was shown that the
PPF/PEG-GO nanocomposites exhibit an excel-
lent antibacterial activity, whereas they do not
show cytotoxicity against human dermal
fibroblasts. These antibacterial activity might be

due to the fact that the direct contact between the
bacteria and the sharp edges of GO can induce
membrane damages in bacteria, and oxidative
stress induced by GO can damage the cellular
components of bacteria (Akhavan and Ghaderi
2010; Akhavan et al. 2011; Chang et al. 2011;
Lu et al. 2012). These results suggested that the
GO-functionalized composites with excellent
antibacterial activity can be used as effective
scaffolds for tissue regeneration by preventing
pathogen infection while facilitating cellular
behaviors. Taken together, given the outstanding
physicochemical, thermomechanical, electrical,
and biological properties of graphene family
nanomaterials, graphene-functionalized biomi-
metic scaffolds are particularly promising
candidates for the regeneration of various tissues.

5.5 Conclusions and Perspectives

Herein, we summarized and discussed the possi-
ble applications of graphene-functionalized bio-
mimetic scaffolds for tissue regeneration.
According to the recent literature, it is clear that
the graphene-functionalized biomimetic scaffolds
are highly beneficial to tissue regeneration regard-
less of the types of graphene nanomaterials. In
particular, the fact that the scaffolds possessing
desired properties can be readily fabricated by

Fig. 5.6 Reinforcing effects of GO on mechanical
properties of scaffolds, and in vitro and in vivo perfor-
mance evaluation of graphene-functionalized scaffolds.

(Reproduced from Peng et al. 2017, Copyright (2017)
Peng et al.) *Abbreviations: GO graphene oxide, HAP
hydroxyapatite, PEEK polyetheretherketone
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functionalizing graphene family nanomaterials is
good enough to attract our great attention for the
promising potentials of graphene-functionalized
scaffolds. However, the potential toxic effects
and the detailed mechanism underlying the
biological effects of graphene family
nanomaterials have still not been fully elucidated.
In addition, the biological properties of graphene-
functionalized scaffolds are quite strongly depen-
dent on many parameters, including the size, con-
centration, surface chemistry, shape, and
preparation method of graphene nanomaterials.
This indicates that the further systematic and
comprehensive studies must be carried out before
their practical applications, and we should delib-
erately design and employ the graphene-
functionalized scaffolds. Nevertheless, the splen-
did advantages of graphene family nanomaterials
described in here rationally suggest that the
graphene-functionalized scaffolds are particularly
promising strategy for tissue regeneration and
tissue engineering, even if many puzzles remain
challenges to employing graphene-functionalized
scaffolds for biomedical applications.
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Biomimetic Materials in Tissue Engineering



Influence of Biomimetic Materials on Cell
Migration 6
Min Sung Kim, Mi Hee Lee, Byeong-Ju Kwon, Min-Ah Koo,
Gyeung Mi Seon, Dohyun Kim, Seung Hee Hong, and
Jong-Chul Park

6.1 Biomimetic Materials in Tissue
Engineering

Tissue engineering is a multi-disciplinary field
that purposes tot the advance of biological
replacements that recover, maintain, or promote
the tissue function (Langer and Vacanti 1993; Ma
2004, 2005; Rice et al. 2005). To regulate the
tissue formation in three dimensions
(3D) situation, highly porous structure of scaffold
is important in a typical tissue engineering strat-
egy. In addition the scaffolds supply the
synthetic extracellular matrix (ECMs) or
microenvironments for attachment, proliferation,
differentiation, regeneration or tissue genesis by
the defining of 3D geometry for tissue engineer-
ing (Ma 2004, 2005; Liu and Ma 2004). As a
result in tissue engineering, chemical and

physical structures, or biologically functional
moiety are significant to the biomaterials.

The diverse materials have been studied as
scaffolds for tissue regeneration to satisfy the
tremendous needs in tissue engineering. Because
of the lack of degradation in biological situation
(Liu and Ma 2004), some metals were not suitable
for scaffold applications although they were used
for medical implants due to their excellent
mechanical properties (Catledge et al. 2004).
The ceramic or inorganic materials; calcium
phosphates or hydroxyapatite (HAP), has been
studied for mineralized tissue engineering
because of their excellent osteo-conductivity,
however they were also limited due to their
lowly porous structures or brittleness. On the
contrary, polymers can be great candidate for
scaffolds because they have good design flexibil-
ity so that the structure or composition can be
modified to the particular demands. For these
reasons, polymers have been widely studied in
diverse tissue engineering applications, including
bone, cartilage tissue engineering (Rice et al.
2005; Liu and Ma 2004; Meinel et al. 2005;
Huang et al. 2007).

The emulating the advantageous features of
the natural ECM may be valuable for the scaffold
to serve as the impermanent ECM for regenera-
tion of cells. However, it is unnecessary for the
scaffold to completely copy the natural ECM,
because the process of neo tissue genesis in tissue
engineering is not correctly the same as the devel-
opmental or wound healing program. The tissue

M. S. Kim · M.-A. Koo · G. M. Seon · S. H. Hong
J.-C. Park (*)
Cellbiocontrol Laboratory, Department of Medical
Engineering, Yonsei University College of Medicine,
Seoul, South Korea

Brain Korea 21 Plus Project for Medical Science, Yonsei
University College of Medicine, Seoul, South Korea;
drmin9@yuhs.ac; sseon1227@yuhs.ac;
seungheestar@yuhs.ac; parkjc@yuhs.ac

M. H. Lee · B.-J. Kwon · D. Kim
Cellbiocontrol Laboratory, Department of Medical
Engineering, Yonsei University College of Medicine,
Seoul, South Korea
e-mail: leemh1541@yuhs.ac; bjkwon@yuhs.ac;
doh2yun@yuhs.ac

# Springer Nature Singapore Pte Ltd. 2018
I. Noh (ed.), Biomimetic Medical Materials, Advances in Experimental Medicine and Biology 1064,
https://doi.org/10.1007/978-981-13-0445-3_6

93

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0445-3_6&domain=pdf
mailto:drmin9@yuhs.ac
mailto:sseon1227@yuhs.ac
mailto:seungheestar@yuhs.ac
mailto:parkjc@yuhs.ac
mailto:leemh1541@yuhs.ac
mailto:bjkwon@yuhs.ac
mailto:doh2yun@yuhs.ac


engineering could accelerate the regeneration
process compared to the natural development pro-
gram, so the natural ECM is not suitable for
scaffold in tissue engineering applications.
Highly interconnected macro-or micro-pore
structures helps cells to make quick and uniform
population, this is essential for the tissue engi-
neering and regenerative process however mature
tissue matrix sometimes does not possess those
structures. Therefore the optimal tissue engineer-
ing applications for accelerating of tissue regen-
eration require the appropriate designed scaffold
features; pore size, porosity, inter pore connectiv-
ity. Lastly, the feasible pathogen transmission and
immune rejection should be always concerned
when using the natural ECM.

The biomaterials play a critical role in the most
tissue engineering approaches (Hubbell 1995).
The biomaterials can perform as a substrate to
help the cells attach or migrate. It also helps
cells to be implanted with a mixture of various
cell types as a cell delivery vehicle, or be utilized
as a drug carrier to initiate the specific cellular
function in the localized area (Marler et al. 1998;
Murphy and Mooney 1999). The advance of
biomaterials for tissue engineering applications
has focused on the devising of biomimetic
materials that can interact with surrounding
tissues by biomolecular identification (Hubbell
1999; Healy 1999; Sakiyama-Elbert and Hubbell
2001). The extracellular matrix (ECM) proteins
are not particularly adsorbed on the surface of
biomaterials after they are exposed to the
biological conditions, then the cells interact with
the surface of biomaterials through the adsorption
of ECM proteins.

Biomolecular identification of materials by
cells can be performed by two major devising
approaches. One strategy is to incorporate the
cell-binding peptides into biomaterials via physi-
cal or chemical adjustment. The cell-binding
peptides contain both a long chain of ECM
proteins and short peptide sequences derived
from unscathed ECM proteins that can cause cer-
tain interactions with cell receptors. The biomi-
metic materials possibly imitate various roles of
ECM in tissues. For example, the surface of
biomaterials which is cell non-adhesive

inherently can change to the cell adhesive surface
by the immobilization of signaling peptides (Shin
et al. 2002). The specific protease enzymes can
also make the material degradable using the union
of peptide sequences into materials (West and
Hubbell 1999) or the union of peptide can cause
the cellular responses (Suzuki et al. 2000). The
other strategy is to endue biomaterials with bio-
activity by union of soluble bioactive molecules;
growth factors and plasmid DNA into biomaterial
carriers. The materials released these bioactive
molecules and start or modulate the new tissue
formation (Whitaker et al. 2001; Richardson et al.
2001; Babensee et al. 2000).

6.2 Cell Migration

Cell migration plays important role in physiolog-
ical phenomenon and cancer metastasis, immune
response or embryonic development. The interac-
tion between cell and the extracellular matrix
(ECM) highly regulate the cell specific process
characteristics. Cell polarization and protrusion at
the leading edge also can influence on the cell
migration and these phenomena are dependent on
attachment of cells to the ECM or actin polymeri-
zation. The cell translocation or retraction of the
rear which caused by the transmission of traction
forced was followed by these events (Vicente-
Manzanares et al. 2005; Lock et al. 2008).

Focal adhesions (FAs) are complexes of vari-
ous proteins, and these mediate the signal trans-
duction or adhesion to the ECM (Yamada and
Geiger 1997). The actin cytoskeleton is
connected to the ECM by FAs physically through
the transmembrane heterodimer cell receptors;
integrins, and also through the focal adhesion
kinase (FAK) and vinculin which comprise the
signaling pathways and mechano-transductive
pathways (Huttenlocher and Horwitz 2011). The
repeating cycles of FA assembly and disassembly
during cell migration is caused by the rapid
change in the protein composition over time in
response to the external signals (Huttenlocher and
Horwitz 2011; Zaidel-Bar et al. 2003). The
characteristics of FA; size or morphology might
determine the cell migrations (Kim and Wirtz
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2013). The diverse size of FAs using the nano-
patterned surface correlated with the particular
cell migratory events (Slater et al. 2015). In addi-
tion, studies about the relationship between the
cell migration and physical/chemical properties
of the substrate have been performed. The ligand
density by substrate, the expression levels of
integrins and the ligand-inegrin affinity affected
to the cell migration too (Palecek et al. 1997;
Bergman and Zygourakis 1999). Also the adhe-
siveness level of cell substratum is related with
the maximum speed of the cells (Palecek et al.
1997; Bergman and Zygourakis 1999; Kim et al.
2013).

The tremendous studies about the cell migra-
tion have been performed, however the molecular
mechanism coordinating the cell motility is still
not fully understood. It is well known that the
external stimulation can regulate the cell
response, such as mechano-transduction signals
or stiffness, dimensionality of the ECM (Friedl

and Wolf 2010; Petrie et al. 2009). Therefore, it is
well accepted that the modulation of physical or
chemical material parameters make the
biomaterials alter the cell motility. Figure 6.1
showed the schematic diagram of cell migration
on the biomimetic materials. In this review, cell
migration on biomimetic materials has been
introduced at mimicking the natural properties
of the in vitro or in-vivo matrix.

6.2.1 Cell Migration with Collagen

The most plentiful protein in mammals, collagen
type I has a triplehelical structure and this is made
of three polypeptide chains which contain the gly-
X-Y holding th 4-hydroxypoline and proline
(Kadler et al. 2007). Collagens could be purified
from human tissues (placenta) or animal tissues
(skin, tendon). The increase of PH or temperature
of precursor solution can reconstitute the ECM

Fig. 6.1 Schematic diagram of cell migration on biomimetic materials
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protein into the fibrous matrix (Patterson et al.
2010). Collagen type I is widely used by treated
with proteases for removing the small nonhelical
telopeptides which presents at the end of the triple
helical domain and is used for the cross species
immunogenic character of the most proteins.
However, the disease transmission and concerns
of immunogenicity still remain for clinical appli-
cation of this material (Lynn et al. 2004). Some
recombinant human collagen type I and III are
commercially sold, and methods for recombinant
collagen expression have been studied for
avoiding those risks (Ruggiero and Koch 2008).

The even macroscopic or permanent micro-
scopic alignment of fibrous collagen matrix
could be obtained by the dipole moment of
fibrous collagen. The alignment of fibrous colla-
gen under the strong magnetic field has been
studied for inducing the directed cell migration;
for example the neuritis grow along the direction
of fibrous alignment (Ceballos et al. 1999).

6.2.2 Cell Migration with Fibrin

The fibrin is a special protein network which is
formed in spontaneous tissue repair for clinically
using from cryo-precipitated human blood plasma
or autologous sources. The circulating glycopro-
tein homodimer of heterotrimer; which is called
polymerization of fibrinogen combine the fibrin
matrix spontaneously in the existence of thrombin
protease. Fibrino-peptide on the fibrinogen is
cleaved by the thrombin which prohibit the chem-
ical or physical self –assembly or the molecule
polymerization. The chemically cross linked net-
work by the XIIIa which is blood trans-
glutaminase factor and the fibrous structure of
its compound (Patterson et al. 2010) depend on
the formation of the cross-linked character
(Lorand and Graham 2003; Standeven et al.
2007; Weisel 2004). Normally the fibrin is not
the ECM because it is not generated by the cells
around the local environment, however ECM is
very important material that it is a critical member
of regenerative matrices and plays role of a pro-
visional matrix by remodeling and replacing with
ECM molecules.

The proteolytic degradation may effect on the
mechanism of cell migration in fibrous collagen
matrix, however the migration of cells in fibrin is
almost related with the cell associated proteolytic
activity. The differences of cellular response in
the fibril collagen may result from the small scaf-
fold size of the fibrous matrices and the strong
fibrous interactions, and the nature of network
formation and covalent stabilization.

6.2.3 Cell Migration
with Glycosaminoglycans

The long unbranched polysaccharides augmented
the structure of ECM proteins in the biochemical
or biomechanical functions. The components of
ECM proteoglycans are not attaché to the core of
protein covalently, and are entagled in the extra-
cellular space except for the hyaluronic acid case.
The glycosaminoglycans directly effect on the
tissue regeneration through the interactions of
cell-surface receptors, however the strong anionic
polymers supply the compressive strength to the
ECM by absorbing the water (Toole 2004).

Hyaluronic acid hydrogels have been studied
for diverse uses; such as the dermal wound
healing by keratinocyte transferring or cartilage
repair by chondrocyte transplantation (Price et al.
2007; Tognana et al. 2007). Some cell surface
receptors including CD44, RHAMM, and
ICAM-1, interact with the hyaluronic acid and
the incorporation of other functional
biomolecules increase the biological activity of
hyaluronic acid (Turley et al. 2002). The degra-
dation of hyaluronic acid gel is due to the
dyaluronidase (Kim et al. 2008), meanwhile the
cell migration is driven by the diverse MMPs
activities so using the MMP-sensitive cross-
linkers could improve the migration of cells into
the hydrogels. Also the wound healing or prolif-
eration of fibroblasts can be improved by the
functionalizing of hyaluronic acid gels with pro-
tein fragments or peptides from the fibronectin
(Park et al. 2003; Ghosh et al. 2006). The migra-
tion of cells in-vivo is coupled to the degradation
of ECM molecules via cell secreted or cell
associated proteases expression, because the
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matrix degradation is enzymatically rather than
hydrolytically. Therefore the most of hydrogels
for the biological applications including fibrin or
hyaluronic acid hydrogels are degradable.

The degradation of synthetic hydrogels is
mediated by cell and can be controlled by the
incorporation of protease substrate sequences
(Kim et al. 2008; Chau et al. 2008; Lévesque
and Shoichet 2007; Lutolf et al. 2003). For ren-
dering of covalent cross linking (Kim et al. 2008;
Lévesque and Shoichet 2007; Lutolf et al. 2003)
or self-assembling (Chau et al. 2008) to the deg-
radation of hydrogels enzymatically. Further-
more, hydrogels which contains the
incorporation of the enzyme units can control
the degradation too. The organization or deposi-
tion of collagen type II by encapsulation of
chondrocytes in vitro effected on the duration or
timing of lipase exposure, and the presence of
lipase can be caused the degradation of
caprolactone units contained photo cross linked
PEG gels (Rice and Anseth 2007). The erosion of
the hydrogels for space of cell spreading or ECM
production, can direct the cell migration or cell to
cell connection, produce the channels and three-
dimensional structures for example the
interconnected channels made by two-photon
methodology. The combination of photolabile
tethered biologically active functionalities can
effects on the locally modified chemical
environments and also can enhance the
chondrogenic differentiation of encapsulated
human MSCs upon removal of RGD (Kloxin
et al. 2009).

6.2.4 Migration in Tenascin-C
Mimetic Peptide Amphiphile
Nanofiber Gel

The glycoprotein tenascin-C is very important in
spinal cord regeneration (Yu et al. 2011; Zhang
et al. 1997). The expression of the axon ingrowth
is shown highly in spinal cord injury and regions
(Zhang et al. 1997). The spinal cord injury inhibit
the tenascin-C expression, and the inhibition of
tenascin-C reduce the supraspinal synapse forma-
tion and axon regrowth with the neurons of spinal

motor and recovery of damaged locomotor
(Yu et al. 2011). Tenascin-C also can guide the
neural progenitors in development of brain
(Thomas et al. 1996). The expression of protein
that contribute to the stem cell niche by altering
the response to the growth factors is increased in
the subventicular zone (SVZ), and this protein
also promote the FGF2 sensitivity and decrease
the BMP4 sensitivity, which enchance the acqui-
sition of EGF receptor (Garcion et al. 2004). The
expression of tenascin-C is also increased in the
rostral migration stream in the extracellular space
(Thomas et al. 1996), which is a pathway that the
migration of neuroblasts from SVZ to the olfac-
tory bulb, where they changed into the new
internerouns.

The integrin-dependent pathways which
helped cell adhesion can activate the tenascin-C.
Many studies have discovered that the enascin-C
with a linear peptides can promote the length of
neurite (Meiners et al. 2001) via interaction with
α7β1-integrin (Mercado et al. 2004). The
electrospun polyamide fibers were connected
with the peptides covalently, and these were
coated onto the coverslips (Ahmed et al. 2006).
Some primary neurons; spinal motor, dorsal root
ganglion and cerebellar granule neurons induce
the increase of average lengths of neurite when
they cultured in vitro in the tenascin-C peptide
coated with the polyamide fibers (Ahmed et al.
2006). The materials with this peptide have
effected on the non-neuronal systems too.
Recently, one study showed that this peptide
coated with self-assembled nanofibers could
enhance the osteogenic differentiation of rat
mesencymal stem cells (Sever et al. 2014).

The signaling of neurons to increase their
length of neurite and the ratio of cells which
positively on β-III-tubulin relative to backbone
PA gels could be effected by the incorporation
of the tenascin-C and PA gels. The length of
neurite or the ratio of to β-III-tubulin-positive
cells was not increased significantly by adding
the scrTN-C PA gels. However, when the β1-
integrin blocking antibody treated to the gels,
length of neurite and the ratio of positive cells to
β-III-tubulin with neurites were dropped in TN-C
PA gels, but not in scrTN-C PA gels because the
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scrTN-C PA gels were not seriously different
from the TN-C PA gels. According to these
results, the length and number of cells with
neurite is raised by the TN-C PA, and also β1-
integrin interaction affected too. However the
mechanism on the peptide sequence is not fully
understood because the TN-C PA is not seriously
different from the scrTN-C PA.

The promotion of cell migration by the devel-
opment of PA was the main purpose, and Eric
et al. showed that the native channel for the
migration like the rostral migration stream was
existed by using the material with physical direc-
tional signals such as aligned fibers (Eric et al.
2016). The migration of native or transplanted
cells could be directed by the neural stem cells
or neural progenitor cells to the regions of neuro-
nal loss. The expression of tenacin-C in the RMS
is also detected when the neuroblasts moved on
the surface of astrocytes (Thomas et al. 1996).
The β1 integrin is very important in migration of
neural cell (Jacques et al. 1998; Leone et al.
2005), therefore the incorporation of a tenascin-
C derived from β1 integrin and nanofibers could
enhance the migration of NPC derived cells.
Compared to the backbone PA alone, the
incorporation of PA mixtures which including
the backbone PA and TN-C PA promote the
migration of cells, meanwhile the backbone PA
alone and incorporation of PA and scrTN-C did
not influence on the cell migration.

6.2.5 Human Microvascular
Endothelial Cell Migration
on Biomimetic Surfactant
Polymers

The migration of cell has been studied a lot
in vitro because it is very important in physiolog-
ical and pathological procedures (Kouvroukoglou
et al. 2000; Hubbell et al. 1991; Garcia et al.
1998; Asthagiri et al. 1999; Byzova et al. 2000;
Chon et al. 1997; Lauffenburger and Horwitz
1996; Nehls et al. 1998). Cell migration plays a
role in various situations such as regeneration of
damaged vascular wall, angiogenesis or coloniza-
tion of cells in biomaterials. The EC migration is

significantly important for succeeding of EC
seeding on the surface to the implantation. At
low density of cell seeding, the speedy migration
and colonization is important, and some materials
can induce these advantageous features. The
migration of cells also important in the regions
of cell loss because of the fluid shear stress, even
confluent monolayer of ECs covered the
implantation area.

The receptor cytoskeleton interactions, cyto-
skeletal formation or reorganization, and the
detachment of tail ends, cell adhesion onto the
surface are mediated with the migration of cells.
The integrins or ligand interactions with factors
could decide the direction or speed of cell migra-
tion (Kouvroukoglou et al. 2000; Domanico et al.
1997; Friedl et al. 1998; Maheshwari et al. 2000;
Palecek et al. 1997; Simon et al. 1997). The
integrin/ligand binding affinities, integrin expres-
sion levels, and ligand levels are the member of
these factors (Maheshwari et al. 2000; Palecek
et al. 1997; Simon et al. 1997). The average
speed of cell migration has been shown that the
cell to surface adhesive strength is dependent on
the variety of cell types theoretically and experi-
mentally (Maheshwari et al. 2000; Palecek et al.
1997; Wu et al. 1994). The α4β1 and the α5β1, the
particular integrins could influence on the migra-
tion of cells to the fibronectin, as well as the αvβ3
and αvβ5 which is vitronectin receptors involved
in the migration of diverse types of cells, such as
endothelial cells in angiogenesis (Maheshwari
et al. 2000; Simon et al. 1997; Eliceiri et al. 1998).

The RGDS, YIGSRG (the adhesive sequence
of laminin), the example of adhesive peptide
sequences which are covalently immobilized,
have influenced on the changes of cell persistence
(the time between significant directional changes)
and cell speed (Kouvroukoglou et al. 2000;
Olbrich et al. 1996; Mann and West 2002). The
migration of fibroblasts was decreased by adding
the RGDs on the surfaces compared to the
non-adhesive peptides (RDGS or RGES)
(Olbrich et al. 1996), and RGDS and YIGSRG
surfaces increased the random migration or per-
sistence time of endothelial cells that
non-adhesive peptides (Kouvroukoglou et al.
2000). However, the increase of surface peptide
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density which composed of three different adhe-
sive peptides inhibited the migration of smooth
muscle cells seriously (Mann and West 2002).
Therefore, the density of surface ligand
and receptor affinity can influence on the adhe-
sion strength to the surface, shear stability, sig-
naling and EC migration (Garcia et al. 1998;
Asthagiri et al. 1999; Palecek et al. 1997; Chan
et al. 1999; Ruoslahti and Obrink 1996; Xiao and
Truskey 1996).

One study showed that the series of biomi-
metic polymers which could be used to change
the surface of existing biomaterials were designed
for enhancing the appropriate adhesion and func-
tion of ECs on the biomaterial surfaces (Sagnella
et al. 2004). The limiting the undesirable platelet
activation and adhesions was caused by the malt-
ose sugars which acts as a steric guard against the
adsorption of non-particular proteins likely to the
glycocalyx functions (Holland et al. 1998; Qiu
et al. 1998). The surfactant polymer on the hydro-
phobic surface is self-assembled by the side
chains of alkyl, so that the EC adhesion increased
by the appropriate orientation of The RGD
peptides.

The controlling the density of surface peptides
could change the rate of EC migration or activity
on these surfaces (Sagnella et al. 2004). The
100% of RGD polymers could induce the strong
adhesion of ECs and wide spreading than other
surfaces because it has the highest density of
surface peptide. On 100% of RGD surfaces,
HMVEC spread more even the cells were seeded
at confluent density, because the increased
integrin binding sites per area induced the cells
to attach in more places and effectively spread out
further. However the shorter distance migrating
time and the lower cell density were observed in
the smaller surface area covered by the migrating
HMVEC population on the 100% RGD surface.

In increased ligand concentration, the decrease
of cell migration is related with the increase of
cell spreading for EC and other cell types
(Palecek et al. 1997; Mann and West 2002; Bur-
gess et al. 2000; Gobin and West 2002; DiMilla

et al. 1993). The increase of the concentration of
RGDS, VAPG, or KQAGDV inhibited the
smooth muscle cell migration (Mann and West
2002). Previous study showed that the changing
of surface ligands could control the adhesive
strength via cell migration. Another study
identified that 8 RGD per collagen monomer
induce the highest coefficient of random migra-
tion of mouse melanoma cell via 3D collagen
scaffold, however the density of peptide
decreased above or below this number (Burgess
et al. 2000). At concentration of 3.5 μmol/ml of
RGDS, the migration of fibroblast and smooth
muscle cells in ECM-like PEG hydrogels was
highest, however the migration was decreased at
above or below of this concentration (Gobin and
West 2002). Similarly, full concentration of ECM
proteins increased cell migration too (Palecek
et al. 1997; DiMilla et al. 1993), so these results
suggested that the highest migration is caused by
appropriate ligand concentration which is optimal
density.

The 100% of RGD surface showed slower
migration that 75% RGD surface, and lower
RGD promoted the migration of HMVEC even
more. At the initial edge of 50% surface, HMVEC
migrated further and showed higher density of
cells with increase of radial distance than other
surfaces. However, more decreased density of
peptides induced drop of migration behavior.
Unlike the described studies related in surfaces
(Burgess et al. 2000; Gobin and West 2002;
DiMilla et al. 1993), cell adhesion or growth
were not influenced by biomimetic polymer sys-
tem when the attached peptide did not exist. The
adsorption of non-particular protein was inhibited
by the glycocalyx-like properties of the oligosac-
charide- rich surface (Holland et al. 1998;
Ruegsegger and Marchant 2001). The EC adhe-
sion and long term growth were not assisted by
the 25% of RGD surface (Murugesan et al. 2002).
Therefore, the density of peptide or, cell receptor
density, ligand-receptor affinity could affect
migration of cells (Palecek et al. 1997; Simon
et al. 1997).
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6.2.6 Biomimetic-Engineered Poly
(Ethylene Glycol) Hydrogel
for Smooth Muscle Cell
Migration

Smooth muscle cell (SMC) migration plays a key
role in a variety of physiological and pathological
situations, ranging from vascular development to
intimal hyperplasia after vascular injury (Willis
et al. 2004; Gerthoffer 2007; Louis and Zahradka
2010). During vascular development, migration of
pericytes and smooth muscle precursor cells
occurs after the formation of an endothelial cell
tube, assisting in the development of vessel wall
construction and biomechanical functionality of
the blood vessels (Gerthoffer 2007; Louis and
Zahradka 2010). In response to vascular injury,
SMCs up-regulate the secretion of matrix
metallo-proteinases (MMPs) and increase their
rate of cell migration, which is required for
wound healing and vascular repair (Louis and
Zahradka 2010). The development of materials
that facilitate SMC migration has been a critical
strategy in vascular tissue engineering because of
the essential role of cell migration in vascular
remodeling (Mann et al. 2001a, b; Almany Seliktar
2005; Liu Chan-Park 2010). However, excessive
SMC migration, followed by SMC proliferation, if
uncontrolled, will induce pathogenic vascular
remodeling, which is a key step in the develop-
ment of intimal hyperplasia (Willis et al. 2004;
Louis and Zahradka 2010). Therefore, understand-
ing the mechanisms involved in SMC migration
and the development of strategies to regulate this
process have become emerging areas of research.

Published studies of SMC migration on
two-dimensional (2D) surfaces have suggested
that cell migration is largely governed by the bal-
ance between attachment and detachment,
presenting a biphasic dependence on cell-
substratum adhesiveness (DiMilla et al. 1993).
However, conditions for cell migration in vivo are
more complex. Besides providing a variety of bio-
chemical cues to guide cell function, the extracellu-
lar matrix (ECM) also imposes biophysical
resistance to cell movement (Friedl and Brocker
2000; Friedl et al. 1998; Even-Ram and Yamada
2005).

Naturally derived materials, such as collagen
gel and fibrin gel (Li et al. 2003; Shi et al. 2010;
Ucuzian et al. 2010), have been utilized to inves-
tigate cell migration in three dimensions, because
they possess many critical biological functions
such as cell adhesion and biodegradability
(Rosso et al. 2005; Chen and Hunt 2007). How-
ever, biological materials used in vitro have some
deficiencies, including relatively poor mechanical
properties, batch-to-batch variability, and limited
design flexibility, which restrict their potential to
become an ideal model (Rosso et al. 2005; Chen
and Hunt 2007; Pampaloni et al. 2007).

The role of SMC migration as an essential
process in physiological and pathological vessel
wall remodeling makes the study of mechanisms
involved in cell migration a major focus of
research (Willis et al. 2004; Gerthoffer 2007;
Louis and Zahradka 2010). In contrast to cell
migration on 2D surfaces, 3D cell migration is
more complex, because migration is mediated not
only by biochemical factors (e.g., adhesive ligand
concentration), but also by biophysical factors
(e.g., network cross-linking density) (Friedl and
Brocker 2000; Friedl et al. 1998; Even-Ram and
Yamada 2005).

Cell-matrix adhesion is a governing parameter
of cell migration on 2D surfaces (DiMilla et al.
1993), consequently, it is reasonable to anticipate
that cell-matrix adhesion also will play a key role
in 3D cell migration. To explore the effect of a
single parameter (e.g., adhesive ligand concentra-
tion) on cell migration in a 3D model, the interde-
pendence of variables (e.g., adhesive ligand
concentration vs. hydrogel network property)
should be considered. To investigate the effect
of adhesive ligand concentration on the hydrogel
network, studies of mass swelling ratio as a func-
tion of RGD-PEGMA concentration were
performed. The results indicated that the hydrogel
network was not affected by the inclusion of
RGD-PEGMA, while adhesive ligand concentra-
tion was in the range of 0–2.5 mM. Therefore,
this concentration range (0–2.5 mM) was chosen
to study the effect of adhesive ligand concentra-
tion on SMC migration. Similar to previous stud-
ies of cell migration on 2D surfaces (DiMilla et al.
1993; Wu et al. 2012) and within 3D matrices
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(Lutolf and Hubbell 2003; Gobin and West 2002;
Raeber et al. 2007), a biphasic relationship
between migration distances and cell-matrix
adhesiveness was found (Lin et al. 2014). Since
cell migration is a product of the net force
between counteracting detachment and adhesion
forces, it is hypothesized that at a low ligand
concentration, weak cell-matrix adhesiveness
results in a decrease in traction forces for forward
movement, which subsequently slows cell migra-
tion. In contrast, in the presence of a high ligand
concentration in the 3D network, strong cell-
matrix adhesiveness inhibits cell detachment,
which results in decreased migration (Lutolf and
Hubbell 2003; Gobin and West 2002).

The effect of the hydrogel network on cell
migration in 3D gels was evaluated by varying
the concentration of GIA-PEGDA in the
hydrogels. Mass swelling ratio studies showed
that a variation in GIA-PEGDA concentrations
results in a significant change in mass swelling
ratios of the hydrogels (Lin et al. 2014), which is
an important parameter that is closely related to
the biophysical properties of the hydrogel net-
work (e.g., mesh size, cross-linking density)
(Beamish et al. 2009; Lutolf and Hubbell 2003;
Munoz-Pinto et al. 2009; Beamish et al. 2010). At
a constant concentration of RGD-PEGMA
(0.441 mM, the concentration that shows maxi-
mum migration in 5% GIA-PEGDA gels) in the
swollen hydrogel, increasing GIA-PEGDA
concentrations significantly decreases migration
distances (Lin et al. 2014). This observation is
consistent with previous studies, in which the
network properties of PEG hydrogels were
tuned by PEG molecular weight. Therefore,
along with cell-matrix adhesiveness and proteol-
ysis, network cross-linking density plays a critical
role in 3D cell migration.

6.2.7 3D Printing of Biomimetic
Microstructures for Cancer Cell
Migration

The cancer cells move to another site from the
origin region via the circulatory or lymphatic
system, this is a complex event of chain and
called metastasis (Lauffenburger and Horwitz

1996; Steeg 2006). The patients who have the
metastasizing stage of cancer will not survive
less than a year (Decaestecker et al. 2007).
Some tumors; glioblastomas, are dramatically
increased by the migration, therefore the under-
standing about the migration of cancer cells could
help to study the metastasis. The study about
various factors to affect migration of cells is
very important to advance the method for treating
or targeting the cancer disease. Additionally the
designing of accurate 3D model of cancer tissue is
aided by the current drug test in 2D culture.

One study used the chick embryo’s thin cho-
rioallantoic membrane (CAM) mixed with fluo-
rescently labeled cancer cells for observing the
migration of cancer cells in vivo to develop more
accurate model (Leong et al. 2012). Another
study showed that the process of breast cancer
metastasis was mimicked by using the transgenic
mice (Jenkinson et al. 2004), however the effec-
tiveness of the mice model needed more time to
mature the metastasizing cancers and was very
expensive (Zhou et al. 2011). For studying about
metastasis, in vitro 2-D models have been
designed (Jenkinson et al. 2004; Yamada and
Cukierman 2007; Watson et al. 1995), for exam-
ple; the micro-carrier bead assays or monolayer
wound model (Decaestecker et al. 2007; Ghajar
et al. 2007; Mathew et al. 1997; Chaffer et al.
2006). Additionally, the migration assay of single
cell is very useful in migration analysis of
separating cells from the cell growth
(Decaestecker et al. 2007; Albrecht-Buehler
1977). Recently, in vitro 3-D models of migration
system have been studied for more researching of
cell migration (Rolli et al. 2010; Mak et al. 2011;
Pathak and Kumar 2012), for example the linear
polydimethylsiloxane (PDMS) channels was used
to analyze the effectiveness of channel width and
shape on the migration speed (Heuzé et al. 2011).
Another study showed that the physical spatial
gradients induce the response of cell migration
(Mak et al. 2011), so that the feedback of mecha-
nism about the metastasis of cancer cells into
raised aggressiveness was identified. The
increased width of channels also decreased the
migration speed of cancer cells (Irimia and
Toner 2009; Mathew et al. 1997).
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One study showed that biomimetic 3D micro-
structure was created for study about migration of
cancer cells by the technique of micro-fabrication
(Lin et al. 2014). The scanning polymerization
and projection polymerization were used for 3D
bioprinting, and this maskless fabrication tech-
nique could make the delicate micro-pores and
structures. Micromirror Device-based Projection
Printing (DMD-PP) is a new technology to make
three-dimensional structures in micro-scale bio-
compatible hydrogels (Lu and Chen 2008;
Grogan et al. 2013; Suri et al. 2011; Soman
et al. 2012a, b; Gauvin et al. 2012; Fozdar et al.
2011; Han et al. 2010; Zhang et al. 2012). Grogan
et al. (2013) used the array of micro-mirrors to
make scaffold of 3D structure by projecting the
designed images onto the solution of photopoly-
merizable prepolymer (Grogan et al. 2013). The
biomaterials are more pliable and have stiffness
for micro-scale structures (Brown et al. 2005)
than the PDMS platforms (Mak et al. 2011;
Balaban et al. 2001; Vedula et al. 2012).

In addition, the versatility of the DMD-PP
process allows rapid alterations of scaffold
mechanical properties by altering the composition
of the prepolymer solution. The DMD-PP method
allows one to create 3D, biomimetic scaffolds in
biomaterials with varying pattern design.

One study showed that the channel width did
not influence on the migration speed of T1/2 cells,
and these results similar with the in vivo study of
cancer cell metastasis which identified that the
morphology or physical interactions were
changed via intravasation (Pathak and Kumar
2012; Gupta and Massagué 2006; Takeda et al.
2002). The procedure of cancer metastasis can
describe the enhancing of migration speed by
the thin channels (Pathak and Kumar 2012) and
also explain the angiogenesis in advancement of
tumors (Steeg 2006; Zetter 1998). The geometric
signals could influence on the area of Hela cells or
migration speed; dropping or promoting of cell
area and migration speed. These results suggested
that the size of vessel if important to the
aggressiveness or metastasis of cancer cells
(Gallego-Perez et al. 2012). So the different result
in 10 T1/2 and Hela cells in geometric signals

could suggest the appropriate plan to study about
the metastasis of cancer.

6.3 What Is Coming Next in Cell
Migration with Biomimetic
Materials Research?

Until now, research on cell migration with biomi-
metic materials has been carried out using diverse
ways; the molecular and structural levels of 2-D
and 3-D situation. While all of these ways can
make effective results, the methods for the homo-
geneous distribution and biocompatibility of
scaffolds by cell migration needed to be focused
with biomimetic materials. The studies about
developing the plan for applying the effective
methods should be progressed for cell migration
with biomimetic materials.
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7.1 Introduction

Tissue regeneration in living organisms is
mediated by biologic regulatory factors that pro-
mote tissue renewal, restoration, and growth
(Ceafalan and Popescu 2016). Scaffolds are
important tools used in tissue engineering for
the regeneration of lost or damaged tissues.

From the biological point of view, scaffolds
should support the in vivo development of an
extracellular matrix in sites of lost or damaged
tissues (Kim et al. 2011). In addition, scaffolds
should allow influx of nutrient substances from
the surrounding tissue or biologic medium and
the exit of waste formed in the tissue. Thus,
scaffolds should create unique opportunities to
regenerate tissues.

Biomimetic scaffolds can be formed using
materials that have been designed to elicit
specified cellular responses mediated by regu-
latory factors inside of the engineered
environments (Chen et al. 2016). Biomimetic
scaffolds are formed into three-dimensional
(3D) architectures suitable for cell seeding and
cultivation. With biomimetic scaffolds, (stem)
cells can be cultivated or differentiated at the
right time, in the right place, and into the right
phenotype. Biomimetic scaffolds, particularly,
are guided by the need to restore cell signaling
and match the mechanical behavior of the tissue
being engineered (Huang et al. 2016). Addition-
ally, the biological agents inside of biomimetic
scaffolds should serve as templates for cell
growth and provide significant control over the
cellular environment to manipulate cellular pro-
cesses (Monteiro and Yelick 2017).

Biomimetic scaffolds can be used to closely
mimic the generation of authentic tissue, which
represents the environment of cells in a living
organism, while enabling tight control over the
cell environment and cellular processes (Skylar-
Scott et al. 2016). Biomimetic scaffolds can be
manufactured for precise control of patterning
and mobilization of biological agents such as
ligands, hormones, and cytokines (Moeinzadeh
and Jabbari 2015).

Bone, a tissue containing a dense mineralized
matrix, can withstand significant compressive
loads (Tracy et al. 2016). Although bone has the
innate ability to repair and regenerate, various
clinical bone graft procedures are employed in
orthopedic and craniofacial medicine (Kashte
et al. 2017; Park and Park 2016; Gentile et al.
2017; Lee et al. 2017a). Autologous bones are
common, but allografts, xenografts, and alloplast
grafts have also been widely utilized.

From the mechanical point of view, biomimetic
scaffolds for bone regeneration must bear external
loading and provide the shape to the tissue that is
to be regenerated (Tatman et al. 2015; Domingues
et al. 2016; Behzadi et al. 2017; Lee et al. 2017b).
Thus, biomimetic scaffolds for bone regeneration
require mechanical stability to support the needed
geometry, along with large interconnected pores
for cell infiltration. Thus, the mechanical
properties of biomimetic scaffolds must be similar
to the properties of the replaced bone tissue to
prevent stress shielding.

Biomimetic scaffolds for bone regeneration
also should have important properties such as
stiffness, mechanical resistance, and permeabil-
ity. Additionally, the scaffold should undergo
controlled degradation (Senthebane et al. 2017;
Makhni et al. 2016). The degradation rate must be
as close as possible to the tissue growth rate to
maintain stability and structure at implanted site
during the bone tissue regeneration process.

As described, the mechanical properties and
degradation of the scaffold depend mainly on
the biomaterial properties and the 3D structure,
geometry, and porosity of the scaffold. In many
cases, biomimetic scaffolds are designed to
mimic the biochemistry and/or structure of native
bone tissue.
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Here, we discuss the design of biomimetic
scaffolds, kinds of biomaterials and methods used
to fabricate biomimetic scaffolds, growth factors
used with biomimetic scaffold for bone regenera-
tion, mobilization of biological agents into biomi-
metic scaffolds, and studies on (pre)clinical bone
regeneration from biomimetic scaffolds. Then,
future prospects for biomimetic scaffolds are
discussed.

7.2 Design Considerations
for Biomimetic Scaffolds

Biomimetic scaffolds are first evaluated in in vitro
environments with various compositions of cul-
ture media, mechanical stimuli, temperatures,
cells, and cell activity that affect the growth of
new bone tissue.

Then, the feasibility of using a biomimetic scaf-
fold is determined by considering the bone regen-
eration processes occurring in vivo based on
gender, age, size and kind of bone defect, mechan-
ical and biochemical stimuli, vascularization, and
inflammatory and immunological processes
expected during bone regeneration using a scaffold
(Mastrogiacomo et al. 2005; Guo et al. 2006).

Thus, the methods to fabricate biomimetic
scaffolds must be considered, with several basic
factors such as porosity, surface/volume ratio,
structure, surface shape, and chemistry of the
polymer, and composition, structure, and molec-
ular weight of the biomaterial should be consid-
ered (Mondschein et al. 2017; Singh et al. 2014;
Chua et al. 2016; Sheikh et al. 2017).

Biomimetic scaffolds must promote cellular
growth inside of their structures and must react
in a controlled manner in vitro and in the specific
implantation site in vivo. The processes of bone
regeneration are complex, so there are many
requirements for the design of biomimetic
scaffolds. Some of the most important design
considerations are indicated below.

7.2.1 Biomimetics

Biomimetic scaffolds should be prepared by pat-
terning, binding of cytokines and/or ligands, and

the sustained release of these molecules (Yin et al.
2017; Park et al. 2017). Biomimetic scaffolds
should be produced based on an understanding
of cells and tissue morphologies and structures in
humans. Biomimetic scaffolds should meet cer-
tain design requirements to restore the functions
of the regenerated bone tissue and show optimal
biochemical and topographical features to allow
the infiltration of local or implanted mesenchymal
stem cells (MSCs) and other osteoprogenitor
cells.

7.2.2 Biocompatibility

Biomimetic scaffolds should be compatible with
normal cellular activity, including molecular sig-
naling without eliciting or evoking local or sys-
temic adverse responses in the host. Cytotoxicity,
genotoxicity, immunogenicity, mutagenicity, and
thrombogenicity in the host should be eliminated,
minimized, or controlled before the implantation
of a biomimetic scaffold.

7.2.3 Biodegradability

Biomimetic scaffolds should degrade at a rate
appropriate for their in vitro or in vivo
environments, preferably at a controlled rate, to
create space for the formation of new bone tissue.
The degraded materials from biomimetic
scaffolds should be biocompatible and must be
able to be metabolized and eliminated from
the body.

7.2.4 Mechanical Properties

Biomimetic scaffolds should show suitable
mechanical strength to meet with mechanical
requirements for target bone tissues and should
retain their structures to serve a mechanical func-
tion after implantation. Mechanical properties
such as the elastic modulus, tensile strength, frac-
ture toughness, fatiguability, and elongation per-
centage should be as close as possible to those of
the target bone tissues.
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7.3 Techniques to Fabricate
Biomimetic Scaffolds

Various manufacturing methods have been used
to instill specific properties into biomimetic
scaffolds. Generally, conventional methods of
solvent casting/particulate leaching, phase inver-
sion/particulate leaching, gas foaming,
electrospinning, and injection can be used to pre-
pare biomimetic scaffolds (Barabaschi et al.
2015; Holzwarth and Ma 2011; Bhaskar and
Lim 2017). These methods provide biomimetic
scaffolds with internal structure, including a pore
size between 100 and 1000 microns and porosity
up to 90%, but result in a randomly arranged
structure and limited permeability. Recently,
printed scaffolds with oriented structures have
been developed, but their porosity is still difficult
to control.

7.4 Biomaterials for Biomimetic
Scaffolds

To develop biomimetic scaffolds for use in clini-
cal bone tissue engineering, the biomaterials
should be biocompatible, possess appropriate
mechanical properties, and have characteristics
similar to bone. This section reviews naturally
derived biomaterials, synthetic biomaterials, and
ceramics and their composites that are currently
in use and that have been adapted for the manu-
facture of biomimetic scaffolds to support
biological signaling for bone tissue growth and
regeneration.

7.4.1 Naturally Derived Biomaterials

Naturally derived biomaterials are biomaterials
produced by living organisms. Naturally derived
biomaterials have a number of advantages,
including the elicitation of only mild inflamma-
tory responses in vivo, excellent biocompatibility,
and relative availability and ease of acquisition
from natural sources (Aamodt and Grainger 2016;
Fan and Guan 2016; Li et al. 2016). Another

feature of such biomaterials is that they are even-
tually degraded into CO2 and water by
microorganisms.

Naturally derived biomaterials exhibit batch-
to-batch variations in composition that are
strongly dependent on the isolation procedure
used and differences in immunogenic and
mechanical properties. There are several (pre)
clinically applicable naturally derived
biomaterials with optimized physical and
mechanical properties for ideal performance.

Naturally derived biomaterials such as colla-
gen, chitosan, hyaluronic acid, alginate, and fibrin
are inherently biocompatible, showing minimal
adverse immunogenicity, and are widely used in
the fabrication of biomimetic scaffolds described
in following paragraph.

Collagen is the major protein component of
the extracellular matrix that is relatively abundant
and shows outstanding biocompatibility
(Ghazanfari et al. 2016). Even though there are
serious concerns about the safety of animal tissue-
derived collagen, collagen is the material used
most commonly for biomedical applications.
Collagen-based biomimetic scaffolds can be
fabricated through various methods that deter-
mine, for example, 3D shape and the inclusion
of hydrogels and nanofibers. However, collagen
typically lacks the desired mechanical strength.
Thus, the mechanical strength of collagen can be
increased by chemical treatment or cross-linking.
Collagens, therefore, are some of the most
promising biomaterials for the preparation of bio-
mimetic scaffolds.

Chitosan is also an abundant biomaterial
derived from the shell-crusts of crustacean
animals (Correia et al. 2015). It is obtained by
the full or partial deacetylation of chitin by alka-
line hydrolysis. Chitosan is a biodegradable, bio-
compatible, non-antigenic, non-toxic, and
biofunctional material. Thus, chitosan has been
used to form various scaffolds. Specifically, the
cationic amino groups on chitosan chains can
interact electrostatically with anionic groups or
can be modified or functionalized by chemical
or physical methods to increase the mechanical
strength of these scaffolds.
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Hyaluronic acid (HA) is a naturally derived
biomaterial found in most connective tissues of
the body, including the skin, cartilage, and vitre-
ous humor (Drury and Mooney 2003). HA can be
obtained on a large scale without the risk of
transmitting animal-derived pathogens. Because
HA serves many physiological functions, includ-
ing regulation of water in tissues and matrices,
HA can be widely used to form scaffolds with
structural and space-filling properties. HA is an
anionic, non-sulfated glycosaminoglycan
polyanion. HA properties are significantly
improved by cross-linking. Overall, HA is highly
biocompatible with tissues and thus is frequently
used as a biomaterial to create biomimetic
scaffolds for bone regeneration.

Alginate has also been used to make biocom-
patible, biodegradable, and hydrophilic biomi-
metic scaffolds (Lee et al. 2017c). Alginate is an
anionic polymer with carboxyl groups, and thus it
undergoes simple and reversible gelation through
interaction with divalent cations such as Ca2+, Sr
2+, and Ba2+. Because of this gelation ability,
alginates have been widely used as scaffolds of
microbeads and/or hydrogels. Additionally, algi-
nate can mix with other naturally derived
biomaterials to increase the integrity and mechan-
ical strength of scaffolds.

Fibrin is composed of two essential
components: fibrinogen and purified thrombin
(Nanditha et al. 2017). When fibrinogen is
mixed with thrombin, these materials polymerize
to form long fibrin strands that aggregate in
structured fibrin clots. Because fibrin is
completely biodegradable and highly angiogenic,
fibrin is a promising material for the fabrication of
bone biomimetic scaffolds to be used for bone
tissue regeneration and wound healing.

Other naturally derived biomaterials that will
not be discussed here include proteins, albumin,
gelatin, heparin, silk, chondroitin 6-sulfate, and
acellular dermis.

7.4.2 Synthetic Biomaterials

In contrast to naturally derived biomaterials, syn-
thetic biomaterials can be obtained that (a) show

consistent composition and no batch-to-batch var-
iation; (b) allow large-scale production; (c) can be
used to create precise designable geometric
forms; (d) can be customized with a wide range
of mechanical properties; (e) show predictable
mechanical properties; (f) and induce minimal
immune responses.

Although the synthetic biomaterial itself or its
degradation production can induce inflammatory
responses, various synthetic biomaterials such as
polylactic acid (PLA), polyglycolic acid (PGA),
and their copolymers poly(DL-lactic acid-co-
glycolic acid) (PLGA), poly(ε-caprolactone)
(PCL), and others are the materials most widely
used to fabricate biomimetic scaffolds for bone
tissue regeneration.

PLA, PGA, and PLGA with different ratios of
glycolic acid and lactic acid are the synthetic
polyesters most widely used for the fabrication
of scaffolds. Scaffolds fabricated from PLA,
PGA, and PLGA are degraded under normal
physiological conditions. The degradation rate
depends on several conditions such as the degree
of crystallinity and amorphousness, molecular
weight, copolymer ratios, and environment at
the implantation site.

Although the degradation byproducts can induce
tissue inflammation associated with the generation
of acidic species, PLA, PGA, and PLGA are com-
mercially available and FDA-approved
biomaterials that show promise for the fabrication
of biomimetic scaffolds for bone tissue regeneration
(Jing et al. 2016; Kim et al. 2015; Lin et al. 2017;
Armitage and Oyen 2015).

PCL is another biodegradable biomaterial that
is considered soft- and hard-tissue compatible and
shows biocompatibility similar to that of PLA,
PGA, and PLGA. The degradation rate of PCL
is slower than that of PGA, PLA, or PLGA. Thus,
PCL is ideally suited for long-term implantation
applications. PCL is available in a commercial
grade and is an FDA-approved biomaterial.
Blending or copolymerization of PCL with PGA
and PLA can adjust the degradation rate relative
to that of PCL alone. Copolymers of PCL with
PGA and PLA can be used to satisfy specific
demands for bone tissue growth at the appropriate
time scale.
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Most synthetic biomaterials, therefore, possess
appropriate mechanical and biochemical
properties and are suitable for fabrication of
bone biomimetic scaffolds with adjustable mor-
phological structures.

7.4.3 Ceramics

Even though most naturally derived biomaterials
are highly biocompatible, and PLA, PGA, PLGA,
and PCL can easily be formed into scaffolds with
controlled mechanical properties and biodegrad-
ability, biomaterials alone are limited in their
applicability to bone regeneration because of
their low osteoinductive capacity.

In contrast, bioceramics exhibit good
osteoconductivity, high compressive strength,
and good bone integration (Dorozhkin 2010;
Smith et al. 2015). Bioceramics consist of inor-
ganic oxides and salts. Thus, biomaterial
composites that include bioceramics can be used
to fabricate osteoinductive and osteoconductive
biomimetic scaffolds. Biomimetic scaffolds
fabricated from bioceramic composites can bio-
degrade and exhibit good mechanical strength
and the ability to conform.

Calcium phosphates, the mineral components
of bone, are composed of calcium ions (Ca2+),
orthophosphates (PO4

3�), metaphosphates, or
pyrophosphates (P2O7

4�). The most common cal-
cium phosphate, a central component of bone, is
hydroxyapatite (HAp), which has a crystalline
structure of Ca10(PO

4)6(OH)2. HAp shows high
bioactivity, biocompatibility, and osteocon-
ductivity (Frezzo and Montclare 2016; Koupaei
and Karkhaneh 2016).

HAp can be obtained from natural sources or
can be synthetized from calcium carbonate and
monoammonium phosphate. HAp exhibits
osteoconductive characteristics that facilitate
bone regeneration.

Other calcium phosphates include calcium sul-
fate (CS), calcium carbonate, dicalcium phos-
phate, octacalcium phosphate, β-tricalcium
phosphate (TCP), biphasic calcium phosphate,
and β-calcium pyrophosphate. Commercially
available calcium phosphates are made into

many physical forms such as particles, blocks,
and cements. In addition, calcium phosphates
can be used in biomaterial composites for bone
tissue engineering. These composites can be used
to fabricate osteoconductive biomimetic
scaffolds.

7.5 Growth Factors for Bone
Regeneration Using
Biomimetic Scaffolds

Biomimetic scaffolds can be manufactured
through patterning and mobilization of growth
factors such as ligands, hormones, and cytokines.
The use of growth factors with biomimetic
scaffolds can trigger biochemical signaling for
cellular processes such as growth, proliferation,
or differentiation. Several growth factors recruit
MSCs, differentiate MSCs into chondrocytes and
osteoblasts, and promote the proliferation of
osteoblasts and chondrocytes for bone regenera-
tion. The growth factors most commonly used in
biomimetic scaffolds for bone tissue engineering
are summarized below.

Bone morphogenetic proteins (BMPs) can
recruit MSCs, differentiate MSCs into
chondrocytes and osteoblasts, and promote
osteoblast-mediated matrix mineralization
(Bessa et al. 2008). BMPs are the prototypical
bone regenerative growth factors. When BMPs
are incorporation into scaffolds, they promote
the growth of new bone tissue inside of these
scaffolds. Thus, BMP is most common used
growth factors on biomimetic scaffold.

Transforming growth factors-β (TGFs-β) also
cause MSCs to differentiate into chondrocytes
and may stimulate the proliferation of MSCs,
osteoblasts, and chondrocytes (Dinh et al. 2015).
Basic fibroblast growth factors (bFGF) also
induce MSCs and promote chondrocytes and
osteoblast proliferation (Chim et al. 2013).
Platelet-derived growth factors (PDGF) similarly
increase the proliferation of chondrocytes and
osteoblasts, although bone resorption has been
shown to be PDGF concentration-dependent
(Sánchez et al. 2017). PDGF exhibits chemotactic
and mitogenic action on osteoblasts.
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Bone regeneration depends on rapid vasculari-
zation into the bone scaffold. Thus, the scaffold
can be functionalized by the use of growth factors
such as vascular endothelial growth factor
(VEGF) or bFGF that have angiogenic properties
(Wang et al. 2017). VEGF or bFGF both enhance
vessel growth into scaffolds.

7.6 Loading of Growth Factors into
Biomimetic Scaffolds

To prepare bone scaffolds as biomimetic
environments, growth factors can be immobilized
on the scaffold. Non-covalent bonding (physical
adsorption) and covalent bonding (chemical
adsorption) approaches are both well established
and allow the introduction of growth factors into a
scaffold (Wang et al. 2017).

Physical adsorption occurs through weak
interactions such as hydrogen bonding, van der
Waals forces, and hydrophobic bonding.
Although the introduction of growth factors into
a scaffold is quite simple, the strength of the
interactions for physical adsorption is dependent
on the chemistry of scaffold biomaterial surfaces.
Thus, physical adsorption alone may not suffi-
ciently stabilize the growth factors inside a scaf-
fold. Furthermore, growth factor content and
conformation cannot be precisely controlled.

In contrast, chemical adsorption can be used to
stably introduce growth factors into a scaffold by
chemical cross-linking. The growth factors are
anchored directly onto the functional groups of
the scaffold surface. However, this method may
result in side reactions such as scaffold break-
down or structural change in growth factors.

Both adsorption methods can be used to pre-
pare biomimetic scaffolds. Various strategies
such as modifying the local concentration of
growth factors in the scaffold must be considered.
Growth factors in the scaffold must be stable and
active throughout the bone regeneration period.
Currently, FDA-approved BMP-loaded scaffolds
such as INFUSE® and Op-1® are available for
orthopedic applications (Pinel and Pluhar 2012).

7.7 Biomimetic Scaffolds for (Pre)
clinical Bone Regeneration

Clinical use of biomimetic scaffolds is currently
in an embryonic stage, because most research on
biomimetic scaffolds is conducted in animal
models. Several preclinical studies have exam-
ined biomimetic scaffolds from alginate,
chitosan, and synthetic polymers (Table 7.1)
(Moeinzadeh and Jabbari 2015; Guo et al. 2006;
Chua et al. 2016; Sheikh et al. 2017; Park et al.
2017; Bhaskar and Lim 2017; Koupaei and
Karkhaneh 2016; Bessa et al. 2008; Wang et al.
2017; Pinel and Pluhar 2012; Re’em et al. 2012;
Chen et al. 2011; Kon et al. 2010; Gervaso et al.
2012; Sartori et al. 2017; Zhang et al. 2013;
Gotterbarm et al. 2006; Huh et al. 2017; Islam
et al. 2015; Ahn et al. 2009; He et al. 2016;
Correia et al. 2012; Fuchs et al. 2009; Mitsak
et al. 2011; Jang et al. 2016; Chen et al. 2014;
Wang et al. 2016; Wu et al. 2012; Lee et al. 2016;
Shao et al. 2006; Erisken et al. 2008; Xu et al.
2015; Huang et al. 2013; Nie et al. 2009; Han
et al. 2008; Da et al. 2013; Cui et al. 2011; Gupta
et al. 2016; Kwon et al. 2015, 2017; Kemppainen
and Hollister 2010; Yao et al. 2017; Foroughi
et al. 2012; Wongwitwichot et al. 2010). Preclini-
cal studies describing the use of biomimetic
scaffolds and stem cells for bone regeneration
are presented in the table. Biomimetic scaffold
have been used in basic and preclinical research
for the treatment of damaged or diseased bone
tissues using various adult stem cells. Even
though a number of biomimetic scaffolds are
available, research must continue to better under-
stand how bone tissues develop in biomimetic
scaffolds and which biomimetic scaffold types
should be applied in specific clinical situations.

7.8 Future Challenges
and Conclusion

Recently, research has been focused on biomi-
metic scaffolds that mimic the structure and bio-
chemistry of native environments in a living
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organism. Biomimetic scaffolds must be able to
accommodate the incorporation of growth factors
needed to promote the desired cellular differenti-
ation and maturation and to support the growth
and differentiation of (stem) cells for bone regen-
eration. An overview of biomaterials for the fab-
rication of biomimetic scaffolds for bone
regeneration has been presented here. A number
of materials have been successfully applied in
animal models, and there will no doubt be signif-
icant crossover for human applications of biomi-
metic scaffolds for better, safer, and more
integrated bone regeneration. The challenges are
that biomimetic scaffolds must possess the appro-
priate mechanical and 3D structural properties to
mimic in vivo environments and must address
immune reactions and bone regeneration in clini-
cal situations. Our knowledge of clinically rele-
vant technologies for biomimetic scaffolds is now
growing exponentially and will require collabora-
tive research among biomaterial, biological, and
clinical scientists.

Acknowledgments This work was supported by a grant
from a Basic Science Research Program
(2016R1A2B3007448) and Priority Research Centers Pro-
gram (2010-0028294) through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education.

Conflicts of Interest The authors declare no conflict of
interest.

References

Aamodt JM, Grainger DW (2016) Extracellular matrix-
based biomaterial scaffolds and the host response.
Biomaterials 86:68–82

Ahn JH, Lee TH, Oh JS, Kim SY, Kim HJ, Park IK, Choi
BS, Im GI (2009) Novel hyaluronate-atelocollagen/
beta-TCP-hydroxyapatite biphasic scaffold for the
repair of osteochondral defects in rabbits. Tissue Eng
Part A 15:2595–2604

Armitage OE, Oyen ML (2015) Hard-soft tissue interface
engineering. Adv Exp Med Biol 881:187–204

Barabaschi GD, Manoharan V, Li Q, Bertassoni LE (2015)
Engineering pre-vascularized scaffolds for bone regen-
eration. Adv Exp Med Biol 881:79–94

Behzadi S, Luther GA, Harris MB, Farokhzad OC,
Mahmoudi M (2017) Nanomedicine for safe healing
of bone trauma: opportunities and challenges.
Biomaterials 146:168–182

Bessa PC, Casal M, Reis RL (2008) Bone morphogenetic
proteins in tissue engineering: the road from laboratory
to clinic, part II (BMP delivery). J Tissue Eng Regen
Med 2:81–96

Bhaskar S, Lim S (2017) Engineering protein nanocages
as carriers for biomedical applications. NPG Asia
Mater 9:e371

Ceafalan LC, Popescu BO (2016) Juxtacerebral tissue
regeneration potential: telocytes contribution. Adv
Exp Med Biol 913:397–402

Chen J, Chen H, Li P, Diao H, Zhu S, Dong L, Wang R,
Guo T, Zhao J, Zhang J (2011) Simultaneous regener-
ation of articular cartilage and subchondral bone
in vivo using MSCs induced by a spatially controlled
gene delivery system in bilayered integrated scaffolds.
Biomaterials 32:4793–4805

Chen CH, Shyu VB, Chen JP, Lee MY (2014) Selective
laser sintered poly-epilson-carprolactone scaffold
hybridized with collagen hydrogel for cartilage tissue
engineering. Biofabrication 6:015004

Chen C, Bang S, Cho Y, Lee S, Lee I, Zhang S, Noh I
(2016) Research trends in biomimetic medical
materials for tissue engineering: 3D bioprinting, sur-
face modification, nano/micro-technology and clinical
aspects in tissue engineering of cartilage and bone.
Biomater Res 20:10

Chim SM, Tickner J, Chow ST, Kuek V, Guo B, Zhang G,
Rosen V, Erber W, Xu J (2013) Angiogenic factors in
bone local environment. Cytokine Growth Factor Rev
24:297–310

Chua ILS, Kim HW, Lee JH (2016) Signaling of extracel-
lular matrices for tissue regeneration and therapeutics.
Tissue Eng Regen Med 13:1–12

Correia C, Bhumiratana S, Yan LP, Oliveira AL, Gimble
JM, Rockwood D, Kaplan DL, Sousa RA, Reis RL,
Vunjak-Novakovic G (2012) Development of silk-
based scaffolds for tissue engineering of bone from
human adipose-derived stem cells. Acta Biomater
8:2483–2492

Correia CR, Reis RL, Mano JF (2015) Multiphasic,
multistructured and hierarchical strategies for cartilage
regeneration. Adv Exp Med Biol 881:143–160

Cui W, Wang Q, Chen G, Zhou S, Chang Q, Zuo Q,
Ren K, Fan W (2011) Repair of articular cartilage
defects with tissue-engineered osteochondral
composites in pigs. J Biosci Bioeng 111:493–500

Da H, Jia SJ, Meng GL, Cheng JH, Zhou W, Xiong Z, Mu
YJ, Liu J (2013) The impact of compact layer in
biphasic scaffold on osteochondral tissue engineering.
PLoS ONE 8:e54838

Dinh T, Braunagel S, Rosenblum BI (2015) Growth
factors in wound healing. the present and the future?
Clin Podiatr Med Surg 32:109–119

Domingues RM, Chiera S, Gershovich P, Motta A, Reis
RL, Gomes ME (2016) Enhancing the biomechanical
performance of anisotropic nanofibrous scaffolds in
tendon tissue engineering: reinforcement with cellu-
lose nanocrystals. Adv Healthc Mater 5:1364–1375

Dorozhkin SV (2010) Bioceramics of calcium
orthophosphates. Biomaterials 31:1465–1485

118 J. Y. Park et al.



Drury JL, Mooney DJ (2003) Hydrogels for tissue engi-
neering: scaffold design variables and applications.
Biomaterials 24:4337–4351

Erisken C, Kalyon DM, Wang H (2008) Functionally
graded electrospun polycaprolactone and b-tricalcium
phosphate nanocomposites for tissue engineering
applications. Biomaterials 29:4065–4073

Fan Z, Guan J (2016) Antifibrotic therapies to control
cardiac fibrosis. Biomater Res 20:13

Foroughi MR, Karbasi S, Ebrahimi-Kahrizsangi R (2012)
Physical and mechanical properties of a poly-3-
hydroxybutyratecoated nanocrystalline hydroxyapatite
scaffold for bone tissue engineering. J Porous Mater
19:667–675

Frezzo JA, Montclare JK (2016) Natural composite
systems for bioinspired materials. Adv Exp Med Biol
940:143–166

Fuchs S, Jiang X, Schmidt H, Dohle E, Ghanaati S,
Orth C, Hofmann A, Motta A, Migliaresi C,
Kirkpatrick CJ (2009) Dynamic processes involved in
the pre-vascularization of silk fibroin constructs for
bone regeneration using outgrowth endothelial cells.
Biomaterials 30:1329–1338

Gentile P, Ferreira AM, Callaghan JT, Miller CA,
Atkinson J, Freeman C, Hatton PV (2017) Multilayer
nanoscale encapsulation of biofunctional peptides to
enhance bone tissue regeneration in vivo. Adv Healthc
Mater. https://doi.org/10.1002/adhm.20160118

Gervaso F, Scalera F, Padmanabhan SK, Licciulli A,
Deponti D, Giancamillo AD, Domeneghini C, Peretti
GM, Sannino A (2012) Development and mechanical
characterization of a collagen/hydroxyapatite bilayered
scaffold for osteochondral defect replacement. Key
Eng Mater 493:890–895

Ghazanfari S, Khademhosseini A, Smit TH (2016)
Mechanisms of lamellar collagen formation in connec-
tive tissues. Biomaterials 97:74–84

Gotterbarm T, Richter W, Jung M, Berardi Vilei S, Mainil-
Varlet P, Yamashita T, Breusch SJ (2006) An in vivo
study of a growth-factor enhanced, cell free,
two-layered collagen-tricalcium phosphate in deep
osteochondral defects. Biomaterials 27:3387–3395

Guo X, Zheng Q, Yang S, Shao Z, Yuan Q, Pan Z, Tang S,
Liu K, Quan D (2006) Repair of full-thickness articular
cartilage defects by cultured mesenchymal stem cells
transfected with the transforming growth factor beta1
gene. Biomed Mater 1:206–215

Gupta V, Lyne DV, Barragan M, Berkland CJ, Detamore
MS (2016) Microsphere-based scaffolds encapsulating
tricalcium phosphate and hydroxyapatite for bone
regeneration. J Mater Sci Mater Med 27:121

Han SH, Kim YH, Park MS, Kim IA, Shin JW, Yang WI,
Jee KS, Park KD, Ryu GH, Lee JW (2008) Histologi-
cal and biomechanical properties of regenerated artic-
ular cartilage using chondrogenic bone marrow stromal
cells with a PLGA scaffold in vivo. J Biomed Mater
Res A 87:850–861

He JX, TanWL, Han QM, Cui SZ, Shao W, Sang F (2016)
Fabrication of silk fibroin/cellulose whiskers–chitosan

composite porous scaffolds by layer-by-layer assembly
for application in bone tissue engineering. J Mater Sci
51:4399–4410

Holzwarth JM, Ma PX (2011) Biomimetic nanofibrous
scaffolds for bone tissue engineering. Biomaterials
32:9622–9629

Huang J, Ten E, Liu G, Finzen M, Yu W, Lee JS, Saiz E,
Tomsia AP (2013) Biocomposites of pHEMA with
HA/beta-TCP (60/40) for bone tissue engineering:
Swelling, hydrolytic degradation, and in vitro behav-
ior. Polymer 54:1197–1207

Huang BJ, Hu JC, Athanasiou KA (2016) Cell-based
tissue engineering strategies used in the clinical repair
of articular cartilage. Biomaterials 98:1–22

Huh J, Lee J, Kim W, Yeo M, Kim G (2017) Preparation
and characterization of gelatin/α-TCP/SF
biocomposite scaffold for bone tissue regeneration.
Int J Biol Macromol. https://doi.org/10.1016/j.
ijbiomac.2017.09.030

Islam MM, Khan MA, Rahman MM (2015) Preparation of
gelatin based porous biocomposite for bone tissue
engineering and evaluation of gamma irradiation effect
on its properties. Mater Sci Eng C Mater Biol Appl
49:648–655

Jang JY, Park SH, Park JH, Lee BK, Yun JH, Lee B, Kim
JH, Min BH, Kim MS (2016) In vivo osteogenic dif-
ferentiation of human dental pulp stem cells embedded
in an injectable in vivo-forming hydrogel. Macromol
Biosci 16:1158–1169

Jing Y, Quan C, Liu B, Jiang Q, Zhang C (2016) A mini
review on the functional biomaterials based on poly
(lactic acid) stereocomplex. Polym Rev 56:262–286

Kashte S, Jaiswal AK, Kadam S (2017) Artificial bone via
bone tissue engineering: current scenario and
challenges. Tissue Eng Regen Med 14:1–14

Kemppainen JM, Hollister SJ (2010) Tailoring the
mechanical properties of 3D-designed poly(glycerol
sebacate) scaffolds for cartilage applications. J Biomed
Mater Res A 94:9–18

Kim MS, Kim JH, Min BH, Chun HJ, Han DK, Lee HB
(2011) Polymeric scaffolds for regenerative medicine.
Polym Rev 51:1–30

Kim DY, Kwon DY, Kwon JS, Kim JH, Min BH, KimMS
(2015) Injectable in situ-forming hydrogels for regen-
erative medicines. Polym Rev 55:407–452

Kon E, Filardo G, Delcogliano M, Fini M, Salamanna F,
Giavaresi G, Martin I, Marcacci M (2010) Platelet
autologous growth factors decrease the osteochondral
regeneration capability of a collagen-hydroxyapatite
scaffold in a sheep model. BMCMusculoskelet Disord
11:220

Koupaei N, Karkhaneh A (2016) Porous crosslinked
polycaprolactone hydroxyapatite networks for bone
tissue engineering. Tissue Eng Regen Med
13:251–260

Kwon DY, Kwon JS, Park SH, Park JH, Jang SH, Yin XY,
Yun JH, Kim JH, Min BH, Lee JH, Kim WD, Kim MS
(2015) A computer-designed scaffold for bone

7 Biomimetic Scaffolds for Bone Tissue Engineering 119

https://doi.org/10.1002/adhm.20160118
https://doi.org/10.1016/j.ijbiomac.2017.09.030
https://doi.org/10.1016/j.ijbiomac.2017.09.030


regeneration within cranial defect using human dental
pulp stem cells. Sci Rep 5:12721

Kwon DY, Park JH, Jang SH, Park JY, Jang JW, Min BH,
Kim WD, Lee HB, Lee J, Kim MS (2017) Bone regen-
eration by means of a three-dimensional printed scaf-
fold in a rat cranial defect. J Tissue Eng Regen Med.
https://doi.org/10.1002/term.2532

Lee P, Manoukian OS, Zhou G, Wang Y, Chang W, Yu X,
Kumbar SG (2016) Osteochondral scaffold combined
with aligned nanofibrous scaffolds for cartilage regen-
eration. RSC Adv 6:72246

Lee BH, Shirahama H, Kim MH, Lee JH, Cho NJ, Tan LP
(2017a) Colloidal templating of highly ordered gelatin
methacryloyl-based hydrogel platforms for three-
dimensional tissue analogues. NPG Asia Mater 9:e412

Lee H, Liao JD, Sivashanmugan K, Liu BH, Su YH, Yao
CK, Juang YD (2017b) Hydrothermal fabrication of
highly porous titanium bio-scaffold with a load-
bearable property. Materials 10:e726

Lee WK, Lim YY, Leow AT, Namasivayam P, Ong
Abdullah J, Ho CL (2017c) Biosynthesis of agar in
red seaweeds: a review. Carbohydr Polym 164:23–30

Li Z, Yang J, Loh XJ (2016) Polyhydroxyalkanoates:
opening doors for a sustainable future. NPG Asia
Mater 8:e265

Lin YJ, Huang CC, Wan WL, Chiang CH, Chang Y, Sung
HW (2017) Recent advances in CO2 bubble-
generating carrier systems for localized controlled
release. Biomaterials 133:154–164

Makhni MC, Caldwell JM, Saifi C, Fischer CR, Lehman
RA, Lenke LG, Lee FY (2016) Tissue engineering
advances in spine surgery. Regen Med 11:211–222

Mastrogiacomo M, Muraglia A, Komlev V, Peyrin F,
Rustichelli F, Crovace A, Cancedda R (2005) Tissue
engineering of bone: search for a better scaffold.
Orthod Craniofac Res 8:277–284

Mitsak AG, Kemppainen JM, Harris MT, Hollister SJ
(2011) Effect of polycaprolactone scaffold permeabil-
ity on bone regeneration in vivo. Tissue Eng Part A
17:1831–1839

Moeinzadeh S, Jabbari E (2015) Morphogenic peptides in
regeneration of load bearing tissues. Adv Exp Med
Biol 881:95–110

Mondschein RJ, Kanitkar A, Williams CB, Verbridge SS,
Long TE (2017) Polymer structure-property
requirements for stereolithographic 3D printing of
soft tissue engineering scaffolds. Biomaterials
140:170–188

Monteiro N, Yelick PC (2017) Advances and perspectives
in tooth tissue engineering. J Tissue Eng Regen Med
11:2443–2461

Nanditha S, Chandrasekaran B, Muthusamy S, Muthu K
(2017) Apprising the diverse facets of platelet rich
fibrin in surgery through a systematic review. Int J
Surg 46:186–194

Nie H, Ho ML, Wang CK, Wang CH, Fu YC (2009)
BMP-2 plasmid loaded PLGA/HAp composite
scaffolds for treatment of bone defects in nude mice.
Biomaterials 30:892–901

Park JS, Park KH (2016) Light enhanced bone regenera-
tion in an athymic nude mouse implanted with mesen-
chymal stem cells embedded in PLGA microspheres.
Biomater Res 20:4

Park SH, Kwon JS, Lee BS, Park JH, Lee BK, Yun JH,
Lee BY, Kim JH, Min BH, Yoo TH, Kim MS (2017)
BMP2-immobilized injectable hydrogel for osteogenic
differentiation of human periodontal ligament stem
cells. Sci Rep 7:6603

Pinel CB, Pluhar GE (2012) Clinical application of recom-
binant human bone morphogenetic protein in cats and
dogs: a review of 13 cases. Can Vet J 53:767–774

Re’em T, Witte F, Willbold E, Ruvinov E, Cohen S (2012)
Simultaneous regeneration of articular cartilage and
subchondral bone induced by spatially presented
TGF-beta and BMP-4 in a bilayer affinity binding
system. Acta Biomater 8:3283–3293

Sánchez M, Anitua E, Delgado D, Sanchez P, Prado R,
Orive G, Padilla S (2017) Platelet-rich plasma, a source
of autologous growth factors and biomimetic scaffold
for peripheral nerve regeneration. Expert Opin Biol
Ther 17:197–212

Sartori M, Pagani S, Ferrari A, Costa V, Carina V,
Figallo E, Maltarello MC, Martini L, Fini M, Giavaresi
G (2017) A new bi-layered scaffold for osteochondral
tissue regeneration: in vitro and in vivo preclinical
investigations. Mater Sci Eng C Mater Biol Appl
70:101–111

Senthebane DA, Rowe A, Thomford NE, Shipanga H,
Munro D, Mazeedi MAMA, Almazyadi HAM,
Kallmeyer K, Dandara C, Pepper MS, Parker MI,
Dzobo K (2017) The role of tumor microenvironment
in chemoresistance: to survive, keep your enemies
closer. Int J Mol Sci 18:e1586

Shao X, Goh JC, Hutmacher DW, Lee EH, Zigang G
(2006) Repair of large articular osteochondral defects
using hybrid scaffolds and bone marrow-derived mes-
enchymal stem cells in a rabbit model. Tissue Eng
12:1539–1551

Sheikh Z, Hamdan N, Ikeda Y, Grynpas M, Ganss B,
Glogauer M (2017) Natural graft tissues and synthetic
biomaterials for periodontal and alveolar bone recon-
structive applications: a review. Biomater Res 21:9

Singh D, Singh D, Zo S, Han SS (2014) Nano-biomimetics
for nano/micro tissue regeneration. J Biomed
Nanotechnol 10:3141–3161

Skylar-Scott MA, Liu MC, Wu Y, Dixit A, Yanik MF
(2016) Guided homing of cells in multi-photon
microfabricated bioscaffolds. Adv Healthc Mater
5:1233–1243

Smith BT, Shum J, Wong M, Mikos AG, Young S (2015)
Bone tissue engineering challenges in oral and maxil-
lofacial surgery. Adv Exp Med Biol 881:57–78

Tatman PD, Gerull W, Sweeney-Easter S, Davis JI, Gee
AO, Kim DH (2015) Multiscale biofabrication of artic-
ular cartilage: bioinspired and biomimetic approaches.
Tissue Eng Part B Rev 21:543–559

Tracy CJ, Sanders DN, Bryan JN, Jensen CA, Castaner LJ,
Kirk MD, Katz ML (2016) Intravitreal implantation of

120 J. Y. Park et al.

https://doi.org/10.1002/term.2532


genetically modified autologous bone marrow-derived
stem cells for treating retinal disorders. Adv Exp Med
Biol 854:571–577

Wang W, Caetano G, Ambler WS, Blaker JJ, Frade MA,
Mandal P, Diver C, Bártolo P (2016) Enhancing the
hydrophilicity and cell attachment of 3D printed
PCL/graphene scaffolds for bone tissue engineering.
Materials 9:992

Wang Z, Wang Z, Lu WW, Zhen W, Yang D, Peng S
(2017) Novel biomaterial strategies for controlled
growth factor delivery for biomedical applications.
NPG Asia Mater 9:e435

Wongwitwichot P, Kaewsrichan J, Chua KH, Ruszymah
BH (2010) Comparison of TCP and TCP/HA hybrid
scaffolds for osteoconductive activity. Open Biomed
Eng J 4:279–285

Wu F, Liu C, O’Neil B, Wei J, Ngothai Y (2012) Fabrica-
tion and properties of porous scaffold of magnesium
phosphate/polycaprolactone biocomposite for bone tis-
sue engineering. Appl Surf Sci 258:7589–7595

Xu R, Taskin MB, Rubert M, Seliktar D, Besenbacher F,
Chen M (2015) hiPS-MSCs differentiation towards
fibroblasts on a 3D ECM mimicking scaffold. Sci
Rep 5:8480

Yao H, Kang J, Li W, Liu J, Xie R, Wang Y, Liu S, Wang
DA, Ren L (2017) Novel beta-TCP/PVA bilayered
hydrogels with considerable physical and
bio-functional properties for osteochondral repair.
Biomed Mater. https://doi.org/10.1088/1748-605X/
aa8541

Yin L, Yuvienco C, Montclare JK (2017) Protein based
therapeutic delivery agents: contemporary
developments and challenges. Biomaterials
134:91–116

Zhang S, Chen L, Jiang Y, Cai Y, Xu G, Tong T,
Zhang W, Wang L, Ji J, Shi P, Ouyang HW (2013)
Bi-layer collagen/microporous electrospun nanofiber
scaffold improves the osteochondral regeneration.
Acta Biomater 9:7236–7247

7 Biomimetic Scaffolds for Bone Tissue Engineering 121

https://doi.org/10.1088/1748-605X/aa8541
https://doi.org/10.1088/1748-605X/aa8541


Recent Progress in Vascular Tissue-
Engineered Blood Vessels 8
Jun Chen, Grant C. Alexander, Pratheek S. Bobba,
and Ho-Wook Jun

8.1 Introduction

Cardiovascular disease (CVD) is regarded as the
leading cause of mortality and morbidity in
America and worldwide (Zhang et al. 2017).
According to the 2017 statistic report from the
American Heart Association, it was estimated that
the deaths caused by CVD in the world were
31.5% of the all global deaths (Benjamin et al.
2017). In addition, about 92.1 million U.S. adults
are suffering from some type of CVD, and of
great concern nearly half of the population
(43.9%) of U.S. adults are expected to get some
kind of CVD by 2030 (Benjamin et al. 2017).

The golden standard procedure to treat CVD is
to bypass the blocked vessels with an autologous
vein harvested from the patient through coronary
bypass graft surgery (Seifu et al. 2013). However,
a great number of patients still fail to obtain
immediate treatment because suitable native
vessels are often unavailable due to inherent dis-
ease, amputation, or previous harvest. In addition,
it was reported that the autologous veins often fail
to function after 10–12 years post-implantation
(Liu et al. 2011). Thus, other types of grafts
such as synthetic grafts or materials were devel-
oped to offer a better treatment option. Synthetic

materials (Dacron and expanded polytetra-
fluorethlyne (ePTFE)) are also used to treat the
disease. However, limitations such as thrombosis,
poor mechanical properties, low patency rate, and
long fabrication time significantly impact that use
of these synthetic grafts and materials in clinical
use (Liu et al. 2011).

Recently, tissue engineering has become a
promising alternative approach to fabricate vas-
cular substitutes to address the shortcomings of
current options. The ideal tissue engineered blood
vessels (TEBVs) should have similar properties
as native blood vessels; for instance: (1) mimic
the three layered vessel structures including
intima (endothelial cell (EC) layer), media
(smooth muscle cell (SMC) layer), and adventitia
(fibroblast cell (FB) layer) in a tubular construct,
(2) nonthrombogenic and nonimmunogenic,
(3) good mechanical stability to withstand physi-
ological blood pressure, and (4) able to
vasoconstrict and vasodilate under physiological
conditions (Fernandez et al. 2014). For future
clinical application, a relatively low cost and
short production time should also be considered.
To date, significant progress has been made in
generating TEBVs in vitro and in vivo. In this
book chapter, we summarize the cell sources
and methods to make TEBVs, the recent progress
in TEBV production, and the recent progress in
clinical studies.J. Chen · G. C. Alexander · P. S. Bobba · H.-W. Jun (*)
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8.2 Fabrication of TEBV Through
Tissue Engineering

Tissue engineering involves three independent
and crucial factors which contribute to the forma-
tion of new vessels: (1) cells, (2) degradable
scaffolds in which the cells will be seeded to
produce the extracellular matrix and the
subsequent in neotissue formation, and
(3) humoral and mechanical signals among cells.
In this section, we will focus on the first two
factors to generate TEBVs (Naito et al. 2011).

8.2.1 Cell Source for TEBV

As mentioned earlier, the native blood vessels
consist of ECs, SMCs, and FBs as internal, mid-
dle and outside layers, respectively. Specifically,
the EC layer is a single layer of cells that are
arranged parallel to the blood flow, while the
middle layer consists of concentric layers of
SMCs. The fibroblast layer is made of
myofibroblasts that are able to produce collagen
fibers. So far, TEBVs have been reported to be
engineered by using one, two, or all three of these
types of cells. The ideal cell source to make the
TEBVs is an autologous cell source, which can
then divide and differentiate into mature cells. Up
to now, several types of cell sources have been
used to fabricate TEBVs (Ercolani et al. 2015).

One of the cell sources are autologous SMCs,
ECs and FBs taken from a patient’s saphenous
vein or mammary artery, as these vessels tend to
be more flexible and less prone to thrombosis
(Buijtenhuijs et al. 2004). This cell source is
advantageous as it significantly reduces the
chance of rejection of the cells by the immune
system. One study reported the use of
autologously sourced fibroblasts to engineer
blood vessels that showed similar mechanical
(burst pressure) and antithrombogenic properties
to natural blood vessels. These properties were
achieved by layering cell sheets formed from
cultured fibroblasts and seeding the interior of
the engineered blood vessels with autologous
endothelial cells. This method also avoided the

need for synthetic materials or smooth muscle
cells in the production of the blood vessels
(L’Heureux et al. 2006). Although these cells
are preferred for coronary procedures as they are
similar to the autologous vein, they are not always
available for use because patients with cardiovas-
cular disease may not have sufficient amount of
unaffected tissue to be used for the procedure.
Other issues include the incompatibility between
the size and shape of the source cells with the area
in which they would be utilized.

Because of the aforementioned drawbacks of
sourcing autologous cells directly from the vein,
stem cells have become an alternative cell source
to generate TEBVs. One of the advantages of
using stem cells in tissue engineering is that
they can both regenerate themselves and differen-
tiate into other types of cells. Embryonic stem
cells are stem cells taken from human embryos
at the blastocyst stage prior to implantation in the
uterus and which have the capability to differen-
tiate into any type of cell in the body (Rippon and
Bishop 2004). Because of their wide differentia-
tion capability, these cells have been used to
produce both endothelial and smooth muscle
cells for tissue blood vessel engineering. For
example, one study reported the use of embryonic
stem cells differentiated into endothelial cells to
improve perfusion in the ischemic hindlimb of a
mouse (Huang et al. 2010). Another study
reported the success of using embryonic stem
cell to derive endothelial cells to form stable
blood vessels in vivo. However, one challenge
associated with using embryonic stem cells to
engineer blood vessels is the production of plen-
tiful differentiated cells (Wang et al. 2007). Also,
because these cells are usually acquired from a
donor, the risk of immune rejection in the affected
subject is also present (Thomson et al. 1998).

Another form of stem cells used in blood ves-
sel engineering is adult stem cells. Similar to
embryonic stem cells, these cells have the ability
to provide an endless supply of themselves
through regeneration and also allow for some
differentiation. However, the degree of differenti-
ation that is possible from adult stem cells is not
as great as that of embryonic stem cells. Adult
stem cells are commonly sourced from the
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marrow of long bones and have already
undergone some degree of differentiation (Bishop
et al. 2002). Adult stem cells obtained from bone
marrow can mature into endothelial cells and
blood cells. Mesenchymal stem cells, a type of
adult stem cell, can differentiate into bone, adi-
pose, and even muscle and endothelial cells
(Krawiec and Vorp 2012). One study noted the
successful attachment of smooth muscle cells
derived from adult adipose stem cells to a vascu-
lar graft scaffold (Harris et al. 2011). One draw-
back of adult stem cells not seen in embryonic
stem cells is their limited ability to differentiate
into specific cell types. For example, some adult
stem cells may only differentiate into smooth
muscle cells while others only differentiate into
endothelial cells. Another limitation of adult stem
cells is the difficulty to find sufficient numbers of
appropriate and unaffected cells in patients with
cardiovascular disease (Wang et al. 2014).
Despite these two drawbacks, adult stem cells
hold one major advantage over embryonic stem
cells: the ability to be sourced autologously. As
these stem cells can be sourced from the patient’s
own body, they hold the benefit of self-
regeneration and differentiation without the risk
of immunological rejection (Bishop et al. 2002).
Induced pluripotent stem cells (hiPSc) have also
been used in blood vessel engineering, and seem
to solve the issues that come with both adult and
embryonic stem cells. While embryonic stem
cells have the ability to differentiate into any
type of cell (pluripotency), they are difficult to
obtain and have the risk of immunologic rejection
(Thomson et al. 1998). Adult stem cells can be
obtained autologously and limit immunologic
rejection, but do not have the range of variability
seen in embryonic stem cells (Wang et al. 2014).
Induced pluripotent stem cells are obtained from
adult cells that are reverted to an embryonic stem
cell state. These induced stem cells can be
differentiated into a variety of mature cell types,
such as smooth muscle cells and endothelial cells.
This allows induced pluripotent cells to be
sourced autologously. Furthermore, the adult
cells they are induced from are also numerous in
the body. One study noted the use of aortic
fibroblasts to develop induced pluripotent stem

cells that were then differentiated into smooth
muscle cells to be used in vascular tissue engi-
neering (Wang et al. 2014). Another study noted
the use of induced pluripotent stem cells to gen-
erate mesenchymal stem cells that improved vas-
cular tissue regeneration upon implantation (Lian
et al. 2010).

Yet another cell type utilized in vascular tissue
engineering is endothelial progenitor cells
(EPCs). Progenitor cells are similar to adult stem
cells in that they are more specific than embryonic
stem cells: they are directed to differentiate and
mature into a specific target cell type. Endothelial
progenitor cells specifically differentiate and
mature into endothelial cells that form the inner
lining of blood vessels (Szmitko 2003). These
cells are commonly sourced from primitive bone
marrow shortly after birth and normally circulate
in the blood and aggregate at sites of injury to
replenish injured endothelium (Urbich and
Dimmeler. 2004). Because of their role in restor-
ing the endothelium, they have been used in the
treatment of ischemia in vascular tissue and can-
cer (Au et al. 2008). One study reported that
grafts seeded with EPCs explanted in sheep
remained patent for over 4 months, and also
contributed to the relaxation of vessels through
the release of nitric oxide (Kaushal et al. 2001).
Another study noted that widespread vascular
networks formed in mice that had been implanted
with both mesenchymal and endothelial progeni-
tor cells. Furthermore, these structures remained
patent for over 4 weeks (Melero-Martin et al.
2008). Although EPCs hold the advantage of
reduced immunologic rejection by being sourced
autologously, they also hold some drawbacks.
The functionality and sustainability of vessels
made from EPCs is not well defined. For exam-
ple, one study noted that adult peripheral EPCs
form unstable vessels that do not last more than
3 weeks, while EPCs from the umbilical cord
form functional vessels that remain patent for
more than 4 months (Au et al. 2008). Further
study on EPCs and their functionality is required
before they can be used efficiently in vascular
tissue engineering.
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8.2.2 Methods for In Vitro
Fabrication of TEBV

Currently, TEBVs can be generally fabricated
through the following methods: (1) assembly of
cells within scaffolds, (2) self-assembly with cell
sheets, (3) 3D-printing.

8.2.2.1 Assembly of Cells Within
Scaffolds

This method includes first seeding the cells in a
scaffold, then rolling the cells within the scaffolds
into a three dimensional vessel structure using a
tubular template, and finally culturing the vessels
in static culture or in a bioreactor until the TEBVs
are mature. Another approach is to seed the cells
into the lumen of a synthetic tubular scaffold, and
then culture the cell-seeded scaffold in static or in
a bioreactor until the TEBVs are mature
(Niklason et al. 1999). Sometimes, cell seeded
scaffolds will be implanted in the host to produce
the TEBV in vivo, instead of producing the TEBV
in vitro.

The scaffolds used in this method can be
decellularized or synthetic scaffolds (Zeng et al.
2010). Decellularized scaffolds are always
obtained by removing cellular antigenic
components from allogeneic tissues cultured
in vitro, such as tubular tissues or cell sheets
that keep a structured and undamaged extracellu-
lar matrix (ECM). Removal of the cells from the
tissues can be achieved by physical stirring, enzy-
matic digestion, and use of a chemical surfactant
(Xing et al. 2014). For instance, a TEBV of small
diameter was fabricated by seeding ECs or EPCs
on a decellularized scaffold derived from porcine
SMCs through a biomimetic perfusion system.
The seeded EPCs preserved their cobblestone
cell morphology and also expressed endothelial
cells markers such as CD31, CD144, and von
Willibrand factor. Importantly, after the TEBV
was implanted into the carotid artery, it remained
patent for 30 days and showed little neointimal
hyperplasia (Quint et al. 2011).

The advantages of using decellularized
scaffolds are: (1) they are non-immunogenic,
and (2) decellularized scaffolds can be stored as

off-the-shelf products because of their acelluar
properties. The disadvantages of decellularized
scaffold are that the scaffold degrades very
quickly and it is also difficult to modify the scaf-
fold (Fernandez et al. 2014).

Another type of scaffold used is synthetic
scaffolds, which are divided into synthetic nonde-
gradable scaffolds and biodegradable scaffolds.
Some common nondegradable synthetic scaffolds
are expanded polytetrafluoroethylene (ePTFE),
Dacron, and polyurethane, which have been
used to produce large blood vessel substitutes
(McQuade et al. 2009).

One commonly used one is Poly (ε-caprolactone)
(PCL). PCL can be degraded slowly by hydrolysis
through its ester bond, and is thus usually
employed for long-term use. Some other examples
are polyglycolic acid (PGA) (Niklason et al.
1999), pol(yglycolic acid)-poly(L-lactic acid)
(PGA-PLLA) (Wu et al. 2004), poly (glycerol
sebacate) (PGS) (Motlagh et al. 2006), polyhydox-
yalkanoates (PHA) (Ma et al. 2010; Cheng et al.
2008), collagen (Shepherd et al. 2008) and silk (Liu
et al. 2011). Synthetic and natural degradable
scaffolds can be made into tubular scaffolds which
mimic the ECM via electrospinning. The electro-
spinningmethod involves several steps: (1) the poly-
mer solution is loaded into a syringe and pumped
with a syringe pump, (2) the solution is applied with
a high DC voltage, which results in a formation of
cone shape liquid droplet known as the Taylor cone,
(3) a liquid jet of polymer solution is generated from
the Taylor cone by the high voltage and then travels
to the collector, which has an electrode of the oppo-
site polarity of the polymer, (4) the solid polymer is
deposited on the collector as the polymer solvent
evaporated during the traveling phase (Hasan et al.
2014). A tubular scaffold can be fabricated by use of
a rotating mandrel. After the tubular scaffold is
obtained, cells can be seeded onto the scaffold to
produce the TEBV. Since the cells are seeded onto
the scaffolds, the TEBV is mechanically stable to
withstand physiological conditions (Fernandez et al.
2014). In addition, cells seeded onto the scaffold can
response to the fluid shear stress, for instance, EC
will produce nitric oxide upon stimuli to induce
antithrombogenicity. However, the limitations of
this method are (1) cells need to be autologous;
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(2) high cost; (3) need to prepare the TEBV very far
ahead before surgery (Fernandez et al. 2014).

8.2.2.2 Assembly of TEBV Using Cell
Sheets

Another way to generate TEBVs is in vitro
assembly of cell sheets into tubular structures
(L’Heureux et al. 1998, 2006). This method is
scaffold-free and involves a method known as
cell sheet technology.

The cell sheets can be produced in several
ways. The most known method is to culture the
cells with medium containing ascorbic acid, as
the ascorbic acid will induce the ECM formation.
It takes 30 days to obtain the cell sheets with
ECM (L’Heureux et al. 1998).

A modified cell sheet method was developed
to obtain cell sheets without damage. This method
is based on several steps: (1) cells are seeded onto
a temperature-responsive culture dish, which is
coated with a temperature responsive polymer,
Poly(Nisopropylacrylamide) (PIPAAM). (2) The
cells are cultured at 37 �C until cell sheet forma-
tion. (3) The cell sheets are harvested by placing
the culture dish at 25 �C (Yamada et al. 1990).
The principle for this technology is that when the
culture dish is at 37 �C, the PIPAAM coated
surface is hydrophobic, so the cells can attach
and proliferate on the surface; when the tempera-
ture goes below 32 �C, PIPAAM becomes hydro-
philic and the cells cannot adhere to the surface
anymore, and thus the intact cell sheet will detach
for collection (Okano et al. 1995; Kushida et al.
1999; Matsuura et al. 2014). After the cell sheets
are harvested, the cell sheets are rolled into a
vascular structure and then cultured until the dif-
ferent layers fuse and a mature vessel forms. The
advantage of the cell sheet method is that no
scaffold is needed. The number of sheets and the
cell layer orientations can also be easily con-
trolled through this approach.

Another way to make the cell layered sheet is
known as layer-by-layer technology. Layer-by-
layer technology is a common approach used to
fabricate multilayer polymeric films using differ-
ent types of polymer interactions. However,
layer-by-layer technology was also applied to
build up multilayer cell sheets. For instance,

cells coated with a single layer made of gelatin
and fibronectin (FN) showed ability to accumu-
late into ordered cell layer sheets because the
FN-gelatin coated surface is like the ECM,
which allows the second layer of cells to attach
on the first layer of cells, leading to the formation
of cell sheet layers. Construction of 3D tissues
with blood-capillary networks using human der-
mal fibroblast cells (hFC) and human umbilical
vein endothelial cells (HUVEC) was
demonstrated in this study (Nishiguchi et al.
2011). The advantage of using this technology is
that the layer number and type and location of the
cell can be controlled by altering the seeded cell
number and order (Matsusaki et al. 2007). Thus,
this method provides a rapid way to fabricate cell
layered 3D tissues and shows potential to fabri-
cate cell sheets to assemble TEBVs.

8.2.2.3 Fabrication of TEBV Using
3D-Printing

Recently, three-dimensional (3D) printing has
been used to fabricate 3D functional living
tissues. 3D printing involves several steps:
(1) imaging the damaged tissue and its environ-
ment using X-ray, CT, or MRI, (2) the three
central design approaches of biomimicry, self-
assembly, and mini-tissues are used, (3) materials
are chosen (synthetic polymers, natural polymers,
and ECM) for the bioprinting process, (4) cell
types are chosen for bioprinting, and (5) the cho-
sen cells and materials integrate with bioprinting
methods such as inkjet, microextrusion, or laser-
assisted printers. 3D printing can be used to pro-
duce either a single vascular structure or a vascu-
lar network. We will highlight some recent
studies in the next section (Murphy and Atala
2014; Kang et al. 2016).

8.3 Recent Progress
in Vascular TEBV

Though successful fabrication of TEBVs has
been reported in many studies, several drawbacks
of those developed TEBVs, such as long produc-
tion time, poor mechanical stability,
thrombogenicity, and immunogenicity still
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remain as obstacles that limit clinical use. In
addition, methods to generate TEBVs with good
cell alignment and contractile SMC, obtain a con-
fluent endothelium on the SMC layer in the
lumen, and find alternative cell sources for more
native TEBV mimics have been gaining wide-
spread attention in the field. In this section, we
will focus on recent representative studies regard-
ing fabrication of TEBVs using the cells,
methods, and scaffolds we discussed earlier to
solve those drawbacks.

In the recent related studies, several groups
worked on developing technology to produce
mechanically stable TEBVs with a shorter matu-
ration time. For instance, functional and mechan-
ically robust tissue engineered blood vessels
known as nTEVM were developed using human
fibroblast-derived ECM seeded with SMCs via
combining cell sheet technology and
decellularization (Fig. 8.1). Specifically, the
decellularized matrix scaffolds were obtained by
culturing dermal fibroblasts (DF) or saphenous
vein fibroblasts (SVF) for 3 weeks in the medium
with ascorbic acid, and then decellularizing the
fibroblast sheets. Then, human umbilical artery
SMCs were seeded on the decellularized matrix
scaffolds and cultured for 1 week. Finally, the
SMC cell sheets were wrapped around a 4.5 mm
cylindrical mandrel and cultured for 3 weeks to
obtain a tubular construct. This approach signifi-
cantly decreased the TEBV production time by
1–2 weeks compared to the method that directly
cultured SMC sheets to make the tissue
engineered blood vessels (sTEVM) (Fig. 8.4). In
addition, based on the immunostaining, the
nTEVM were positive for SMC markers such as
α-SM-actin and calponin (Fig. 8.2). Thus, the
nTEVM demonstrated vascular contraction. The
burst pressure of the nTEVM was also signifi-
cantly higher (~2000 mm Hg) than that of native
blood vessels (Bourget et al. 2012).

Another continuous related study was reported
recently. In this study, an off-the-shelf tissue-
engineered fibroblast-derived vascular scaffold
(FDVS) was fabricated using a similar method
to what we described earlier; then, the fibroblast
sheets were rolled into a tubular structure using a
mandrel, followed by decellularization and

endothelialization. The EC seeded tubular
endothelialized construct was perfused in a biore-
actor for 1 week to obtain a TEBV. It took around
8 weeks to culture and produce the decellularized
scaffold, and an additional 4 weeks for culture
and endothelialization. The burst pressure of the
vascular construct seeded with endothelial cells
cultured in the bioreactor was
1498 � 187 mmHg, indicating good mechanical
integrity of the TEBV. Also, the decellularized
scaffold could be stored for up to 1 month. The
advantages of this study are that it allowed prepa-
ration of the scaffold in advance and storage until
needed for production the TEBV for the patients,
which significantly shifted a large part of the
online production time (TEBV production) to
the off-line phase time, and thus a reduction of
the total online time to make the EC seeded
TEBV from 11 weeks to 4 weeks (Tondreau
et al., 2015).

In addition to the off-the-shelf scaffold for
TEBV production described above using dermal
fibroblast cells, other “off-the-shelf “grafts with
burst pressure around 4000 mm Hg were devel-
oped by injecting fibroblast-seeded fibrin gel into
a tubular mold and then culturing them for
2 weeks in static culture followed by 3 weeks in
a bioreactor (Syedain et al. 2014). After the grafts
were decellularized, the grafts were highly stable
and could be stored at 4 �C. The grafts were
implanted into the femoral artery of sheep for up
to 24 weeks. Throughout the in vivo study, all
grafts were patent without any mineralization
after 24 weeks. No significant differences were
observed in graft thickness, stiffness, and colla-
gen concentration compared to native vessels,
and complete endothelialization occurred at
24 weeks. Later, the off-the-shelf tissue
engineered acellular vascular grafts were
implanted in three growing lambs aged between
8 weeks and 50 weeks; the in vivo performance of
the TEBVs was evaluated up to 44 weeks. The
results demonstrated that the grafts were capable
of growth after implantation; furthermore, the
lambs’ weight increased by 366% after implanta-
tion (Syedain et al. 2016).

Different cell sources to produce TEBVs have
attracted much attention recently. For instance,
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due to the similarity of DF to the human adipose-
derived stromal cells (ASC) and the potential to
increase TEBV patency, the possibility of using
ASC as a novel source to produce TEBVs was
investigated. Due to the limitations of obtaining
sufficient contractile mature SMCs, ASCs were

also studied as a cell source for functional
SMCs (Rodriguez et al. 2006). The results
demonstrated that ACS can produce mechanically
stable TEBVs with sufficient endothelialization
within 10 weeks (Fig. 8.3). Importantly,
ACS-derived TEBVs can withstand physiological

Fig. 8.1 Schematic view of the processes and timeline
required for the production of the vascular constructs. (a)
Human fibroblasts are isolated either from skin or saphe-
nous vein biopsies and smooth muscle cells are isolated
from the media of an umbilical artery. (b) The tissue sheets
are peeled off from the flask and decellularized to produce
a dMS or rolled to produce a sTEVM. (c) Production of the

nTEVM; the dMS are seeded with smooth muscle cells
and the sheets are rolled around a tubular mandrel. (d)
Timeline of the experiment comparing the time required
for nTEVM versus sTEVM fabrication, showing that the
use of a dMS reduces the production of a vascular con-
struct by 1–2 weeks. (Reused with permission Bourget
et al. 2012)
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blood pressure and had better compliance than
fibroblast-derived TEBVs (DF-TEBV) but simi-
lar burst pressures, elastic moduli, failure strains,
and suture strengths as DF-TEBVs (Tondreau
et al. 2015).

Additionally, hiPSCs have been shown to dif-
ferentiate into contractile SMCs on nanofiber
scaffolds through transforming growth factor β1
(TGF-β1) treatment. The hiPSCs-derived SMCs
showed high expression of SMC markers, such as
α-SMA, CNN1, and SM22a (Wang et al. 2014).
Furthermore, vascular smooth muscle cells
(VSMCs) obtained from hiPSC differentiation
were able to assemble into TEBVs using PLGA
grafts. The VSMC TEBVs were generated by
culturing the VSMC-seeded PLGA grafts in a

bioreactor for 9 weeks. Importantly, the VSMC-
based TEBVs remained complete and patent after
the grafts were implanted into rat aorta for
2 weeks and could integrate into the native
vessels of the host. This study demonstrated that
hiPSC-TEBV might offer a chance to treat
patients with dysfunctional vascular cells (Gui
et al. 2016).

Moreover, hiPSCs can also differentiate into
endothelial cells. For example, functional and
durable blood vessels were successfully
fabricated in vivo using endothelial cells and mes-
enchymal precursor cells derived from hiPSCs.
Importantly, the endothelial cells derived from
hiPSCs could form stable functional blood
vessels and lasted for 280 days in an in vivo

Fig. 8.2 Vascular constructs were stained for SMC
markers (a, c, e) a-SM-actin (red), and (b, d, f) calponin
(red). nTEVM constructs produced from (a, b) dermal
fibroblast, or (c, d) saphenous vein fibroblasts seeded

with SMCs stained positive for both of these markers. (e,
f) similar results were obtained for the sTEVM. Scale bar
¼ 100 mm. (Reused with permission Bourget et al. 2012)
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Fig. 8.3 Top view confocal imaging of the endothelium
on DF (a) and ASC (b) sheets as well as on the luminal
surface of DF–TEVS (c) and ASC–TEVS (d). EC on top
of DF and ASC cell sheets (a and b) were submitted to
mechanical stimulation on a GyroTwisterTM 3-D shaker
plate at 35 rpm for 6 days. These dynamic culture
conditions induced the spindled shape of EC and their
alignment parallel to the flow. Inversely, no mechanical
stimulation was applied to EC inside the DF– and ASC–
TEVS and they displayed a polygonal cobblestone-like
shape. Labeling for PECAM is shown in red in panel a–
b and in green in panels c–d. All nuclei were
counterstained with Hoechst (in blue). Representative
micrographs are presented (n ¼ 3). Scale bars: 100 lm.

(e). Schematic view of the tissue-engineered vascular
substitutes (TEVS) production method. Mature TEVS
were produced in 10 weeks. Typically, the first step
consists in the isolation and amplification of dermal
fibroblasts (DF) from a skin biopsy or adipose-derived
stromal cells (ASC) from a lipoaspiration procedure. For
this study, this step was performed beforehand and banked
cells were used. Cell sheets of DF and ASC were produced
by culturing cells for 3 weeks with ascorbate. Individual
cell sheets were then rolled around 4.7-mm mandrels to
form the TEVS. DF- and ASC-TEVS were maintained in
culture with ascorbate for a maturation period of 5 weeks
before histological and mechanical characterization.
(Reproduced with permission Vallières et al. 2015)
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mouse model. These results indicate the potential
of autologous hiPSC-derived vascular precursors
to treat vascular disease (Samuel et al. 2013).

Besides hiPSCs, a bone marrow hMSC-based
TEBV was developed by wrapping aligning
hEPC-seeded hMSC sheets in a layer-by-layer
fashion around a mandrel. It was reported to
take around only 5 weeks to obtain a mature
hMSC-based TEBV with hEPCs and a burst pres-
sure around 342 mmHg, which is higher than that
of human physiological vascular vein pressure
(below 200 mmHg). This TEBV can mimic the
native porcine femoral vein, as the TEBV diame-
ter decreases upon additional of phenylephrine;
also, the NO release amount upon drug treatment
was similar to that of native porcine femoral vein
(Jung et al. 2015).

In addition to improving the TEBV properties
and fabrication process by use of a decellularized
scaffold and alternative cell resources, a method
combining pNIPAm-assisted cell sheet technol-
ogy and electrospun PCL aligned nanofiber
micropatterned scaffold was reported. The most
important advantages of using this method were
that: (1) the SMCs could differentiate into con-
tractile human aortic smooth muscle cells
(AoSMCs) for use in the TEBV, and (2) PCL
can enhance the cell strength sheet in order to
make the sheet easy to harvest, as PCL serves
plays a similar role as internal elastic lamina in
blood vessels (IEL) (Rayatpisheh et al. 2014).

Another study reported that TEBVs made
using electrospun sulfated silk fibroin nanofibers
demonstrated improved anticoagulant activities
due to the sulfuric group incorporated into the
silk fibroin nanofibers; also, the porcine vascular
ECs and SMCs could attach and proliferate on the
silk scaffold and expressed genes for specific
cellular phenotype, such as SM-MHC2, α-SM
actin, and collagen type I for SMCs, and
CD146, vWF, and VE-C gene makers for ECs
(Liu et al. 2011). Moreover, an alternative method
to increase the scaffold anti-thrombogenicity
included coating the scaffold with heparin, as
heparin is a highly sulfated polysaccharide. It
was reported that heparin coated decellularized
vessels seeded with EPCs demonstrated
improved anti-thrombogenicity and also inhibited

neointimal hyperplasia after the grafts were
implanted into dogs for 3 months. The EPCs
might also contribute to the decrease in
thrombogenicity (Zhou et al. 2012 2011). Inter-
estingly, by combining the highly tubular
interconnected porous SF scaffolds coated with
heparin, the neovascularization in vivo was sig-
nificantly improved (Zhu et al. 2014).

For synthetic nondegradable scaffolds in
recent years, several studies focused on in vivo
evaluation of the use of polyurethane as a scaffold
for vascular prostheses. Polyurethane scaffolds
were found to be non-cytotoxic and have good
mechanical stability. The HUVEC-seeded poly-
urethane scaffolds were implanted into the
abdominal area of rats for 7 weeks, 14 weeks,
3 months, and 6 months. A 95% patency rate of
the polyurethane vascular scaffolds and host cell
growth were observed (Grasl et al. 2010;
Bergmeister et al. 2012). In addition, the in vivo
performance, ability to form the vascular wall,
and pro-inflammatory properties of TEBVs
made using bacterially-synthesized cellulose
(BC) as a scaffold were evaluated in a sheep
model. However, the TEBVs only showed a
burst strength around 800 mm Hg. Vascular
wall-like structure formation comprised of vascu-
lar SMC and endothelial cells was observed in the
scaffold, and the patency rate was around 50%
(Scherner et al. 2014).

Besides the progress in TEBV production,
some recent studies focused on generating tissue
engineered blood vessel models of specific dis-
ease. For instance, a Hutchison-Gilford Progeria
Syndrome (HGPS) model was developed using
TEBVs made with Human iPSC-derived SMCs.
Briefly, fibroblasts were first obtained from a
HGPS patient; then, the fibroblast were converted
into hiPSCs and then differentiated into HGPS-
iSMCs. The TEBVs made with HGPS-iSMCs
demonstrated HGPS phenotype, such as higher
amounts of calcification and thicker walls, but
decreased cellularity compared to the TEBVs
made from normal healthy cells and
MSC-derived TEBVs (Fig. 8.4) (Atchison et al.
2017). Another study reported building up a
TEBV atherosclerosis model that consisted of
LDL or TNF-α-treated EC and SMC, and LDL
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treated monocytes. The TEBV was fabricated by
seeding the cells within a tubular PGA-P4HB
composite scaffold and culturing the TEBV in a
bioreactor. The total TEBV fabrication time was
around 5 weeks. After the endothelium activation,
monocytes were circulated into the system and
the attachment of monocytes to the activated
endothelium and monocyte migration through
the endothelium cell layer were observed
(Fig. 8.5) (Robert et al. 2013).

As mentioned earlier, 3D-printing also has
been used to make vascular structures. One
study reported the development of 3D vascular
networking by directly 3D bioprinting cell-
resonpsive bio-ink that contains gelatin
methacryloyl (GelMA), sodium alginate, and

4-arm poly(ethylene glycol)-tetra-acrylate
(PEGTA). A stable structure was obtained by
first crosslinking alginate with Ca2+ and then
photocrosslinking the GelMA and PEGTA using
UV light (Fig. 8.6). The cells could be
encapsulated in the stable structures by mixing
the cells with the polymer solution before any
crosslinking procedures. The developed blend
bio-ink also allowed the endothelial and stem
cells to spread and proliferate after encapsulation,
which resulted in the formation of perfusable
vessels with organized structures (Fig. 8.7). The
advantages of this reported method were that the
size and diameter of the vascular tube made by
this method are changeable, and a vascular net-
work can be fabricated through this method. Also,

Fig. 8.4 Progeria disease characterization of TEBVs
fabricated from MSC or iPSC-derived SMC TEBVs
from healthy and Progeria patients. (a) Histochemical
analysis of HGPS iSMC, normal iSMC, and MSC
TEBVs at week 4 with Alizarin Red staining (Scale bar,
200 μm). (b) Quantification of A, total area positive for
Alizarin Red. (c) Representative images of immunofluo-
rescence staining with fibronectin antibodies at week 4 of
perfusion on TEBVs fabricated from HGPS iSMCs, nor-
mal iSMCs, and MSCs and seeded with hCB-ECs in the
lumen (Scale bar, 50 μm). (d) Histochemical analysis of

MSC, normal iSMC and HGPS iSMC TEBVs at week
4 with TUNEL staining. Red arrows indicate TUNEL
positive cells and black arrows indicate TUNEL negative
cells (Scale bar, 200 μm). (e) Histochemical analysis of
HGPS iSMC, normal iSMC, and MSC TEBVs at week
4 with H&E (Scale bar, 200 μm). (f) The average thickness
of MSC, normal iSMC and HGPS iSMC TEBVs at week
1 and week 4 based on H&E images in E. n¼ 3 TEBVs for
each TEBV cell type. *P < 0.05, **P < 0.01, #P < 0.000.
(Reused with permission Atchison et al. 2017)
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this method was simple, as it only involved a
multilayered coaxial nozzle device and cell-
laden blend bio-ink (Jia et al. 2016). Another
example was demonstrated by Chen et al. They
developed a new platform for rapid construction
of vascularized tissues through 3D microscale

continuous optical bioprinting using HUVECs
and 10 T1/2 cells, gelatin methacrylate,
hyaluronic acid and photoinitiator lithium
phenyl-2,4,6 trimethylbenzoylphosphinate
(Fig. 8.8). The prevascularized tissues printed by
this method showed good cell viability and

Fig. 8.5 (a, d) After pre-treatment in the absence or the
presence of 3 h TNFa (10 ng/ml) (b, d) or 24 hours LDL
(20 mg/ml) (c–i) 16106 fluorescently labelled monocytes
(white) per ml were injected into the circulation loop and
circulated for 24 h. Tissues were analyzed by confocal
microscopy and after cryosectionning. In addition,
monocytes remaining in the circulation were counted.
More monocytes (white arrows) adhered after
pre-treatment with TNFa (b) or LDL (c) compared to the
not stimulated (a). Less monocyte remained into the

circulation after TNFa or LDL pre-treatment compared to
the absence of stimuli (d). Monocytes adhesion and migra-
tion in the tissue was further analyzed by microscopy of
cryosections after LDL pre-treatment. Microscopic
observations demonstrated adhesion and migration of
monocytes through the endothelium (dash line) (e, g) and
accumulation of monocytes into the tissue (f, h–i). Bars
represent 200 mm (a–c, e–f) and 20 mm (g–i). (Reused
with permission Robert et al. 2013)
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HUVEC network formation in vivo after a 2 week
implantation period (Zhu et al. 2017).

8.4 Recent Progress in Clinical
Studies of TEBV

While the creation of a TEBV in the laboratory
setting is a major milestone in the progress
towards blood vessel replacement, the ultimate
goal is a fully functional, biocompatible,
bioresponsive TEBV that is readily available
and can be quickly utilized in the clinical envi-
ronment. Researchers, in conjunction with medi-
cal doctors, have been working towards this goal
for years now with varying levels of success

(Fig. 8.9) (Drews et al. 2017). Here, we will
focus on the most progress and advances within
the recent years.

8.4.1 Clinical Study Results

Many patients could benefit from a viable TEBV,
such as those who must undergo arterial bypass
surgery, who need grafts for dialysis access, and
who have congenital cardiovascular defects, just
to name a few (Patterson et al. 2012). This has
been widely recognized for several decades, first
in the 1980s with the first successful creation of
living blood vessels in vitro by Weinberg and
Bell, then with the first successful clinical

Fig. 8.6 (a) Schematic diagram showing two indepen-
dent crosslinking processes of the bioink, where alginate,
GelMA, and PEGTA are ionically and covalently
crosslinked, respectively, upon exposure to CaCl2 solu-
tion and UV light. (b) Schematics showing the procedure
of bioprinting perfusable hollow tubes with the cell-

encapsulating blend bioink and subsequent vascular for-
mation. (c) The designed multilayered coaxial nozzles and
schematic diagram showing fabrication of perfusable hol-
low tubes with constant diameters and changeable sizes.
(Reused with permission Jia et al. 2016)
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application of a TEBV in 1999, with continuing
progress up to the present day (Weinberg and Bell
1986). These were monumental steps toward the
dream of fully autologous TEBV in clinical
practice.

For example, Shinoka et al. conducted the first
clinical trial in children with congenital heart
disease in Japan in which 25 TEBV grafts were
implanted between 2001 and 2004, with follow
up that ranged from 4.3 to most recently
10.3 years. At the 5.8 year follow up, all grafts
were patent, and there was no graft-related mor-
tality, no evidence of formation of aneurysms in
the grafts, no graft infection or rupture, and no
ectopic calcification observed in the grafts
(Hibino et al. 2010). Admittedly, after a mean
follow-up time of 10.3 years there was some
graft stenosis noted in 28% of the patients, but
they either stabilized or were resolved after

angioplasty and stenting procedures. Neverthe-
less, on the whole, grafts remained patent and
functional, even years after the implantation pro-
cedure (Fig. 8.10) (Hibino et al. 2010; Drews
et al. 2017). Furthermore, even at the 10.3 year
follow up, there was no evidence of aneurysm
formation, graft rupture, or calcification (Drews
et al. 2017). In 2011, Shinoka et el began the first
Food and Drug Administration-approved clinical
trial in the United States investigating the use of
TEBV in children with congenital heart defects;
while the study is ongoing and results are to date
unpublished, the trends have been similar to the
Japanese study cohort. These exciting results
demonstrate the feasibility and clinical potential
of TEBV.

A second example is by the L’Heureux group,
who implanted autologous TEBV fabricated
utilizing sheet-based tissue engineering for

Fig. 8.7 (a) Schematics and corresponding fluorescence
micrographs of the bioprinted tubular constructs with dif-
ferent aspect ratios of internal grids (I) and numbers of
layers (II). (b) Confocal micrographs showing a uniform
3D structure composed of 10 layers of bioprinted tubes
(containing green fluorescent beads), which were perfused
with red fluorescentmicrobeads inside the lumens. (c)

Fluorescence photographs before (inset) and after injection
with red fluorescent microbeads into the lumen of the
single, continuous bioprinted tube. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.) (Reused with
permission Jia et al. 2016)
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hemodialysis access (L’Heureux et al. 2007a, b;
McAllister et al. 2009). Cells were extracted from
ten patients, grown into sheets of fibroblasts,
wrapped around stainless steel mandrels, and
allowed to mature and fuse together over a

10 week period; afterwards, they were
endothelialized and preconditioned to in vivo
flows and pressures (McAllister et al. 2009;
L’Heureux et al. 2007a, b). The whole process
took between 6 and 9 months, with an average

Fig. 8.8 3D bioprinting of the prevascularized tissue
constructs. (a) Schematic of the bioprinting platform. (b)
Bioprinted acellular construct featuring intended channels
with gradient widths. (c) Bioprinted cellular construct with
HUVECs and 10T1/2 (50:1) encapsulated in the intended
channels. (d–f) Fluorescent images demonstrating the
bioprinting of heterogeneous cell-laden tissue constructs

with uniform channel width. HUVECs (red) are
encapsulated in the intended channels and HepG2
(green) are encapsulated in the surrounding area. (g–i)
Fluorescent images demonstrating the bioprinting of het-
erogeneous cell-laden tissue constructs with gradient
channel widths. Scale bars, 250 μm. (Reused with permis-
sion Zhu et al. 2017)
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period of 7.5 months. Cumulatively speaking,
78% of the grafts maintained primary patency
1 month after implantation, and 60% maintained
patency at 3 and 6 months (McAllister et al.
2009). Thus, the L’Heureux group demonstrated
successful TEBV implantation in an extremely
difficult patient population (end-stage renal dis-
ease with at least one previous hemodialysis

access graft failure), high arteriovenous hemody-
namic flow loads and pressures, and repeated
graft puncture for hemodialysis (L’Heureux
et al. 2007a, b; McAllister et al. 2009).

The L’Heureux group also attempted the first
human use of a nonliving, allogeneic, completely
biological TEBV for hemodialysis access, which
they reported in 2014 (Wystrychowski et al.

Fig. 8.9 Gross image of a
TEBV 13 years after
implantation. The
appearance is similar to
native vein. LPA, left
pulmonary artery; RPA,
right pulmonary artery;
SVC, superior vena cava;
TEV, tissue-engineered
vessel. (Reused with
permission Drews et al.
2017)

Fig. 8.10 Postoperative growth of a TEBV. A TEBV
was implanted in a 5-year-old patient undergoing a Fontan
procedure. Angiography 2 years (a) and 11 years (b) after

implantation demonstrate growth, with length of the graft
increased from 43.4 to 60.4 cm. (Reused with permission
Drews et al. 2017)
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2014). These particular grafts were composed of
extracellular matrix and fibroblasts which were
dehydrated and devitalized prior to long term (6–-
9 months) storage. Three patients then received
the allogeneic grafts as brachial-axillary arterio-
venous shunts for hemodialysis access
(Fig. 8.11). The grafts showed no signs of degra-
dation, graft-related infection, or aneurysm for-
mation; they also demonstrated hemodialysis
functionality; however, problems with graft

stenosis and thrombosis remained
(Wystrychowski et al. 2014). Nevertheless, this
study demonstrated the potential of nonliving,
allogeneic, off the shelf grafts for human use:
grafts maintained requisite mechanical strength
and did not cause immune response, major
milestones in TEBV development. Thus, this
study represents a critical advance in the field,
as it would be ideal for grafts to be available off

Fig. 8.11 Graft of patient 1. (a) Preimplantation hema-
toxylin and eosin staining of the de-vitalized graft showed
the same organization as a living graft, but with dense

nuclear remnants in the outer layers. (b) Macroscopic
view shows the implanted. (Reused with permission
Wystrychowski et al. 2014)

8 Recent Progress in Vascular Tissue-Engineered Blood Vessels 139



the shelf without concern of degradation or loss of
function during the storage time.

8.4.2 Challenges

Despite decades of research, autologous vein and
artery grafts remain the clinical gold standard
today. Significant challenges remain before
TEBV can be adopted for widespread clinical
use. These challenges include: (1) similar burst
pressure strength (>1700 mm Hg), (2) stable ves-
sel diameter over long time periods, (3) biocom-
patibility, including non-thrombogenicity,
non-inflammatory, maintenance of vessel
patency, and structural stability of the TEBV,
(4) demonstrated feasibility and consistency in
the manufacturing process on a large scale, and
(5) the prohibitively long time is takes to create an
autologous TEBV (L’Heureux et al. 2007a, b).
Furthermore, tissue engineering-based
approaches must demonstrate improvements in
efficacy and quality of life above synthetic mate-
rial and native vein approaches that are common
clinical practice today. Aside from the purely
clinical aspect, challenges also exist in the regu-
latory, reimbursement, and cost-effectiveness
areas for TEBV.

One of the greatest ongoing challenges to the
clinical application of TEBV is postoperative ves-
sel stenosis. Shinoka et al. reported asymptomatic
graft narrowing (stenosis) in 24% (six) of patients
who received a TEBV at 5.8 year follow up; four
of these six patients underwent successful balloon
angioplasty treatment (REF: late term results).
The number of patients with TEBV stenosis
increased to 28% (seven) by 10.3 years of follow
up (Drews et al. 2017). While this treatment
cohort was relatively small, these still represent
unacceptable rates of postoperative vessel steno-
sis; thus, research is ongoing to find ways to limit
and prevent stenosis after TEBV implantation.

L’Heureux also encountered challenges with
both the autologous and allogeneic TEBV stud-
ies. This included instances of aneurysm forma-
tion within the graft, thrombosis, graft dilation,
stenosis, and strong acute immune response
(McAllister et al. 2009; Wystrychowski et al.

2014). Unacceptably long production times
(7.5 months) also hamper widespread adoption
of autologous graft use (McAllister et al. 2009).
While L’Heureux et al. bypassed common
challenges of TEBV (infection, poor mechanical
strength, use of synthetic or exogenous materials,
chemical modification leading to inflammation,
etc.), many challenges remain.

8.5 Summary and Future
Perspective

Although the concept, fabrication, and implemen-
tation of TEBVs have progressed quickly since
the original idea more than 30 years ago, a great
deal of research and work still remains. TEBVs
clearly offer distinct advantages over synthetic
grafts, which suffer from limitations such as
thrombosis, poor patency, and inadequate
mechanical properties; however, more progress
is needed before TEBVs can replace autologous
grafts, the current gold standard.

Recent advances in cell technology, such as
the development of iPSCs, offer a variety of
potential cell sources for use in TEBVs. Autolo-
gous fully differentiated cells, stem cells, induced
pluripotent stem cells, and progenitor cells are all
potential sources for use in fabricating TEBVs.
Moreover, a variety of methods to create the
TEBVs currently exist, including (but not limited
to) cell assembly, self-assembly with cell sheets,
3D bioprinting, and layer-by-layer technology.
Undoubtedly, as scientific progress is made, bet-
ter and higher-precision methods will be devel-
oped and utilized.

Importantly, TEBVs have already been
utilized both in animal models as well as within
the clinic for human use. Significant reductions in
production and maturation time, off-the-shelf
TEBV scaffolds, and improvements in cell
sources have all contributed to these recent
advances, utilizations, and in vivo studies with
TEBVs. Although major milestones have been
accomplished, including successful long-term
TEBV implantation in humans for patients with
congenital heart disease and hemodialysis access,
many challenges remain to be overcome before
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TEBVs will be accepted for widespread clinical
use. Despite these challenges, TEBVs have a
bright future, and there is little doubt that
advances in science and technology will lead to
improvements in TEBVs and subsequent perva-
sive use within the clinic.
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Microenvironmental Regulation of Stem
Cell Behavior Through Biochemical
and Biophysical Stimulation

9

Bogyu Choi, Deogil Kim, Inbo Han, and Soo-Hong Lee

9.1 Stem Cells

Stem cells are classified into totipotent, pluripo-
tent,multipotent, and unipotent stem cells based on
their differentiation potential (Revel 2009). Stem
cells can self-renew and differentiate into other cell
types, suggesting their use in various applications
such as cell therapy, tissue engineering, and regen-
erative medicine. Therefore, it is important to
develop methods to expand stem cells and induce
their differentiation by using biochemical and/or
biophysical stimulation to realize this potential.

9.1.1 Pluripotent Stem Cells

Pluripotent stem cells (PSCs) can proliferate per-
petually and can differentiate into cells that form
the three germ layers, namely, the endoderm,
mesoderm, and ectoderm. PSCs are a valuable
tool for stem cell therapy, in vitro drug screening,

and disease modeling. PSCs include embryonic
stem cells (ESCs), ESCs produced by somatic cell
nuclear transfer (SCNT-ESCs), and induced
PSCs (iPSCs). ESCs are derived from embryos
at the developmental stage, SCNT-ESCs are pro-
duced by transferring nuclei of somatic cells into
enucleated eggs, and iPSCs are artificially
generated by reprogramming adult cells. In
2006, Takahashi and Yamanaka achieved a semi-
nal breakthrough in stem cell production
(Takahashi and Yamanaka 2006). They found
that mouse embryonic fibroblasts (MEFs) can be
reprogrammed into iPSCs by exogenous tran-
scription of four factors, Oct4, Sox2, c-Myc, and
Klf4. iPSCs are very similar to ESCs but are
associated with less ethical concerns and show
enhanced patient specificity. For iPSCs, increas-
ing the reprogramming efficiency without the risk
from genetic manipulation should be overcome.

9.1.2 Multipotent Stem Cells

Multipotent stem cells such as mesenchymal stem
cells (MSCs) derived from the bone marrow,
adipose tissue, umbilical cord blood, nerve tissue,
dental pulp, hair follicle, or brain can also self-
renew and differentiate into different cell types
after biochemical and/or biophysical stimulation.
MSCs derived from mesodermal tissues differen-
tiate into mesodermal cells such as osteoblasts,
chondrocytes, or adipocytes. However, some
studies indicate that MSCs can also trans-
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differentiate into ectodermal or endodermal line-
age cells in vitro when cultured in an induction
medium containing some soluble factors
(Brzoska et al. 2005; Damien and Allan 2015;
Gao et al. 2014; Li et al. 2013). Some MSCs
express growth factors and chemokines that
induce cell proliferation and angiogenesis (Chen
et al. 2008; Doorn et al. 2011; Haynesworth et al.
1996) and exert anti-inflammatory and immuno-
modulatory effects (Aggarwal and Pittenger
2005; Iyer and Rojas 2008). MSCs have been
used for treating various disorders such as spinal
cord injury, bone fracture, autoimmune disorder,
rheumatoid arthritis, and hematopoietic defects.

9.2 Biochemical Stimulation

Biochemical components such as growth factors,
cytokines, enzymes, peptides, chemical reagents,
and small molecules are commonly added to cell
culture medium to regulate stem cell differentia-
tion. Moreover, biochemical components can be
immobilized or precoated on cell culture
substrates or scaffolds to induce the differentia-
tion of stem cells into different cell lineages.
Biochemical factors bind to receptors present on
stem cells or enter stem cells to activate different
cellular signaling pathways, thus modulating their
behavior. Here, we will explore some existing
methods for inducing stem cell differentiationwith
biochemical factors, as listed in Table 9.1.

9.2.1 Biochemical Differentiation
of Multipotent Stem Cells

Osteogenic differentiation can be induced using
soluble factors such as ascorbic acid,
β-glycerophosphate, bone morphogenetic
proteins (BMPs), dexamethasone, NEL-like mol-
ecule-1 (NELL-1), phenamil, or taurourso-
deoxycholic acid (TUDCA). BMP-2 stimulates
the expression of major osteogenic genes such
as those encoding osteopontin, osteocalcin, and
Runt-related transcription factor 2 (Sun et al.
2015). Although BMPs are suggested to be the
most potent osteoinductive proteins, they also

induce pro-adipogenesis (Hata et al. 2003; Jin
et al. 2006). NELL-1 induces highly specific oste-
ogenic differentiation of MSCs both in vitro and
in vivo (Zhang et al. 2010). TUDCA, an endoge-
nous hydrophilic bile acid, suppresses
adipogenesis and promotes angiogenesis and
osteogenesis by reducing ER stress, preventing
unfolded protein response dysfunction, and
stabilizing mitochondria (Cha et al. 2014; Cho
et al. 2015; Kim et al. 2017; Vang et al. 2014;
Yoon et al. 2016). Wnt protein, specifically
Wnt3a and Wnt4, is another factor that induces
osteogenic differentiation by activating
YAP/TAZ accumulation in MSCs (Byun et al.
2014; Park et al. 2015).

Transforming growth factor-β1 (TGF-β1),
TGF-β3, kartogenin (KGN), and matrilin-3 are
used to enhance chondrogenic differentiation.
TGF-β1-tethered photocrosslinkable hydrogel sys-
tem enhances sulfated glycosaminoglycan accu-
mulation in vitro and cartilage regeneration
in vivo (Choi et al. 2015). TGF-β3 is more effec-
tive for inducing the chondrogenesis of MSCs than
TGF-β1 and TGF-β2 (Barry et al. 2001; Estes et al.
2006). KGN, a new low-molecular-mass heterocy-
clic molecule, induced selective differentiation of
MSCs into chondrocytes and promoted cartilage
repair after its intra-articular injection into an ani-
mal model of osteoarthritis (Johnson et al. 2012).
KGN-conjugated chitosan nanoparticles and
microparticles also show potential as efficient
intra-articular drug delivery systems for treating
osteoarthritis (Kang et al. 2014). Matrilin-3, a
non-collagenous extracellular matrix (ECM) pro-
tein, enhances the chondrogenic differentiation of
adipose tissue-derived MSCs both in vitro and
in vivo (Muttigi et al. 2017).

Poly-L-lysine (PLL) is coated on cell culture
dishes to enhance cell adhesion through interac-
tion between positive charges on PLL and nega-
tive charges on cell membrane (De Kruijff and
Cullis 1980; Pachmann and Leibold 1976).
Immobilization of PLL on cell culture plates
increases the expansion and erythroid differentia-
tion of human hematopoietic stem cells (HSCs)
(Fig. 9.1) (Park et al. 2014). Moreover, PLL
induces neural differentiation of MSCs (Cai
et al. 2012).
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9.2.2 Biochemical Differentiation
of Pluripotent Stem Cells

Biochemical differentiation of PSCs in vitro is
traditionally achieved by inducing uncontrolled
spontaneous differentiation or directed differenti-
ation of these cells into specific cell lineages

(Ding et al. 2017). Spontaneous differentiation
produces a mixed population of cell lineages
from all three germ layers, and the differentiation
is uncontrollable. Directed differentiation of
PSCs by using soluble factors can be successfully
used to generate various cell types such as
cardiomyocytes, neural cells, pancreatic beta

Table 9.1 Biochemical factors that regulate cell behavior

Cell Cell behavior Biochemical factor Reference

Human MSC Chondrogenesis TGF-β3 Barry et al. (2001)
BMP-6 Estes et al. (2006)
KGN Johnson et al. (2012) and Kang et al.

(2014)
Matrilin-3 Muttigi et al. (2017)

Osteogenesis NELL-1 Zhang et al. (2010)
TUDCA Cha et al. (2014) and Kim et al. (2017)

Human/murine
MSC

Osteogenesis Wnt3a, Wnt4 Byun et al. (2014) and Park et al. (2015)

Human HSC Erythropoiesis PLL Park et al. (2014)
Neovascularization TUDCA Cho et al. (2015) and Yoon et al. (2016)

Murine MSC Adipogenesis BMP-2 Hata et al. (2003) and Jin et al. (2006)
Chondrogenesis TGF-β1 Choi et al. (2015)
Osteogenesis BMP-2 Sun et al. (2015)

Mouse neural
progenitor cell

Neurogenesis PLL Cai et al. (2012)

Human PSC Cardiomyogenesis CHIR99021, DMH1 Aguilar et al. (2015) and Fonoudi et al.
(2015)

Neurogenesis CHCHD2, Zhu et al. (2016)
Noggin, SB431542 Chambers et al. (2016)
LDN, CHIR99021 Chambers et al. (2009)

Astrogenesis Retionic acid, FGF8, FGF2,
EGF

Krencik et al. (2011)

Pancreatic
differentiation

Activin, Wnt, FGF-10, CYC,
retinoic acid, DAPT, Ex4,
IGF-1, HGF

D’Amour et al. (2006)

Act A, CHIR, KGF, retinoic
acid, SANT1, LDN, PdbU,
SANT1, Heparin,
Betacellullin, ALK5i, CMRL

Pagliuca et al. (2014)

GDF8, FGF7, retinoic acid,
GSK3βi, VitC, SANT, TPB,
LDN, ALK5i II, T3, GSi XX,
N-Cys, AXLi

Rezania et al. (2014)

MEF Reprogramming into
iPSC

Oct4, Sox2, c-Myc, Klf4
(OSMK)

Takahashi and Yamanaka (2006)

OSMK + E-cadherin Chen et al. (2010) and Redmer et al.
(2011)

ALK5 inhibitors in replace of
Sox2

Huangfu et al. (2008a, b), Ichida et al.
(2009), Lee et al. (2012), Lin et al.
(2009), Mikkelsen et al. (2008), Staerk
et al. (2011)
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cells, and hepatocytes. However, the efficiency of
and purity of cell types obtained through directed
differentiation are low.

Functional cardiomyocytes can be produced
by culturing EBs in a differentiation medium
containing non-essential amino acids such as L-
glutamine, β-mercaptoethanol, and 20% fetal
bovine serum (FBS), followed by microdissection
of beating areas (Zhang et al. 2009). Addition of
small-molecule Wnt signaling inhibitors or
activators, BMP inhibitors, or shRNA also
induces the differentiation of PSCs into
cardiomyocytes (Aguilar et al. 2015; Fonoudi
et al. 2015; Zhang et al. 2013).

Various protocols have been developed for the
neurogenic differentiation of PSCs.

Differentiation of PSCs to neuroectoderms can
be mediated with CHCHD2, a mitochondrial pro-
tein, that suppresses the TGF-β signaling pathway
(Zhu et al. 2016). Highly pure astrocyte-like cells
have been generated by adding retinoic acid,
sonic hedgehog, epidermal growth factor, basic
fibroblast growth factor (bFGF), ciliary
neurotrophic factor, and 10% FBS to cell culture
medium (Krencik et al. 2011). Neural cells can
also be generated from PSCs by adding small-
molecules to inhibit dual SMAD signaling and
activate Wnt signaling (Chambers et al. 2009,
2016). Numerous clinical trials have assessed
the potential of human iPSCs and ESCs to
undergo neurogenesis for treating spinal cord
injury and retinal diseases. However, generation

Fig. 9.1 Interaction between HSCs and PLL-coated sub-
strate stimulates downward enucleation. PLL substrate
enhances enucleation of HSC (a) through stimulation of

PI3K activity (b). Furthermore, PLL substrate localizes the
extruded nuclei downward (c), possibly due to the positive
charge of PLL substrate
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of mature neural cells from PSCs remains a
challenge.

Pancreatic hormone-expressing endocrine
cells can be successfully produced from human
ESCs by adding and/or removing growth factors
such as activin, Wnt, FGF-10, KAAD-
cyclopamine (CYC), all-trans retinoic acid,
γ-secretase inhibitor DAPT, exendin-4, insulin-
like growth factor 1, and hepatocyte growth factor
to and/or from cell culture medium over five-
stages protocol (D’Amour et al. 2006). ViaCyte
Inc. (San Diego, CA) is performing clinical trials
to assess the efficacy of hESC-derived pancreatic
endodermal cells for treating type I diabetes
(Agulnick et al. 2015; Kimbrel and Lanza
2015). Addition of activin A, FGF, retinoic acid,
BMP inhibitor (LDN), and some gene inhibitors
also induces the pancreatic differentiation of
PSCs (Pagliuca et al. 2014; Rezania et al. 2014).
However, the complexity of these multistep
protocols, cost of production, and scaling up
should be overcome before using these strategies
in clinical practice.

9.2.3 Biochemical Reprogramming
Into iPSCs

Takahashi and Yamanaka showed that MEFs
could be reprogrammed into iPSCs by inducing
forced expression of four transcription factors,
namely, OCT4, SOX2, c-MYC, and KLF4
(Yamanaka 4 factors), that are important for
ESC function (Takahashi and Yamanaka 2006).
This seminal development gave Yamanaka the
2012 Nobel Prize in Physiology or Medicine.
Since this pioneering discovery, many
researchers have developed various methods to
enhance reprogramming efficiency by using bio-
chemical factors. Overexpressed epithelial-
cadherin can replace OCT4 during cellular
reprogramming, thus enhancing reprogramming
efficiency (Chen et al. 2010; Redmer et al.
2011). Addition of high concentration of FBS
(>20%), ascorbic acid (vitamin C), histone
deacetylase inhibitors, DNA methyltransferase
inhibitor (5-azacytidine), or SB431542 (a TGF-β
signaling inhibitor) to cell culture medium also

enhances reprogramming efficiency (Esteban
et al. 2010; Kwon et al. 2016). ALK5 inhibitor,
LY364947 or E-616452, can be used to replace
Sox2 to reprogram MEFs into iPSCs (Huangfu
et al. 2008a, b; Ichida et al. 2009; Lee et al. 2012;
Lin et al. 2009; Mikkelsen et al. 2008; Staerk
et al. 2011), and CCAAT/enhancer-binding pro-
tein alpha (C/EBPα) can boost up the iPSC
reprogramming efficiency by upregulating Klf4
and increase several chromatin-modifying com-
plex proteins that activates pluripotency program
(Di Stefano et al. 2016).

9.3 Biophysical Stimulation

Many researchers have extensively investigated
the effects of various biophysical factors, includ-
ing matrix stiffness, nanotopography, three-
dimensionality, external stress and strain, electri-
cal stimulation, hydrostatic pressure, electromag-
netic field, ultrasound, and photostimulation, on
cell behavior, as listed in Table 9.2.

9.3.1 Stiffness

In 2006, Engler showed that substrate stiffness
regulated stem cell fates and was correlated with
in vivo ECM elasticity (Fig. 9.2) (Engler et al.
2006). Human MSCs preferred neurogenesis,
myogenesis, and osteogenesis on a soft gel
(0.1�1 kPa) mimicking the mechanical stiffness
of brain, on an intermediate gel (8�17 kPa) mim-
icking the mechanical stiffness of muscle, and on
very stiff gel (25�40 kPa) mimicking the
mechanical stiffness of bone, respectively.
Human adipose tissue-derived MSCs undergo
adipogenesis on a soft substrate (2 kPa) in the
absence of inductive soluble biochemical factors
(Young et al. 2013). Neural stem cells (NSCs)
expressed high levels of neurogenic biomarker
β-tubulin III on substrates having stiffness similar
to the brain tissue (Saha et al. 2008). Increase in
substrate stiffness increases the expression of type
A lamin, a mechanosensitive cellular molecule
(Swift et al. 2013). Skeletal muscle stem cells
rapidly lose their regenerative potential when
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Table 9.2 Biophysical factors that regulate cell behavior

Cell Cell Behavior Biophysical Factor Reference

Human MSC Differentiation
(soft: neurogenesis,
intermediate:
myogenesis, stiff:
osteogenesis)

Stiffness (soft: 0.1–1 kPa,
intermediate: 8–17 kPa,
stiff: 25–40 kPa)

Engler et al. (2006)

Human MSC Adipogenesis Stiffness (soft: 2 kPa) Young et al. (2013)
Rat NSC Neurogenesis Stiffness (~500 Pa) Saha et al. (2008)
Mouse cell/human MSC Soft: adipogenesis Stiffness (soft: 0.3 kPa,

stiff: 40 kPa)
Swift et al. (2013)

Stiff: osteogenesis
Mouse muscle stem cell Self-renewal Stiffness (soft: 12 kPa) Gilbert et al. (2010)
Human PSC Neurogenesis Stiffness (0.1–0.7 kPa) Keung et al. (2012)
MEF Reprogramming

into iPSC
Stiffness (soft: 0.1 kPa) Choi et al. (2016)

Human MSC Osteogenesis Nanotopography Dalby et al. (2007)
Mouse ESC Differentiation Nanotopography Lapinte et al. (2013)
Human MSC Multipotency Nanotopography McMurray et al. (2011)
Human iPSC Pluripotency Nanotopography Reimer et al. (2016)
Human MSC NPo: adipogenesis,

NPi: osteogenesis
Nanotopography Park et al. (2012)

Human PSC Osteogenesis Nanotopography Kingham et al. (2013)
Human iPSC Cardiogenesis Topography

(microgrooved surface)
Rao et al. (2013)

Human MSC Neurogenesis Topography (nanogratings
surface)

Yim et al. (2007)

MEF Reprogamming into
iPSC

Topography
(microgrooved surface)

Downing et al. (2013)

Human MSC Myogenesis Cyclic strain Gong and Niklason (2008)
Human MSC Osteogenesis Cyclic uniaxial tension Haudenschild et al. (2009)
Human MSC Chondrogenesis Dynamic compression Haudenschild et al. (2009)
Mouse skin fibroblast Reprogramming

into iPSC
Orbital shaking Sia et al. (2016)

Human PSC Vascular smooth
muscle cell

Tensile stress Wanjare et al. (2015)

Human MSC High tension:
osteogenesis

Intracellular tension McMurray et al. (2011)

Low tension:
adipogenesis

Human MSC Endothelial
differentiation

Shear stress Dan et al. (2015)

Human iPSC Cardiomyogenesis Electrical field Hirt et al. (2014)
Human NSC Cell migration Electrical field Feng et al. (2012)
Human NSC Neurogenesis Electrical field Pires et al. (2015) and

Thrivikraman et al. (2014)
Mouse fibroblast or human dermal
fibroblast

Reprogramming
into iPSC

Extremely low-frequency
electromagnetic field

Baek et al. (2014)

Human MSC Osteogenesis LIPUS Kang et al. (2013)
Human iPS Neurogenesis LIPUS Lv et al. (2013)
Human epidermal stem cell Proliferation, cell

migration
He-Ne laser (632.8 nm) Liao et al. (2014)

Mouse MSC Osteogenesis Visible blue light (405 nm) Kushibiki and Awazu
(2009)
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grown on stiff culture dishes but retain their self-
renewal and regenerative capacities when grown
on soft hydrogels (Gilbert et al. 2010). Substrates
with different stiffness induce the differentiation
of different stem cells in a similar manner. Opti-
mal substrate stiffness for the differentiation of
stem cells into specific lineages differs based on
stem cell source, substrate used, and differentia-
tion protocol used. PSCs also sense and respond
with the stiffness of microenvironments. Soft
microenvironments (0.1�0.7 kPa) promote early
neurogenic differentiation of human PSCs with-
out affecting their proliferation (Keung et al.
2012).

Generation of iPSCs is also affected by sub-
strate stiffness. Soft substrates enhance
reprogramming efficiency by increasing the
expression of MET and pluripotent markers
(Fig. 9.3) (Choi et al. 2016).

9.3.2 Topography

Stem cell adhesion, phenotype, and differentia-
tion are highly sensitive to substrate topography
(Dalby et al. 2014; Ding et al. 2017; Griffin et al.
2015; Park and Im 2015). The effect of surface
topography on stem cell phenotype depends on
the shape (pillars, pits, and gratings), dimension
(feature size, spacing, and height), arrangement,
and composition of a substrate (Dalby et al. 2007;
Lapointe et al. 2013; Murphy et al. 2014; Wang
et al. 2015). Presence of highly ordered nanoscale
pitted patterns in a substrate inhibits the adhesion
of cells to the substrate (Dalby et al. 2007).

Fig. 9.2 MSC differentiation is regulated by substrate
stiffness. Different solid tissues are made up of specific
range of elastic modulus (a). Through substrate
modifications to various matrices that mimic each solid
tissue, MSC differentiates to each lineages (b)

Fig. 9.3 Generation of iPSCs is affected by matrix stiff-
ness. As the substrate softens, MET change and stemness
increase, resulting enhanced reprogramming efficiency
into iPSCs
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Expression of human bone marrow-derived MSC
(BMSC) and adipose-derived MSC (ASC)
markers depends on the size of pits (McMurray
et al. 2011). High-density arrangement of smaller
topographical features promotes the proliferation
and pluripotency of human iPSCs (Reimer et al.
2016).

Substrates with 120-nm diameter pits and an
average 300-nm spacing (randomly offset by
50 nm) induce the osteogenesis of human
BMSCs (Dalby et al. 2007). Human ASCs
cultured on a polystyrene surface containing
nanopores (NPo; 200-nm diameter/400-nm
depth) undergo enhanced adipogenic differentia-
tion, while those cultured on a polystyrene sur-
face containing nanopillars (NPi; 200-nm
diameter/650-nm height) undergo osteogenic dif-
ferentiation (Fig. 9.4) (Park et al. 2012). Disor-
dered nanotopographies enhance the osteogenesis

of human ESCs (Kingham et al. 2013).
Fibronectin-coated microgrooves (4-μm width/
10-μm depth/10-μm spacing) improve the matu-
ration and function of human iPSC-derived
cardiomyocytes (Rao et al. 2013). Human MSCs
cultured on 350-nm PDMS nanogratings show
significantly upregulated expression of neuronal
markers β-tubulin III and microtubule-associated
protein 2 compared with human MSCs cultured
on microgratings and flat surface (Yim et al.
2007).

Substrate topography also affects the
reprogramming of MEFs into iPSCs (Downing
et al. 2013). Elongation of MEFs on parallel
microgrooved surfaces modulates epigenetic
states and improves reprogramming efficiency.

Nickel 
stamp

Flat Nanopillar Nanopore

Polystyrene
substrate

Flat Nanopore Nanopillar

Differentiation

Chondrogenic
differentiation

Adipogenic
differentiation

Osteogenic 
differentiation

Fig. 9.4 Behavior of ASCs cultured on NPo- and
NPi-containing substrates. Fabrication of each nano-
featured polystyrene substrates were established using
fabricated nickel stamp, and ASC differentiation trends

show each flat, NPo, and NPi surface enhances
chondrogenic, adipogenic, and osteogenic differentiation,
respectively
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9.3.3 External Stress and Strain

In addition to the intrinsic physical properties of
the stem cell microenvironment, such as substrate
stiffness, extrinsic mechanical stimuli such as
stress or strain are important for regulating the
differentiation of stem cells (Keung et al. 2010).

Cyclic strain inhibits the differentiation of
hESCs by upregulating the phosphorylation of
TGF-β1, activin A, Nodal, and SMAD2/3 and
promotes the myogenesis of BMSCs (Gong and
Niklason 2008). Cyclic uniaxial tension induces
the osteogenesis and dynamic compression
induces the chondrogenesis of human BMSCs
(Haudenschild et al. 2009). Dynamic culturing
with orbital shaking at 100 rpm significantly
improves the reprogramming efficiency of
iPSCs (Sia et al. 2016). In the presence of uniaxial
tensile strain, vascular smooth muscle cells
derived from human iPSCs and human ESCs
align perpendicular to the strain axis and show
increased ECM gene expression (Wanjare et al.
2015). Compressive and tensile forces induced by
fluid flow, cell–cell interaction, and cell–matrix
interaction regulate MSC behavior in vivo (Hao
et al. 2015; Liu and Lee 2014). Human BMSCs
with high intracellular tension differentiate into
osteoblasts, whereas those with low intracellular
tension or low actin–myosin interaction differen-
tiate into adipocytes (McMurray et al. 2011).
Shear stress stimulates the differentiation of
human MSCs obtained from different tissues
into endothelial-like cells (Dan et al. 2015).

9.3.4 Non-contact-Dependent
Factors: Electric Field,
Ultrasound,
and Photostimulation

In addition to cell–matrix interaction-dependent
factors such as substrate stiffness and topography,
non-contact-dependent factors such as electro-
magnetic field, low-intensity pulsed ultrasound
(LIPUS), and light of varying wavelengths affect
stem cell behavior.

Electrical stimulation is of interest for both
cardiac and neural differentiation because of its
importance in embryonic development. Pulsed
biphasic electrical field of 2 V/cm every 4 ms
promotes human iPSC-derived cardiomyocytes
to develop a phenotype similar to native
cardiomyocytes (Hirt et al. 2014). Human
ESC-derived NSCs migrate toward positive
charged regions in the presence of a small
direct-current electrical field (Feng et al. 2012).
Application of an electrical field to NSCs or
BMSCs grown on an electroconductive matrix
enhances their neurogenesis (Pires et al. 2015;
Thrivikraman et al. 2014). Extremely
low-frequency electromagnetic fields replace
SOX2, KLF4, and c-MYC during somatic cell
reprogramming of iPSCs (Baek et al. 2014).

Ultrasound frequencies also regulate stem cell
behavior. LIPUS enhances the osteogenic differ-
entiation of human ASCs and is used for bone
fracture healing and callus distraction (Claes and
Willie 2007; Kang et al. 2013). LIPUS stimula-
tion enhances the proliferation and neural differ-
entiation of human iPSC-derived neural crest
stem cells (Lv et al. 2013).

Photostimulation also modulates stem cell
behavior. Irradiation with helium–neon lasers
(632.8 nm), which are used clinically to promote
wound healing, induces the proliferation and
migration of human epidermal stem cells (Liao
et al. 2014). Irradiation with visible blue light
(405 nm) enhances the osteogenesis of and bone
formation by mouse MSCs (Kushibiki and
Awazu 2009).

9.4 Conclusion

Stem cells are a very promising cell source for the
cell therapy of various diseases because of their
self-renewal and differentiation capacities. For
successful application of stem cells and
biomaterials in tissue engineering and regenera-
tive medicine, stem cell behavior such as adhe-
sion, proliferation, survival, and differentiation in
response to biochemical and biophysical cues
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must be precisely regulated. Furthermore, results
of biochemical and biophysical stimulation stud-
ies involving three-dimensional
microenvironments will play an important role
in more accurately predicting the in vivo behavior
of stem cells.
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10.1 Tissue-Derived Natural
Scaffold: Decellularized Matrix

In the scope of tissue engineering and regenera-
tive medicine, investigations of functional
biomaterials and development of in vivo-like
systems are essential to maximize the efficacy of
tissue regeneration. Various extracellular matrix
(ECM)-derived components and synthetic
biomaterials have been utilized to construct
tissue-mimicking scaffolds and provide tissue-
like microenvironments for improved
functionalities of cells (Hubbell 1995; O’brien
2011; Place et al. 2009). However, the complex
structural interactions and biomolecular composi-
tion of native tissues cannot currently be
reconstituted with combinations of available sim-
ple fabrication techniques.

To prepare functional scaffolds for successful
tissue regeneration, decellularization of organs has
been increasingly studied in the last few decades,
using different types of xenogenic, allogenic, and
autologous tissues (Gilbert et al. 2006). During
decellularization through stepwise processes of
physical, chemical, and enzymatic methods, most
cells within the organ are removed, while the tissue-
specific structures and functional biomolecules of
the tissue ECM are retained, providing a tissue-

specific microenvironment (Fig. 10.1) (Gilbert
et al. 2006; Guyette et al. 2014). With the excellent
biocompatibility of organ-derived natural materials,
various types of cells such as primary cells and stem
cells can be reseeded onto the decellularized matrix
to fabricate tissue-engineered artificial organs,
which show greatly enhanced cellular engraftment
and tissue regeneration with improved
functionalities compared to conventional scaffolds
(Fig. 10.1) (Badylak et al. 2011). The biochemical
microenvironment, based on the retained ECMs,
glycoproteins, proteoglycans, and tissue-specific
functional molecules and mechanical properties
similar to those of native tissues, significantly
enhanced the regenerative efficacy of the matrix
and showed potential in therapeutic replacement of
damaged tissues (Badylak et al. 2011; Ott et al.
2008; Reing et al. 2010). Importantly, removal of
native cells could minimize immune rejection and
immune-related issues, which facilitates the use of
these biomaterials in regenerative medicine and fur-
ther clinical applications (Gilbert et al. 2006).

10.2 Decellularized Matrix
as a Functional Bioscaffold
for Tissue Engineering

10.2.1 Blood Vessel

Replacement of diseased blood vessels is a com-
mon surgical treatment for treating coronary
artery and peripheral vascular diseases
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(e.g. atherosclerosis) (Chlupac et al. 2009).
Although autologous vessels are a major candi-
date for bypass graft transplantation, proper
vessels might not always be available and
harvesting autologous vessels entails substantial
surgical costs and complex procedures and causes
secondary morbidity (Wilson et al. 1995). There-
fore, artificial blood vessels comprised of natural
or synthetic polymers have been developed over
the last few decades (L’Heureux et al. 2006,
2007). However, these scaffolds usually fail to
maintain functional vessels for long-term patency
owing to restenosis and thrombosis after trans-
plantation, especially for artificial vessels with
diameters below 6 mm (Wilson et al. 1995).

Since the early 1990s, acellular tissue-
engineered blood vessels have been highlighted
as natural scaffolds for vessel replacement
(Wilson et al. 1995; Kaushal et al. 2001; Cho
et al. 2005a, 2006). ECM components in
decellularized vessels, such as collagen, elastin,
and glycosaminoglycan (GAG), can promote
repopulation of endothelial cells and smooth mus-
cle cells, resulting in functional vessel construc-
tion and host integration without thrombosis
(Kaushal et al. 2001). Decellularized vessels can
be acquired from various arteries and veins,
including carotid arteries (Cho et al. 2005b),
iliac arteries (Kaushal et al. 2001), umbilical
arteries (Gui et al. 2009), saphenous veins

Fig. 10.1 Tissue-engineering strategy using the
recellularization of various cell types into decellularized
tissue matrices prepared with diverse chemical and enzy-
matic methodologies. Decellularized matrices from vari-
ous tissues (e.g. blood vessel, intestine, bladder, skin,

trachea, bone, tendon, and skeletal muscle) can be utilized
as functional bioscaffolds for tissue regeneration.
Solubilized decellularized matrices can be used as
injectable hydrogels for cell transplantation
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(Schaner et al. 2004), inferior vena cava (Cho
et al. 2005a; Bertanha et al. 2014a; Lee et al.
2014), and jugular veins (Lee et al. 2014).
Decellularization of the native vessel includes
diverse ionic (e.g. sodium dodecyl sulfate
[SDS], deoxycholate) (Gui et al. 2009; Schaner
et al. 2004) or non-ionic (e.g. Triton X-100)
detergents (Kaushal et al. 2001), and enzymatic
(e.g. trypsin, RNase, DNase) treatments (Wilson
et al. 1995; Kaushal et al. 2001). Among them,
the Triton X-100-based mild chemical procedure
has been generally adopted to remove cellular
components and retain similar structural integrity,
mechanical properties, and ECM components of
the native vessel (Samouillan et al. 1999).

For successful fabrication of tissue-engineered
blood vessels, rapid endothelialization and host
integration with the endothelium and smooth
muscle layers are essential for reducing the possi-
bility of restenosis and subsequent graft failure.
Diverse cell types have been seeded onto the
matrix to potentiate functionality and long-term
patency of the artificial decellularized vessels.
Stem cells, having the potential to differentiate
into endothelial cells, have been considered an
ideal candidate to construct the endothelium,
which is important for physiological functions
involved in inhibiting inflammation, thrombosis,
and restenosis after transplantation (Kaushal et al.
2001). For example, endothelial progenitor cells
(EPCs) were isolated from peripheral blood and
seeded inside the lumen of the decellularized
vessel for preconditioning of the graft. The con-
fluent monolayer of EPCs on the decellularized
vessel graft greatly extended in vivo patency with
physiological functionalities (Kaushal et al. 2001;
Quint et al. 2011). Smooth muscle cells (SMCs)
play major roles in the medial layer of the vessel
as supporting cells in the mechanical and physio-
logical functions of native blood vessels (Dora
2001). Thus, several studies coseeded SMCs
with ECs and showed significantly enhanced
in vivo maturation and contractile functionality
of the engineered vessel graft (Yazdani et al.
2009; Neff et al. 2011). In addition, bone
marrow-derived cells (Cho et al. 2005a) and mes-
enchymal stem cells (MSCs) (Zhao et al. 2010;
Bertanha et al. 2014b) were differentiated into

EC-like cells or SMC-like cells and used in recon-
struction of endothelium and vessel grafts,
resulting in improved long-term patency.

10.2.2 Small Intestine

Decellularized small intestinal submucosa (SIS)
is one of the most widely studied decellularized
ECM scaffolds. SIS is a thin layer of intestinal
tissue that supports the mucosa and joins it to the
muscularis propria layer. With the high content of
collagens and structural integrity of the
decellularized SIS, it has been mostly used as a
transplantable natural scaffold for clinical
applications (Hodde 2002; Badylak 1993).
Indeed, SIS has been used in treating patients
requiring blood vessel replacement, bladder
reconstruction, dural repair, tendon and ligament
substitute, and chronic wound healing (Huynh
et al. 1999; Franklin et al. 2002; Badylak et al.
1989, 1999, 2002; Prevel et al. 1995; Cheng and
Kropp 2000; Cobb et al. 1999). Other popular
clinical usages of SIS scaffolds include recon-
struction of urinary bladder (Misseri et al. 2005;
Caione et al. 2006), urethra (Jones et al. 2005),
diaphragm (Oelschlager et al. 2003), and integu-
ment (MacLeod et al. 2004; Zhang et al. 2003). In
earlier studies, the whole small intestine tissue
section was examined for implantable biomaterial
usage. However, having all the layers in the small
intestine appeared to be too enzymatically active
for clinical uses, especially in wound treatments.
Subsequent studies involved examination of the
various layers of the small intestine, and it was
concluded that the layer consisting solely of the
submucosa was the most suitable for implantation
usage (Brown-Etris et al. 2002). The submucosal
layer appears to be the best option in terms of
biofunctionality for transplantation because of its
high content of fibroblast growth factor (FGF),
transforming growth factor-beta (TGF-β), and
collagens (Badylak et al. 1989; Badylak 2004).
Not only do the factors induce rapid regeneration
of the submucosal layer, but the fibrous collagen
network in the layer also gives mechanical
strength to the whole intestine.
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There are various methods to produce
completely decellularized intestine, that include
physical, chemical, and enzymatic methods (Luo
et al. 2011; Syed et al. 2014; Oliveira et al. 2013),
but generally, decellularized SIS does not need
complex decellularization steps to remove all cel-
lular and nuclear materials because it already
contains relatively few, if any, connective tissue
cells. In most cases, mechanical force has been
used to delaminate the layers of the small intes-
tine, and the extent of the force used is enough to
separate the SIS layer from the small intestine
with minimal disruption to the three-dimensional
(3D) ECM structures. Despite the relative lack of
cellular materials to start with, additional chemi-
cal methods including treatments with Triton
X-100, peracetic acid, and deoxycholate have
been used in many studies to ensure that there
are no immune responses upon transplanta-
tion (Wu et al. 2011; Totonelli et al. 2012).

For cell therapeutic purposes, stem cells have
been used as a cell source for SIS transplantation,
since stem cells can differentiate and contribute to
the regeneration of the intestinal epithelium. It has
been reported that adult stem cells such as human
MSCs, including bone-marrow derived cells, can
repair the damaged intestinal epithelium (Patil
et al. 2013). Other studies for reconstruction of
urethral tissue involve the isolation of human
MSCs from voided urine that can differentiate
into multiple bladder cell lineages (Wu et al.
2011). Urine-derived stem cells and smooth mus-
cle cells could be seeded onto SIS scaffolds to
mimic urethral tissues for transplantation.

10.2.3 Bladder

The urinary bladder is a hollow muscular sac
where urine is contained until it is evacuated
from the body by the parasympathetic nervous
system. Spinal cord injury can affect the activity
of the urinary bladder and cause bladder dysfunc-
tion, eventually leading to urinary tract infections,
which significantly affects the quality of life of
the patient. The conventional treatment for
repairing a damaged urinary bladder involves
partial or complete replacement of the bladder

with gastrointestinal segments (Kropp et al.
2004). Upon transplantation, several issues can
arise, such as metabolic disturbances, increased
mucus production, and malignant tissue forma-
tion (Soergel et al. 2004). Owing to these
problems, more attempts have been made to
approach urinary bladder treatment from a tissue
engineering perspective. Synthetic materials such
as polyvinyl sponge (Kudish 1957) or collagen
matrices (Monsour et al. 1987) had been used in
experimental and clinical settings, but they usu-
ally failed to generate functional bladders due to
their lack of biocompatibility and insufficient
layer formation of bladder tissues. Since
decellularization is an efficient method to produce
bioscaffolds for regeneration of diverse organs,
an acellular bladder matrix has also been consid-
ered for the repair and regeneration of urinary
bladder. Bladder augmentation using
decellularized matrix has been proposed to
improve the function of neurogenic bladder
(Obara et al. 2006; Urakami et al. 2007).

The decellularization protocols for the bladder
included sodium deoxycholate (Obara et al. 2006;
Urakami et al. 2007), Triton X-100 with ammo-
nium hydroxide (Consolo et al. 2016), sodium
azide (Sievert et al. 2006), SDS (Youssif et al.
2005), and RNase/DNase treatments (Reddy et al.
2000). Most studies also involved physical lami-
nation and removal of the muscular and serosal
layers prior to the chemical and enzymatic
procedures to facilitate the later steps (Youssif
et al. 2005; Davis et al. 2011). The studies that
optimized the protocol to remove almost all the
cellular contents while preserving the ECM struc-
tural architecture and growth factors combined
lamination of the layers and SDS solution treat-
ment (Youssif et al. 2005; Rosario et al. 2008).
This method enhanced the reseeding and prolifer-
ation of urothelial and bladder stromal cells.

When the decellularized bladder matrix is used
without reseeding, it augments the bladder to
induce the formation of the urothelial layer
(Brown et al. 2002). In other studies that used a
seeded matrix of the bladder, urothelial cells are
used for the patients needing bladder augmenta-
tion (Yoo et al. 1998). For the treatment of
patients with bladder cancer, alternative cell
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sources such as stem cells are a candidate because
the patient’s own stem cells can be used to gener-
ate more specialized bladder tissue. The stem
cells for recellularization of the bladder matrix
include bone marrow-derived mesenchymal
stem cells (BMMSCs) (Chung et al. 2005), bone
marrow-derived endothelial progenitor cells
(Chen et al. 2011), adipose-derived stem cells
(ADSCs) (Zhu et al. 2010), or amniotic fluid-
derived stem cells (De Coppi et al. 2007). It has
been shown that the decellularized bladder matrix
can provide the cells with an environment suit-
able to promote cell migration, growth, and dif-
ferentiation. Therefore, decellularization methods
hold a great deal of promise for bladder repair.

10.2.4 Skin

Skin is the largest organ in vertebrates, playing
roles as a mechanical barrier against pathogens
and excessive water loss, as well as an insulator
for temperature moderation. Despite the large
advancements in regenerative medicine, treating
skin disorders and injuries with fully functional
skin tissues has faced substantial limitations.
Although autologous dermis transplantation is a
popular therapeutic for skin regeneration, devel-
opment of bioscaffolds that can be applied imme-
diately after severe injuries such as burns is
essential to reduce lethality and minimize issues
regarding shortages of skin replacement, espe-
cially for skin reconstruction of large-scale, full-
thickness injuries. Earlier studies developed skin
scaffolds from natural polymers and synthetic
biodegradable polymers (Eaglstein and Falanga
1997). However, synthetic materials appeared to
have poor biocompatibility and low mechanical
strength to resist wound contraction (Ono et al.
1999). Moreover, large scale skin defects arising
from surgery, acute trauma, chronic wounds, can-
cer, or vascular disease require skin transplanta-
tion, which cannot be accomplished solely with
conventional synthetic scaffolds (Ruszczak
2003). Thus, a bioengineered acellular dermal
matrix has been the next desirable candidate for
skin substitutes.

Recent studies have presented several methods
for producing natural matrices derived from
decellularized skin tissue (Chen et al. 2004;
Hoganson et al. 2010). They demonstrated suc-
cessful decellularization methods that exhibited
low antigenicity, excellent structural integrity,
and comparable functional performances to
native skin. For eliminating cells from dense
skin tissue, SDS (Wainwright 1995; Livesey
et al. 1995) and Triton X-100 treatments along
with other enzymes such as dispase (Takami et al.
1996) have been employed. The process of skin
decellularization usually requires more than just
one treatment and takes much longer than the
conventional decellularization protocols for
other organs due to high collagen density of skin
tissue.

Decellularized skin scaffolds are not only useful
in skin reconstruction, but also in reconstruction of
several other body parts including the esophagus
(Bozuk et al. 2006) and urinary tract (Kimuli et al.
2004). To further promote skin regeneration and
efficient structural reconstruction of thick skin tis-
sue by decellularized matrices, cell reseeding has
also been explored. There have been several stud-
ies that utilize ADSCs, a widely investigated stem
cell type in regenerative medicine, to enhance
wound healing using decellularized skin tissues
(Nie et al. 2009; Huang et al. 2012; Altman et al.
2008). The decellularized dermal matrix can act as
a functional biomaterial platform to promote
ADSC differentiation or as a delivery vehicle to
carry stem cells capable of secreting angiogenic
factors to the injured sites for accelerated wound
healing. Autologous BMMSCs (Zhao et al. 2012)
and keratinocyte-like cells differentiated from
ADSCs (Chavez-Munoz et al. 2013) have also
been used to reconstruct skin tissues using a
decellularized skin matrix.

10.2.5 Trachea

Trachea, a cartilaginous airway is one of the most
well-studied tissues in regards to engineering
concepts based on decellularization techniques.
Malignant tracheal injuries often require tissue
resection and artificial trachea implantation,
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especially when the removed length exceeds 30%
of the native trachea (Macchiarini et al. 2008).
Therefore, tubular scaffolds made of various bio-
compatible natural and synthetic polymers have
been utilized for the fabrication of tissue-
engineered tracheae and successful tracheal
replacement (Jungebluth et al. 2011; Grillo
2002). However, anatomical complications and
exposure to external pathogens usually induce
immune reaction, inflammation, and subsequent
restenosis, leading to failures in long-term
patency (Grillo 2002).

Therefore, a decellularized trachea has been
investigated as an attractive natural scaffold for
preparing a functional tissue construct and trachea
replacement. Detergent-based (e.g. sodium
deoxycholate, SDS, and Triton X-100) and enzy-
matic (e.g. DNase-I) decellularization methods
were adopted to remove cellular components
from native tracheal tissues (Macchiarini et al.
2008; Gray et al. 2012; Jungebluth et al. 2014).
Generally, decellularization of tracheal tissue is a
more time-consuming process compared to that
for other organs due to difficulties in eliminating
chondrocytes from the cartilaginous layer. How-
ever, repeated cycles of the process resulted in
depletion of DNA content after decellularization,
thus minimizing immune reactions.
Decellularized trachea matrix scaffolds success-
fully preserved trachea-specific 3D structures and
ECM components such as collagen, laminin, and
GAG, even after the decellularization process
(Partington et al. 2013). Moreover, the
decellularized trachea showed comparable
mechanical properties to a native trachea
(Jungebluth et al. 2014; Partington et al. 2013),
which is a crucial factor for long-term mainte-
nance and functionality after transplantation,
although several studies employed chemical fixa-
tion methods for mechanical strength enhance-
ment (Haag et al. 2012).

Decellularized trachea matrix was further
engineered with stem cells to improve the efficacy
of practical tracheal reconstruction. MSCs
differentiated into the chondrogenic lineage
(Gray et al. 2012; Go et al. 2010) were seeded
or coseeded with epithelial cells on the
decellularized matrix to facilitate trachea

reconstruction, suggesting the regenerative poten-
tial of the engineered matrix. Stem cells are
thought to participate directly in tissue regenera-
tion for physiological functions, simultaneously
withstanding the mechanical demands required
for tracheal functions. A clinical trial using a
tissue-engineered trachea was firstly attempted
in a patient with end-stage tracheal disease in
2008 by engineering the decellularized matrix
with autologous epithelial cells and
MSC-derived chondrocytes (Macchiarini et al.
2008). Since then, several clinical applications
have also been performed and successful regener-
ation of the trachea was confirmed in several
clinically relevant follow-up studies (Gonfiotti
et al. 2014; Jungebluth and Macchiarini 2014).
However, the need for additional stent insertions
and initial side effects including immune
reactions, inflammation, and partial stenosis also
occurred in many cases. Therefore, to be accepted
as a universal treatment for tracheal reconstruc-
tion, decellularized trachea matrix-based
approaches need to be further studied in terms
of improving host integration without restenosis
and satisfying mechanical properties for long-
term patency.

10.2.6 Bone

Unlike most tissues in the body, bone is a hard
connective tissue made up of different osteogenic
lineage cells such as osteoblasts, osteocytes, and
osteoclasts and is usually dense with a
honeycomb-like network. The hardness comes
from the inorganic components of bone including
calcium phosphate and calcium carbonate. The
mineralization by these inorganic materials gives
bone its strength and rigidity (Clarke 2008;
Kalfas 2001). One of the most common defects
in bone is a bone fracture that occurs when excess
force is applied or when osteoporosis lowers bone
density. As the bone regeneration process takes a
long time and the healing process is accompanied
by swelling and pain in daily activities, bone
substitutes or supports accelerating bone healing
are greatly in demand (Burge et al. 2007).
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The requirements for bone grafts include hav-
ing the mechanical strength, chemical composi-
tion, and structural architecture that mimic natural
bone. The bone graft must be strong and
osteoinductive to generate fully functioning
bone tissue. Lack of immunogenicity and bio-
compatibility are also key requirements for bone
grafts, like any other biological grafts. To this
end, inorganic materials such as hydroxyapatite
(Bucholz et al. 1987, 1989) and calcium phos-
phate (Jarcho 1981) have been widely used as
biomaterials that meet these criteria. Similar to
other organs and tissues, decellularization strat-
egy could be applied for generation of functional
bone grafts. Since bone tissue has physically dif-
ferent features from other organs in terms of
interconnectivity, permeability, and mechanical
properties, decellularized bone matrix can pro-
vide multifaceted mimicry of the native bone
tissue, which is rarely achieved by conventional
scaffold systems. Several decellularization
protocols using detergent containing Triton
X-100 (Woods and Gratzer 2005), trypsin
(Gerhardt et al. 2013), SDS (Grayson et al.
2008), or enzymes (Fröhlich et al. 2009) and
hydrostatic pressure (Hashimoto et al. 2011)
have been tested to decellularize bone tissue. In
some studies, demineralization using
hydrochloric acid (HCl) was used before
decellularization, but this process might cause a
reduction in active growth factors (e.g. bone mor-
phogenetic proteins) (Pietrzak et al. 2011).

Owing to the osteogenic potential of
decellularized bone matrix, several studies have
reported that decellularized bone matrix indeed
promotes proliferation and osteogenic differenti-
ation of the seeded stem cells (Hashimoto et al.
2011; Lee et al. 2016; Datta et al. 2005).
Decellularized bone scaffolds seeded with
BMMSCs have shown successful bone regenera-
tion after transplantation into defective calvarial
bone (Lee et al. 2016). Other studies have
involved culture of stem cells derived from adi-
pose, dental pulp, and umbilical cord blood on
decellularized bone ECM supplemented with
growth factors to induce osteogenic differentia-
tion for bone regeneration (Fröhlich et al. 2009;
Paduano et al. 2016, 2017; Liu et al. 2010). To

further expand the applicability and versatility of
decellularized bone graft, recent work solubilized
the matrix through enzymatic digestion to gener-
ate a hydrogel platform (Paduano et al. 2016;
Sawkins et al. 2013). Osteogenic cells from
calvaria or dental pulp were cultured on hydrogel
made from decellularized bone matrix, signifi-
cantly enhancing proliferation and odontogenic
differentiation. These studies employed gelation
of bone ECM, which demonstrated the
advantages of using a decellularized bone matrix
that could be formulated into various 3D
scaffolds and used as a functional biomaterial
for enhanced bone regeneration.

10.2.7 Tendon

Tendon is a tough, fibrous connective tissue that
connects muscle to bone, usually requiring a
high capacity for withstanding a large amount
of force or tension during movement and exer-
cise. In tendon tissue, collagen fibers allow
tendons to resist tensile stress while
proteoglycans give them the ability to resist
compression. Tendons need to have sufficient
elasticity to store energy for their function and
thus control finer movements of the muscle at the
same time. Since tendon tends to have a dense
and intricate network of collagen and
proteoglycans, repairing ruptured tendons is not
an easy task (Clayton and Court-Brown 2008).
There have been several candidates for tendon
grafts including synthetic polymers such as poly
(glycolic acid) (PGA), poly(lactic-co-glycolic
acid) (PLGA), and polytetrafluoroethylene
(PTFE) to provide biological functions as well
as mechanical properties (Ouyang et al. 2003;
Stoll et al. 2010); however, synthetic materials
have shown poor performance in regards to bio-
compatibility, quality of regeneration, and
mechanical durability (Chen et al. 2009).

The decellularization method for tendon repair
has been a focus of research because of the naturally
aligned, intricate construction of thick collagen and
tendon ECMs.With various sources in body, tendon
tissues from Achilles (Ko et al. 2016), neck
(Ko et al. 2016), tibia (Lee et al. 2013a), flexor
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(Youngstrom et al. 2013;Martinello et al. 2014), and
diaphragm (Deeken et al. 2011) tendon have been
decellularized through protocols involving freeze-
thaw cycles (Youngstrom et al. 2013; Deeken et al.
2011) and the use of mechanical forces (Ingram et al.
2007) along with the aid of chemical treatments such
as non-ionic detergent (e.g. Triton X-100), ionic
detergent (e.g. SDS), and zwitterionic detergent
(e.g. tributyl phosphate) (Ko et al. 2016; Deeken
et al. 2011; Alberti et al. 2015). Importantly, the
dense, aligned fibrous structures, mechanical
properties, and stiffness of native tendon tissue
could be preserved even after the decellularization,
which are all essential for improved and prolonged
tendon regeneration and function.

For recellularization of tendon scaffolds, stem
cells such as BMMSCs, ADSCs, and tendon-
derived stem cells that can differentiate into
tenocytes can be used (Martinello et al. 2014;
Ning et al. 2015; Yin et al. 2013). It was found
that the intrinsic alignment of tendon ECMs pre-
served in the decellularized tendon scaffold could
provide a sufficiently favorable microenviron-
ment for enhancing cell distribution, prolifera-
tion, and tenogenic differentiation of stem cells.
Other cell candidates also include mesenchymal
stromal cells, tenocytes, and fibroblasts
(Angelidis et al. 2010; Whitlock et al. 2013;
Burk et al. 2013). For improving engraftment
efficiency, supporting hydrogels can also be
used during cellular repopulation into the
decellularized tendon tissue (Martinello et al.
2014). In addition, bioreactors that can provide
cyclic mechanical stress after cell seeding onto
the decellularized tendons could contribute to
better cellular orientation and mechanically stron-
ger tendon regeneration (Angelidis et al. 2010).

10.2.8 Skeletal Muscle

Skeletal muscle is composed of bundles of mus-
cle fibers that together function to generate forces
to facilitate voluntary movement (Gans 1982).
Even when muscle is damaged, the muscle can

repair itself with the biochemical and biophysical
cues provided by the ECMs (Hill et al. 2003);
however, if the damage exceeds the self-healing
capacity, the repair process mediated by ECMs is
not efficient, and the lost muscle volume will be
replaced with fibrotic scar tissue. Cell transplan-
tation has been attempted to regenerate muscle
tissue and restore functions of injured muscle, but
cell therapy alone has shown rather marginal
regenerative effects on muscle.

With the insufficient therapeutic functional
restoration provided by cell transplantation, sev-
eral synthetic (e.g. poly-ε-caprolactone [PCL])
(Chen et al. 2013) or natural (e.g. fibrin (Layman
et al. 2010), gelatin (Layman et al. 2007), and
alginate (Ruvinov et al. 2010) biomaterials have
been used for treating muscular damage. How-
ever, due to immune rejection, low degradability
of polymers, bioinertness, and lacking imitation
of the natural ECMs, conventional biomaterials
were not suitable for the efficient muscle regener-
ation. The ideal scaffold for addressing muscle
damage should replace the native ECMs of
musculofascial tissue, which is not an easy task
to be accomplished with conventional methods.
Therefore, recent studies have focused on using
decellularized skeletal muscle tissue to guide
skeletal muscle regeneration at the defect site.
Decellularized muscle scaffolds are suitable for
muscle tissue engineering because they are
expected to provide proper biological and bio-
physical signals to guide differentiation and pro-
liferation of muscle progenitor cells and
myoblasts for skeletal muscle regeneration
(Stern et al. 2009).

Different approaches for muscle
decellularization have been explored using
combinations of different treatments. These
methods include detergent solutions containing
Triton X-100 (Stern et al. 2009; Gillies et al.
2010; Wang et al. 2013; Wolf et al. 2012), SDS
(Hurd et al. 2015; Perniconi et al. 2011; DeQuach
et al. 2010; Merritt et al. 2010a), or sodium
deoxycholate (Wolf et al. 2012), along with
other enzymatic treatments involving DNase
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(Gillies et al. 2010) and trypsin/ethylenediamine-
tetraacetic acid (EDTA) (Porzionato et al. 2015).
These methods for muscle tissue decellularization
successfully removed cellular components from
native muscle tissue, while retaining muscle
ECMs (e.g. collagens, fibronectin, and laminin),
growth factors, and GAG components with the
intact muscular architectures providing cell-to-
matrix interactions (Stern et al. 2009; Gillies
et al. 2010; Wang et al. 2013; Wolf et al. 2012).

Decellularized muscle scaffolds can be
engineered by culturing cells on the matrix to
improve regeneration efficiency. There are usu-
ally two types of platforms on which the cells
could be seeded. In earlier studies, most cells
were seeded onto the decellularized muscle
graft itself (Hurd et al. 2015; Perniconi et al.
2011). The cell candidates for muscle regenera-
tion using decellularized muscle matrix include
BMMSCs that can differentiate into muscle cells
and induce functional recovery after full-
thickness defects (Merritt et al. 2010b).
Myoblasts, skeletal muscle stem cells,
fibroblasts, and endothelial cells have also been
used with decellularized muscle matrix in mus-
cular remodeling (Wolf et al. 2012). However,
more recent studies have utilized the biochemi-
cal properties of ECM from the decellularized
matrix in the form of a hydrogel or surface coat-
ing instead of using the whole muscle scaffold;
this approach gives the materials more benefits
in terms of versatility and applicability
(DeQuach et al. 2010, 2012; Ungerleider et al.
2015). Even in their solubilized form, the natural
muscle-specific proteins, peptides, and
proteoglycans, including heparin sulfate and
decorin, could promote differentiation and mat-
uration of the skeletal myoblasts (DeQuach et al.
2010). There have been numerous studies on
injectable skeletal muscle matrix-based
hydrogels that can induce proliferation of
smooth muscle cells and skeletal myoblasts to
improve neovascularization in hindlimb ische-
mia models (DeQuach et al. 2012) and in volu-
metric muscle loss injury models with the
addition of MSCs (Merritt et al. 2010b).

10.3 Whole Organ Decellularization
for Functional Organ
Replacement

10.3.1 Heart

As one of the major causes of death, heart failure
is a fatal disorder, especially for the many patients
with end-stage heart disease. Whole heart trans-
plantation has been considered the only treatment
option, but donor shortages and immunological
issues have substantially limited the application
of this approach. Fabrication of functional heart
tissue involves complicated issues in terms of
mimicking complex structures with mechanical
demands, diverse cellular populations, and physi-
ological functions including heart beating.

In 2008, a perfusion-based whole organ
decellularization technique was first suggested
for the heart (Ott et al. 2008). For efficient
decellularization, various detergent solutions
containing SDS, Triton X-100, trypsin, and
sodium deoxycholate were tested, and SDS has
been proven to be an essential compound for
successful decellularization of native heart tissue,
though there were some differences in composi-
tion of the detergents and perfusion time among
the species tested (Fig. 10.2) (Ott et al. 2008; Lu
et al. 2013; Kitahara et al. 2016; Oberwallner
et al. 2014). When detergent is perfused through
the coronary artery, most cellular components,
lipids and soluble factors were removed after
several days of the decellularization process, but
structural ECMs, such as collagens, laminin, and
fibronectin, were preserved to provide the proper
microenvironment for heart tissue (Ott et al.
2008; Maher 2013). Recently, Kitahara et al.
reported a shorter method for preparing whole
decellularized porcine heart tissue that is suitable
for clinical applications, which would minimize
loss of biofunctional molecules in native cardiac
tissue and side effects induced by residual DNA
contents (Kitahara et al. 2016). More importantly,
the cardiac-specific 3D architecture that supports
persistent contractions and relaxations during cir-
culation was maintained without any distortion or
collapse. Although substantial advances have
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been made in whole heart decellularization since
the first success in rat heart tissue (Ott et al. 2008),
fabricating fully functional whole hearts using
decellularized matrix is still a challenging task.
To scale-up for human use, the process of remov-
ing cells while preserving the biochemical micro-
environment and mechanical/structural properties
of native cardiac tissue needs to be further
optimized. Moreover, functional cell
incorporation into the matrix needs to be achieved
for physiological functioning of the regenerated
heart tissue.

Recellularization using neonatal cardiac cells
and endothelial cells resulted in contracting and
functional cardiac tissues (Ott et al. 2008). Later,
induced pluripotent stem cell (iPSC)-derived car-
diovascular progenitor cells were also used in
repopulating the decellularized heart (Lu et al.
2013). The progenitor cells were distributed
throughout the whole decellularized heart via a
perfusion seeding method and efficiently
differentiated into cardiomyocytes, smooth mus-
cle cells, and endothelial cells within histologi-
cally relevant regions of the decellularized matrix,

resulting in spontaneous contractions of the
engineered heart tissue (Fig. 10.2). With the
potential to differentiate into myogenic lineages,
adult stem cells such as BMMSCs and cord
blood-derived mesenchymal stem cells
(CBMSCs) have also been exploited as promising
cell sources for reconstructing a functional heart
using a decellularized heart matrix (Kitahara et al.
2016; Oberwallner et al. 2014; Eitan et al. 2009;
Wang et al. 2010).

10.3.2 Liver

The liver is one of the largest organs with integral
functions in metabolism, detoxification, and bio-
synthesis of various proteins. The liver can be
damaged by various innate or acquired conditions
such as genetic abnormality, viral infection, and
alcoholic liver cirrhosis, but proper therapies to
treat patients with end-stage liver diseases have
not been developed as an alternative to orthotopic
liver transplantation (Lee and Cho 2012). How-
ever, substantial shortages of donor livers and

Decellularization

Donor

Recipient

Organ harvest

Transplantation

Bioengineered organ

Cell source

In vitro culture by
perfusion method

Recellularization

· Chemical
(Triton X-100, SDS)

· Pluripotent stem cells
· Adult stem cells
· Primary cells
· Stromal cells
· Endothelial cells

· Enzymatic
(DNase, Trypsin)

Fig. 10.2 Construction of transplantable bioengineered
organs via whole organ decellularization and subsequent
recellularization through perfusion-based cell seeding
methods. Whole organs (e.g. heart, liver, kidney, and

lung) from donors can be decellularized using detergents
and recellularized with various cell types to reconstitute
native organs with the native circulatory system
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immune reactions have limited the practical appli-
cation of liver transplantations to replace dam-
aged livers. Moreover, as the liver is one of the
most highly vascularized and largest organs in
our body, previous tissue-engineering scaffolds
could not generate the complex and
interconnected vascular pathways in liver tissue.
Perfusion-based decellularization techniques
using whole liver tissue have provided insight
into solving the hurdles of liver transplantation.
In 2010, a whole organ decellularization tech-
nique was used in the fabrication of an artificial
liver construct in a rat model (Uygun et al. 2010).
Perfusion of an SDS-based detergent solution
successfully removed cellular components while
retaining the hepatic sinusoidal structural ECM
components (e.g. collagen type IV and fibronec-
tin) and basement membranous ECM
components of the native liver (e.g. laminin-β1).
Along with liver tissue-derived ECM
components, the retained GAGs and
proteoglycans play important roles in improving
hepatic functions of the cultured cells, as well as
mechanical support of the matrix (Stuart and
Panitch 2008). Other decellularizing detergents
that have been used include Triton X-100, sodium
deoxycholate, and chelating agents such as
EDTA and ethylene glycol tetraacetic acid
(EGTA). Importantly, decellularized liver tissue
contains intact and interconnected vasculature
structures in the matrix even after the cell removal
process, which is crucial in reconstructing blood
circulation for oxygen transfer and nutrient sup-
ply for the cells in the whole matrix.

To develop a functional artificial liver con-
struct, various cell types composing native liver
tissues were seeded into the decellularized liver
matrix. Primary hepatocytes, stem cell-derived
hepatocyte-like cells, liver progenitor cells, and
hepatic satellite cells were seeded to endow the
inherent functionality of the liver such as protein
synthesis, urea metabolism, detoxification, and
enzymatic activity (Uygun et al. 2010; Soto-
Gutierrez et al. 2011; Mazza et al. 2015; Wang
et al. 2014). Endothelial cells were also coseeded
with hepatocytes to reconstruct physiologically
durable vasculature and reduce thrombosis
(Baptista et al. 2011). Establishing proper cell

seeding methods is another issue for artificial
liver construction because of the large volume of
tissue matrix and difficulties in evenly
distributing the seeded cells throughout whole
decellularized matrix (Baptista et al. 2011; Faulk
et al. 2015). Multiple cell perfusion via the portal
vein has shown efficient cellular engraftment of
over 90% of the infused cells compared to other
less efficient approaches including direct paren-
chymal injection or continuous perfusion method
(Uygun et al. 2010; Soto-Gutierrez et al. 2011).
For constructing a functional bioengineered liver
with a decellularized liver matrix, vasculature
modifications using antibodies have also been
utilized to improve re-endothelialization after
cell seeding (Ko et al. 2015). Recently, enzymati-
cally solubilized whole decellularized liver matrix
was used in preparing different formats of liver-
specific scaffolds for functionally improved hepa-
tocyte culture and transplantation, which has
broadened the utility of decellularized liver matri-
ces (Lee et al. 2013b).

10.3.3 Kidney

The kidney filters the blood to make urine for the
purpose of removing waste and nitrogen from the
body. Despite this important role of the kidney,
the number of patients who suffer from chronic
renal diseases increases every year with approxi-
mately 30 million patients in the United States
alone (Stats F 2017). In the case of end-stage
renal disease, chronic dialysis or kidney trans-
plantation is indispensable for survival of the
patients. Even with the accelerated development
of dialysis systems, kidney transplantation is
often the ultimate curative treatment for
end-stage patients. However, the number of kid-
ney donors is insufficient to meet the demand. It is
a devastating fact that after kidney transplanta-
tion, the recipients often suffer from acute rejec-
tion. Thus, tissue-engineering approaches for
functional artificial kidney construction appear
to be a necessary alternative to renal
transplantation.

In the early conception of tissue engineering a
kidney, an extracorporeal device using a
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hemofiltration cartridge was developed as an arti-
ficial renal tubule (Humes et al. 2002). Cells with
endocrine activity were grown along the inner
surface of the cartridge. However, it seemed that
a more functional bioscaffold is required for the
growth and functions of renal cells or precursor
cells in order to replace kidney functions in the
long term. Therefore, since 2009,
decellularization of the whole kidney has started
to be considered for artificial kidney reconstruc-
tion (Ross et al. 2009). The whole decellularized
kidney matrix can retain its naturally occurring
renal architectures and ECM structures for the
glomerulus and renal tubule including the abun-
dant growth factors and vasculature to promote
cell engraftment and renal regeneration (Ross
et al. 2009; Song et al. 2013; Caralt et al. 2015).

The first approach to kidney regeneration
using decellularization was reported in 2009, in
which the whole rat kidney was decellularized so
that pluripotent murine embryonic stem cells
could be repopulated in the scaffold (Ross et al.
2009). Later, decellularized kidneys from other
species have also been investigated for generation
of renal ECM scaffolds, including porcine (Song
et al. 2013; Batchelder et al. 2015; Sullivan et al.
2012), monkey (Nakayama et al. 2010), and
human (Song et al. 2013). To obtain
decellularized whole kidney scaffolds, several
treatments can be applied, including SDS (Caralt
et al. 2015; Batchelder et al. 2015; Nakayama
et al. 2010; McKee and Wingert 2016; Wang
et al. 2015), Triton X-100 (Caralt et al. 2015;
Nakayama et al. 2010; McKee and Wingert
2016; Wang et al. 2015), trypsin (Caralt et al.
2015), and DNase (Sullivan et al. 2012) or
combinations of these treatments. In general,
SDS and Triton X-100 are the mostly widely
adopted methods to remove cellular components
from renal tissue.

Functional renal regeneration requires
recellularization with various cells into the 3D
ECM architectures of the decellularized kidney
tissues. Conventionally, cells are seeded through
renal arterial perfusion so that they can be
distributed throughout the matrix by the native
circulatory system (Song et al. 2013; McKee
and Wingert 2016). Diverse cell candidates have

been tested to repopulate the kidney matrix, and
stem cells are regarded as an ideal cell source for
kidney regeneration in terms of immune tolerance
and differentiation capacity. Stem cells could dif-
ferentiate into cell types for renal regeneration
such as endothelial cells or renal progenitor cells
(Caralt et al. 2015; Bonandrini et al. 2014).
Embryonic stem cells (ESCs) have been used to
repopulate the decellularized kidney matrix since
they can differentiate into renal lineage cells. It
appeared that renal ECM scaffolds can suffi-
ciently induce renal differentiation of ESCs with-
out the addition of other factors (Ross et al. 2009).
It was also reported that the 3D ECM
architectures of the decellularized kidney matrix
influences not only cell morphology, adhesion,
migration, and proliferation, but also the differen-
tiation of the infused ESCs into the meso-
endodermal lineage and renal progenitors
(Bonandrini et al. 2014). Endothelial cells derived
from iPSCs were also utilized for constructing
functional renal tissue using decellularized kid-
ney matrix (Song et al. 2013; Caralt et al. 2015;
Du et al. 2016). The endothelial cells successfully
repopulated the vasculature in the kidney matrix
and formed tubules with metabolic activity.

10.3.4 Lung

The lung is one of the major organs of the body
involved with the respiratory system for gas
exchange. As the lung directly comes into contact
with the outside atmosphere containing various
toxic materials such as viruses, dust, and air
pollutants, it is prone to various diseases, includ-
ing pneumonia, lung cancer, asthma, and cystic
fibrosis (Schoene 1999). In severe cases, partial or
whole lung transplantation is the only clinical
option for patients, but the organ shortages and
immune rejection are issues with lung transplan-
tation like with other organs. Therefore,
biological scaffolds for lung reconstruction have
been identified as an alternative to lung grafts.
However, fabricating lung-specific structures
such as alveoli and pulmonary capillaries, which
are essential for gas exchange, has been a
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challenge in constructing functional lung grafts
for clinical applications.

Earlier studies of lung scaffolds dealt with a
whole organ perfusion method for
decellularization (Ott et al. 2010; Petersen et al.
2012). Decellularization using perfusion was pre-
ferred because the whole lung turns into a func-
tional scaffold with intact alveolar and vascular
networks and native ECM structures. In the whole
lung perfusion method, detergent solutions are
flowed into the organ via blood vessels so that
the detergents can successfully remove all cellular
components along the capillaries. Generally,
chemical solutions such as Triton X-100, sodium
deoxycholate, SDS, and 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate
(CHAPS) (Ott et al. 2010; Petersen et al. 2010,
2012; O’Neill et al. 2013) have been applied for
lung decellularization. In another study, the lung
was cut into smaller pieces for more efficient
decellularization, while preserving the ECM
components, microstructures, and mechanical
properties intrinsic to the lung (O’Neill et al.
2013). The decellularized lungs are usually then
reseeded with endothelial cells and pulmonary
epithelial cells prior to transplantation into the
recipient.

The cell sources for lung grafts include ESCs
(Longmire et al. 2012), BMMSCs, and ADSCs
(Mendez et al. 2014; Bonvillain et al. 2012) that
can differentiate into the cell types needed to
reconstitute lung tissues, which includes lung
progenitor cells and airway epithelial cells.
iPSCs, another type of pluripotent stem cells
reprogrammed from somatic cells, have also
been used to recellularize the decellularized lung
scaffolds (Gilpin et al. 2014; Ren et al. 2015).
Ren et al. reported that iPSCs reseeded onto a
decellularized lung scaffold differentiated into
endothelial and perivascular cells, which opened
up a new possibility to advance decellularization
techniques to vascularized organs with a larger
scale (Ren et al. 2015). Other cell sources for
recellularization include human umbilical vein
endothelial cells, fetal lung cells (Ott et al. 2010),
and lung epithelial cells (Petersen et al. 2010).

However, the issue of ensuring that specific cell
types settle at desired locations during
recellularization still remains, which is mainly
due to technical difficulties in cell seeding and
localization.
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11.1 Cardiac Disease

11.1.1 Cardiovascular Disease

Worldwide, cardiovascular diseases are the most
common cause of death (Joggerst and
Hatzopoulos 2009). Globally it resulted up to
17.9 million deaths (32.1%) in 2015 from 12.3
million (25.8%) in 1990 and account for over
75% of CVD deaths in both males and females.
Cardiovascular disease includes coronary artery
diseases (CAD), for example, angina and
myocardial infarction. The additional risk for
CAD is that it is the strongest predictor of a future
cardiovascular event. People who carried or still
carries CAD, have composite risk scores of
individuals future risk of cardiovascular disease,
combined with several risk factors such as age,
sex, smoking, blood pressure, and diabetes.

The goal of treating CAD so far is to maximize
the patient’s quantity and quality of life. Most
importantly, prevention is the key to avoid car-
diovascular disease. Ever since the plaque forma-
tion has begun, to limit its progression by

maintaining a healthy lifestyle with routine exer-
cise is possible. Also by delicately controlling
one’s blood pressure and cholesterol level is
necessary.

11.1.2 Myocardial Infarction

One of the major contributors to the overall mor-
tality risk of severe cardiovascular diseases is
acute myocardial infarction (MI), simply known
as heart attack. According to the United States
Renal Data, approximately 20% of cardiac deaths
are caused by MI patients. MI occurs when the
flow of oxygen-rich blood to a section of heart
muscle suddenly becomes blocked and the
cardiomyocytes can’t receive oxygen (Pedron
et al. 2011). As a result, the portion of heart
muscle, especially the left ventricle, fed by the
artery begins to collapse. Because of
cardiomyocytes lacks the intrinsic regenerative
capability to replace the lost cells, myocyte slip-
page and fibroblast proliferation occur aggres-
sively resulting in replacement of healthy heart
tissue to dysfunctional scar tissue (Wang and
Guan 2010). The limited oxygen transfer capabil-
ity of the regenerated scar tissue results in ven-
tricular wall thinning and chamber dilatation,
causing congestive heart failure (Li and Guan
2011). Therefore, there is an excessive need for
new treatment for the regeneration of dysfunc-
tional heart tissue and reestablish the heart
function.
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For current clinical treatment of MI, surgical
transplantation and synthetic implants, such as
artery bypass grafting, has been used to restore
the heart function. These strategies serve as
mechanical aids such as left ventricular assist
devices, which have been shown therapeutic
effects at restoring heart function or slowing
down the progression of the disease for several
years, which improved the quality of life of a
patient (Yost et al. 2004; Menasche et al. 2008;
Venugopal et al. 2012). However, these
approaches are not always effective when it
comes to long-term therapy. The limited lifespan,
malfunction of transplanted implants and short-
age of donors are concerned. Due to the
limitations, alternative therapies are needed
(Mukherjee et al. 2010; Alcon et al. 2012). For
many years, stem-cell and biomaterials-based car-
diovascular regeneration therapy has been
advocated as a potential treatment strategy for
an infracted tissue. It has shown some success in
regaining heart muscle function after direct injec-
tion of stem cell to the damaged part. Despite its
recovery, up to 90% of the injected cells die after
injection and cell loss within the myocardium
became major issues (Menasche et al. 2003).
Showing that injected cells are not significant to
be localized, viable and sustain production of
beneficial paracrine factors were delivered simul-
taneously to achieve efficient cellular activity.
Moreover, the need of biomaterial engineered
stem cell that can efficiently deliver and localized
at the damaged cardiac muscle and promote
myocardial regeneration has emerged.

Herein, we encompass stem cell and
biomaterial-based therapeutic methods for car-
diac regeneration. We will discuss current stem
cell therapy strategies as well as its drawbacks
and next-generation stem cell therapy
incorporating with biomaterials for engineering
cardiac function with high survival rate, enhanced
cellular activity, and differentiation. In addition,
we will summarize various examples of cell

sources and novel scaffold strategies to regenerate
or regain the wounded heart.

11.2 Studies on Cardiovascular
Diseases

Cardiovascular diseases have become major
causes of death around the globe with increasing
obesity and accumulating stress. Especially,
myocardial infarction (MI) is the most common
and well-known cardiovascular disease. For sev-
eral decades, major researches have been working
towards its treatments. Some of most consider-
able approaches that have been employed to study
MI are as follows.

11.2.1 Stem Cell Injection

Unlike other minimal cardio-related damages, MI
generates a considerable amount of tissue loss
that cannot be recovered by regeneration of
heart from resident cardiac stem cells (McMullen
and Pasumarthi 2007). Due to such reason, direct
injection of stem cells has become one of the most
commonly used strategies for cardiac repair
(Assmus et al. 2006; Schachinger et al. 2006).

Various researches have been carried out with
mesenchymal stem cells (MSCs) to test their dif-
ferentiation abilities into lineages like cardiac,
osteogenic, and chondrogenic cells (Di Nicola
et al. 2002; Liu et al. 2003; Shim et al. 2004). In
addition to differentiation capabilities, MSCs
have immunosuppressive characteristics such as
inhibiting T-cell proliferation and white blood
cells (Balana et al. 2006). With these advantages
in hands, cardiovascular researches have been
performed by deriving cardiac differentiation in
MSCs. For instance, application of a
DNA-methylating chemical 5-azacytidine
(5-Aza) has shown induction of MSC differentia-
tion into cardiomyocytes (Chung et al. 2011).
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Furthermore, other strategies have been devel-
oped to generate MSCs with cardiomyocyte-like
phenotypes (Rangappa et al. 2003).

11.2.2 Biomaterials Incorporating
Cellular Transplantation

Even though with the therapeutic potential of
stem cells, however, more than 90% of injected
stem cells are lost and show poor engraftment and
cell fusion (Orlic et al. 2001; Menasche et al.
2003). Even if cells successfully engraft, there is
inconsistency in graft sizes and newly grafted
tissue cannot provide enough support for normal
heart function (Reinecke and Murry 2000; Zhang
et al. 2001; Balsam et al. 2004). Due to the low
efficiency of cell injections, using cells only for
cardiac repair is not favored as much as other
methods.

Although cells only or cells on biomaterials
are generally used for cardiac recovery, some
studies have shown progress in cardiac repair
applying only biomaterials. Some of these
materials include fibrin glue, fibrin scaffold, and
biotinylated peptide nanofibers (Christman et al.
2004a, b). By using only biomaterials into defect
models, an immunogenic response decrease and
allows integrating chemical factors. Despite these
advantages, repairing without incorporating cells
cannot generate functional cardiac tissue
(Christman et al. 2004a, b; Davis et al. 2006).
Other examples of using biomaterials only
include external restraints such as passive elastic
containment devices. These devices also do not
generate immunogenic responses and are easier to
manipulate designs. However, devices are
restricted for use in preventing ventricular wall
expansion or collapse (Chaudhry et al. 2000;
Saavedra et al. 2002). Therefore, the most effi-
cient strategy for cellular transplantation in car-
diac tissue repair should integrate both cells and
biomaterials.

11.3 Arising Stem Cell
and Biomaterial Therapy
for Cardiovascular Diseases

Until now, researches on MI has been treated
using various approaches such as those at the
cellular and structural levels, as well as clinical
trials. Although these approaches can grant rea-
sonable results, enormous demands for the inte-
gration of bioengineered stem cell therapy has
been considered. In this section, we will discuss
emerging stem cell and biomaterial therapy with
cell surface engineering, microbeads and hydro-
gel patches that can be used to sufficiently restore
the function of cardiac tissues.

11.3.1 Cell Surface Engineering

When stem cells are injected, transfused or
transplanted to a patient without any prevention
of the environmental stress, it might induce donor
cell to death (Hofmann et al. 2005), which
declares the importance of stem cell engineering
to enhance viability, proliferation or differentia-
tion ability to increase the efficacy of stem cell-
based therapy. Following its trend, cell surface
modification with natural or synthetic
biomaterials is rapidly emerging as a cell engi-
neering technique (Fig. 11.1). Cell functions can
be modulated by cell surface engineering by
modifying various bioactive functional groups
on the cell surface such as cellular receptors and
their ligands through covalent conjugation,
hydrophobic interaction and electrostatic interac-
tion (Teramura and Iwata 2010). One of the key
applications includes cell adhesion and migration
by exposing exogenous ligands into the cell mem-
brane. Introduction of cell surface glycosylation
can also regulate cell microenvironment
(Sampathkumar et al. 2006). Coating biopolymer
on the cell surface, it can work as a safeguard by
camouflaging the donor cells against the donee’s
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immune system, as it is especially important in
stem cell-based therapies for prolonged in vivo
persistence and functionality. Moreover, these
biomolecules and components can enhance
modified donor cell longevity, proliferation, and
therapeutic potential.

However, for clinical cell therapy applications,
there are criteria for developing clinically avail-
able stem cell surface engineering strategies. As
cell surface is not a static structure, but rather is a
dynamic state, modifying the cell surface is in
fact, complicated (Lingwood and Simons 2010).
At first, cell surface engineering should minimize
alterations in the microenvironment of engineer-
ing primary cells. Small changes in pH, tempera-
ture and serum starvation can effect on cell
viability and differentiation ability (Hofmann

et al. 2005). Also, considering the complexity
and membrane fluidity of the cell membrane,
surface engineering without inhibiting or
blocking the surface molecules by modifying
cell membrane surface proteins, glycolipids, and
polysaccharides, can be a dilemma. Since cell
functions, such as cell signaling, proliferation,
adhesion, and migration mainly depend on these
parameters, several strategies, which are
discussed in detail below, have been established
to stabilize and retain the function of surface
engineered stem cells to work as a suitable tissue
regeneration therapy.

As described before, injected cells show poor
engraftment and cell fusion to the injured tissue.
Thus, cell adhesion and migration to the targeted
tissue and interaction between transplanted cells

Fig. 11.1 Cell surface bioengineering for cell therapy.
(a) Bioartificial pancreas coated with polymer chains or
thin membranes which masked the cell surface antigens.
(Reproduced with permission from Teramura and Iwata
2010, Copyright# 2010, Royal Society of Chemistry).
(b) Metabolic labeling of surface glycans with functional
groups by the biosynthetic sugars. (Reproduced with
permission from Sampathkumar et al. 2006,

Copyright# 2006, Nature Publishing Group). (c)
Enhancement of mesenchymal stem cell migration
toward cell surface SDF-1 gradient. (Reproduced with
permission from Won et al. 2014, Copyright# 2014,
Elsevier). (d) Cytoprotective silica coating of cell surface
through bioinspired silicification. (Reproduced with per-
mission from Lee et al. 2014, Copyright# 2014, John
Wiley and Sons)
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and injured tissue cells became crucial for cardiac
tissue regeneration therapy (Ridker et al. 1998;
Assmus et al. 2002). Even though the
bioengineered cells successfully injected into
injured cardiac tissue, it needs to appropriately
differentiate and fuse to the attached area for
tissue recovery. At the early stage, studies to
show enhancement of the interaction between
cell and extracellular matrix (ECM) were
addressed. Every tissue has its own unique ECM
compositions which are essential for cell binding
and tissue functions. By knowing the interaction
between tissue and biomaterial, it can give a
unique insight into tissue-specific cell guidance
(Schlie-Wolter et al. 2013). In MI therapy, type I
and type III collagen are known to give significant
differences in myocardium development (Sutton
and Sharpe 2000). These collagens serve as a
framework of aligned myofilaments that distrib-
ute force evenly to the ventricular walls to prevent
sarcomeric deformation (Erlebacher et al. 1984).
Kato et al. demonstrated a strategy of rewiring the
cell-surface integrin receptor for adhesion that
gave an additional activation of integrin receptors
to enhance a biological function of donor cells
and cardiac ECM interactions (Kato and Mrksich
2004). Moreover, various natural or synthetic
biopolymers are tested for the enhancement of
cellular adhesion to tissue. Lee et al. reported a
strategy using a bispecific antibody to target
human CD34+ cells to infarcted regions which
formed bidirectional antibody bridge between
the hematopoietic stem cells and injured myocar-
dium. It not only increases fused cells but also,
enhanced the function of the left ventricle of
infracted heart tissue (Lee et al. 2007). Also, by
using biotin-streptoavidin specific interaction,
Sarkar et al., successfully engineered adhesion
molecule sialyl Lewis X (SLeX) on the surface
of mesenchymal stem cells to increase the
targeting efficiency of any cell type to specific
tissue without altering the cell phenotype and
differentiation potential (Sarkar et al. 2008).

Like cell adhesion, stem cell migration to the
damaged heart tissue is critical in tissue regenera-
tion. After MI, bone marrow-derived stem cells
(BMSCs) are recruited within the myocardium.
The differentiation capacity of BMSCs is known

to improve the ventricular function of the heart
after MI. According to Abbott et al., BMSCs are
localized by the local chemotactic factors such as
a stromal cell-derived factor-1(SDF-1), which is
up-regulated in the cardiac tissue early after MI
and is released into the peripheral blood (Abbott
et al. 2004). Furthermore, Won et al. investigated
SDF-1 and its receptor CXCR4, which plays an
important role in recruiting BMSCs and MSCs to
fuse into the ischemic myocardium (Won et al.
2014). Since SDF-1 is highly expressed for only
48 h after infarction, by modifying the cell surface
with 1,2-dimyristoyl-sn-glycerol-3-phosphoetha-
nolamine (DMPE) and recombinant CXCR4
(rCXCR4) conjugated polyethylene glycol
(PEG) within 10mins, they successfully improve
the homing efficiency of transplanted MSCs.
Hence, stem cell therapy should have to implicate
several techniques that can utilize target cells to
the damaged cardiac tissue for recovery.

As known, mesenchymal stem cell therapy is
highlighted as a new clinical paradigm. However,
recent examinations have out turned undesirable
results. Preclinical studies revealed the potency of
the immune response, which prompts the use of
MSC to treat numerous diseases (Ankrum and
Karp 2010). Therefore, immune response
becomes one of the major problems in stem cell
therapy. Even though the donor cells are physio-
logically alike the host cells, it has a possibility to
induce the adaptive immune response. Several
attempts have been made by various kinds of
natural or synthetic polymers to work as a steric
barrier on the transplanted cell surface (Teramura
and Iwata 2010). Efficient rendering of cell sur-
face by synthetic modifications can be achieved
by covalent attachment of a functional poly (eth-
ylene glycol) (PEG) (Wattendorf and Merkle
2008). PEG is currently considered as a suitable,
biocompatible material for inhibition of immune
response of the donor cells (Cho et al. 2010).
Pegylation makes donor cells antigenically silent,
thus protecting them from the immune response
(Muruve 2004; Lee et al. 2006; Armstrong et al.
2007). At Wee et al., islets are pegylated by using
cyanuric chloride-activated methoxy-polyethyl-
ene glycol. When transplanted, it showed almost
90% decrease in antibody binding and decrease in
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lymphocyte proliferation, which dedicates suc-
cessful inhibition of immune response towards
transplanted islets (Wee et al. 2008). However,
bioinert and non-degradable property was insuffi-
cient to prevent the progression of MI (Mathieu
et al. 2012). Nevertheless, PEG is continuously
studied by its property as a biomatrix for stem cell
transplantation, which we will discuss in later
part. Furthermore, other synthetic biomaterial
can prevent cells from soluble and cellular blood
components. Recently, Lee et al. reported
cytoprotective coating strategy that can endure
enzymatic attack and other toxic compounds. In
this respect, this strategy can provide long-term
protection of transplanted cells which can survive
until the recovery of the damaged cardiac tissue
(Lee et al. 2014).

11.3.2 Injectable Hydrogel

Typical stem cell therapy generally utilizes cell
itself. On the other hand, several biomaterials can
be adopted as delivery carriers for cells or drugs
to facilitate cardiac tissue regeneration.
Hydrogels have been widely used in regenerative
medicine due to their highly adjustable physical
and chemical properties (Peppas et al. 2006).
Hence, hydrogels are frequently utilized in cathe-
ter technology for minimal invasiveness, low
cost, and potential for multi-function. Hydrogels
can be injected in gel or sol form. Hydrogels that
are injected in a sol form, can be injected via three
routes: intracoronary, epicardially or transendo-
cardially. The injected solution must transform to
gel quickly at the damaged site and also have
similar mechanical properties as the ventricular
wall for suitable supporting. For example, Liu
et al. explored an injectable chitosan hydrogel
for cardiac stem cell delivery into myocardium
injury and examined the favorable effects of the
hydrogel. By investigating the expression of
adhesion-related molecules against reactive oxy-
gen species and recruiting key factors for stem
cell homing and revascularization, this injectable
chitosan hydrogel was beneficial in ischemic

myocardium. In addition, Yost et al., developed
a collagen type I tubular scaffold that can support
cardiomyocyte attachment and elongation (Yost
et al. 2004). Collagen which is known as the main
components of the myocardial extracellular
matrix is important for the phenotypic response
of the cardiomyocytes. By applying the tubular
design, cardiomyocytes showed comparable
in vivo phenotype and this potentially is applied
in overall construct architecture of transplanted
cell fate and behavior.

Moreover, injectable microspheres-based
systems have been used in biomedical therapy to
deliver growth factors, proteins, and peptides
(Babensee et al. 2000; Hoare and Kohane 2008).
For instance, Iwakura et al. reported that
injectable gelatin microspheres encapsulating
basic fibroblast growth factor increased angiogen-
esis and improved cardiac function in rat MI
models (Iwakura et al. 2003). Furthermore, in
situ cell delivery via microcapsules and
microcarriers have been studied to treat many
diseases (Hernandez et al. 2010). Because a direct
injection of allogenic or xenogenic cells may
cause immune rejection, recent researches have
been used cell microencapsulation strategies. Due
to the membrane barrier surrounding transplanted
cells, the access of the host’s immune cells can be
physically prevented. Also, semipermeable poly-
meric membrane enables the entry of nutrients for
the living of encapsulated cells and the exit of
therapeutic cytokines from encapsulated cells.

Recently, Yu et al. reported that the human
mesenchymal stem cells encapsulated in RGD
modified alginate microspheres effectively
improved myocardial repair and regeneration
(Fig. 11.2). To improve cell attachment, growth
and increase angiogenic growth factor creation,
RGD peptides were introduced in the fabrication
of alginate microspheres. They identified that the
RGD-alginate microspheres encapsulating
hMSCs facilitated angiogenesis, and prevented
negative LV remodeling, infarct wall thinning
and chamber dilation after the outbreak of MI
(Yu et al. 2010).
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11.3.3 Stem Cell Delivery Patch

Stem cell delivery using bioactive hydrogel can
be therapeutic applications for MI, resulted from a
decrease of blood flow into cardiomyocytes. The
optional treatments for stem cell delivery include
using biomaterials with several approaches (Mad-
den et al. 2010; Wu et al. 2011). In traditional
stem cell therapy for MI, the stem cells were
injected directly into MI sites, but it revealed
that survival and retention of the stem cells
lower after surgery (Siepe et al. 2006; Piao et al.
2007). For upregulating these factors, the hydro-
gel scaffolds have been applied to MI, which has
invasive procedure refrained, as delivery vehicles
not only for stem cells, also for growth factors and
peptides (Christman and Lee 2006). Hydrogel
with functionalized properties has resulted in

improved cardiac function and effective regener-
ation when applied to MI (Camci-Unal et al.
2014). There are several ways to utilize the
hydrogels, such as injection and patch forms.
These have its own benefits and drawbacks. The
cardiac patch could be applied to heart without an
invasive procedure but existed lacking vasculari-
zation. In contrast, injection methods allowed the
delicate delivery of materials into the infarcted
region but need to be an invasive procedure. We
herein demonstrated the hydrogel patch with stem
cell engraftment for MI treatments.

To develop the system for stem cell delivery
using tissue engineered scaffolds, the suitable
materials were selected preferentially and
adjusted according to targeted function (e.g., mor-
phological and chemical modification). After
which, the stem cells were incubated on scaffolds

Fig. 11.2 Alginate microbeads encapsulating hMSCs. (a, b) 2 days after encapsulation, (c): Calcein staining (live cells
of (b)), (d) 5 weeks after encapsulation. (Reproduced with permission from Yu et al. 2010, Copyright# 2010, Elsevier)
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or encapsulated within hydrogel during preparing
the constructs, followed by transplantation into
MI regions. Among the candidates for stem cell
therapy for MI, mesenchymal stem cells (MSCs)
have been mainly used since it is multipotent to
differentiate into cardiomyocytes and releases
cytokines and growth factors for promoting
endogenous repair pathway (Toma et al. 2002;
Kucia et al. 2004). Thus, synergetic effects were
anticipated when collaborating between MSCs
and hydrogel. The hydrogels for cardiac repair
must support heart tissue-like elasticity and be
well attached infarcted site with resistance to
heart beating (Ye et al. 2011). For this goal, fibrin
and/or tissue adhesive materials have been widely
applied to MI therapy. For example, Xiong et al.
demonstrated that fibrin patch-based delivery of
human embryonic stem cell could promote
neovascularization and LV contractile functions
(Xiong et al. 2011).

Extracellular matrix (ECM) materials, such as
hyaluronic acid (HA), collagen, and fibronectin
(FN), also represented proper biomaterials. Chi
et al. compared MSCs-loaded scaffolds with acel-
lular scaffolds using silk fibroin/hyaluronic acid
hydrogel patch. The LV wall thickness and
neovascularization in MI zones were enhanced
in MSCs-loaded hydrogels (Chi et al. 2012).
Moreover, Simpson et al. utilized a rat tail type I
collagen and embedded the human MSCs into the
collagen matrix, followed by being applied to
MI. It revealed that 30% increase in fractional
shortening and affected on recruitment and differ-
entiation of native cells (Simpson et al. 2007).
Recently, Kang and Kim et al. developed
polycaprolactone (PCL) nanofibers as cardiac
patch functionalized with immobilizing FN to
improve cardiac function (Kang et al. 2014)
(Fig. 11.3). With increased elongation and adhe-
sion efficacy of MSCs, the cell-seeded
nanofibrous patch enhanced vessel density and
MI size and fibrosis decreased compared to acel-
lular patch. These results demonstrated that the
ECM-based stem cell-delivery scaffolds can pro-
mote the cardiac function after MI with being
integrated into host tissue and delivering stem
cells stably.

Other methods for stem cell delivery with
substrates have been reported. Wei et al. devel-
oped hydrogel patch where multilayered MSCs
were inserted into a sliced biological scaffold for
rat MI model. The cardiac patch could restore left
ventricular (LV) cavity and preserve cardiac
functions (Wei et al. 2008). Likewise, numerous
strategies for MI treatments using tissue-
engineered patches have been under investiga-
tion for elevating cell viability, integration, and
coupling with host tissue. For the advanced
healing effects, the scaffolds have to tightly be
controlled according to degradation rates, effi-
cient transport of nutrients and wastes (Parsa
et al. 2015). Furthermore, long-term approach,
not during several weeks but longer period, are
needed for evaluating the biomaterial-based
stem cell therapy, and suitable cell source should
be decided to proceed with clinical applications
(Rane and Christman 2011; Ungerleider and
Christman 2014).

11.4 Future Outlooks and Directions

Currently, bountiful of companies are
corresponding in the development and investment
of stem cell-based products, as it became the
starting material to treat a wide range of diseases
(Kirouac and Zandstra 2008). In hindsight, stem
cell therapy has undergone an astonishing
improvement from traditional blood transfusions
into a promising healthcare industry. The broaden
needs of clinical stem cell therapy products for
cardiac diseases have also hastened the
developments of stem cell engineering with the
goal of maximizing the therapeutic achievement
in patients. In this chapter, we have highlighted
several strategies investigated to rationally design
the microarchitecture for stem cells with natural
or synthetic biomaterials. Cell products as live
therapeutics, it ought to be costly to harvest,
purify and expand. In this regard, to successfully
hybrid stem cell bioengineering technologies into
clinical applications, future research attempts will
be needed to optimize additional parameters.

Despite the challenges, the fields of
bio-responsive or bio-interactive materials are
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emerging in stem cell engineering for cardiac
diseases. Some of the latest attempts of the very
useful mechanistic end for a clinical trial are the
capability to track the stem cells after they are
injected or implanted. For instance, Raman et al.,
developed paramagnetic particles that can be
visualized by MRI or molecular tracers (Hill
et al. 2003; Wu et al. 2003). As well, the
injectable hydrogel system could regard as a cel-
lular “Trojan horse vehicles” tuned to release
drug payloads controllably once they reach the
infracted sites. Guo et al., prepared tunable multi-
functional nanocarriers and triggered drug release
once reaching tumor targets with acidic pH
environments. Showed that such on-demand
drug release would further show potential in
both targetings and treat at once to minimize
excessive cytotoxicity of background levels of
drugs (Guo et al. 2011). Moreover, multi-
stimulus responsive drug delivery to the targeted
area could also trigger a therapeutically effective
dose without adverse side effects as

microenvironment of disease areas are different.
By using polymers that can respond to different
stimuli, such as pH, light, temperature, ultra-
sound, magnetism, or biomolecule, this novel
biomaterial can deliver a therapeutic agent
and advances in “smart” drug delivery systems
(You et al. 2010).

The development of advanced biomaterial
analysis tools, such as combinatorial synthesis,
has led to developing new and rapid methods to
design drug delivery systems of next-
generation biomaterials with remarkable func-
tionality and biocompatibility. This field of
study holds the promise to further acceleration
of the discovery and design processes for stem
cell therapies (Petersen and Narasimhan 2008).
Novel hydrogel technology to be considered for
cardiac cell therapy with tantalizing therapeutic
potential is shape memory injectable gels
(Thornton et al. 2004). Well-defined injectable
macroporous hydrogels by cryotropic gelation
of a naturally sourced polymer demonstrated

Fig. 11.3 Representative procedure from preparing the substrates (a) to transplanting the stem cell seeded biomaterials
into myocardial infarction model (b). (Reproduced with permission from Kang et al. 2014, Copyright# 2014, Elsevier)
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long-term release of therapeutics in vivo.
Transplanted cells at the injection site had
enhanced survival, higher local retention, and
extended engraftment (Bencherif et al. 2012).

Another direction for the future is merging
microfabrication techniques with biomaterial
arrangement to manipulate highly vascularized
cardiac constructs. The arrangement of advanced
constructs, which can be practiced applying elec-
trical and mechanical stimulation at the same time
on the engineered cardiac tissues, can be another
favorable research parameter. It is expected that
stem cell-encapsulated functional hybrid
hydrogels will permit us to reconstruct the myo-
cardium after injuries, and improved properties
such as electrical conductivity, elasticity, vascu-
larization potential, and oxygen supplementation
which can further control cellular behavior,
resulting in the regeneration of functional cardiac
tissues.
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Immunomodulation of Biomaterials by
Controlling Macrophage Polarization 12
Hyeong-Cheol Yang, Hee Chul Park, Hongxuan Quan,
and Yongjoon Kim

12.1 Introduction

Implantation of biomaterials in the body is
accompanied by immune responses against tissue
injuries that occur during implantation, presence of
foreign bodies, and toxic property of the
biomaterials. The immune responses to
biomaterials include acute inflammation, chronic
inflammation, and foreign body reactions. Before
acute inflammation, a provisional matrix is formed
on the surface of implanted materials. The provi-
sional matrix comprises a fibrin network, platelets,
and inflammatory cells, which recruits neutrophils
[polymorphonuclear leukocytes (PMNs)] to trig-
ger acute inflammation. The neutrophils then
phagocytose and degrade foreign substances such
as microorganisms and biomaterials. The detailed
effect of neutrophils on biomaterials is described in
another chapter. PMNs predominate for the first
24–48 h after implantation and are then replaced
by monocytes/macrophages (Fig. 12.1).

Monocyte-derived macrophages play a central
role in innate immune responses against foreign
materials and participate in phagocytosis, angio-
genesis, fibroblast recruitment, and granulation
tissue formation. Because of their

multifunctionality, macrophages can reside
within the inflammation site for several weeks or
months, depending on the severity of the injury
and the toxicity of the biomaterials. Their ability
to release various types of cytokines and their
phenotype plasticity contribute to macrophages
playing several roles in the immune response
process. They secrete both proinflammatory
cytokines, such as tumor necrosis factor (TNF)-
α, interleukin (IL)-1β, and IL-6, and
antiinflammatory cytokines, such as transforming
growth factor (TGF)-α and IL-10. Macrophages
also produce vascular endothelial growth factor
(VEGF) for neovascularization. They simulta-
neously release several cytokines, the release
profiles or patterns of which are dependent on
the phenotype of the activated macrophage. In
general, macrophage phenotypes are classified
into either M1 (classically activated) or M2 (alter-
natively activated), and M2 is further subdivided
into M2a, M2b, and M2c. The M1 phenotype,
known as the proinflammatory type, produces
proinflammatory cytokines, as described above,
and induces an inflammatory response to protect
tissues from foreign substances (Fig. 12.2). In
contrast, macrophages with the M2 phenotype
produce antiinflammatory cytokines, suppress
inflammation, and enhance tissue healing and
regeneration. In the normal wound-healing pro-
cess, M1 macrophages appear first to clean the
injured site, followed by M2 macrophages to
complete the wound-healing process; further-
more, the phenotype do not show an extreme
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pattern but exhibit a mixed population of the two
phenotypes with a preferred ratio. That is, a high
M1/M2 ratio develops first, and a low M1/M2
ratio develops later to regenerate the tissues.

When macrophages are unable to phagocytose
biomaterials because of their size, they fuse
together to form multinuclear foreign body giant
cells (FBGCs), a frustrated form of macrophages.
FBGCs produce a group of cytokines that are
different from the cytokine-release profiles of
the M1 and M2 macrophages and produce reac-
tive oxygen species, which can damage implanted
biomaterials. They also promote fibrous encapsu-
lation via the release of TGF-β. The fibrous

capsule surrounds the medical device, isolates it
from the tissue, and disturbs its inherent function.
Thus, in general, the appearance of FBGCs is not
desired as an immune response to biomaterials.

This chapter mainly focuses on the effects of
various biomaterials on macrophages, particu-
larly on their phenotypes. Here the association
between the chemical/physical properties of
biomaterials and the M1/M2 ratio is described to
suggest the importance of the macrophage pheno-
type in a foreign body reaction (FBR). In addi-
tion, we introduce several strategies that modulate
macrophage phenotypes to obtain
favorable FBRs.

Fig. 12.1 Time line of wound healing process after implantation of biomaterials

Fig. 12.2 Phenotype of M1 and M2 macrophages
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12.2 Role of Macrophages
on Biodegradable Materials

Biomaterials are either biodegradable and
non-biodegradable. Biodegradable materials can
be either synthetically prepared or obtained from
natural sources. The biodegradability of materials
depends on the intrinsic chemical/physical
properties and their modification for optimization,
such as decellularization of extracellular matrix
(ECM) scaffolds and the crosslinking of
polymers. Keane et al. (2012) found that the
decellularization of porcine small intestinal
ECM induced a change in the macrophage
phenotypes to a predominance of M2 over M1.
The association between ECM decellularization
and macrophage phenotype can also be implied
by the results of a recent study that demonstrated
that collagen scaffolds supplemented with cellu-
lar components such as DNA, mitochondria, or
cell membranes promote the occurrence of M1
macrophages (Londono et al. 2017). The biodeg-
radation of ECM scaffolds needs macrophage
participation (Valentin et al. 2009), and
macrophage-derived proteolytic (MMP) enzymes
might also play an important role in ECM degra-
dation. Several studies have demonstrated that
M1 and M2 macrophages have different MMP
expression profiles. M1-polarized human
macrophages showed high protein expressions
of MMP-1, -3, and -10, whereas M2-polarized
macrophages showed high protein expressions
of MMP-12 (Roch et al. 2014). Classical activa-
tion (M1) of mouse macrophages induced an
increase in MMP-13, -14, and -25 mRNA
expressions (Hayes et al. 2014) and a decrease
in MMP-19 expression. In contrast, MMP-19
mRNA expression increased in alternatively
activated (M2) mouse macrophages. MMP enzy-
matic activities also vary depending on the mac-
rophage phenotype. The MMP activity of M2
macrophages was higher than that of M1
macrophages (Roch et al. 2014). The differences
between M1 and M2 cells with respect to MMP
expression levels and enzyme activity imply that
macrophage phenotype affects the biodegradabil-
ity of ECM scaffolds.

In addition to the degree of decellularization,
the degree of ECM scaffold crosslinking also
affects the M1/M2 ratio. High M1/M2 ratios in
carbodiimide-crosslinked scaffolds derived from
the porcine small intestine submucosa (SIS) were
observed during the 16 weeks after implantation
compared with those in non-crosslinked scaffolds
(Badylak et al. 2008). M1 macrophages
predominated over M2 macrophages at the inter-
face of the host tissues and crosslinked mesh
derived from the porcine dermis;
non-crosslinked meshes displayed a relatively
low M1/M2 ratio (Brown et al. 2012).

12.3 Role of Macrophages on Non-
biodegradable Materials

12.3.1 Polarization of Macrophages by
Wear Debris Particles

Early studies on the interaction between
macrophages and non-biodegradable biomaterials
have mainly focused on the role of macrophages
in wear debris-induced inflammation around a
failed prosthesis. The co-presence of
macrophages and prosthetic material-derived
small particles in tissues that surround artificial
joints suggest the involvement of macrophages
and their phagocytic activity in periprosthetic
osteolysis (Willert and Semlitsch 1977). In vitro
and animal studies have provided strong
evidences to support the participation of
macrophages in wear debris–associated patho-
genesis. Human monocytes/macrophages secret
proinflammatory TNF-α and IL-6 in the presence
of titanium particles (Blaine et al. 1996; Maloney
et al. 1996), and TNF-α medicated implant
particle-induced osteoclastogenesis in a murine
model (Merkel et al. 1999). Macrophages
exhibited inflammatory responses against bone
cement particles (Ingham et al. 2000; Wimhurst
et al. 2001), and ultrahigh molecular weight poly-
ethylene particles also induced macrophage
migration and osteolysis (Ren et al. 2011); there-
fore, it is fairly evident that small particles of
non-degradable biomaterials such as metal,
ceramics, and polymers can activate
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macrophages. The secretion of inflammatory
cytokines by particle-activated macrophages
implies that M1 macrophages are involved in
wear debris-induced inflammation, proved by a
clinical study wherein an increase in the M1/M2
ratio was demonstrated in tissues retrieved from a
revised joint replacement (Rao et al. 2012). The
M1 phenotype also appeared in macrophage
cultures that were exposed to microsized TiO2

particles above certain concentrations
(Schoenenberger et al. 2016). In this case, the
protein expressions of TNF-α and IL-10, repre-
sentative proinflammatory cytokines, were
upregulated to approximately 10–15 folds com-
pared with those of the unexposed control of M0
THP-1 macrophages; however, using the same
macrophage cell line, another previous study
demonstrated that titanium alloy particles of a
failed hip prosthesis did not induce the release
of TNF-α in vitro (Akisue et al. 2002). Only
LPS-treated particles promoted TNF-α secretion,
which indicated that wear debris alone could not
evoke inflammation and osteolysis. Thus, the role
of wear debris in macrophage polarization
remains controversial, and the precise mechanism
underlining wear debris-induced pathogenesis
remains unknown. Finally, Pajarinen et al.
(2013) showed that M1 macrophages exhibited
inflammatory responses more intensely than M0
and M2 macrophages, demonstrating the poten-
tial importance of the macrophage phenotype in
prosthetic failure. In this context, the suppression
of M1 macrophages has been attempted for
treating or preventing prosthetic failure.

IL-4, a strong suppressor of the M1 phenotype
and an inducer of M2 polarization (Martinez et al.
2009), reduces the production of proinflammatory
cytokines in human peripheral blood monocytes
that were exposed to poly(methyl methacrylate)
(PMMA) particles or particles retrieved from tita-
nium alloy wear (Trindade et al. 1999; Im and
Han 2001). The effect of IL-4 was also
demonstrated in in vivo studies. Daily injection
of IL-4 reduced polyethylene particle-induced
osteolysis in a mouse calvarial and air pouch
model (Rao et al. 2013; Wang et al. 2013b). The
in vitro and in vivo results indicated that IL-4 can
suppress wear debris-induced inflammation by

modulating the macrophage phenotype from M1
toward M2. IL-10 also mitigated the release of
TNF-α and IL-6 from titanium- and PMMA-
treated human macrophages (Pollice et al. 1998;
Trindade et al. 2001). In addition to proteinaceous
molecules such as IL-4 and IL-10, bioactive small
molecules, including flavonoids and alkaloids,
can promote macrophage polarization. The flavo-
noid apigenin reversed M1 macrophages to M2
macrophages and decreased proinflammatory
cytokine levels in a rodent model (Feng et al.
2016). Pentamethoxyflavanone, another type of
flavonoid, facilitated a shift from the M1 macro-
phage phenotype to the M2 macrophage pheno-
type (Feng et al. 2014). The results imply that
bioactive small molecules can be used for reduc-
ing biomaterial-derived inflammation. In fact,
curcumin, a plant-derived alkaloid that polarizes
macrophages toward the M2 phenotype (Gao
et al. 2015), suppressed titanium particle-induced
inflammation in the mouse air pouch model
(Li et al. 2017). Because of the low production
cost, chemical stability, and ease of handling,
bioactive small chemicals can be attractive
alternatives to cytokine molecules, provided
their activities are sufficient for polarizing
macrophages and the chemicals are applied
timely to the pathogenesis site.

12.3.2 Role of Macrophages
on Fibrous Encapsulation

Fibrous encapsulation, a late foreign body
response to biomaterials, is a dense layer of avas-
cular fibrotic tissue that surrounds implants.
Myofibroblasts play an important role in the for-
mation of fibrous encapsulation. Myofibroblasts
are generally derived from tissue fibroblasts,
which are principally mediated by TGF-β, partic-
ularly isoform 1. TGF-β is released by various
cells such as macrophages and FBGCs.
Hernandez-Pando et al. (2000) found that
FBGCs highly expressed TGF-β, which was
accompanied by fibrosis. FBGCs are formed by
the fusion of macrophages to the surface of a
foreign substance. Because IL-4 treatment can
induce both FBGCs and M2 macrophages,
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FBGCs are considered to be a lineage of M2
macrophages; however, unlike M2 cells, FBGCs
express M1 (TNF-α, iNOS, and IL-1β) and M2
(IL-10 and Arg1) markers (Moore et al. 2015),
which indicates that FBGCs cannot be
categorized according to the typical classification
of macrophages (i.e., classically and alternatively
activated).

Biomaterial-derived fibrous encapsulation is
generally considered to be an undesirable conse-
quence of an immune response. A fibrotic capsule
can hinder the function of implanted devices such
as a glucose sensor by isolating them from
surrounding tissues and can cause discomfort
and pain to the patient. Thus, various strategies
have been attempted to reduce surface fibrosis of
implanted biomaterials. The most commonly
introduced method is coating the implants with
biocompatible materials, including both synthetic
and naturally occurring materials. The natural
materials include collagen, gelatin, chitosan, algi-
nate, and hyaluronan. These materials have been
proved to be highly biocompatible without an
obvious inflammatory tissue response and are
frequently used as scaffolds for tissue engineer-
ing. Thus, coating the surface of implants with
natural materials may reduce FBRs and fibrous
encapsulation; however, using natural materials
does not guarantee a favorable immune reaction
to the implants. Naturally occurring polymers are
often immunogenic, and their molecular
structures are not necessarily consistent, which
can affect the process and degree of tissue and
cellular responses. Badylak et al. (2008) showed
the importance of macromolecular structure in
determining an immune response (Badylak et al.
2008). In their study, SIS induced the normal
tissue-remodeling process with an early accumu-
lation of M2 macrophages in a rat model. But
carbodiimide-crosslinked SIS provoked chronic
inflammation and prolonged (16 weeks) the
appearance of M1 macrophages. Although we
do not yet completely understand the molecular
mechanism that underlies the crosslinking effect
of scaffolding on innate immune responses, it is
certain that the hierarchical structure and type of
polymer should be carefully considered when
selecting coating materials. Synthetic and

semisynthetic polymers can also affect the reac-
tion to a foreign body and subsequent fibrous
encapsulation by preventing surface biofouling,
biomolecule adsorption, and subsequent adhesion
of inflammatory cells. The passivated or
nonfouling surface may reduce the reactions to
a foreign body, including a surface fibrosis.
Poly(ethylene glycol) (PEG) is the most well-
known nonfouling material. Hydrophilicity and
the ability to retain water molecules allow PEG
to block protein adhesion and inflammatory
reactions. Poly(lactic-co-glycotic acid) (PLGA)
and poly(vinyl-alcohol) (PVA) have been mostly
used as a drug-eluting coating for implants
(Bhardwaj et al. 2010), although their
antiinflammatory or antifibrotic effects have not
yet been clearly demonstrated.

Antiinflammatory drugs have been
investigated for their feasibility in reducing
implant-associated fibrosis. Several studies have
demonstrated that dexamethasone-loaded PLGA
effectively attenuated inflammatory reactions and
fibrous encapsulation (Hickey et al. 2002; Patil
et al. 2004). The controlled release of dexametha-
sone is most likely important for suppressive drug
to exhibit their effects. Drug-loaded PLGA may
reduce fibrosis of implanted devices such as a
glucose sensor. In an animal study, dexametha-
sone in a PLGA/PVA matrix could suppress
inflammatory reactions and fibrosis on the surface
of a biosensor (in this case, a dummy sensor was
used) in normal and diabetic rats (Wang et al.
2013a). This result indicates that
antiinflammatory drugs are sufficiently applicable
in preparing antifibrotic implants. The develop-
ment of appropriate drug-eluting systems and the
selection of effective drugs are necessary for
achieving an effective antifibrotic effect.

It is generally agreed that TGF-β plays a cen-
tral role in fibrous encapsulation. Thus, the inhi-
bition of TGF-βmay reduce fibrous encapsulation
at the surface of implants. Neutralizing antibodies
against TGF-β have been used to suppress or
ameliorate fibrosis in various organs such as the
kidneys, lungs, and renal system (Yanagita 2012;
Giri et al. 1993; Ling et al. 2013). The effects of
the TGF-β-neutralizing antibody in the cure of
organ fibrosis suggest its use in preventing
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fibrotic encapsulation of implants; however, there
have been no reports to demonstrate the
antifibrotic effect of the TGF-β antibody at the
implant surface, possibly because of the lack of
an appropriate method by which the antibody is
loaded onto implants. In addition to the antibody
treatment, gene therapy is considered to attenuate
encapsulation. In a previous study, TGF-β1-
siRNA, delivered via liposome-based
nanoparticles, inhibited peritoneal fibrosis in a
mice model (Yoshizawa et al. 2015). In another
study, a mammalian target of rapamycin
(mTOR)-siRNA was used to inhibit the fibrous
encapsulation of a polymer implant (Takahashi
et al. 2010). Unfortunately, mTOR-siRNA did
not affect the thickness of the fibrous capsule.
The authors attributed the ineffectiveness of
mTOR-siRNA to an inappropriate gene delivery
system. Rujitanaroj et al. (2013) recently success-
fully reduced fibrous capsule formation with
COL1A1-siRNA. A poly(caprolactone-co-ethyl
ethylene phosphate) nanofiber was used to control
the sustained release of siRNA; therefore, the
development of a gene delivery system and the
selection of a target gene are important for suc-
cessfully suppressing capsule formation.
Antifibrotic drugs such as nintedanib and
pirfenidone are also expected to resolve the
encapsulation problem (Raghu and Selman
2015). Because these chemicals are more stable
than antibody proteins and siRNA in a biological
environment, a greater in vivo effect is expected
in future studies. Table 12.1 summarize various
methods for reduction of fibrous encapsulation.

12.4 Control of Macrophage
Polarization for Improved
Biomaterial Outcomes

Biomaterials that do not induce FBR have not yet
been developed despite great endeavors of many
researchers. The major obstacles for the removal
of FBRs are the lack of knowledge about the ideal
performance of macrophages, a key player in
innate inflammation, and few efficient methods
or tools for mitigating FBRs. The early appear-
ance of macrophages at the implantation site is a

necessary and unavoidable event that prevents
infection-derived inflammation and cleans out
cell debris in damaged tissues, which were
generated during surgery. Proinflammatory M1
macrophages are involved in early tissue
responses. In healthy tissues, M1 macrophages
generally subside within 3 days after implanta-
tion; however, the prolonged presence of
microorganisms can delay M1 quiescence, aggra-
vate inflammation, and disturb the healing and
regeneration of surrounding tissues. Unwanted
M1 macrophage involvement can lead us to rec-
ognize M1 as a target to suppress or remove to
achieve FBR reduction. In this context, the phe-
notype change from M1 to M2 microphages has
been attempted on the surface of implanted
biomaterials. Fortunately, previous studies have
discovered the plasticity of macrophage
phenotypes (i.e., M1 macrophages can be
converted to M2 microphages and vice versa).
Obesity alters the phenotype of adipose tissue
macrophages from M2 to M1 (Morris et al.
2011). Prostaglandin E6- and IL-6-induced M2
macrophages were converted to M1 macrophages
by CD4+ Th1 cells (Heusinkveld et al. 2011).
Deng et al. (2012) demonstrated that IL-10
regulated the change in muscle microphage phe-
notype from M1 to M2. Those studies suggested
methods for modulating macrophage phenotypes
and provided evidences of plasticity. Gower et al.
(2014) used the potential of IL-10 in the modula-
tion of FBRs. The lentiviral gene that encodes
IL-10 was delivered with a poly(lactide-co-
glycolide) scaffold to reduce implantation-
induced inflammation. The IL-10 delivery signif-
icantly decreased leukocyte infiltration and
increased IL-10 expression, which indicated that
IL-10 successfully mitigated FBRs. IL-4 also
induced M2 macrophages in a three-dimensional
hydrogel (Cha et al. 2017). IL-4-eluting coating
increased the percentage of M2 macrophages at
the surface of the implant and diminished the
formation of fibrotic capsules (Hachim et al.
2017). These studies indicated that the suppres-
sion of M1 macrophages or the M1/M2 ratio is
effective for generating a favorable FBR, i.e., less
inflammation and a thinner fibrous capsule. The
elimination of macrophages by clodronate, a
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bisphosphate, also successfully diminished giant-
cell accumulation and fibrosis of 3D electrospun
scaffolds (Dondossola et al. 2016). In addition,
the study clearly demonstrated the role of VEGF
and neovascularization in fibrosis via the antago-
nistic effect of VEGF neutralization on the forma-
tion of giant cells and fibrosis. VEGF production
in macrophages and giant cells caused neovascu-
larization around biomaterials followed by fibro-
sis. Newly formed blood vessels most likely
aggravate inflammatory tissue responses in com-
bination with preexisting giant cells by secondar-
ily supplying macrophages, thus the inhibition of
neovascularization at the surface of implants
might reduce FBRs toward biomaterials. If so,
we speculated whether the antiangiogenic
approach always induces favorable FBRs. Con-
sidering the presence of new blood vessels in
granulation tissues and the importance of angio-
genesis in tissue regeneration, antiangiogenic
agents can retard the healing of injured tissues
that result from implantation surgery; therefore,
timely and locally specific inhibition of angiogen-
esis might be necessary for suppressing the for-
mation of fibrous capsules. With medical devices
such as an implantable glucose sensor, reduced
blood vessels at the surface of the implant can
result in lowered sensitivity. Contrary to the inhi-
bition of neovascularization, the induction of vas-
cularization by the sequential delivery of IFN-γ
and IL-4 was also exploited to enhance angiogen-
esis and healing of bone scaffolding (Spiller et al.
2015). Because M1 and M2 macrophages can
promote the initiation and maturation of blood
vessel formation, respectively, Spiller et al.
expected the development of functional blood
vessels adjacent to the scaffold, followed by fast

healing. The sequential delivery of cytokines
actually enhanced angiogenesis in the study, but
the effect on fibrosis was not mentioned.

Although the effect of M2 macrophages on
tissue regeneration or healing is affirmed, consid-
ering that M2 macrophages fairly often produce
TGF-β and that TGF-β leads to the generation of
fibrosis, we must be cautious not to excessively
and extendedly induce the M2 macrophage phe-
notype. For the regulation of FBRs, most studies
have focused on the modulation of M1
macrophages; however, the regulation of M2
macrophages for the suppression of TGF-β or
direct inhibition of TGF-β can be a target for
reducing fibrosis. In our laboratory, moderately
PEGylated phosphatidylserine (PS) liposomes
showed a promising in vitro result for the sup-
pression of fibrous encapsulation (Quan et al.
2017). PEGylated PS liposomes did not enhance
the generation of TGF-β in RAW 264.7 cells.
Meanwhile, the liposomes effectively inhibited
the production of TNF-α in LPS-activated
macrophages. This result indicated that
PEGylated PS liposomes could suppress the M1
phenotype without enhancing TGF-β, a typical
characteristic of the M2 phenotype. The in vivo
effects of the liposomes are being investigated for
use as an antifibrosis material.

Scaffold geometry affected the cytokine
profiles of human monocytes/macrophages
(Almeida et al. 2014). The chitosan scaffold
with its larger pores resulted in higher secretion
levels of proinflammatory cytokines, suggesting
an association between the morphology and mac-
rophage phenotype. More direct evidence for this
association was demonstrated in another study
wherein intentionally elongated macrophages on

Table 12.1 Methods for anti-fibrous encapsulation

Methods Materials or agents References

Coating with natural materials Collagen Badylak et al. (2008)
Coating with non-fouling materials PEG, PLGA, PVA Bhardwaj et al. (2010)
Anti-inflammatory drug loading Dexamethasone Hickey et al. (2002)

Patil et al. (2004)
Wang et al. (2013a)

siRNA loading TGF-β1-siRNA Yoshizawa et al. (2015)
COL1A1-siRNA Rujitanaroj et al. (2013)
mTOR-siRNA Takahashi et al. (2010)
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a micropatterned surface exhibited the M2 phe-
notype (McWhorter et al. 2013). Because the M2
phenotype was abrogated by an inhibitor of actin
polymerization, the actin cytoskeleton was most
likely involved in the pathway for the shape-
induced polarization of macrophages. The effect
of the physical environment on macrophage
polarization suggests that the modulation of sur-
face geometry can be used for obtaining obtain a
favorable FBR toward implanted biomaterials.
Table 12.2 summarize the methods for the control
of macrophage polarization at the surface of
biomaterials.

12.5 Conclusion

Most biomaterials induce FBRs, and the degree of
reaction is considerably dependent on the resul-
tant macrophage phenotype on the material’s sur-
face. Various studies have focused on the
modulation of macrophage phenotypes to obtain
favorable FBRs. A supply of cytokines and bio-
active small chemicals and the fabrication of sur-
face geometry have sucessfully modified
macrophage phenotypes. Although a gap remains
between laboratory results and clinical applica-
tion, the immunomodulative tools described in
this chapter may provide a way for developing
more biocompatible medical devices.
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Artificial Methods for T Cell Activation:
Critical Tools in T Cell Biology and
T Cell Immunotherapy

13

Kyung-Ho Roh

13.1 Introduction

T lymphocytes play a conductor role in the
immune system by orchestrating complex
interactions between innate and adaptive immune
cells. Protection from various infections as well as
cancers is provided in an antigen-specific manner
with immunological memory as a result of the
functions of healthy T lymphocytes.

The special capability of T cells – to recog-
nize antigens from various pathogens or endog-
enous mutations in a very specific, sensitive, and
selective manner - is conferred by a clonally
restricted receptor molecule, the T cell receptor
(TCR). Therefore, any discussion regarding
biomaterials that are designed for the engineer-
ing of T cell functions cannot be made without a
proper discussion of the structure and the func-
tion of TCR and its related molecules. The TCR
is membrane bound, and specifically interacts
with not a soluble antigen by itself but an anti-
genic peptide combined with a molecule
encoded by the major histocompatibility com-
plex (pMHC) which is expressed on a membrane
of an antigen presenting cell (APC) or a target
cell. Thus, the cellular interface between the T
cell and the counterpart cell is very important in

determining T cell functions, and has been
described as the immunological synapse (IS).

We will first briefly review the biology of TCR
and IS. And we will focus our discussion to the
biomimetic designs that have been developed to
study and/or engineer T cell functions through
recapitulating or modifying TCR-pMHC
interactions and the spatiotemporal molecular
dynamics within the IS.

13.2 T Cell Receptor (TCR)

The TCR is a heterodimer of either alpha and beta
chains or gamma and delta chains, and the T cell
that expresses the corresponding pairs is called αβ
T cell or γδ T cell, respectively (Davis and
Bjorkman 1988). The αβ TCR demonstrates
a high degree of antigen specificity and thus
becomes a hallmark molecule of the adaptive
immune system along with the antibody of the B
cell. By contrast, γδ T cells recognize classes of
antigens present on ranges of pathogens, whose
functions more belong to innate immunity. In this
chapter, we will focus our discussion on αβ T cells.

The α and β TCR chains are classified as
members of the immunoglobulin superfamily.
Each chain contains one variable and one con-
stant domain which are structurally homologous
to the variable and constant domains of
immunoglobulins. The TCR variable domain
contains three complementary determining
regions (CDR1-3) that are hypervariable. The
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interaction between αβ TCRs and antigen is deter-
mined by the combined affinities 1) between
CDR1 or 2 loops and conserved regions of the
MHC molecule and 2) between CDR3 and anti-
genic pMHC (Garcia et al. 1996).

In order to provide immune protection from a
wide range of pathogens with antigen specificity,
healthy human individuals might possess 107~10
8 different TCR specificities (clonotypes) (Arstila
et al. 1999). In fact, the theoretically possible
TCR diversity (number of different pairs of α
and β TCR chains that can be produced) far
exceeds the number of TCR repertoire present at
a given point in time (Nikolich-Zugich et al.
2004). This amazing diversity of immune
receptors (TCR and immunoglobulins) originates
from their unique genetic features. Unlike most
other genes that contain single complete genes in
a given locus, the genes encoding TCR chains
(along with the genes encoding immunoglobulin
heavy and κ or λ light chains) are composed of
families of gene segments that should be
rearranged before they can be transcribed. For
humans, TCR α and β chain genes are located
on chromosomes 14 and 7, respectively. Each
TCR chain is composed of gene segments that
encodes the leader peptide, the variable, and the
constant regions. The germline DNAs for variable
region in chromosome 14 (TCR α chain) consist
of many alternative variable (V) and joining
(J) segments. In chromosome 7 (TCR β chain),
an additional set of segments called diversity
(D) gene segments are located between V
segments and J segments. In the recombination
process, a mechanistic rule guarantees that each
TCR chain is precisely formed by joining of only
one of each V and J segments (TCR α chain),
or V, D, and J segments (TCR β chain). This is
achieved by recombination that is restricted to
only occur between the two different types of
recombination signal sequences (RSSs) flanking
each V, D, and J genes. This random combinato-
rial way of forming TCR α and β chains using
alternative gene segments significantly
contributes to the diversity of TCR antigen
specificities. Another major mechanism to diver-
sify the TCR repertoire is junctional diversity. As
part of the recombination process, the junctions

between the V and J segments or between V, D,
and J segments are additionally diversified with
palindromic (P) sequences of cleaved sites
(by action of recombination activating gene
proteins (RAG1 and RAG2) as well as randomly
added new sequences (N-nucleotides) by action
of terminal deoxynucleotidyl transferase (TdT).
As CDR3 is encoded at the junctions between
the V and J segments or between V, D, and J
segments, this mechanism to create junctional
diversity heavily contributes to the increase of
functional diversity in TCR repertoire.

Even if there are exceptions (Padovan et al.
1993; Davodeau et al. 1995; Heath et al. 1995;
Cochran et al. 2001), allelic exclusion of genes
for the TCR α and β chains occurs in most devel-
oping T cells in the thymus (thymocytes). So a
given immature T cell would likely express one
kind of functional αβ TCR. Among the enormous
TCR repertoire that are randomly generated by
the above-mentioned mechanisms (order of 1015

for the αβ receptor) (Nikolich-Zugich et al. 2004),
i.e. the repertoire of thymocytes, only a small
fraction of thymocytes survive after the two fol-
lowing selection processes. First, only the
thymocytes bearing receptors capable of binding
self-MHC molecules can survive (positive selec-
tion). Second, thymocytes bearing high-affinity
receptors for self-MHC molecules or self-peptide
presented by self-MHC are eliminated (negative
selection). The surviving thymocytes without
apoptosis after both selection processes become
mature T cells bearing receptors that are “self-
restricted” as well as “self-tolerant”. It is worth
mentioning that some of the gene rearrangement
(particularly TCR α-chain) occur simultaneously
involving RAG-1, RAG-2, and TdT activities
during the positive selection.

Both TCR α and β chains have a positively-
charged transmembrane domain and a short cyto-
plasmic tail at its C-terminus (Blumberg et al.
1990). The cytoplasmic region of αβ TCR is not
long enough to transduce the signal initiated by
interaction with antigenic pMHC. The accessory
molecules that are critical for TCR signal trans-
duction and even for the successful expression of
TCR are designated as the CD3 complex. The
CD3 complex is composed of three dimers (γε,

208 K.-H. Roh



δε, and ζζ or ζη) formed by five invariant poly-
peptide chains (γ, δ, ε, η, and ζ). A negatively-
charged residue within the transmembrane
regions of all CD3 chains interacts with positively
charged amino acid residues in the transmem-
brane region of each TCR chain, which helps
the association between CD3 and TCR polypep-
tide chains (Call and Wucherpfennig 2004). The
cytoplasmic tails of the CD3 chains contain a
common sequence called the immunoreceptor
tyrosine-based activation motif (ITAM), which
interacts with tyrosine kinases to play a major
role in signal transduction. The CD3 ζ and η
chains each contain three ITAMs, whereas the γ,
δ, and ε chains each contain only a single copy
of ITAM.

13.3 T Cell Activation

The molecular details of signaling cascades fol-
lowing T cell activation and the subsequent alter-
ation of numerous gene expressions is beyond the
scope of this chapter. Instead, we will review the
most critical molecular components and cellular
behaviors that should primarily be considered
when developing the biomimetic design of
biomaterials that engineer T cell functions. The
initial interest lies on the molecular components
and their functions within the interface between a
T cell and an antigen presenting cell (APC).

Due to the unique role of T cells which
respond to pathogens in an antigen-specific man-
ner, the interaction between TCR and pMHC
determine its fate and function in almost every
stage of a T cell’s life span from its early devel-
opment in the thymus to the fully activated and
terminally differentiated effector stage in the
periphery. As mentioned earlier, within the thy-
mus, interactions between TCR and self-MHC
molecules or self-peptide presented by self-
MHC molecules and the consequent intracellular
signals determine the fate of developing T cells.
The T cells that have completed their develop-
ment stages exit the thymus and circulate the
bloodstream and the lymph through secondary
lymphoid organs such as lymph nodes and the
spleen in surveillance of foreign antigens. These

“non-activated” T cells that have not encountered
foreign antigens are called “naïve”.

In addition to TCR, there are two kinds of
co-receptors designated as CD4 and CD8 on the
T cell membrane, and an individual T cell is
committed to express only one kind of
co-receptor before it is fully developed and exit
the thymus. Reflecting their respective effector
functions and roles, CD4+ and CD8+ T cells are
called “helper” T cells and “cytotoxic” T cells,
respectively. TCRs on CD4+ T cells only interact
with exogenous peptides presented by class II
MHC molecules which are only expressed by
phagocytic professional ACPs such as dendritic
cells (DCs), macrophages, and B cells. Mean-
while, TCRs on CD8+ T cells only interact with
self- or virus-originated peptides presented by
class I MHC molecules which are expressed by
most cells including professional APCs. Despite
this critical difference between CD4+ and CD8+
T cells, the naïve population of both types are
commonly required to be properly activated
before they can function as effector cells.

As described earlier, the interaction between
TCR and the foreign peptide presented by either
class I or class II MHC molecules expressed on
the plasma membrane of professional APCs
becomes a primary signal for T cell activation
and dictates the initial activation of naïve T cell.
However, a mere TCR-pMHC interaction is not
sufficient to fully activate a naïve T cell. The
additional requirement is called co-stimulation,
and there are multiple molecular interactions
between a T cell and an APC that provide
co-stimulatory signals. The most important one
is the engagement of CD28 on the T cell by CD80
(B7-1) or CD86 (B7-2) on the APC. It is shown
that the TCR engaged by pMHC without
co-stimulation signals induce the T cell to an
“anergic” state (Appleman and Boussiotis 2003).
Once the T cell becomes anergic, it maintains this
inactivated state even when the T cell is exposed
to APC with both antigenic pMHC and
costimulatory molecules. The third component
that completes the activation of the T cell is
various cytokines. Some of these soluble
cytokines are secreted either by the T cell itself
or by neighboring APC or other cells regulated by
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feedback loops. The cytokines secreted by the T
cell itself can work as both autocrine and para-
crine. As an example, interleukin-2 (IL-2)
secreted by T cell is important for the clonal
expansion of antigen-specific T cell populations
and their differentiation into effector cells.

13.4 Spatiotemporal Molecular
Reorganization at
the Immunological Synapse

As a result of the interaction between the TCR
and its cognate pMHC, the T cell and APC or a
target cell form a tightly apposed cellular inter-
face, which is called the immunological synapse
(IS). Over the past couple of decades, the spatio-
temporal dynamics of molecules within the IS has
been extensively studied (Grakoui et al. 1999;
Bunnell et al. 2002; Huppa and Davis 2003).
The name of IS was initially coined after the
initial observation of concentric rings (so called
bull’s-eye pattern) of membrane receptors and
adhesion molecules on T cell membrane upon T
cell-APC interaction. Subsequent studies discov-
ered that TCR and CD28 molecules are
concentrated within the innermost circle (central
supramolecular activation cluster, cSMAC),
which are surrounded by peripheral SMAC
(pSMAC) of integrins (e.g. LFA-1). Lastly, the
outermost ring or distal SMAC (dSMAC) is
occupied by proteins that have relatively longer
ectodomains (e.g. CD43, CD45). Since then,
many studies have been attempted to define the
true functions of the IS with the bull’s-eye pat-
tern. And continuous TCR signaling is required
for maintenance the SMAC structure of IS and
extended effector functions (Huppa et al. 2003).
Later it was discovered that the lasting TCR sig-
naling is maintained by the microclusters that are
continuously and newly generated in the periph-
eral or distal regions of IS (Yokosuka et al. 2005).
It is now well accepted that the microcluster of

TCR and other signaling molecules (kinases and
adaptors) are the activation signaling cluster.
These newly generated TCR microclusters in the
distal region are translocated into the central
region (cSMAC), where the TCR signaling
ceases while TCR molecules break apart from
other signaling components. Therefore, cSMAC
might function toward the regulation of TCR
signaling and molecular recycling. Nevertheless,
it has been suggested that the selective and
polarized secretion of lytic granules are another
function of the cSMAC and the bull’s-eye pattern
of IS between cytotoxic T cells and target cells
(Davis and Dustin 2004).

Furthermore, the bull’s-eye pattern is not the
unique molecular pattern of IS. For example, a
helper T cell forms a multifocal IS in its interac-
tion with a dendritic cell that present the cognate
antigens (pMHCs) (Brossard et al. 2005; Dustin
et al. 2006). The double positive (CD4 + CD8+)
thymocytes also form a decentralized multifocal
pattern of TCR accumulation surrounded by
ICAM-1 molecules when examined on a lipid
bilayer (Hailman et al. 2002).

More recently, owing to the progress in super-
resolution microscopy techniques, the spatiotem-
poral dynamics of TCR and other molecules have
been studied in a molecular length scale. And it
has been shown that these critical signaling
components including TCR complex (e.g. CD3
ζ) (Lillemeier et al. 2010), co-receptor (e.g. CD4)
(Roh et al. 2015), adaptor (e.g. Lat) (Lillemeier
et al. 2010; Sherman et al. 2011; Williamson et al.
2011), and kinases (e.g. p53lck) (Rossy et al.
2013) are all residing within nano-sized clusters
even before the activation of T cells, and these
nanoclusters coalesce to form bigger clusters
(microclusters) upon engagement of TCR
molecules with the cognate pMHCs.

Many steps of these intricate spatial
reorganizations within IS and their downstream
signaling events are intricately related to cyto-
skeletal dynamics (e.g. actin rearrangements)
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(Miletic et al. 2003; Tskvitaria-Fuller et al. 2003)
and integrin adhesion (e.g. LFA-1 to ICAM-1)
(Burbach et al. 2007).

13.5 Biomimetic and Artificial
Methods to Induce T Cell
Activation

To artificially activate T cells, biomimetic design
is intrinsically involved. First, biochemical
reagents that can effectively engage with the
TCR should be selected. Depending on the
antigen-specificity requirement, the reagents will
be varied, for example, an anti-CD3 antibody for
the activation of general T cell population vs. a
specific pMHC or a collection of different
pMHCs for the activation of antigen-specific T
cells. Second, the use of accessory ligands
(e.g. for co-stimulatory signals or for effective
adhesion) should be considered. Third, the format
of presentation (e.g. soluble, plate-bound, mem-
brane-bound, etc.) for such ligands to T cells
needs to be determined. All of these design
components are deterministic factors for molecu-
lar affinity between receptor and ligand and their
binding kinetics within immunological kinapses
(transient contacts with pro-migratory junctions)
and immunological synapses (contacts for a
prolonged period with stable junctions)
(Fooksman et al. 2010).

Although the exact mechanism of how the
very initial TCR triggering is induced is
unknown, a number of leading models (van der
Merwe and Dushek 2011), namely aggregation
model, conformational change model, segrega-
tion or redistribution model, serial triggering
model (Valitutti et al. 1995), and kinetic proof-
reading model (McKeithan 1995; Rabinowitz
et al. 1996), have been suggested to explain its
mechanisms. Historically, various artificial
methods of inducing T cell activation have been
developed to test these models and hypotheses. In
addition, many surface-associated methods were
developed as biomimetic tools to study the spa-
tiotemporal dynamics of IS under the microscope.
Nevertheless, these various methods can induce
varying degrees of T cell activation (Table 13.1)

and thus might be useful for particular biomedical
applications.

13.5.1 Soluble Reagents

Typically the affinity between TCR and its cog-
nate agonist pMHC has been measured by the use
of surface plasmon resonance (SPR). In SPR
measurement, one is bound to the surface, and
the other binding partner is in the solution, which
might well reflect the interactions between solu-
ble reagents and the TCRs on T cell membranes.
And from SPR measurements, TCRs have rela-
tively low affinities (KD values in the range of
1–100 μM) against their cognate agonist pMHCs
(Stone et al. 2009), which are combined effects of
slow association rates and intermediate dissocia-
tion rates. These affinity values are similar to
those of antibodies against their antigen in their
primary responses, i.e. before affinity maturation.

Reflecting these low solution affinity values
between TCRs and pMHCs, agonistic pMHC
monomers in solution are incapable of inducing
T cell activation (Cochran et al. 2000). In fact, the
soluble form of high-affinity anti-TCR Fab is
incapable of activating T cell either (Yoon et al.
1994). In stark comparison, anti-CD3 antibody in
solution can induce T cell activation even if it is
partial (Bekoff et al. 1986). Activation can be
more robust by using anti-CD28 antibody simul-
taneously or employing some accessory cells.
Thus it is clear that the crosslinking of
TCR-CD3 complex is critical for T cell activa-
tion. This notion has been further confirmed by
well-designed soluble reagents (Fig. 13.1).
Cochran et al. (2000, 2001) first introduced
maleimide functional groups to the amine side
chain of lysine residues within oligopeptides
with precisely controlled distance between the
lysine residues. By introducing free thiol (cyste-
ine side group) at either α or β chain of recombi-
nant pMHC molecule, 2, 3, or 4 pMHC
monomers could be attached to a single peptide
chain. All dimer, trimer, and tetramer agonist
pMHC could fully activate the T cells (Cochran
et al. 2000) and the pMHC dimers coupled
through shorter intermolecular distances were
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consistently more potent than those coupled
through longer intermolecular distances (Cochran
et al. 2001). Furthermore, the same crosslinking
strategy was employed by Krogsgaard et al. to
construct a heterodimer of agonist pMHC cou-
pled with endogenous pMHC molecules
(Krogsgaard et al. 2005). And these heterodimers
were capable of inducing T cell activation in a
CD4 dependent manner (Krogsgaard et al. 2005).
Altogether, T cell activation can be effectively
induced by designing soluble reagents that can
crosslink the TCR-CD3 complexes. Even if it is
still unclear whether and how exactly the
strength, duration, and signaling outputs on T
cell activations using different soluble reagents
are different, the implications on various
applications will be further discussed in latter
sections.

13.5.2 Surface-Bound Ligands

The physiological TCR and pMHC interactions
essentially occur between two cell membrane
surfaces. Therefore, simply anchoring the soluble
ligands onto a surface might bring a change in the
nature of interactions. Indeed, monomeric agonis-
tic pMHCs on either fixed plastic surfaces or fluid
lipid bilayers in extremely dilute surface density
(< 10 per cell) can effectively trigger the activa-
tion of cognate T cells (Ma et al. 2008), while the
solution counterparts cannot. This surface-
anchorage effect could be interpreted in multiple
ways, but it is at least clear that it is dependent on
T cell adhesion to the surface and intact cytoskel-
etal function (Ma et al. 2008; Ilani et al. 2009).
Additionally, the above-mentioned SPR-based
affinity measurements may not represent the
whole picture of how these affinity values and
parameters are related to the T cell activation. In

Table 13.1 Comparison of TCR activation platforms and responses

Ligand and
presentation
platform

Ligand:
TCRa TCR activation Comments Reference

Soluble
Agonist pMHC
monomers

1:1 No activation No activation despite binding of
monomers to TCR

Cochran et al. (2000)

Agonist pMHC
dimers

2:2 Full and
sustained

Intermolecular distance is critical Cochran et al. (2000, 2001)

Agonist/
endogenous
pMHC
heterodimers

2:2 Full and
sustained

CD4 involvement is critical Krogsgaard et al. (2005)

Anti-TCR fab 1:1 No activation Low affinity (μM Kd), might not be
stable

Yoon et al. (1994)

Anti-CD3
antibody

2:2 Partial Signaling not blocked by actin
depolymerization

Bekoff et al. (1986), Wolff
et al. (1993)

Crosslinked
anti-CD3

2:2+ Full and
transient

CD69 upregulation Bekoff et al. (1986)

Immobilized surface anchored
Anti-CD3
antibody

2:2+ Full and
sustained

Stable bivalent ligand induces
clustering, may generate force for
mechanotransduction

Bunnell et al. (2002)

Fluid membrane anchored
Agonist pMHC
monomers

1:1+ Full and
sustained
if >0.2 pMHC/
μm2

Requires F-actin, myosin IIA and
adhesion to ICAM-1

Grakoui et al. (1999), Varma
et al. (2006), Ma et al. (2008),
Ilani et al. (2009)

Adapted and modified from Reference Fooksman et al. (2010)
aStoichiometry of engagement
+ Higher-order crosslinking may be present
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fact, on a plasma membrane, membrane-
associated molecules are constricted in 2D diffu-
sion, while the molecules in solution phase are
freely movable in 3D. The loss in kinetic degrees
of freedom due to the newly formed molecular
association between any pair of molecules is con-
sidered to be 6 (x, y, and z translation and x, y,
and z rotation), 3 (x, y translation and z rotation),
or 0 for molecules in soluble (3D), anchored in
2D fluidic membrane, or fixed in immobilizing
hard surface, respectively (Fig. 13.2). Therefore,
it is expected that the affinity values are

intrinsically increased by restricting the soluble
activating ligands (pMHCs and other
co-stimulatory and integrin binding molecules)
onto 2D surfaces (faster on rate and slower off
rate). It is indeed commonly observed that more
robust T cell activation is induced by surface-
bound pMHC or anti-CD3 antibody than by the
soluble counterpart.

However, measuring 2D binding properties of
TCR and pMHC in practice turned out to be more
complicated. Recently, the 2D binding kinetics of
TCR-pMHC have been explored using two

Fig. 13.1 Design and chemical structures of soluble
pMHC oligomers: All crosslinkers carry maleimide
groups for coupling to cysteine resides introduced into
HLA-DR1. Left, fluorescein-labeled, peptide-based
crosslinkers for production of MHC dimers (2�), trimers
(3�), and tetramers (4�). Upper right, biotin-labeled
dimeric crosslinker for production of higher order
streptavidin-linked oligomers (SAo). Lower right, ribbon

diagram of the HLA-DR1-peptide complex (Stern et al.
1994), showing the position of cysteine residues (positions
marked with asterisks) introduced at the end of either the α
or β subunit connecting peptide region. The HLA-DR1
model is shown at approximately 80% of the scale of the
chemical diagrams of the cross-linking reagents. Adapted
from reference (Cochran et al. 2000). Copyright# 2000,
Cell Press
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completely different methods, (i) optical micros-
copy based on fluorescent resonance energy
transfer (FRET) (Huppa et al. 2010) and
(ii) mechanical assay based on observation of
bonding and deformation (Huang et al. 2010).
Intriguingly, in both studies, 2D koff was
measured to be significantly faster than the solu-
tion (3D) koff values. Again in both studies, the
2D kon values varied in large dynamic ranges
(Huang et al. 2010; Huppa et al. 2010) while the
3D counterparts did not (Huang et al. 2010).
Furthermore, both the dramatically varying 2D
kon rates and fast 2D koff correlated with activa-
tion potency, while 3D koff values showed inverse
correlation (Huang et al. 2010). All of these inter-
esting data indicated that the TCR-pMHC inter-
action is subject to mechanical forces, mainly by
the actin cytoskeleton, and that the local environ-
ment of the direct vicinity of TCR-CD3 complex
(e.g. surface density, molecular orientation)
dynamically changes upon TCR-pMHC
engagement.

Even if measuring 2D binding properties is a
very complicated task for the above-mentioned
reasons, at least it is clear that localizing TCR
triggering signals (pMHC and other ligands) in
2D with biomimetic biomaterial-based design has
tremendous implications in T cell activation and
functional programing.

13.5.2.1 Immobilized Ligands
on Surfaces

As the simplest method of immobilization,
ligands (proteins) can be non-specifically
adsorbed to 2D surfaces. For in-vitro activation
of T cells and resulting T-cell expansions, non-
specifically coating the culture dish with anti-
CD3 antibodies along with anti-CD28 antibodies
has long been used (Lewis et al. 2015). Some
examples of antibody clones that are widely
employed for this purpose include clone
145-2C11 (anti-mouse CD3ε), OKT3 or HIT3a
(anti-human CD3), 37.51 (anti-mouse CD28),
and CD28.2 (anti-human CD28).

Ytrans

Xtrans

Ztrans

Zrot
Yrot

Xrot

Ytrans
Xtrans

Zrot
LBL

Plastic culture dish

Ligand in solution (3D space)

Ligand in mobile surface
(2D space) 

Ligand in immobilized surface
(2D space)  

T cell

T cell

T cell

Fig. 13.2 Receptor
binding to ligands in a
solution (3D), in a lipid
bilayer (mobile 2D), and in
a solid surface
(immobilized 2D). The
degrees of freedom before
the receptor-ligand binding
are 6, 3, and 0, for solution,
mobile 2D, and
immobilized 2D,
respectively. The
physiological immune
receptor-ligand interactions
typically occur at the
interface between two
opposing cell membranes
(immunological synapse)
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These antibodies and/or pMHC and recombi-
nant B7 molecules were also immobilized on the
surface of synthetic microbeads, which is often
called artificial antigen presenting cells (aAPCs)
even though the particles are incapable of
processing the antigens per se (Curtsinger and
Khazaeli 1997; Trickett and Kwan 2003; Walter
et al. 2003; Kim et al. 2004; Schilbach et al. 2005;
Durai et al. 2009). Both polystyrene beads of
5–6 μm in diameter (so called latex beads)
(Curtsinger and Khazaeli 1997; Walter et al.
2003; Schilbach et al. 2005) and commercially
available magnetic beads (e.g. Dynabeads®)
(Trickett and Kwan 2003; Durai et al. 2009)
have been extensively employed as aAPC
platforms to expand antigen-nonspecific (with
anti-CD3 antibody) or antigen-specific (with
pMHC molecule) T cell populations.

Recombinant membrane proteins (e.g. pMHC)
or soluble antibodies were successfully
incorporated onto the surface of polystyrene
beads by non-specific adsorption with or without
the aid of co-incubating surfactants (Curtsinger
and Khazaeli 1997). For better control over sur-
face density and potentially better molecular ori-
entation, more specific interactions, such as
streptavidin to biotin (Walter et al. 2003;
Schilbach et al. 2005), anti-Fc antibody or protein
A/G to Fc portion of antibody (Trickett and Kwan
2003) or Fc-containing recombinant proteins
(Durai et al. 2009), have been employed for the
conjugation of T cell activating reagents to the
surface of aAPC beads. It is worth mentioning
that magnetic Dynabeads® presenting anti-CD3
and anti-CD28 antibodies have been employed as
a gold standard for the expansion of CD8+ cyto-
toxic T cells in recent T cell adoptive therapy
trials, due to their easy purification steps using
magnets.

In order to observe spatiotemporal dynamics
of TCRs and other signaling molecules under
microscope, pMHC and B7.1 molecules have
also been immobilized on thin glass slides
(Lillemeier et al. 2010; Roh et al. 2015). By
incubating positively charged poly(L-lysine)
(PLL) chains that are conjugated with biotin
residues on top of negatively charged glass slides,
the surface of the glass slide could be effectively

modified with biotin residues. After subsequent
incubation with streptavidin, biotinylated pMHC
and B7.1 molecules could be immobilized on
glass slides. The observation of the T cell mem-
brane molecules interacting with these
immobilized activating ligands under the micro-
scope revealed that the TCRs form microclusters,
as a result of actin-dependent clustering (concate-
nation) of smaller nanoclusters, but they could not
develop into mature SMACs, potentially due to
the spatially fixed activating ligands (Lillemeier
et al. 2010).

This observation clearly demonstrates the
potential limitations of the surface-immobilized
antibodies or natural ligands, which is associated
with their incapability of generating dynamic
remodeling of physiological IS between T cells
and APCs or target cells. This leads us to the
discussion of development of artificial platforms
with which ligands are presented in a mobile
layer.

13.5.2.2 Mobile Ligands Attached
to Plasma Membrane-Mimetic
Fluidic Surfaces

The molecules within the IS dynamically reorga-
nize during T cell activation as mentioned above.
Therefore, the importance of providing lateral
mobility of molecular ligands to T cells has long
been recognized. The supported lipid bilayer
(LBL) has been developed as an effective biomi-
metic platform to study cell-cell interactions
between immune cells (McConnell et al. 1986;
Sackmann 1996). The initial observation of the
bull’s eye pattern of IS was made on top of glass-
slide-supported lipid bilayer presenting agonistic
pMHC and ICAM-1 (Grakoui et al. 1999). For
the preparation of this artificial membrane layer,
they first expressed glycosylphosphatidylinositol
(GPI)-modified pMHC and ICAM-1 in CHO and
BHK cells, respectively, and successfully
incorporated them into liposomes containing
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC). Finally, these liposomes were incubated
on a clean glass slide. Similarly designed mobile
LBLs have been employed to study the spatio-
temporal dynamics of IS under the microscope
(Varma et al. 2006).
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Instead of GPI-anchored proteins, others
expressed recombinant proteins (pMHC, B7.1,
and ICAM-1) with multi-histidine tag (His-tag)
for specific association onto glass-slide
supported lipid bilayer composed of 1-p
almitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1,2-dioleoyl-sn-glycero-3-
[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)
succinyl] (nickel salt) (DGS-NTA(Ni)) (Huppa
et al. 2010; Roh et al. 2015).

In order to mimic the preclustered membrane
microdomains on the APC surface, Albani and
colleagues introduced neutravidin to the
supported LBL. Biotinlyated cholera toxin B
(CTB) along with biotinylated antibodies and
pMHC complexes were first bound to
neutravidin. By utilizing the affinity between
CTB and the monosialoganglioside (GM1), the
whole protein complex with neutravidin as a scaf-
folding unit was attached to supported LBL com-
posed of phosphatidylcholine, cholesterol and
GM1.

LBL was also formed on glass substrates
displaying various patterns of chromium lines
(100 nm wide and 5 nm high) fabricated using
electron-beam lithography (Mossman et al.
2005). These nanoscale chromium lines became
barriers for the lateral movement of pMHC-TCR
complex, which created IS with artificial geomet-
ric molecular patterns. Within these repatterned
molecular structures in IS, the TCR microclusters
mechanically trapped in the peripheral regions
showed prolonged signaling compared to the cen-
tral counterparts (Mossman et al. 2005), which
reinforced the idea that cSMACmay function as a
signal termination site.

The aAPCs with laterally mobile activating
ligands have also been constructed in a
non-planar geometry, i.e. spherical shape.
Liposomes of 60–90 nm in size were constructed
with cholesterol and phosphatidylcholine to
effectively present agonistic pMHC molecules
(60–160 per aAPC) to detect and activate the
cognate T cell population (Prakken et al. 2000).
Similar to the above-mentioned planar LBL, the
affinity between CTB and GM1 has been
employed to construct the liposome aAPCs
decorated with neutravidin-scaffolded anti-CD3,

anti-CD28, and anti-LFA1 monoclonal
antibodies (mAbs) (Zappasodi et al. 2008).
These lipid aAPCs were similarly effective to
the commercially available magnetic bead (anti-
CD3, anti-CD28 mAbs) counterpart in activation
and expansion of T cells (Zappasodi et al. 2008).
The viscous oil droplets (liquid colloids) created
by shear-induced rupturing in viscoelastic com-
plex fluids have been surface grafted with anti-
CD3 and anti-CD28 mAbs as aAPCs that are
more similar to the physiological cells in size
(a few microns) (Bourouina et al. 2012). Upon
interacting with these aAPCs, T cells were
activated to induce intracellular signaling and
developed cytoskeleton-dependent dynamics at
the interfaces (Bourouina et al. 2012).

In addition to these artificially constructed
aAPCs, virus-like particles (VLP) were produced
by mammalian cells (HEK293 cells) infected with
Moloney murine leukemia virus (Derdak et al.
2006). In order to effectively decorate the VLPs
with TCR ligands (either scFv of anti-CD3 anti-
body or pMHC) as well as the costimulatory
ligand (CD80) and the intracellular adhesion mol-
ecule (ICAM-1), the recombinant constructs of
these molecules were linked to GPI anchor
sequences. These molecules were specifically
localized into lipid rafts on HEK293 cells,
which were heavily transferred to the membranes
of budding VLPs. Using this VLP-based aAPC, T
cells were successfully stimulated either in
antigen-specific or non-specific manner (Derdak
et al. 2006). Exosomes (Thery et al. 2002) are
another important category of cell-derived
vesicles that can act as aAPC. These small
(30–150 nm) extracellular vesicles secreted from
cellular endosomes of dendritic cells could pres-
ent pMHC molecules as well as costimulatory
and adhesion molecules to CD4+ or CD8+ T
cells (Zitvogel et al. 1998). Exosomes derived
directly from tumor cells have also been
employed to boost the antigen-specific T-cell
immune responses in vivo (Wolfers et al. 2001).
These anti-tumor activities might be a result
of combined effects of direct interaction between
exosomes and T cells as well as indirect priming
of T cells through exosome targeted DCs
(Syn et al. 2017).
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13.6 Conclusions

At the basis of the central roles of T cells in the
adaptive immune system, there is the specific
molecular interaction between TCR and pMHC
molecular complex. The antigen recognition in a
very selective, sensitive, and specific manner
induces the activation of T cells with intricate
signaling pathways. As the T cell activation
continues, the interface between the T cell and
the APC or the target cell develop into mature IS
with spatially reorganized molecular structures in
various sizes (from molecular nanostructures to
cellular microstructures).

A variety of biobimetic artificial methods to
induce T cell activation has been pursued. Actu-
ally many of these methods were developed as a
tool to study the molecular and cellular
mechanisms of T cell activations. Here we briefly
reviewed these methods in three different
categories, i.e. i) soluble, ii) immobilized-sur-
face-bound, and iii) mobile-surface-bound forms.

As adoptive T cell therapy continuously
creates tremendous success cases in pre-clinical
and clinical studies, the need for effective and
clinically-relevant methods of T cell activation
and expansion is also ever-growing. Various
aAPCs summarized above have tremendous
potential, while genetically-modified cell-based
aAPCs (Maus et al. 2002) also may have ample
room to contribute with their unique attributes
(Kim et al. 2004).

Here, we have discussed the physicochemical
implications of presenting ligands in different
formats (e.g. 3D vs. 2D,
immobilized vs. fluidic). These differences may
affect the strength, duration, and/or the nature of
T cell activations, which in turn may yield differ-
ent phenotypes and functions of final T cell
populations (Li and Kurlander 2010). Therefore,
the platform of activation should be carefully
selected for each intended purpose, and further
studies are warranted to better understand the
relationship between the final fate of the T cell
and the methods of artificial T cell activation
varied by above-mentioned engineering

parameters as well as other parameters such as
mechanical properties of the substrate (O’Connor
et al. 2012).
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Regulatory T Cell-Mediated
Tissue Repair 14
Jihye Hong and Byung-Soo Kim

14.1 Tissue Healing Process

Tissue injury healing can be divided into two
parts: the inflammatory phase and the regenera-
tive phase. The beginning of the tissue healing
process is indicated by coagulation, as platelets
aggregate at the injury sites (Martin and
Leibovich 2005). Neutrophils, macrophages, and
mast cells then modify the microenvironment to
facilitate tissue repair. They clear up the injured
site and eliminate the invading microbes and dead
cells around the injury site by phagocytosis. After
this pro-inflammatory phase, various cytokines
contribute to the induction of the regenerative
phase or an anti-inflammatory phase. Unlike the
pro-inflammatory phase, the cytokines and
molecules focus on remodeling the injured tissue
sites in the regenerative phase. However, it is not
clear whether the pro-inflammatory phase is
essential for tissue repair, as prolonged

inflammation could cause pain to and other side
effects on the injured host (Eming et al. 2007).
Numerous studies have been performed to iden-
tify the specific leukocyte and immune reaction
responsible for the undesired inflammation during
tissue repair. Among the immune cells that par-
ticipate in tissue repair, regulatory T-cells (Treg
cells) have been found to be capable of initiating
the anti-inflammatory phase.

14.2 Role of Regulatory T-Cells

14.2.1 Treg Cells as Immune
Suppressors

Treg cells are a type of effector T-cells, and
constitute 10% of the CD4+ T-cells. Treg cells
were identified in 1995, when the transfer of CD4
+CD25� T-cells into CD25-depleted mice caused
autoimmune diseases such as thyroiditis and gas-
tritis, while CD4+CD25+ T-cells rescued the mice
from these diseases (Sakaguchi et al. 1995). The
cells acted as immune suppressors, and had CD4+

CD25+Foxp3+ properties, with Foxp3+ as their
X-chromosome transcription factor. Several stud-
ies have identified Foxp3 as an essential transcrip-
tion factor of Treg cells. Mutations in Foxp3 can
compromise the suppressive functions of Treg
cells and result in the aggressive development of
autoimmune diseases, such as the scurfy pheno-
type in mice and immunodysregulation polyendo-
crinopathy enteropathy X-linked (IPEX) in
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humans (Bacchetta et al. 2006; Bennett et al.
2001; Fontenot et al. 2003; Hori et al. 2003).
Treg cells produce anti-inflammatory cytokines,
including interleukin-10 (IL-10), transforming
growth factor-beta (TGF-β), and cytotoxic
T-lymphocyte–associated antigen (CTLA)-4
(Liu et al. 2003; Takahashi et al. 2000), thus
maintaining immune homeostasis and
suppressing the inflammatory pathway by several
mechanisms for various circumstances.

TGF-β is the major suppressive cytokine of
Treg cells, and contributes to the Treg-mediated
T-cell suppressive activity and tissue repair
(Li et al. 2006; Schmidt-Weber and Blaser
2004). TGF-β exists on the Treg cell surface and
mediates the suppression of CD4+CD25� T-cells
by cell-cell contact (Nakamura et al. 2001).
Although TGF-β-independent suppression is
also possible (Piccirillo et al. 2002), TGF-β is
involved in the immune regulation of Treg cells,
and blocking TGF-β has been found to cause
type-1 diabetes in a mouse model (You et al.
2005) and thyroiditis in a rat model (Seddon and
Mason 1999). TGF-β also plays a major role in
inducing Foxp3+-induced Treg (iTreg) cells in the
periphery, with the involvement of interleukin
(IL)-2, thus producing periphery-induced Treg
(pTreg) cells, which are not found in the thymus
(Coombes et al. 2007).

IL-10, one of the CD4+CD25+ T-cell-secreted
cytokines, has been found to be involved in
intestine-specific Treg cell activity; Treg cells
isolated from IL-10-deficient mice were incapable
of rescuing colitis (Asseman et al. 1999). In addi-
tion, IL-10 has also been found to contribute to
Treg cell activation in colon, lung, and skin,
although its roles in other organs are not well
known yet (Rubtsov et al. 2008). However,
in vitro IL-10 deficiency caused no
downregulation of Treg cell activity, indicating
that IL-10 was part of the Treg cell pathway, and
not a necessary cytokine (Thornton and Shevach
1998).

CTLA-4 is the major pathway in the Foxp3+-
mediated suppressive function of Treg cells,
regulating inflammatory T-cell activation and
maintaining immune homeostasis. CTLA-4

deficiency in mice can cause a burst of
lymphoproliferative diseases (Tivol et al. 1995;
Waterhouse et al. 1995). CTLA-4 deficiency also
causes autoimmune diseases, including type-1
diabetes, and inflammatory bowel diseases; even
antibody-mediated temporary blockade of
CTLA-4 can induce autoimmune symptoms
(Lühder et al. 1998; Read et al. 2000; Takahashi
et al. 2000). Although the suppression mecha-
nism of CTLA-4 is not well known, its regulation
may involve antigen presentation by dendritic
cells (DCs) (Wing et al. 2008). Further, a study
had revealed that CTLA-4 could induce the secre-
tion of TGF-β and stimulate anti-inflammatory
responses by Treg cells (Chen et al. 1998),
although CTLA-4 does not require TGF-β for its
expression. These cytokines can thus complement
each other, maintaining Treg-mediated suppres-
sion in a compensatory manner (Tang et al.
2004). Therefore, CTLA-4 participates in most
parts of immune control, with Foxp3+ Treg cells
as a major regulator of Treg cell suppression.

In addition to these cytokines, Treg cells have
additional mechanisms involving granzyme B
and IL-35 (Cao et al. 2007; Collison et al.
2007). These immune suppressive characteristics
make Treg cells a potential solution for the
problems of autoimmunity and transplant rejec-
tion. Treg cells are now the focus of attention for
their contribution to tissue repair. The mechanism
of tissue repair by Treg cells involves the induc-
tion of the transition from pro-inflammatory
phase to regenerative phase of the immune sys-
tem. The main pathway in Treg cell-mediated
tissue repair is macrophage polarization, as Treg
cell secretion of IL-10, IL-4, and IL-13 induces
the transition to alternatively activated
macrophages (AAM) or anti-inflammatory
macrophages (M2) (Tiemessen et al. 2007). This
macrophage transition reduces the inflammatory
cytokine secretion by macrophages, and macro-
phage activity is converted into regenerative
activity, which is critical for tissue repair (Gordon
and Martinez 2010; Mantovani et al. 2013; Stout
and Suttles 2004). There are several in vivo
examples that demonstrate Treg cell-mediated
tissue repair, and they are reviewed in Sect. 4.
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14.2.2 Diversity of Treg Cells

Regulatory T-cells can be divided into three
groups, thymus-derived Treg (tTreg) cells,
pTreg cells, and iTreg cells. Their respective
roles are not well understood, as tTreg and
pTreg cells are highly similar, cooperate in vivo,
and are hard to separate.

tTreg cells, previously known as natural Treg
cells, are matured by the DCs in thymus as in
Fig. 14.1 (Martín-Gayo et al. 2010; Watanabe
et al. 2005). tTreg cells originally show Foxp3+

CD4+CD25+ characteristics and are responsive to
autoimmunity. They are responsible for most
Treg cell activities, suppressing immune
responses through various methods.

pTreg cells are not derived from the thymus;
they are differentiated from naïve T-cells, usually
with TGF-β and IL-2, and can respond to external
antigens. Their role in immunity is not clearly
known; an exclusion of pTreg cells resulted in
autoimmune diseases, showing that pTreg cells
cannot prevent autoimmune diseases by them-
selves (Bonomo et al. 1995). However, recent
studies have revealed that pTreg cells play signif-
icant roles in the immunity-independency of

tTreg cells (Josefowicz et al. 2012; Samstein
et al. 2012). pTreg cells can be classified into
two groups, type 1 regulatory T-cells (Tr1) and
T-helper 3 cells (Th3). Tr1 cells lack the tran-
scription factor Foxp3, but secrete IL-10. Th3
cells also lack Foxp3 and secrete TGF-β, thus
contributing to Treg cell suppression.

Lastly, iTreg cells are Treg cells that are
induced in vitro, and are promising Treg cells
for therapeutic applications. iTreg cells include
Tr1 cells and Th3 cells induced in vitro. As thera-
peutic Treg cells need to be largely expanded for
clinical use, understanding iTreg cells would be
an important task for Treg applications.

14.3 Treg Cell Induction
and Localization

The induction method for Treg cells is significant,
as in vitro Treg induction could be a promising
method for large-scale production of Treg cells
for clinical use. The first induction of Treg cells
was by oral administration of antigens, causing
the suppression of T-cells for treating experimen-
tal autoimmune encephalomyelin (EAE)

Fig. 14.1 Differentiation and roles in inflammation of
Treg and pTreg cells. Thymus-derived tTreg cells and
antigen-presenting cell (APC)-derived pTreg cells

suppress T-cell immune responses, maintaining immune
homeostasis. (Reproduced with permission from Yadav
et al. 2013)
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(Youhai-Chen et al. 1994). The oral administra-
tion of antigens could be fruitful, as one study
showed that oral administration in mice increased
the proportion of CD4+CD25+ T-cells and
succeeded in increasing CTLA-4 and TGF-β
secretion. Surprisingly, orally administered anti-
gen CD4+CD25+ T-cells were more effective than
the control CD4+CD25+ T-cells, although the
induction lasted for only 4 days (Zhang et al.
2001). In addition to oral administration of
antigens, several induction methods for Treg
cells have been developed in vivo and in vitro,
depending on the types and characteristics of the
Treg cells.

14.3.1 IL-10- and TGF-b-Induced Treg
Cells

Activation of CD4+ T-cells with IL-10 can induce
IL-10-producing Tr1 cells (Groux et al. 1997).
Tr1 cell induction has succeeded in both murine
and human models, and it suppressed autoim-
mune colitis.

In 2003, Chen and his colleagues succeeded in
inducing TGF-β-secreting Treg cells by providing
TGF-β in a murine model (Chen et al. 2003). In
an in vitro experiment, TGF-β induced Foxp3
expression in CD4+CD25� T-cells and stimulated
CD4+CD25� T-cells to differentiate into Foxp3+

CD4+CD25+ T-cells in the presence of antigen-
presenting cells (APCs). The differentiated Treg
cells produced TGF-β, suppressing naive T-cell
activity. The induced Treg cells were cell-contact-
dependent, as they suppressed naïve T cells
through TGF-β. The induced CD4+CD25+

T-cells were tested in vivo, and were found to
alleviate house dust mite-induced lung inflamma-
tion in mice.

TGF-β also induced Treg cells in the human
peripheral blood, distinguishable from IL-10-
secreting Tr1 cells; anti-IL-10 could not block
the induced suppressive activity in this case
(Yamagiwa et al. 2001). pTreg cells in humans
are induced by TGF-β, and the transcription of
Foxp3 downregulates Smad7, which suppresses
TGF-β. Therefore, the absence of Smad7 results

in TGF-β expression under positive feedback,
upregulating the Foxp3 expression of CD4+CD25
� T-cells in the periphery (Fantini et al. 2004).
The peripherally induced Foxp3+CD4+CD25+

T-cells downregulate the immune response in
the periphery by antagonizing helper T cells,
Th1, Th2, and Th17. IL-6, a pro-inflammatory
cytokine, inhibits TGF-β expression, thus
interrupting the development of additional
Foxp3+ Treg cells and mediating immune
homeostasis (Bettelli et al. 2006).

14.3.2 Antigen-Induced Treg Cells

Treg cells can be induced in an antigen-dependent
manner through the oral administration of
antigen-induced Treg cells. The most promising
antigen administration method would be the utili-
zation of DCs for T-cell conversion into Treg
cells. In 2001, induction by antigen was achieved
by a low dose of antigens, which inhibited T-cell
proliferation via TGF-β or IL-2 (Kretschmer et al.
2005). This study revealed that TGF-β enhances
antigen-derived Treg cell induction by
suppressing T-cell proliferation. In contrast, IL-2
enhanced Treg cell induction, and its absence
enhanced Treg cell differentiation.

Th3 cells, a type of iTreg cells, can also be
induced by the oral administration of antigens,
producing TGF-β, IL-10, and IL-4 (Weiner and
Howard 1997; Youhai-Chen et al. 1994). Th3
cells suppressed Th1 and Th2 cells, and their
development was enhanced in presence of IL-4
(Weiner 2001).

DCs are a type of APCs necessary for
maintaining immune homeostasis (Ohnmacht
et al. 2009). Inducing pTreg cells with immature
DCs was recently in the spotlight as a potential
method for Treg cell differentiation (Groux et al.
2004). In the presence of TGF-β, DCs showed
higher activation efficacy than other APCs, espe-
cially spleen DCs, which are specialized in Treg
cell differentiation (Yamazaki et al. 2007). DCs
require a low dose of antigens and can suppress
immune responses in vivo.
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Antigen-induced IL-10-producing T-cells, Tr1
cells, do not express the Foxp3 transcriptional
factor, but have the same suppressive effect as
CD4+CD25+Foxp3+ T-cells (Vieira et al. 2004).
Tr1 cells can also be induced by DCs with their
IL-27 secretion. One study revealed that tTreg
cells could stimulate DCs to produce IL-27 to
induce Tr1 cells, and that TGF-β enhanced this
induction (Awasthi et al. 2007). Interferon-alpha
(IFN-α) or CD2 also enhances Tr1 cell induction
in vitro, as their co-stimulation increases the effi-
ciency of Tr1 cell induction (Levings et al. 2001;
Wakkach et al. 2001). In a human study, stimula-
tion with immature DCs induced IL-10-secreting
T-cells with suppressive activity (Jonuleit et al.
2000).

14.3.3 Localization of Treg Cells
In Vivo

In 2001, chemokines were proposed as the lead-
ing candidates for inducing the localization of
Treg cells to inflammation sites (Iellem et al.
2001; Bystry et al. 2001). These studies revealed
that CD4+CD25+ T-cells highly expressed che-
mokine receptor 4 (CCR4) and chemokine recep-
tor 8 (CCR8), the receptors of chemokine ligand
1 (CCL1), chemokine ligand 17 (CCL17), and
chemokine ligand 22 (CCL22). A chemokine-
induced localization test showed a correlation
between CCR4 and CCR8 and CD4+CD25+

T-cells, as localized CD4+ cells mostly expressed
CD25. Localization tests with different
chemokines and blocking revealed that CD4+

CD25+ T-cells responded to CCL1 and CCL22
via CCR4 and CCR8 in synergistic manner. CD4
+CD25+ T-cells also expressed chemokine recep-
tor 5 (CCR5) and were recruited by chemokine
ligand 4 (CCL4) in vitro. In addition, mature DCs
were found to localize Treg cells by expressing
ligands such as CCL17 and CCL22, showing that
DCs were capable of recruiting Treg cells. Sev-
eral studies have also demonstrated the impor-
tance of chemokines in Treg cell recruitment
(Faustino et al. 2013; Lee et al. 2005; Oo et al.
2010).

14.4 Examples of Tissue Therapy
Using Treg Cells

14.4.1 Treg Cell-Applied Tissue Repair
by Suppressing
Pro-inflammatory Immune
Reactions

14.4.1.1 Alleviation of Myocardial
Infarction by Treg Cells

Myocardial infarction is a high-risk cardiac dis-
ease that causes ventricular remodeling, with a
high chance of heart failure. The process of
healing of cardiac tissues is not well established,
because heart muscle regeneration is not well
understood and because of the difficulty of
preventing ventricular remodeling, which stiffens
the wound area and compromises ventricular
functioning (Ertl and Frantz 2005).

Treg-deleted mice were found to show low
survival rates and high infarct sizes. In contrast,
CD28-SA mice, which were induced to have high
Foxp3+CD4+ Treg cell rate in the infarct site,
showed low rate of heart failure, few ventricular
ruptures, and high survival rate. This may be
attributed to the cytokines secreted by the Treg
cells, mainly IL-10 and IL-13, which induced a
transition from pro-inflammatory M1
macrophages to anti-inflammatory M2
macrophages, and this transition contributes to
tissue wound healing and regeneration (Weirather
et al. 2014). In a recent experiment, mice were
injected with tolerogenic dendritic cells (tDCs),
which were primed with cardiac lysate and tumor
necrosis factor-alpha (TNF-α). The tDCs were
localized properly in the infarcted area; they
induced a sufficient number of Treg cells to
observe a therapeutic effect. Figure 14.2 showed
that the treated mice showed higher survival rates,
smaller infarct sizes, and better functioning of the
left ventricle than the controls. The successful
healing may be attributed to earlier polarization
of M1 macrophages to M2 macrophages by Treg
cells in the infarcted area, making the immune
environment suitable for healing and regenera-
tion. This study implied that tDC implantation
could be a promising method for Treg-applied
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clinical therapy, as it does not cause autoimmune
problems or require a long time to produce feasi-
ble amounts of Treg cells (Choo et al. 2017).

14.4.1.2 Skeletal Muscle Tissue Repair
in Mice by Treg Cells

Arnold et al. had suggested the significance of the
polarization of macrophages in muscle repair
(Arnold et al. 2007). In the early stages of skeletal
muscle repair, inflammatory macrophages
(M1) contribute to regeneration with phagocyto-
sis activity, eliminating necrotic cells and debris
to facilitate muscle regeneration. After the switch
to anti-inflammatory phase, macrophages
(M2) stimulate myogenic progenitor cells, also
known as satellite cells, to differentiate and form

new muscle fibers by secreting chemokines. They
also enhance monocyte infiltration into the
injured site, increasing the macrophage influence
in muscle regeneration (Chazaud et al. 2003).
Furthermore, Treg cells in muscle tissues secrete
amphiregulin, which enhances tissue repair
(Burzyn et al. 2013).

Therefore, using Treg cells for muscle repair is
an attractive approach, as they can promote mac-
rophage polarization. In a recent study, Treg cell
application in muscle repair was demonstrated in
a mouse model (Burzyn et al. 2013). Treg cell
depletion resulted in the impaired regeneration of
injured muscles and reduced satellite cell stimu-
lation in the injured site. In addition, Treg cell-
depleted mice were incapable of expressing the

Fig. 14.2 The alleviation of myocardial infarction
(MI) by injection of tolerogenic dendritic cell (tDC)-
induced Treg cells in a murine MI model. Unlike CD4+

CD25� T-cells, the injection of CD4+CD25+ T-cells

resulted in reduced infarct size and collagen area in MI
heart. (Reproduced with permission from Choo et al.
2017)
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appropriate chemokines for muscle homeostasis
and macrophage transition. Therefore, the
pro-inflammatory phase of M1 macrophages
was prolonged in Treg-deficient mice, preventing
proper muscle regeneration.

14.4.1.3 Repair of Ischemia Reperfusion
Injury in Kidneys by Treg Cells

Ischemic reperfusion injury (IRI) is the major
cause of acute renal injury (AKI), which is
responsible for the high mortality in renal trans-
plantation (Kinsey et al. 2008). CD4+CD25+

Foxp3+ T-cells were found to modulate the
inflammation in IRI in mice kidneys (Gandolfo
et al. 2009). Gandolfo and his team demonstrated
that Treg cells were necessary for tissue repair in
IRI and their T-cell suppressive mechanism could
alleviate the inflammation in kidneys and
improve tissue healing. Decreased Treg cells in
the injury site of IRI-induced mice showed higher
TNF-α expression and increased infiltration of
T-cells in the kidneys. In contrast, the CD4+CD25
+Foxp3+ T-cell-injected group showed reduced
production of inflammatory cytokines, including
interferon-gamma (IFN-γ) and TNF-α, and
enhanced tissue repair. This result showed the
potential of Treg cells as therapeutic agents
for IRI.

14.4.1.4 Repair of Lung Injury by Treg
Cells

The application of Treg cells in acute lung injury
(ALI) has also been tested in mice (D’alessio et al.
2009). Patients with ALI suffer from alveolar
inflammation. Transition to the anti-inflammatory
phase by transferred Treg cells could be a
promising solution for ALI. Lipopolysaccharide
(LPS) was injected to mice to induce ALI. Rag-1
�/� mice that lack normal lymphocytes were
compared with wild type mice. Rag-1�/� mice
were stuck in the pro-inflammatory phase, while
the wild type mice showed normal transition, with
elevated levels of TGF-β on day 4. The transfer of
CD4+CD25+Foxp3+ T-cells rescued the Rag-1
�/� mice. The Treg-transferred mice showed ele-
vated levels of TGF-β and decreased levels of
pro-inflammatory cytokines in the alveoli.
TGF-β was also found to be the main cytokine

of Treg cells, as blocking it diminished the Treg-
mediated alveolar improvement. An additional
experiment also revealed Treg-induced anti-
inflammatory transition in alveolar macrophages.
In addition to the anti-inflammatory activity, Treg
cells also mediated lung tissue repair in a distinc-
tive manner by secreting amphiregulin (Arpaia
et al. 2015). Therefore, the application of Treg
cells to lung tissue injury could be a potential
solution.

14.4.1.5 Repair of Brain Injury by Treg
Cells

Acute brain ischemia or ischemic stroke in mice
was treated with Treg cells as an inflammation-
mediator (Liesz et al. 2009). Histological analysis
of the brain, and mRNA and protein expression
levels in cerebral tissues showed that Treg-
depleted mice had higher pro-inflammatory
cytokines, including TNF-α, IL-1β, and INF-γ,
than the controls. These inflammatory cytokines
promoted an infarct growth in the brain, and
blocking these cytokines resulted in alleviated
brain damage. An additional experiment was
performed to determine the Treg-secreted
cytokines that were responsible for cerebral tissue
protection. It was revealed that IL-10-depletion
induced the same inflammatory state as was
observed in Treg-depleted mice, and an injection
of IL-10 rescued the Treg-depleted mice by
downregulating pro-inflammatory cytokines and
boosting tissue repair.

14.5 Limitations of and
Expectations from
the Therapeutic Use of Treg
Cells

14.5.1 Limitations of Treg Therapy
in Humans

No clinical trials of Treg cells have been
performed yet. However, numerous studies have
shown the possibility of Treg application in
humans. Taams et al. achieved human macro-
phage polarization using CD4+CD25+Foxp3+

T-cells (Taams et al. 2005), suggesting that
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human Treg cells can be used to induce macro-
phage transition in the inflammation site.

14.5.1.1 Difficulty of Treg Application
in Humans

Among the challenges for therapeutic application
of Treg cells, dealing with unexpected side effects
is one of the major ones. One of the side effects
that can be expected is unknown cytokine
interactions in humans. Although murine model
experiments have had positive results, the same
may not be true in human trials because of the
complexity of the immune system. Although
administration has augmented the Treg cell popu-
lation in vivo, the side effects should be treated
before clinical use.

Furthermore, there is the possibility that
in vivo results may not always be consistent
with the in vitro results. In vivo experiments can
have unexpected side effects or the involvement
of unknown and unpredicted mechanisms. There-
fore, in vivo tests in humans are necessary for the
clinical use of Treg cells. Human experiments for
treating graft-versus-host disease (GVHD) with
Treg cells have shown their potential for
alleviating autoimmune diseases (Trzonkowski
et al. 2009). Likewise, Treg-applied in-human
tests of tissue repair would encourage the thera-
peutic use of Treg cells.

14.5.1.2 Technical Limitations
of Supplying Human Treg Cells
for Clinical Use

Clinical application would require large doses of
Treg cells. There are two ways to obtain the
required amounts of Treg cells: isolation and
large scale ex vivo expansion of Treg cells or
in vitro induction of Treg cells.

Distinguishing Treg cells in humans is a major
challenge for the isolation of human Treg cells.
Several markers have been suggested to distin-
guish and isolate human Treg cells. Neuropilin-1
(Nrp-1), a Treg marker in a murine model, was
found to be non-specific in humans (Milpied et al.
2009). Helios, the well-known marker for Treg
cells, distinguished only 70% of human Treg
cells. Furthermore, although a previous study
suggested Helios as a tTreg marker (Thornton

et al. 2010), it cannot distinguish between tTreg
and iTreg cells, as its expression is changeable
depending on Foxp3 expression circumstances.
Therefore, perfect separation of the Treg cells is
almost impossible (Gottschalk et al. 2012). In
addition to Nrp-1 and Helios, CD39 was
suggested as a pTreg marker in humans
(Mandapathil et al. 2009). The most widely used
marker in Treg cell studies is CD127, an IL-7
receptor (Liu et al. 2006). The downregulation
of CD127 was found to inversely correlate with
pTreg cells in humans. Several studies have
utilized this marker for testing its clinical applica-
bility. In one such study, CD127 was used to
isolate Treg cells, which were then injected into
patients with high-grade glioma (Ardon et al.
2010). The Treg cells isolated using CD127
showed the same suppressive activity as tTreg
cells, suggesting that CD127 might be an appro-
priate marker for Treg cell isolation.

For the efficient induction of Treg cells
in vitro, DCs have been used in many studies.
DC-based induction is advantageous in many
respects. Inducing antigen-specific DCs would
be much more convenient than other APCs, and
the injection of matured DCs is very simple
(Jonuleit et al. 2001).

After proper isolation or induction of Treg
cells in vitro, there should be appropriate expan-
sion of Treg cells to meet the required Treg dose
for clinical treatment. To change the Treg concen-
tration in the human body, large-scale ex vivo
Treg expansion would be required. The estimated
total number of Treg cells in the human body is
1.3 � 1010 (Tang and Lee 2012), while the calcu-
lated number of Treg cells in human circulation is
0.2 � 109, indicating the limitation for the appli-
cation of human-obtained Treg cells without
expansion. In a human study for treating autoim-
mune diseases, the targeted-dose of Treg cells
was not achieved in the patients, as Treg cell
expansion failed to reach the number of Treg
cells as planned (Brunstein et al. 2011). Expan-
sion of Treg cells with DCs was found to be more
efficient than that with other APCs, successfully
augmenting the Treg concentration in patients
with myeloma (Banerjee et al. 2006). Further,
several studies have recommended
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co-stimulation of CD28 to increase the efficiency
of Treg cell expansion in vitro (Golovina et al.
2008; Lin and Hünig 2003).

14.5.2 Expectations from Treg Cell
Therapy in the Future

As mentioned earlier, the establishment of a
method for separating Treg cells is important, as
Treg cells exist in various types and utilize differ-
ent suppressive mechanisms. CD127 can be used
as a human Treg marker; however, highly purified
isolation using CD127 requires verification. To
avoid transferring lymphocytes other than Treg
cells, a technique to isolate highly purified Treg
cells is required. However, if isolation of Treg
cells is accomplished, Treg cells can be expanded
ex vivo, for infusion into patients.

To solve the time-consuming problem of Treg
isolation, one study suggested a shortcut for
analyzing Treg cells, which would shorten the
required time from 4 to 5 days to less than 24 h
(Canavan et al. 2012; Ruitenberg et al. 2011).
This 7-h protocol would make therapeutic appli-
cation of Treg cells more plausible, as it can
reduce the possibility of reduction of the suppres-
sive activity of in vitro iTreg cells.

In conclusion, the clinical application of Treg
cells would be breakthrough in tissue repair. Treg
cells can be an effective regulator of inflammation
in tissue injury, reducing undesirable pain and
inflammation in injured sites. Although proper
examination and tests would be required before
the therapeutic use of Treg cells in the future, their
application in tissue repair is a bright prospect.
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ROS-Responsive Biomaterial Design
for Medical Applications 15
Jung Bok Lee, Young Min Shin, Won Shik Kim, Seo Yeon Kim,
and Hak-Joon Sung

15.1 Introduction

Stimuli-responsive biomaterials represent a major
type of state-of- the art approaches to endow
biomaterials with smart functions. These
biomaterials undergo significant alterations in
material structure and property in response to
changes of local environmental factors including
pH, temperature, enzyme activation, and water
absorption. This smart function is useful to
release drugs or cells locally at a specific moment
when a pathological condition is generated. In
particular, production of reactive oxygen species
(ROS) serve as a major stimulus because over-
production of ROS involves most types of major
pathogenesis. The application of ROS-responsive
biomaterials requires suitable material designs to
program user-defined changes of their structure
and property in response to a sudden change in
the local ROS level. Thus, both natural and syn-
thetic biomaterials have been used to program this
function with exciting successes in this field. In
this chapter, the progress in designing and

applying ROS-responsive biomaterials within
the past 10 years is summarized. The authors
aim to provide a comprehensive but concise
review of chosen biomaterials being applied to
ROS-responsive designs.

15.2 Reactive Oxygen Species (ROS)
in Biological System

As the first part of the present chapter, we
describe the definition, generation mechanism,
and signaling roles of ROS comprehensively
based on the past and current reports from the
field of redox biology and free radicals. This
part provides insight into the main concepts to
design ROS-responsive biomaterials for thera-
peutic delivery and tissue regeneration.

15.2.1 Definition of ROS

Reactive oxygen species (ROS) are a family of
reactive molecules and free radicals generated
from oxygen. They are produced during normal
aerobic metabolism, notably in the mitochondrion
from an incomplete reduction of oxygen by elec-
tron transfer. The reduction process of two
unpaired electrons in a separate orbital electron
shell of oxygen generates radicals, including
superoxide anion (O2�), hydrogen peroxide
(H2O2), hydroxyl radical (HO•), hydroxyl ion
(HO�); and nitric oxide (NO�) (Fig. 15.1). Each
ROS type has an intrinsic chemical feature which
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determines its reactivity with various biological
targets (Rhee 2006).

During the past few decades, it has been found
that harmful effects of ROS result in critical
damages of DNA, proteins and lipids and thus
play causative roles in pathogenesis of atheroscle-
rosis, carcinogenesis, neurodegeneration, diabe-
tes, and aging, which is issued as a term of
oxidative stress in the biological system
(Fakhruddin et al. 2017; Kim et al. 2015a;
Nikolay et al. 2015; Simm and Brömme 2005;
Ziech et al. 2011). On the other hand, favorable
reactions of ROS have been reported recently as
ROS participates in communications between
intracellular molecules by turning on and off pro-
tein expression (Schieber and Chandel 2014).
These proteins were found to play supportive
roles during tissue regeneration (Dunnill et al.
2017; Serras 2016). These positive behaviors of
ROS in signaling is now conferred as “redox
biology” or “redox signaling”.

15.2.2 ROS Generation

In redox biology, hydrogen peroxide-mediated
oxidation of proteins is commonly considered as
an initial step for signaling. Cysteine residues in
proteins are a major target of hydrogen peroxide
and are present as a form of thiolate anion at
physiological pH (Finkel 2012). Hydrogen perox-
ide within a nanomolar range oxidizes thiolate
anions to a sulfenic form, and its reversible reac-
tion causes structural alteration of proteins,
thereby modulating their functions. However,
along with oxidative stress, over-production of
intracellular hydrogen peroxide can lead a

permanent damage of proteins, resulting in path-
ogenesis (Sharma et al. 2012).

Generation of hydrogen peroxide is regulated
by mitochondria and NADPH oxidases
(Fig. 15.2) (Brand 2010). During electron transfer
of oxygen, superoxide can be generated and
quickly converted into hydrogen peroxide by
superoxide dismutase (SOD) in cytosol and mito-
chondrial matrix (Fridovich 1997). Hence, addi-
tion of SOD has been considered as a therapeutic
strategy to reduce accumulation of superoxide in
an intracellular matrix so that damage or inactiva-
tion of functional proteins can be prevented.
While only small populations of proteins are
affected by superoxide or hydrogen peroxide,
most intracellular proteins are influenced by reac-
tive hydroxyl radicals (Chen et al. 2009). Indeed,
reactive hydroxyl radicals damage DNA,
proteins, and lipids in the cytosol indiscrimi-
nately. Reactive hydroxyl radicals are formed
from hydrogen peroxide by the Fenton reaction,
and their generation is highly regulated to main-
tain homeostasis with various mechanisms
(Winterbourn 1995). Thus, it is important to
maintain a level of intracellular hydrogen perox-
ide to control signaling cascades of cells or to
prevent oxidative stress with pathogenesis.

15.2.3 ROS in Regulation of Cell
Proliferation

In tissue engineering and regenerative medicine,
how to promote tissue regeneration is one of the
major objectives. Since enhanced tissue regener-
ation should be accompanied with favorable cell
proliferation, various growth factors have been

Fig. 15.1 Electron
structures of representative
reactive oxygen species
(ROS)
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used. For example, platelet-derived growth factor
(PDGF) and epidermal growth factor (EGF) binds
to their corresponding receptors and thus activate
tyrosine kinases, thereby initiating an intracellular
signaling pathway related to cell proliferation
(Fig. 15.3) (Svegliati et al. 2005; Paulsen et al.
2011). In this process, ROS production can be
modulated through action of NADPH oxidases
and play a regulatory role in activating or
deactivating functional proteins by changing
their allosteric protein structures (Hertog et al.
2008). Hydrogen peroxide can be generated by
EGF signaling and consequently oxidizes a cys-
teine residue of protein tyrosine phosphatase 1B
to a sulfenic form, thereby inactivating the signal-
ing through dephosphorylation of tyrosine
residues in the EGF receptor (EGFR) (Bae et al.
1997).

On the other hand, cancer cells exhibit a high
level of ROS production (Cairns et al. 2011).
While a high level of ROS production
(e.g. reactive hydroxyl radicals) impairs prolifer-
ation of normal cells, cancer cells are not suscep-
tible to ROS-induced cell death due to their robust
anti-oxidative activities, indicating that the anti-
oxidative capacity is dependent on the cell type
(Gorrini et al. 2013). As a survival mechanism,
cells undergo an adaptation process to adjust their
anti-oxidative capacity when their environment is

changed in the course of nutrition supply or eval-
uation process, suggesting that the strategy to
operate anti-oxidative activities should be
modified considering the developmental and
pathological stage, the tissue environment, and
the nutrition status of target cell type.

15.2.4 ROS in Regulation
of Inflammation

Immune system is defined as a host defense sys-
tem against invasion of foreign materials such as
pathogen, biomaterial and microbes. When this
defense system is activated, accumulation of
inflammatory cells increases in the infected area
to remove the pathogens or other foreign
materials. Therefore, the body operates this
defense system to prevent various diseases, such
as autoimmunity and cardiovascular disease.
Since this defense system is also crucial for tissue
repair by recruiting and synthesizing essential
components, how to regulate the immune
response to biomaterial-based implants is a key
design factor for successful applications in the
field of biomaterials and tissue engineering
(Franz et al. 2011). Interestingly, it has been
recently reported that ROS can play a mechanistic
role as essential second messengers in innate and

Fig. 15.2 ROS generation
in mitochondria: oxidative
stress vs. redox signaling
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adaptive immunity (Yang et al. 2013). This mech-
anistic role of ROS in interaction with immune
cells became an urgent subject to study in the
context of tissue repair and immune diseases
(Mittal et al. 2013).

The innate immunity is non-specific in reponse
to tissue infection and injury. For example, bind-
ing of lipopolysaccharide onto a toll-like receptor
stimulates NADPH oxidase and mitochondrial
activity to generate ROS (Chandel et al. 2000;
Qin et al. 2005). It was found that the generated
ROS boosted the activity of macrophage against
bacterial infections. On the other hand, the adap-
tive immune system also relies on the ROS action
in operating their target-specific defense system.
For example, antioxidant treatment in order to
reduce ROS levels prohibited T cell proliferation
and interleukin-2 production, suggesting that
proper level of ROS is required for T-cell activa-
tion (Chaudhri et al. 1986; Kamiński et al. 2010).
Activation and proliferation of B-cells were also
regulated by an appropriate ROS level which is
driven by cooperative actions of NADPH oxidase

and mitochondria (Wheeler and DeFranco 2012;
Jang et al. 2015). Together these studies suggest
ROS as a key regulatory factor for both for T- and
B- cell-mediated immune responses.

For the past 50 years of ROS research, over-
production of ROS has been recognized as a
harmful component for cell and tissue repair,
resulting in of the status of “oxidative stress”.
However, a series of leading research groups
found a new mechanistic role of ROS as a posi-
tive component in cell and tissue repair and
opened a new avenue of research entitled “redox
biology”. Hence, interpreting ROS roles in tissue
and cell responses should be target-specific and
avoid applying the generalized concept of ROS
roles, suggesting that there is an unmet need
requiring significant efforts to further investigate
ROS mechanisms. Moreover, how to prevent the
exposure to excess ROS, how to reduce their
over-production, and how to use ROS as an alter-
native to treat diseases or to repair tissue defects
should be considered to develop therapeutics for
the next generation.

Fig. 15.3 Simple diagram of ROS-mediated signaling for cell proliferation
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15.3 ROS-Responsive Materials

In this part, we summarize state-of the-art
approaches to design materials to undergo degra-
dation, structural change, functional modulation
or physicochemical property switch in response
to ROS production (“ROS-responsive
materials”). These materials have been used as a
form of delivery vehicle, hydrogel, scaffold, or
cell culture matrix in the field of drug delivery,
tissue engineering and regenerative medicine.

15.3.1 Poly(Propylene Sulfide) (PPS)

PPS is commonly used to design thioether-based
polymers, which have been used as a form of drug
delivery carrier as its chemical property is
switched in solution upon exposure to ROS.
When PPS is oxidized, it undergoes structural
conversion of hydrophobic sulfide group to be
hydrophilic. For example, the sulfide group of
PPS becomes hydrophilic polysulfoxide or sul-
fone in the H2O2 rich environment. Sulfone is
generated in response to low levels of H2O2 con-
centration with low temperature whereas sulfones
are produced in response to strong oxidative acids
such as organic peroxyacids (Lee et al. 1998). For
drug delivery, PPS is used to design amphiphilic
block copolymers for self-assembly of
unilamellar nanoparticles which can carry hydro-
phobic drugs inside and degrade under an oxida-
tive environment, thereby releasing the drugs. For
example, PPS-based nanoparticles were found to
be stable for several weeks in suspension with DI
water at room temperature but underwent degra-
dation by depolymerization in response to H2O2

treatment (Napoli et al. 2004a). Due to this
ROS-responsive property, PPS-based materials
have been applied to biosensing and stimuli-
responsive therapeutic delivery in the context of
pathogenesis related to inflammation and cancer.

15.3.2 Selenium

Selenium is an essential trace element in the
human body and protects cells from oxidative
damages as a regulatory component of anti-
oxidative enzymes such as glutathione peroxidase
and thioredoxin reductase (Mertz 1981;
Schroeder et al. 1970; Rotruck et al. 1973). The
oxidation mechanism of selenium is similar to
that of PPS as it undergoes hydrophobic to hydro-
philic transition upon oxidation. Selenium-based
polymers showed a higher sensitivity to oxidants
due to their lower bond energies of C-Se
(244 kJ mol�1) and Se-Se (172 kJ mol�1) bonds
when compared to C-S (272 kJ mol�1) and S-S
(240 kJ mol�1) bonds in PPS (Xu et al. 2013;
Saravanakumar et al. 2017). Since Diselenide has
redox sensitive nature, incorporating diselenide
linker in a polymer backbone elevates intracellu-
lar redox sensitivities (Ziegler 1985; Corti et al.
2005).

15.3.3 Phenylboronic Acid
and Phenylboronic Ester

Recently, boronic ester has been used as a ROS
responsive component because it degrades upon
oxidation (Webb and Levy 1995). Aryl boronic
acid and ester bonds are selectively oxidized by
H2O2 and generate phenol and boronic acid as
oxidation products (Song et al. 2014). Because of
specific binding affinities of the arylboronic acid
and ester functional groups to diols, amino
alcohols, cyanide and fluoride, they have been
used in the functional polymer design, in particu-
lar as a biosensor or glucose-responsive
nanoparticles for controlled insulin delivery
(Shiino et al. 1994). Conjugating these functional
groups to the polymer backbone of nanoparticles
enables effective targeting and releasing of drugs,
including vaccine molecules or proteins.
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15.3.4 Tellurium

Tellurium belongs to the group 16 of the periodic
table and resembles the oxidative response of
sulfur and selenium. As Tellurium is listed
below selenium in the periodic table due to its
lower electronegativity, tellurium-containing
polymers are anticipated to have a higher sensi-
tivity than that of selenium-based polymers. In
the sites of inflammation or tumor progression,
the physiological level of ROS is typically as low
as 50–100 � 10�6 M. Due to the matched
responsiveness, tellurium-based polymers are
considered more promising to apply to the sites
inflammation and tumor progress compared to the
selenium based materials. However, only few
studies have explored applying Tellurium to
design ROS-responsive drug carriers
(Saravanakumar et al. 2017; Xu et al. 2016).

15.3.5 Poly(Thioketal)

Thioketal bonds can be destabilized by superox-
ide and H2O2, followed by oxidation into ketones
and organic thiols (or disulfide) (Wilson et al.
2010; Kim et al. 2015b; Nicolaou et al. 2003).
Oxidation of thioketal bonds increases the polar-
ity and water solubility of polymers by hydropho-
bic to hydrophilic conversion as thioketal is
oxidized to sulfoxides and sulfones. Due to this
property, thioketal-based polymeric carriers
deliver therapeutics in ROS rich sites such as
cancer (Shim and Xia 2013). Intracellular or
tumor acidosis with a weak acidic pH level can
serve as a biological trigger to program drug
release from thioketal-containing polymers.

15.4 Platforms of ROS-Responsive
Biomaterials for Biomedical
Applications

Stimuli-responsive materials are designed to
undergo modulation of their structure or property
like phase transition in response to a change in
external environmental factors such as ion,

enzyme, pH, light and temperature. Among
stimuli-responsive biomaterials, ROS-sensitive
platforms have been widely utilized for biomedi-
cal applications as a form of scaffold, hydrogel,
and drug delivery vehicle (Xu et al. 2016). In this
part, we summarize recent approaches to design
nanoparticles, scaffolds, and hydrogels based on
ROS-responsive materials to enable efficient
targeting into pathological sites where ROS are
over-produced.

15.4.1 Hydrogels

Hydrogels are composed of hydrophilic or amphi-
philic natural/synthetic polymer networks which
absorb a large amount of water. Hydrogels have
been widely used in biomedical applications
including pharmaceutics, tissue engineering, and
regenerative medicine (Yu and Ding 2008;
Kopeček 2007; Seliktar 2012). Due to their
ECM-like three dimensional structure, high
water content and biocompatibility, hydrogels
have become a common format for the
applications (Drury and Mooney 2003; Annabi
et al. 2014). Recently, new applications based
on ROS responsive hydrogels have drawn
remarkable attention as intelligent drug or cell
delivery vehicles in the field of tissue engineering
and therapeutics delivery.

15.4.1.1 Poly(Propylene Sulfide) (PPS)
Duvall and co-workers utilized an ABC triblock
polymer and developed thermo-responsive and
ROS-mediated degradable hydrogels (Fig. 15.4)
(Gupta et al. 2014). The polymer was poly
[(propylenesulfide)-block-(N,N-dimethylacyla-
mide)-block-(N-isopropylacrylamide)] (PPS-b-
PDMA-b-PNIPAAM) and formed micelles
(micelle solution at �2.5 wt. %) comprising a
hydrophobic PPS core at room temperature
(25 �C). Each part of this triblock copolymer
was designed to play a different role: (i) the PPS
block makes a hydrophobic core which can load
hydrophobic drugs into the micelle core,
(ii) PNIPAM acts as a trigger of phase transition
from insoluble to soluble in water, and (iii) this
triblock copolymer makes hydrogels as it
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contains the hydrophilic block PDMA. Upon
exposure to ROS, PPS block became hydrophilic
and disrupted the micelles, leading to gel degra-
dation. This hydrogel has great potential for
applying to the conditions of oxidative stress
associated pathologies such as atherosclerosis,

cancer and arthritis (Winterbourn 2008; Martin
et al. 2014).

15.4.1.2 Arylboronic Ester
To induce ROS-responsive behavior, boronoaryl
methoxycarbonyl (BAmoc) groups containing di-

Fig. 15.4
(a) Synthesis illustration
PPS-b-PDMA-b-PNIPAM
triblock-copolymer
(b) Schematic
representation of micelle
gelation at 37 �C and
polymer architecture
coordinating with STEM-
EDS element maps.
(c) TEM images of PPS60-
b-PDMA150-
b-PNIPAAM150 micelles
at 25 and 37 �C. (d) STEM-
EDS element maps for
sulfur (red) and oxygen
(green) of PPS60-
bPDMA150-b-
PNIPAAM150 core-shell
compartments at 37 �C with
image thresholding and
background subtraction.
Core-forming PPS
produces the red signal for
sulfur, while oxygen
(appearing green) is present
in the PDMA and
PNIPAAM corona-forming
blocks. (Gupta et al. 2014)
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and tripeptides were constructed (Ikeda et al.
2014; Zhou et al. 2017; Peltier et al. 2015).
These peptides were self-assembled and thereby
formed a hydrogel. Under an oxidative environ-
ment, the BAmoc unit was destabilized and led to
hydrogel degradation. The gel to sol transition of
0.1 wt. % peptide solution took 1~6 h and the
duration was dependent on the H2O2 concentra-
tion. When glucose oxidases were encapsulated,
the hydrogel quickly degraded due to H2O2 pro-
duction by the enzymatic reaction. This hydrogel
demonstrated a similar gel disruption behavior
when blood plasma containing glucoses were
treated at the hyperglycemic level. This
ROS-responsive hydrogel can be used to detect
specific analytes as a diagnostic means of disease
when the encapsulated glucose oxidases are
replaced with other types of oxidase such as cho-
line oxidase, sarcosine oxidase, or urate oxidase
(Xu et al. 2016; Ikeda et al. 2014).

15.4.2 Scaffold

Porous scaffolds are commonly used to regener-
ate damaged or diseased tissues as they allow for
appropriate cell adhesion and proliferation.
ROS-responsive scaffolds have been designed to
react with ROS in local environments for thera-
peutic purposes (Xu et al. 2016).

15.4.2.1 Poly(Thioether Ketal)
Poly(thioketal) (PTK) urethane (PTK-UR)
scaffolds were designed to degrade in selectively
response to cell-generated ROS, leaving the
degraded space to tissue in-growth (Martin et al.
2014). Poly(thioketal) has been commonly used
to produce ROS-responsive nanoparticles
because the thioketal bond is selectively
destabilized and degrades by ROS-mediated
cleavages of polymer chains. The oxidative deg-
radation mechanism of PTK polymer is shown in
Fig. 15.5a. The PTK-UR scaffolds were stable
over 25 weeks in PBS whereas they degraded
rapidly under ROS environment (Fig. 15.5b).
RAW 267.4 macrophages were cultured within
the scaffold under treatment of macrophage-
activating media condition to determine cell-

mediated degradation. As a result, the PTK scaf-
fold degraded in selective response to cell-
mediated ROS production. Upon in vivo degrada-
tion, the PTK-UR scaffold provided proper
spaces for cellular infiltration and tissue ingrowth
compared to poly(ester urethane) scaffolds
undergoing hydrolytic degradation.

15.4.2.2 Oilgoproline Peptide
Biodegradable and porous PEG-b-
polycaprolactone copolymeric scaffolds were
prepared and crosslinked by proline oligomers
(Ac-KPnK) to program a ROS-responsive prop-
erty (Yu et al. 2011). In this way, scaffold degra-
dation can be accelerated in response to
progressive oxidative stress with chronic inflam-
mation, thereby enabling sustained release of
anti-inflammatory drugs to the inflamed site.
The degradation behavior of oligoproline peptide
conjugated scaffolds was tested under treatment
of H2O2 and Cu II at 37 �C. To mimic a physio-
logical relevant ROS environment, activated
murine macrophages were seeded into scaffolds.
As a result, the proline oligomers fully degraded
after few weeks, suggesting that this design
should be applicable to program site-specific
and ROS generation-responsive therapeutic
delivery as a form of scaffold or delivery vehicle.

15.4.3 ROS-Triggered Drug Release
from Nanoparticles

15.4.3.1 Poly(Propylene Sulfide) (PPS)
Upon oxidation, PPS undergoes a significant
switch in its solubility from a hydrophobic status
to hydrophilic polysulfoxide or polysulfone,
resulting in degradation. Therefore, PPS has
been used as a major ROS-responsive component
to develop nanoparticles which can deliver and
release therapeutics (e.g. drug, antigen, and gene)
to a pathogenic site under oxidative stress. For
example, Reddy and colleagues prepared
PPS-containing poly(ethylene glycol) (PEG)
nanoparticles (NPS). Hydrophilic PEG stabilized
the NPs structure with a PPS core with an average
diameter of 20 nm. These NPs were effectively
trapped into a lymph node over 5 days when they
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were injected interstitially into mice due to the
stable structure with highly hydrophilic PEG
corona and hydrophobic PPS core, indicating a
suitable delivery performance in vivo (Reddy

et al. 2006). PPS-based micelles showed an effec-
tive performance in sustained drug release.
PEG44-b-PPS10–40 block copolymers were used
to form a micelle for delivering cyclosporine A,

Fig. 15.5 (a) Degradation mechanism of PTK polymers and (b) SEM images of PTK-UR scaffold in vitro degradation
incubated in PBS for 25 weeks and 20% H2O2 media for 10 days. Scale bars ¼ 231 μm. (Martin et al. 2014).
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and this micelle released the drug for 12 days in a
sustained fashion (Velluto et al. 2008). Glucose
oxidases were also delivered by encapsulating or
chemically conjugated into PPS, thereby enabling
glucose-responsive release (Rehor et al. 2005;
Napoli et al. 2004b).

15.4.3.2 Selenium
Since Selenium-based polymers are known to be
more sensitive to H2O2 than sulfide-containing
counterparts, these polymers have been used to
develop ROS-responsive drug delivery carriers.
As the ROS level in cancer cells is higher than
that of normal cells, Selenium-based polymers
provide a favorable platform for delivering anti-
cancer drugs. For example, PEG-b-PUSeSe-b-
PEG was synthesized to form micelles through
self-assembly in the water with a mean diameter
of 76 nm (Fig. 15.6) (Ma et al. 2010). Their
capabilities for drug loading and releasing were
determined with doxorubicin and Rhodamine
B. Their exposure to 0.01% H2O2 triggered
quick release of Rhodamine B within 4 h, while
their exposure gamma-ray radiation triggered
release of doxorubicin within 3 h (Ma et al.
2011). Thus, selenium-based polymeric micelles
can be applied as a means of therapeutic delivery
in the context of radiotherapy treatment for rele-
vant cancer patients.

Recently, small selenium-containing
compounds gained an attention due to their thera-
peutic effects for cancer therapy. For example,
when hyperbranched polydiselenides were conju-
gated with hydrophilic phosphate segments, these
materials induced apoptosis of cancer cells. In
addition, when they were self-assembled into sta-
ble NPs with loading of doxorubicin, these NPs
demonstrated effective drug release in oxidative
or reductive stimuli-responsive manner (Liu et al.
2012).

15.4.3.3 Phenylboronic Ester
Phenylboronic ester-containing polymers react
with H2O2 and consequently generate biproducts
phenol and boronic acid. Phenylboronic acids
have a unique property to react with only H2O2

among other ROS types, resulting in oxidation
into phenols. Hence, phenylboronic acids have

been used to develop H2O2-responsive drug
delivery carriers or imaging agents (Liu et al.
2012). For instance, arylboronic ester conjugated
dextran was used to produce ROS-responsive
NPs (Broaders et al. 2011). Degradation of these
NPs was accelerated under 1 � 10�3 M H2O2,
followed by the significantly high presence to
CD8+ T-cells whereas ovalbumin encapsulated
PLGA (poly(lactic-co-glycolic acid)) NPs did
not degrade.

Xu and collaborators used phenylboronic
ester-containing polymers to regulate a
ROS-responsive protein function. Briefly, when
phenylboronic acid was coupled with RNase A
(RNase A-4-nitrophenyl 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl) benzyl carbonate), the
enzyme function was temporarily inactive. How-
ever, upon entering in tumor cells possessing a
high level of intracellular ROS, this material
underwent cleavages of phenylboronic ester
bond links with RNases. This process resulted in
turning on of the enzymatic action to degrade
RNAs in target cells and consequent restoration
of the anti-cancer activity (Wang et al. 2014).

15.5 Disease-Specific Applications
of ROS-Responsive Materials

This part provides a brief review on biomedical
applications of ROS-responsive materials
towards the clinic side. A growing body of evi-
dence suggests that over-production of ROS
locally accompanies major pathogenesis such as
cancer (Shim and Xia 2013; Xu et al. 2017;
Trachootham et al. 2009), atherosclerosis (Dou
et al. 2017), diabetes (Poole et al. 2015),
infections (Dwyer et al. 2009), and inflammatory
diseases (Chung et al. 2015). The following
examples provide insight into development of
suitable therapeutic platforms by programing tar-
get disease-specific delivery functions

Cancer Selective treatment with maintenance of
a high therapeutic activity is a major goal of
cancer drug delivery. Because genetic differences
between normal and cancer cells results in expres-
sion of different phenotypic molecules on cell
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membrane, molecular targeting of cancer drugs
such as cetuximab and trastuzumab demonstrated
promising therapeutic activities with tolerable
side effects (Xu et al. 2017). However, this
targeting strategy has major limitations related
to the acquired resistance and the genetic instabil-
ity/heterogeneity of cancer cells. To overcome
these limitation, a combinatorial usage of thera-
peutic vehicles targeting multi-genetic alterations
of cancer cells has been approached (Shim and
Xia 2013; Trachootham et al. 2009). Since
increased aerobic glycolysis, also known as the
Warburg effect, increases oxidative stress and
represents common characteristics of most cancer
cells (Trachootham et al. 2009), targeting these
physiological changes in cancer cells has been
proposed as an important strategy to develop

novel anticancer drugs. A series of evidences
suggest that many types of cancer cells have
high levels of ROS, which is associated with
aberrant growth. Hence, adjusting intracellular
ROS levels in cancer cells with redox modulation
is proposed as a promising strategy to treat cancer
cells with minimal side effects (Shim and Xia
2013).

Atherosclerosis Atherosclerosis is a major cause
of mortality all over the world. Various drugs
have been extensively investigated and clinically
tested for atherosclerosis treatment. However,
since most therapeutics tested so far are
administered orally, drugs are nonspecifically
distributed throughout the body, and side effects
to other organs and normal tissues become a

Fig. 15.6 Selenium-based polymer as a ROS-responsive
drug delivery carrier. (a) Redox responsive disassembly of
PEG-PUSeSe-PEG micelles, and (b) Cryo-TEM image of

PEG-PUSeSe-PEG micelles and the release behavior of
Rhodamine B in H2O2. (Rehor et al. 2005)
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major issue, indicating an unmet need to develop
a new strategy. Moreover, oral administration
makes it difficult to maintain the effective con-
centration of therapeutics around atherosclerotic
plaques over time, resulting in poor outcomes.
Drug delivery using ROS-responsive materials
is a promising approach to address the problems
in the treatment of the atherosclerosis as ROS
involve all steps of atherosclerosis generation
including endothelial dysfunction, lipid oxida-
tion, inflammatory cell activation, form cell for-
mation, and smooth muscle cell action (Dou et al.
2017).

Diabetes Diabetes result from a chronic
inflammation-imposed environment where ROS
contributes to causative mechanisms of endothe-
lial dysfunction and peripheral arterial disease
(PAD) (Poole et al. 2015). Diabetic patients
have an increased risk of PAD due to hyperglyce-
mia, oxidative stress, and consequential micro-
vascular complications. Therefore, novel agents
aiming to decrease oxidative stress can be a
promising candidate for anti-PAD treatment of
diabetic patients. ROS-responsive release of radi-
cal scavenger combined with biocompatible
microparticles like PLGA can be suggested as
an option for effective delivery with control of
sustained release (Poole et al. 2015).

Infection Emergence of antibiotic-resistant bac-
teria is a serious problem in the clinical setting.
The list of bacteria that immune to the actions of
antibacterial drugs in the human body has been
expanded as it was found that bacteria can
become antibiotic-resistant through genetic and
epigenetic alterations such as addition of genetic
materials from different species, followed by acti-
vation of dormant genetic materials among
others; or genetic mutation via interactions with
antibiotic agents or via antibiotic-induced oxida-
tive stress (Dwyer et al. 2009). Since antibiotic
treatment induces ROS production at the target
site, delivery vehicles releasing antibiotics upon
oxidative stress under infection will serve as a
future solution to replace the conventional antibi-
otic therapy by enabling long-term sustained

release of antibiotics and then stopping the release
upon attenuation of ROS production.

Inflammation A series of studies have reported
that many diseases are triggered by inflammatory
mechanisms with concurrent over-production of
ROS from activated inflammatory cells.
ROS-responsive materials carrying anti-
inflammatory drugs can be a promising strategy
to control inflammatory diseases. One of the main
diseases is an osteoarthritis in which ROS con-
tribute to inflammatory activation in the joint
space (Chung et al. 2015). Systemic administra-
tion of anti-inflammatory drugs through
ROS-sensitive delivery will improve local
targeting accuracy and site-specific release of
therapeutic agents in an inflammatory joint,
thereby reducing systemic side effects.

15.6 Conclusion

As summarized so far, ROS-responsive materials
are considered as a promising tool for therapeutic
delivery to various pathological sites under oxi-
dative stress. These materials have been applied
as a form of implantable scaffold, drug/gene
delivery vehicle, and oxidative stress protector.
Since ROS is produced locally upon pathogenesis
in living organisms, various ROS-responsive
materials have been designed to deliver and
release therapeutics by material degradation or
structure deformation to the local sites of ROS
production including various organs, tissues and
cells. ROS-responsive materials have been used
as a format of coating, implantable, or injectable
materials for site-specific delivery of therapeutics
and imaging agents in response to over-
production of ROS in vivo.

As discussed in this chapter, several
ROS-responsive micelles or NPs have been devel-
oped and utilized to treat diseases in pre-clinical
settings. Since type and amount of ROS varies
depending upon cell and tissue sources as well as
pathogenic conditions, understanding the target-
specific mechanism of ROS action is essential for
efficient design and fabrication of materials.
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Moreover, understanding material-specific ROS-
responsive properties is also a key requirement for
successful clinical applications. Although this
chapter covers only a limited portion of the
state-of-the-art approaches in the field, the under-
lying points are summarized enough to indicate
that the research area of ROS-responsive materials
has much room to succeed if more precise material
designs are customized to meet pathogenesis-
specific requirements and applied to gain
clinically-relevant effects.
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Fibrin-Based Biomaterial Applications
in Tissue Engineering and Regenerative
Medicine

16

Chan Ho Park and Kyung Mi Woo

16.1 Background of Fibrin
Biomaterials

16.1.1 Background with Biology

Fibrin is a fibrillar biopolymer that is naturally
formed during blood clotting. Hemostasis is a
primary role of fibrin, but fibrin also functions
as a provisional matrix during wound healing.
Fibrin possess the properties suitable for its use
in regenerative medicine; fibrin is capable of con-
veying matrix proteins such as fibronectin and
growth factors (Makogonenko et al. 2002;
Rybarczyk et al. 2003; Mosesson 2005; Laurens
et al. 2006a, b; Wolberg 2007; Janmey et al.
2009). Given these features, fibrin has been
widely studied in biomedical research for its abil-
ity to repair hard and soft tissues (Hubbell 2003;
Falanga et al. 2007; Ahmed et al. 2008; Breen
et al. 2009a, b; Davis et al. 2011; Oh et al. 2014).

The biological functions of fibrin involve its
structure. A number of variables can influence the
structure of fibrin, including the local pH, ionic

strength, and the concentrations of calcium and
thrombin (Mosesson 2005; Wolberg 2007). The
thrombin concentration present at the time of
gelation has important influences on fibrin clot
structure. The low thrombin concentrations pro-
duce fibrin clots that are turbid and composed of
thick, loosely-woven fibrin strands. Higher
concentrations of thrombin produce fibrin clots
that are composed of relatively thinner, more
tightly-packed fibrin strands (Collet et al. 2000;
Wolberg 2007). Thrombin exposes the cryptic
fibronectin-binding sites in fibrinogen and that
fibronectin mostly bound to polymerized fibrin
but rarely bound to fibrinogen (Makogonenko
et al. 2002) and modulates the fibronectin-binding
capacity of fibrin and that this modulation of
thrombin contributes to integrin phosphorylation
of the cells (Oh et al. 2012). The structure of the
fibrin biomaterials affects their biological
functions. Thus, it should be optimized for spe-
cific applications in tissue engineering and regen-
erative medicine.

16.1.2 Biodegradation of Fibrin:
Fibrinolysis

The biodegradation process of fibrin material is
known as the fibrinolysis or fibrinolytic system,
which is mediated by plasmin (Baron and
Kneissel 2013; Park et al. 2017). Briefly, fibrin
degradation can be catalyzed by cell-surface-
associated plasmin, which formed after binding
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soluble plasminogen and plasminogen activators
(tissue-type plasminogen activator; t-pA and
urokinase-type plasminogen activator; u-pA). In
particular, the lysine-binding domains of plas-
minogen play an important role in the binding of
plasminogen to fibrin for the fibrin degradation.
In the inhibition of the fibrinolytic system, the
plasminogen activator inhibitor-1 (PAI-1) or α2-
antiplasmin (α2Ap) neutralize the plasminogen
activators and block the interactions between
binding domain of plasminogen and fibrin
structures. Therefore, the biochemical
interactions with plasminogen, fibrin, and plas-
minogen activators are contributed for controls
of fibrin degradation process (Baron and Kneissel
2013; Park et al. 2017).

16.2 Tissue Engineering
Applications Using Fibrin
Biomaterials

At present, various pre-clinical/clinical
approaches have been actively developed for
regeneration of damaged tissues and wound
healings using fibrin-based biomaterials
(Table 16.1). In particular, fibrin can be dimen-
sionally modified (two�/three-dimensional
scaffolds) or its phasic characteristics (injectable
or implantable matrices) can be fabricated to pro-
mote biological interactions in optimal tissue
regeneration for wound healing and functioning
restorations. According to target tissue defects or
physiological environments, several therapeutic
techniques have been implemented to improve
mechanical, physical, chemical, or biological
properties (Lee and Kurisawa 2013; Li et al.
2015).

16.2.1 Skin Tissue Engineering

Skin is the largest organ in the human body and
consists of approximately 10% of the whole body
weight. It is a crucial barrier between the internal
and external with three distinct layers: the epider-
mis, the dermis, and the hypodermis
(or subcutaneous tissue) (Chaudhari et al. 2016;

Huang and Fu 2010; MacNeil 2008). The epider-
mis is the outermost layer to form a highly effec-
tive barrier against infectious pathogens from the
external environments and maintain appropriate
or optimal hydration (Huang and Fu 2010).
Although capillary structures are formed under
epidermis layer, 95% keratinocyte cells were
contained in the epidermis without the vascula-
ture networks. The dermis layer is between the
epidermis and the hypodermis with connective
tissues which are composed of fibroblasts,
macrophages, and adipocytes (Priya et al. 2008).
It has the primarily role to generate appropriate
stress-strain mechanical responses by matrix
components like collagen, elastin, and
extrafibrillar matrix (MacNeil 2008). The hypo-
dermis is the lowermost layer and below the der-
mis of vertebrate skin and has similar cell types to
the dermis; fibroblasts, adipose cells, and
macrophages. Compared to the dermis, the hypo-
dermis mainly consists of loose connective tissue
and subcutaneous fat with large blood vessels and
nerves which cannot be found in epidermis and
dermis tissues. Therefore, healthy skin tissue has
various cell types such as keratinocytes,
fibroblasts, or mesenchymal stem cells to regen-
erate complex tissue constructs and restore their
functions (MacNeil 2008).

Fibrin has been utilized to induce skin tissue
regeneration as vehicles for bioactive molecules
to promote wound healing, delivery carriers for
multiple cells like keratinocytes, fibroblast-like
cells, and mesenchymal stem cells, or sealants
for skin graft fixation to stop the bleeding
(Bensaid et al. 2003; Jimenez and Jimenez
2004; Wechselberger et al. 2002).

16.2.2 Cardiac/Vascular Tissue
Engineering

The cardiovascular system is the hemodynamic
tissue complex with complicated responsiveness.
The major components of the system are heart
valves, cardiac muscles and the blood
vasculatures, which are significantly challenging
to regenerate or heal within the limited golden
time. The cardiovascular tissues should have
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flexible responsiveness against various mechani-
cal stimulations such as pressure, blood shear
stress, molecular permeability in dynamic fluid-
ics, and immunological responses (Gebara et al.
1997; Pober and Tellides 2012). In particular,
severed ischemic cardiac tissue damages or
injuries are irreversible or limitedly viable to
restore vital functions (Hasan et al. 2015).

Grassl et al. developed and demonstrated the
mechanically-modified fibrin-based tubular
constructs as vascular grafts (Grassl et al.
2003). By controlling and balancing between
fibrinolysis and cell-produced collagen matrix
formation, the modified fibrin can be improved
in mechanical strength like ultimate tensile
strength or tensile modulus (Grassl et al. 2003).
Moreover, cardiomyocytes can be encapsulated
using the fibrin material and the strategy
influenced cell alignments like cardiac muscle
bundles for functioning restoration (Black et al.
2009). In particular, 3-D fibrin architectures
could guide cardiac cell alignments and
maintained synchronous beating in the in-vitro
environment (Huang et al. 2007)

16.2.3 Musculoskeletal Tissue
Engineering

The musculoskeletal complex is the major system
to support organs and tissues as well as allow the

appropriate movements with structural stabilities.
The system has the bone skeleton and fibrous
connective tissues. The mineralized tissue or
bone in the system plays a critical role to protect
the vital organs, provide locomotion of body, and
produce blood cells. Moreover, fibrous connec-
tive tissues like ligaments, muscles, cartilage, or
tendons can contribute the fundamental mobility
after integration with bone (ligament, tendon, or
cartilage) or muscles (tendon) (Stevens 2008).

In bone constructs, there are two major
patterns to generate mechanical responses by
remodeling tissues like compact (cortical bone)
and trabecular patterns (cancellous bone) (Clarke
2008; Stevens 2008). In particular, the bone
remodeling process can be contributed by signifi-
cant cell activations of osteoblasts for regenera-
tion and osteoclasts for destruction (Stevens
2008) However, if the physiological balance for
bone remodeling is lost by diseases or greater
defects than osteogenic wound healing, various
osteoconductive or osteoinductive materials
could be critically considered to promote bone
regeneration as well as bone substitutes (Noori
et al. 2017; Stevens 2008).

Fibrin matrices fundamentally have numerous
proteins and growth factors so, they have widely
utilized in bone tissue engineering in various pre-
clinical and clinical scenarios. They can biologi-
cally contribute the upregulation of osteoblast
expressions and significantly promote bone tissue

Table 16.1 Tissue engineering applications using fibrin biomaterials

Target tissues Summary References

Skin tissue
engineering

Rapid wound closure and improvement for
elastic tissue regeneration

Huang and Fu (2010), Laurens et al. (2006a, b),
Priya et al. (2008)

Cardiac/vascular
tissue
engineering

Injectable fibrin matrices to decrease infarct size,
increase blood flow to ischemic myocardium,
and improve cardiac function

Black et al. (2009), Chang and Niklason
(2017), Cummings et al. (2004), Flanagan et al.
(2007), Grassl et al. (2003), Huang et al.
(2007), Ye et al. (2000)

Musculoskeletal
tissue
engineering

Biomimetic micro-architectures of the natural
nanostructured features of bone and cartilage
using the fibrin matrices having osteogenic or
chondrogenic factors

Ben-Ari et al. (2009), Connelly et al. (2004),
Eyrich et al. (2007), Koob et al. (2011), Lee
et al. (2012), Neovius and Kratz (2003), Noori
et al. (2017), Park et al. (2017), Passaretti et al.
(2001), Peretti et al. (2006), Perka et al. (2000),
Schek et al. (2004), Westreich et al. (2004)

Nervous tissue
engineering

Central and peripheral nervous system
regenerations using various concentrated fibrin
matrices or chemically-modified fibrin.

Chernousov and Carey (2003), Herbert et al.
(1998), Johnson et al. (2010), Sakiyama-Elbert
and Hubbell (2000), Sakiyama et al. (1999),
Tsai et al. (2006)
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regeneration (Ben-Ari et al. 2009; Schek et al.
2004; Stevens 2008). Although fibrin has these
great biological or biochemical properties, it is
challenging to improve and modify rapid biode-
gradability and poor mechanical properties for
skeletal structure neogenesis. Therefore, fibrin-
incorporated bioactive composite materials have
been developed using inorganic materials to have
similar compositions to bone minerals with
mechanical strength and enhance osteogenesis
or organic materials to enable 3-D fabrications
for favorable architectures with biodegradability
and characterize biochemical/biological
properties (Stevens 2008).

Of fibrous connective tissues in the musculo-
skeletal system, the cartilage is major structural
component of ears, nose, or joint areas with
higher stiffness and less flexibility than other
fibrous tissues (Lee et al. 2012; Neovius and
Kratz 2003; Passaretti et al. 2001; Peretti et al.
2006). In particular, articular cartilage has no
vascular structures or nerves so, nutrition can be
diffused to chondrocytes and the articular carti-
lage can particularly be too slowly remolded to
have tissue regeneration or repair (Zhang et al.
2009). It is placed on the surface of joints to
provide protection and movements of skeletal
structures under compressive forces. Because
mechanical responses of articular cartilage
structures are significantly considered in fric-
tional, compressive, or shear loading
environments, cartilage can be demonstrated as
resilient and viscoelastic tissue constructs at the
skeletal joints (Zhang et al. 2009).

For the cartilage tissue engineering, fibrin
material is widely studied and applied for various
preclinical studies with clinical implications like
chondrocyte-fibrin constructs or injectable fibrin
gel containing cells to promote cartilage
formations (Eyrich et al. 2007; Horak et al.
2014; Makris et al. 2015; Vinatier et al. 2009).
However, environmental specificity of the carti-
lage construct under biomechanical stimulations
can be a challenge for the cartilage regeneration
using 3-D fibrin scaffold so, chondrocyte-
associated fibrin sealant or fibrin glue have been
popularly utilized.

16.2.4 Nerve Tissue Engineering

Nerve tissue categorizes two major parts like
central nervous system (CNS) and peripheral ner-
vous system (PNS) to regulate body functions. It
mainly consists of nerve cells (neurons) to trans-
mit impulses and glial cells (neuroglia) to provide
nutrients and oxygen to neurons. The CNS has
sophisticated dynamic networks with physico-
chemical communications to exchange sensed
information. PNS consists of sensory and motor
axons surrounded my myelin sheaths which
Schwann cells produced (Johnson et al. 2010,
2013; Schmidt and Leach 2003; Subramanian
et al. 2009). In various traumatic injuries or dis-
eased destructions, CNS and PNS have different
capacity of regeneration; CNS axons cannot be
regenerated but peripheral nerves can be healed
by extending new axonal sprouts (Schmidt and
Leach 2003).

To guide the directional orientations with new
nerve tissue regeneration, various biomaterials
have been developed and utilized as the nerve
conduits in preclinical and clinical situations
(Sakiyama-Elbert and Hubbell 2000; Tsai et al.
2006). In particular, fibrin matrices have been
used to fill hollow nerve conduits across the
nerve defect regions to promote axonal regenera-
tion and growth (Tsai et al. 2006). Moreover,
fibrin scaffolds have been limitedly used for spi-
nal cord regeneration or neural fiber formations at
the early stage (Johnson et al. 2010).

16.3 Technical Applications
for Tissue Regeneration
in Fibrin Biomaterials

For the strategic applications for tissue engineer-
ing using fibrin matrices, various fabrication and
modification techniques have been developed and
applied for preclinical and clinical scenarios
(Table 16.2). In particular, target tissues or
injured defect dimensions should be significant
considerations to manufacture fibrin products for
the appropriate medical or surgical treatments.
Commonly, fibrin gel has been widely considered
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as a sealant or a bioadhesive for hemostasis or
wound closure (Mehdizadeh and Yang 2013)
because the fibrin shows the minimal inflamma-
tion, foreign body reaction, or rapid degradation
(Schmidt and Leach 2003).

As target cell or favorable biologic delivery
systems, the injectable fibrin gel has been
investigated as a carrier: such as cardiomyoblast
delivery (Camci-Unal et al. 2014), bone marrow
cells (Tajdaran et al. 2015), or bioactive factors
(Bensaid et al. 2003; Breen et al. 2009a, b;
Tajdaran et al. 2015). Injectable fibrin has been
popularly investigated for bone tissue engineering
applications because it is not seriously considered
for any defect shapes or dimensions and simple
invasive implant procedure. To improve the
effectiveness and efficacy, it is required to mix
the fibrin and biological components like bioac-
tive molecules, cells (or stem cells), or other
biomaterials (Li et al. 2015). Moreover, fibrin
microbeads are recently studied to deliver a single
cell into 3-D engineered micro-environments
(or scaffolds) or directly into the injured defect
sites for cartilage, cardiac muscle, skin or others
(Spicer and Mikos 2010; Tajdaran et al. 2015;
Whelan et al. 2014; Yuan Ye et al. 2011). It can
be advantageous to more predictably control the
quantities of cells or biologics with high
efficacies. Fibrin-based micro-bead delivery
systems can also encapsulate various stem cells
to promote bone regeneration (Liu et al. 2017).

Although the fibrin has various advantages for
tissue regeneration like great cell-material
interactions, rapid biodegradability could be the
limitation to induce appropriate tissue formation
with sufficient time (Hubbell 2003; Mano et al.
2007). Therefore, the fibrin material has been
modified with chemical agents to control degrad-
ability or enhance crosslinking for improvements
of biological and mechanical properties (Park
et al. 2017; Tallawi et al. 2015). In particular,
various cell types can affect fibrin degradation
rate because different biologics can be produced
by biological interactions between cells and fibrin
matrices (Brown and Barker 2014). Recently,
Park et al. investigated that the cementoblast and
osteoblast generated significantly different
matrix metalloproteinases (MMPs) in in-vitro
and modified fibrins for slow biodegradation
critically contributed to promote
cementogenesis and insert/integrate fibrous con-
nective tissues within the mineralized tissues in
in-vivo (Park et al. 2017).

For the 3-D scaffolds with geometric or archi-
tectural specificities, 3-D additive manufacturing
or 3-D printing techniques have been currently
highlighted and rapidly developed for biomedical
applications (Gu et al. 2016; Lorber et al. 2014;
Pati et al. 2015; Rimann et al. 2015; Xu et al.
2006). Of various polymeric materials for 3-D
printing systems, the fibrin material is limitedly
utilized as the bioink which is the hydrogel

Table 16.2 Technical applications of fibrin for tissue regeneration

Target strategies Summary References

Injectable scaffold for
tissue regeneration:
Delivery system

Cell or biologic (drug) delivery systems for
tissue regeneration

Breen et al. (2009a, b), Lee and Mooney
(2001), Sacchi et al. (2014), Spicer and
Mikos (2010), Tajdaran et al. (2015),
Whelan et al. (2014), Yuan Ye et al. (2011)

Modified fibrin matrix
for tissue engineering

Chemical modification of fibrin materials to
improve mechanical properties and optimize
predictable cell/tissue responses

Breen et al. (2009a, b), Hall et al. (2004),
Hall and Hubbell (2004), Hall (2007), Lee
and Mooney (2001), Park et al. (2017)

3D printing technique 3D bioprinting strategy with the fibrin gel
material to manufacture customized
architectures for tissue engineering and
regenerative medicine

Gu et al. (2016), Lee et al. (2010), Lorber
et al. (2014), Pati et al. (2015), Rimann et al.
(2015), Xu et al. (2006)

Current clinical
application

FDA-approved, clinical applicable products:
Plasma-rich fibrin, fibrin sealant, or fibrin
glue

Albala and Lawson (2006), Andree et al.
(2008), Buchta et al. (2005), Janmey et al.
(2009), Molly et al. (2006), Saltz et al.
(1991); Santoro et al. (2007); Simonpieri
et al. (2012)
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material with biological components like cells or
biologics for soft tissue engineering (Gu et al.
2016). Xu et al. demonstrated that the 3-D print-
ing fabrication manufactured the fibrin constructs
for neural tissue-guiding scaffolds (Xu et al.
2006) and Lee et al. presented the modified fibrin
material with murine neural stem cells was used
for build the 3-D architectures for nerve tissue
formations (Lee et al. 2010).

16.4 Future Perspectives for Fibrin
Biomaterials in Tissue
Engineering and Regenerative
Medicine

Fibrin has showed the high potential in function-
ing as an injectable materials, property-controlled
materials with cell-material interactions, and 3-D
printed scaffolds for tissue engineering and regen-
erative medicine. However, there are still numer-
ous limitations like the poor mechanical
properties for skeletal tissue regeneration, poten-
tial disease transmission by unpredictable
biological affinities, or deformability of fibrin
hydrogels. Many efforts have been contributed
to improve the mechanical strength to extend
applications with wide spectra and investigate
synthetic biopolymeric material composite to
characterize as biological or bioactive materials
like polyglycolic acid and poly(lactic-co-
glycolic acid).
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Fabrication of Electrochemical-Based
Bioelectronic Device and Biosensor
Composed of Biomaterial-Nanomaterial
Hybrid

17

Mohsen Mohammadniaei, Chulhwan Park, Junhong Min,
Hiesang Sohn, and Taek Lee

17.1 Introduction

With the rapid advances in biotechnology (BT),
nanotechnology (NT) and information & commu-
nication technology (ICT), a new technology field
called bioelectronics emerged (Christof and Chad
2004; Itamar and Eugenii 2005; Noy 2011). Since
2000, the bioelectronics has led to the develop-
ment of biochips (Farzadfard and Lu 2014;
Michael 2007; Qiu et al. 2013), biosensors (Lee
et al. 2007; Sarkar et al. 2014), biomedical
devices (Deng et al. 2014) and bioelectronic
devices for computation (Nikitin et al. 2014).
Specifically, bioelectronic devices have been
investigated in several fields, such as electrical
engineering, nanobiotechnology, mechanical
engineering and chemistry (Offenhäusser and
Rinaldi 2009; Ren et al. 2017; Strukov and
Kohlstedt 2012). The bioelectronic computation
system can be at the center of these advances, as
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the elements that control information storage
(Choi et al. 2007), determination, process
(Benenson et al. 2004; de Silva and Uchiyama
2007), and logical behavior (Baron et al. 2006a;
Fujibayashi et al. 2008; Win and Smolke 2008)
provide appropriate functions to constitute the
integrated molecular circuit (IMC). The
advantages of bioelectronic devices include min-
iaturization, new functions, implantable devices
that will be able to replace silicon-based
(digitalized) systems in the future. Several groups
have proposed the biocomputation concept
(Adleman 1794; Ausländer et al. 2012; Rinaudo
et al. 2007; Weber et al. 2008; Yin et al. 2008).

Bioelectronic devices for computation are usu-
ally composed of biomolecules such as
metalloprotein (Chen et al. 2012; Lee et al.
2014b), enzyme (Katz and Privman 2010), DNA
(Okamoto et al. 2004) and RNA (Win and
Smolke 2008). These biomaterials have
intriguing properties in nature, and their original
properties have been mimicked in order to use
computation on to the chip. For the immobiliza-
tion of those biomolecules onto the inorganic
substrate, the self-assembly technique was suit-
able for this application (Lu and Suo 2002;
Schwartz 2001). Various groups have used
biomolecules to demonstrate the logic gate
(Baron et al. 2006b; Hild et al. 2010; Willner
and Katz 2000; Zhang et al. 2013; Zhou et al.
2009), information storage device (Min et al.
2010; Yagati et al. 2009a, b, 2010; Yoon et al.
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2014), transistor (Artés et al. 2012; Keren et al.
2003; Meng et al. 2011), computation device (Liu
et al. 2000; Xie et al. 2011). Usually, those
biomolecules were combined with nanomaterials
such as nanoparticle, grapheme and quantum dot
that provide the multi-functionality (Luo et al.
2018) (Fig. 17.1).

Willner Group suggested several enzyme-
based logic gates (Baron et al. 2006a; Itamar
and Eugenii 2005; Katz and Privman 2010).
They introduced a pair of enzymes, horseradish
peroxidase (HRP) and glucose dehydrogenase
(GDH), for gate performance. As an input mate-
rial, hydrogen peroxide (H2O2) and glucose were
used to show the AND, XOR Gate functions.
Recently, they proposed that the DNA computing
circuit comprised libraries of DNAzymes. The
system operated the parallel logic gate that
depends on input markers. This operation process
intends to regulate the anti-sense molecules and
aptamer, which inhibit the enzymes. They
provided a potential biochemical computer for
the therapeutic control of biomedical
applications. Furthermore, various enzyme-
based logic gates were established (Baron et al.
2006b; Willner and Katz 2000; Zhang et al. 2013;
Zhou et al. 2009). Also, Smolke group proposed
that the information processing devices consisted
of an RNA aptamer and RNA ribozyme (Win and
Smolke 2008). The information processor
received, processed and transmitted the input
materials to express the green fluorescent protein
as an output. In this study, the RNA aptamer and
ribozyme combination can be used as the
activating materials for a biomolecule-based

processor. Furthermore, some pioneering groups
suggested the RNA or DNA molecule-based
biocompuation systems for medical applications
or cell system analysis (Liu et al. 2000; Weber
et al. 2008; Xie et al. 2011). Huang’s group
demonstrated the protein-based transistor. For
transistor fabrication, Huang developed the
antibody-two gold nanoparticle complex
immobilized onto the molecular gap that
connected to the source and drain electrodes.
This protein-based transistor provides a versatile
platform for studying single molecule-based elec-
tronic devices. The fabricated bioelectronic
device has the following advantage (Fig. 17.2).

Biosensors are powerful analytical devices,
usually composed of biological sensing materials
(bioreceptors) and physiochemical transducers
(Fig. 17.3). These devices are employed to recog-
nize and detect the desired target molecules with
high specificity, selectivity and sensitivity either
at the trace amounts or in the complex
environments (Hunt and Armani 2010; Tamayo
et al. 2013). Amongst all the sensing devices,
electrochemical biosensors have received inten-
sive attention for the detection of clinical
biomarkers and analytes due to their fast
response, low fabrication cost, high sensitivity
and selectivity as well as simplicity and miniatur-
ization capability, which have made them consid-
erable candidates for the point-of-care diagnostics
(Liu et al. 2017; Thévenot et al. 2001).

Electrochemical method is fundamentally
based on the process of electron transfer between
the electrode surface and the electroactive
substances in solution (electrolyte). The electrode

Fig. 17.1 Schematic diagram shows biomaterials and nanomaterials combination allow their integration in nanobio
hybrid materials for bioelectronic devices
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surface could be composed of metal (such as
gold, platinum, etc.), conducting polymers, car-
bon or composite materials. The electroactive
materials which are meant to have redox
properties (oxidation/reduction) generally consist
of ions, organic/inorganic materials and enzymes
(Grieshaber et al. 2008; Pingarrón et al. 2008;
Ronkainen et al. 2010; Wang 2002). Electro-
chemical biosensors are normally set up in a
three-electrode electrochemical cell composed of
working electrode (Target substrate, where the
reaction of studied species occurs), counter elec-
trode (To detect the electrochemical current/sig-
nal) and standard electrode, possessing a stable
and fixed potential (Usually Ag/AgCl, due to its
construction simplicity) (Pumera et al. 2007). The
recorded electrochemical signal is directly pro-
portional to the concentration of the electroactive
species and is defined as the detection signal.
There are mainly two analytical techniques
applied for illustrating the experimental data;
current vs. potential (i–v) which is called

voltammetry, and current vs. time (i–t) that is
called chronoamperometry, in which, the work-
ing electrode is maintained at a constant potential
(Kimmel et al. 2012).

As the major sensing element of biosensors,
the biological sensing materials are substances
with well immobilization properties to be
attached strongly onto the electrode surface and
high selectivity features to specifically detect the
target analytes. They are mainly categorized in
two groups: (1) Proteins and (2) Nucleic acids.

17.2 Protein-Based Electrochemical
Bioelectronic Device

The protein-based biomolecular information stor-
age device was proposed to alter the current
silicon-based information storage device (Choi
et al. 2007). Consequently, there are several
types of biomemory devices proposed, for exam-
ple, the WORM-type biomemory device (Yagati

Fig. 17.2 Schematic diagram of main advantage of bioelectronics device

Fig. 17.3 Schematic diagram of working mechanism of biosensor
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et al. 2009b), multi-bit biomemory device (Yagati
et al. 2009a), multi-level biomemory device (Lee
et al. 2010), multi-functional biomemory chip
(Lee et al. 2011a), signal-enhanced biomemory
device (Yuan et al. 2013), and the bioprocessor
(Ko et al. 2011). Such devices could control and
modulate the electrochemical signal due to the
redox property of metalloprotein in order to
achieve the store and release the electron by
external potential. Usually, the bioelectronic
devices were classified with six categories
(Fig. 17.4). This article briefly introduced devise
ranging from the basic concept of a biomolecular
memory device to the various function
validations of multi-functional biomemory
devices and bioprocessors.

In previous time, they proposed the
bioelectronic device composed of metalloprotein.
The purpose of this electronic device was to
accomplish electronic functions of the informa-
tion storage. For this reason, Choi group
introduced the redox protein for making
biomemory device by self-assembly technique
and validating the electrochemical biomemory
functions (Choi et al. 2007). Recently, the
protein/DNA-based bioprocessor was
demonstrated to show the multi-functionality in
one defined devices corresponding to input
materials (Lee et al. 2014b). Here, we review
from the protein-based biomemory device,
protein/DNA-based bioprocessor, also briefly

survey DNA/RNA biologic gate and device
which could be one of alternative standard device
format in biocomputation system.

17.2.1 Protein-Based Information
Storage Device

In the early stage, the metalloprotein-based
biomemory device was proposed to overcome
the limitation of inorganic molecule-based infor-
mation storage device by Choi group (Choi et al.
2007). The metalloprotein contained the metal ion
in the protein molecule that can be enabled to
store the electron corresponding to input
potentials. To fabricate the biomemory device,
the immobilization and orientation of biomole-
cule technique should be required. To immobilize
the biomolecule onto the inorganic substrate, a
self-assembly (SA) method has been widely used
to immobilize biomolecules on the substrate
(Mitsumasa et al. 2010). The immobilization of
biomolecules on the substrate needs an additional
linker which anchors between the biomolecule
and the substrate. Chemical linkers like
(3-aminopropyl)triethoxysilane (APTES),
2-mercaptoacetic acid (2-MAA) 6-mercapto-
hexanoic acids (6-MHA) can be used to make
connections between the gold substrate and the
biomolecule (Chung et al. 2011; Robles-Águila
et al. 2014; Yoo et al. 2011). However, direct

Fig. 17.4 (a) Schematic representation shows the expected structure of electrochemical bioelectronic device. (b)
Classification of bioelectronics device constitution
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immobilization of biomolecules on the substrate
without chemical linkers is more effective for the
fabricating a well-ordered biomolecular mono-
layer than the use of chemical linkers. To achieve
direct immobilization, a cysteine-modified azurin
was introduced as an electron storage element to
fabricate a biomolecular memory device. On the
basis of this technique, pseudomonas aeruginosa
azurin was modified to possess cysteine residue
for direct immobilization on the gold surface by
covalent bonding. This recombinant azurin was
immobilized directly on the gold substrate, and its
orientation was investigated by atomic force
microscopy (AFM) and surface plasmon reso-
nance (SPR). Then, the redox property of azurin
was investigated by cyclic voltammetry (CV).

The basic mechanism of the proposed biomo-
lecular memory device is that electrons flow into
the recombinant azurin. A reduced copper ion in
azurin gives the ‘write’ state and outflowing of
electron from the recombinant azurin, and the
oxidized metal ion in azurin gives the ‘erase’
state. Like this process, based on metalloprotein,
electrons can flow in and out of the recombinant
azurin by applied voltage. The quantity of the
stored charge can be calculated as the memory
performance of the fabricated biomolecular mem-
ory device using chronoamperometry (CA). Also,
the recombinant azurin showed unique redox
potential peaks and memory functions. From
experimental results, this proposed biomemory
device indicates new conceptual approach to
bioelectronic application. Furthermore, the bio-
molecular memory devices have been developed
by several groups (Ko et al. 2011; Mitsumasa
et al. 2010; Yuan et al. 2013). Yu group suggested
the electrochemical based biomemory device
based on living bacteria Shewanella oneidensis
(Yuan et al. 2013). Furthermore, Cho group
investigated the electrical bistable property of
ferritin to develop a resistive memory device
application (Ko et al. 2011). Among those
biomolecules, metalloprotein was widely
investigated to use a biomemory source due to
its bistable redox properties (Choi et al. 2007).

The main advantage of biomemory is func-
tionality compared to inorganic molecule-based
memory device. Usually, the biomolecule can be

easily tailored and conjugated with other biomol-
ecule or nanoparticle that can provides the addi-
tional functionality such as signal-amplified
current or dual-level information storage. It is
hard to perform the inorganic molecule-based
memory device and silicon-based memory device
because of simple molecular structure. However,
the biomemory can be extended to the various
functionalities based on combination of biomole-
cule and nanoaprticle. The natural property of a
biomolecule can be modified and extended by
introduction of nanoparticles. Yang’s group con-
jugated the tobacco mosaic virus and quantum dot
nanoparticles, and electrical investigation of that
virus/nanoparticle conjugates for digital memory
application (Tseng et al. 2006). Moreover, the
functional benefits of a biomolecule are its origi-
nal redox property and recombinant technique for
feasible formation that can be applied to
bioelectronics devices.

The gold nanoparticle on the recombinant
azurin monolayer was developed an electrochem-
ical signal enhanced biomemory device (Lee et al.
2011b) (Fig. 17.5). In this study, they introduced
various gold nanoparticles to recombinant azurin
monolayer (5 nm ~ 60 nm) to optimize the gold
nanoparticle size which transfer the maximum
electron transfer. For this reason, the recombinant
azurin was immobilized directly on the gold sub-
strate by cysteine residue, and 1-Octadecanethiol
was used as a connecter between the recombinant
azurin and gold nanoparticle. From the electro-
chemical results acquired by CV, in a small parti-
cle range, the electrochemical signal of
recombinant azurin/gold nanoparticle decreased,
but in a large particle range, the electrochemical
signal only originated from a gold nanoparticle
without recombinant azurin. Therefore, 5 nm size
of gold nanoparticle was determined as the opti-
mal size. After that, biomemory device composed
of recombinant azurin and gold nanoparticle was
fabricated on the gold substrate. The confirmation
of recombinant azurin and gold nanoparticle
immobilization was verified by SPR and AFM.
Then, the electrochemical investigation of the
recombinant azurin/gold nanoparticle was carried
out to evaluate the electrochemical signal enhanc-
ing effect compared to a recombinant azurin
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monolayer without a gold nanoparticle by CV and
CA. The electrochemical signal of the recombi-
nant azurin/gold nanoparticle was five times
greater than the recombinant azurin monolayer.
Also, the stored charge amount of the recombi-
nant azurin/gold nanoparticle, measured as mem-
ory performance, was 4.503 μC, and 1.14 μC in
the case of the recombinant azurin monolayer.
This signal enhanced biomemory device
suggested the possibility of bioelectronic devel-
opment at a single molecular level with subjuga-
tion of a signal detecting limitation. As seen in
this research, biomolecules have a huge potential
with limitless functional expansion through the
combination of various materials (Jensen et al.
2009).

In the conventional field of electronics,
researchers have tried to improve memory density
and circuit-integration efficiency to develop an
advanced computing system. However, as the
approach applies a scale of a less than 50 nm for
fabricating semiconductor-based chip, economic
and technical limitations have been identified. In
terms of the field of bioelectronics, a Moreover,
the biomemory can be developed to increase the
memory density in the defined area. Biomolecular
based electronic system might be an alternative
option to overcoming this limitation. This combi-
nation can be used to realize a biomolecular mem-
ory device with improved memory density.

The multi-level biomolecular memory device
composed of recombinant azurin and cytochrome

c to increase memory density with multiple redox
states (Lee et al. 2013) (Fig. 17.6). The
heterolayer composed of recombinant azurin and
cytochrome c was fabricated through self-
assembled layer-by-layer formation on the gold
substrate. First, recombinant azurin was
immobilized directly on the gold substrate, and
then cytochrome c was immobilized on the
recombinant azurin layer through electrostatic
interaction. At pH 7.0, the isoelectric point of
recombinant azurin was 6.03 and that of cyto-
chrome c was 9.59, so recombinant azurin had a
negatively-charged surface and cytochrome c had
a positively-charged surface. Confirmation of the
heterolayer formation was operated by SPR and
AFM. After biochip fabrication, the electrochem-
ical properties of the heterolayer were
investigated. Using CV, the heterolayer showed
that both redox peaks of recombinant azurin and
cytochrome c had an obvious shape. The oxida-
tion potential peak and reduction potential peak
of recombinant azurin and cytochrome c were
0.062 V, 0.131 V and 0.131 V, 0.294 V, respec-
tively. These redox values coincided with copper
ion in recombinant azurin and iron ion in cyto-
chrome c. Two different metal ions in recombi-
nant azurin and cytochrome c played key roles as
storage for controlling the various data in defined
memory sector. Those acquired redox potential
values were used as oxidation potential for the
‘write’ and reduction potential for ‘erase’, and
open circuit potential was applied as the ‘read’

Fig. 17.5 (a) Scheme of the proposed signal-enhanced
biomemory device composed of recombinant azurin and
gold nanoparticle. (b) Cyclic voltamogram of recombinant
azurin (green plot), recombinant azurin/gold nano particle

(red plot). (Figures adapted from Lee et al. (2011b), with
permission from # WILEY-VCH Verlag GmbH &
Co. KGaA 2011)
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step. Accordingly, the multi-level memory func-
tion was evaluated by open circuit potential
amperometry (OCPA). From OCPA results, the
fabricated heterolayer showed exceptional multi-
level memory performance by applied potentials.
This biomolecular memory device offered the
potential of a biomolecular based memory device
with high memory density. Recently, they pro-
posed a new method to fabricate a multi-level
biomolecular memory device (Lee et al. 2014c).
As seen in this section, the combination of

metalloproteins and nanoparticles can be applied
to develop the functional biomemory devices.

17.2.2 Enzyme-Based Logic Gate

As seen in the part of the front section,
biomolecules have been widely used for
bioelectronic devices including information stor-
age device. Furthermore, those materials also
have been introduced to develop the biologic
gate. In conventional electronic field, logic gates

Fig. 17.6 A schmatic diagram reprents (a) The electron
transfer mechanism of a cytochrome c/recombinant azurin
heterolayer on Au surface. (b) Cyclic voltammogram of
cytochrome c/recombinant azurin heterolayers. (c). Multi-

level biomemory performance by OCPA. (Figures adapted
from Lee et al. (2010), with permission from # WILEY-
VCH Verlag GmbH & Co. KGaA 2010)
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have been developed to acts as performing com-
ponent in electronic device for logical operation
such as Boolean function using field-effect tran-
sistor (FET), metal–oxide–semiconductor field-
effect transistor (MOSFET) (Lee et al. 2015;
Tomohiro et al. 2004).

However, with the miniaturization of elec-
tronic devices, scale down of logic gate has been
researched in electronic researching areas. Thus,
molecular-based logic gate or nanomaterial-based
logic gate was developed to demonstrate logic
function at molecular level (de Ruiter and van
der Boom 2011; de Silva and Uchiyama 2007;
Huang et al. 2001). Biomolecules also had been
researched as a candidate to apply logic gate with
miniaturization (Bychkova et al. 2010). However,
in recent years, biomolecules have been
recognized as a logic component because of the
new advantages compared to conventional logic
devices. The first advantage is that biomolecules
can offer the possibility of homogeneous system
fabrication to develop the uniform three-
dimensional logic system compared to
two-dimensional solid-state device which is
widely used (Gdor et al. 2013). Thus,
biomolecules-based system can provide the inte-
gration of complex reacting process for the devel-
opment of high-order logic gate (Katz 2015). The
second is that biomolecules-based logic gate can
be operated by various input signals and output
signals including light energy instead of elec-
tronic input signal (Prokup et al. 2012). Thus,
biomolecules-based logic gate may not be bound
to the electronic system for logic operation.

Among various biomolecules, enzyme and
DNA have been widely used for biologic gate
development. The advantage of enzyme used for
logic gate is that various input signals can be used
according to the used enzymes and chain reaction
by related enzymes can be used for logic function.
Thus, the complex logic systems have been
demonstrated by enzyme (Baron et al. 2006a).
In case of DNA, DNA can be used to build the
complicated geometric structures by specific
binding and conformational changes of DNA
which is able to develop logic gate only using
DNA itself (Okamoto et al. 2004; Seelig et al.
2006). In addition to these biomolecules, bacteria

also have been investigated for logic gate fabrica-
tion (Arugula et al. 2012).

Enzyme has been used in bioelectronics field
due to its unique properties like structure-folding
and specific interaction with the substrate. Based
on the property of enzyme, different output
materials and signals can be induced by different
input substrate injected into the enzyme. Thus,
various combination of enzyme and the substrate
have been used to develop logic gates like
“AND” or “NAND” logic gate (Zhou et al.
2009). Katz group has been developed various
functional enzyme-based logic gates. They devel-
oped the Boolean logic gate using enzymes
including glucose oxidase, glucose dehydroge-
nase as input signals for logic operation (Strack
et al. 2008b).

They developed the concatenated enzyme-
based logic gate by highly specific recognition
chain reactions using invertase, glucose oxidase
and microperoxidase-11. Figure 17.7 shows the
schematic mechanism of this logic gate. Sucrose,
glucose and hydrogen peroxide were used as
input materials. These input signals were consid-
ered “1” when they were existed and “0” when
they were absent. To measure the output signal of
this logic gate, the absorbance change of ABTS,
biocatalytically oxidized dye, was used with
defined threshold value (O.D ¼ 0.3). Thus, the
output signal with overthreshold was defined as
“1”, otherwise “0”. According to the associated
chain reaction of this logic system, only when all
three inputs were injected, the output signal
overpassed the defined threshold value. So, only
(h), defined as “1,1,1”, showed the “1” as the
output signal (Strack et al. 2008a). This logic
system, where individual reactions were
interrelating and input materials were compatible,
could be used as an alternative solution for assem-
bling complex logic process which is difficult to
demonstrate with synthesized chemical molecules
due to limitation of synthetic complexity and
scale up.

In addition to the logic gate based on interac-
tion of enzyme and input substrate, there exists
the other type of logic gate using induced folding
and unfolding of polypeptide chain in protein
(Deonarine et al. 2003; Muramatsu et al. 2006).
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Looking in detail, structure of genetically and
chemically engineered chaperonin azo-GroEL
was changed by ATP and light. According to
light as input signal, photomechanical gate of
GroEL was induced to trans-to-cis isomerization
and cis-to-trans isomerization by UV and visible
lights, respectively. Also, its geometrical struc-
ture was changed by ATP. Using these two
inputs, “AND” logic gate was developed.

Besides these logic gates, enzyme-based logic
gates using interfacial pH change (Pita et al.
2009a), enzyme-functionalized nanoparticles
(Pita et al. 2008) and supramolecular enzyme-
hydrogel hybrids (Ikeda et al. 2014) were devel-
oped. These enzyme-based logic gates offer a
huge potential for application in wide areas
including clinical field for drug delivery and
physiological conditioning assessment (Mailloux
et al. 2014; Pita et al. 2009b; Radhakrishnan et al.
2013).

17.2.3 Protein-DNA-Based
Bioprocessor

The conventional information processor is a pro-
grammable device that performs the various
functions according to input data, then, the proper
output produced-based on defined functions. The
biomolecule can be applied to construct the
bioprocessing device. The protein-DNA hybrid
molecule-based information-processing device

was developed for mimicking the information
process in cellular signal (Lee et al. 2014b). The
proposed bioprocessing device performed three
functions: ‘information regulation’, ‘information
reinforcement’, and ‘information amplification’.
The information process system is based on the
biomemory platform consisting of
metalloprotein/DNA hybrids, and could be
regulated by surrounding commands (metal
ions, conducting nanoparticles and semiconduct-
ing nanoparticles) (Fig. 17.8). The core material
(redox material) in the biomemory platform was
re-engineered from a simple metalloprotein into
protein/DNA hybrids to receive the surrounding’s
commands and to store the information based on
input.

The azurin was rolled as the memory core and
the ssDNA can be used as the processing recep-
tor. When cDNA-nanoparticle or various metal
ions are hybridized, the ssDNA can be hybridized
or intercalated with metal ions for bioprocessing
functions. The information reinforcement and
information regulation functions were validated
based on input materials by the chronoam-
perometry (CA) method. The ssDNA arm has a
charged backbone that can bind to various heavy
metal ions, such as Cu, Zn, Ni, Co, Fe, Mn.

To assess the information amplification func-
tion, a scanning tunneling spectroscopy experi-
ment was carried out on the recombinant azurin/
DNA hybrid when cDNA-quantum dot (QD:
CdSe-ZnS) added to bioprocessor. In the case of

Fig. 17.7 Schematic mechanism of the developed concatenated enzyme-based logic gate by highly specific recognition
chain reactions using invertase, glucose oxidase and microperoxidase-11
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the recombinant azurin/DNA hybrid, the I-V
result shows the semiconductor behavior, as
after 0.2 V of the applied bias, the recombinant
azurin/DNA hybrid shows a non-ohmic behavior.
However, in the case of the recombinant azurin/
DNA-cDNA/QD complex, the result shows that
the bi-electrical stability ranges from �2.0 to
+2.0 V. In this case, the recombinant azurin/
DNA hybrid-biotin-tagged cDNA/streptavidin-
coated QD conjugate is initially in a low
conducting state until it reaches about 0.8 V.
After 0.8 V, the I-V curve drastically changed
which indicates a transition of the recombinant
azurin/DNA hybrid /biotin-tagged cDNA/
streptavidin-coated QD complex conjugate from
a low conducting state to a high conducting state.
This state change can be defined as ‘information
amplification’. Thus, the protein/DNA-based
bioprocessor has complex functionality with the
suggested concept and this functionality can be
extended with new input materials such as

graphene, nanoparticles, proteins and RNA. This
concept provides the possibility for biomolecular-
based computing systems; analog style
memorizing, fuzzy type determining, and the
environment are affected.

17.3 Nucleic Acid-Based
Bioelectronic Device

Nucleic acid has been received attention due to its
functionality and programmability. By specific
recognition and hybridization with complemen-
tary nucleic acid sequence, Especially, DNA has
become an attractive biomolecule for
bioelectronics application including biosensor
and biologic gate (Campolongo et al. 2011).
Widely studied DNA logic gate is based on the
specific-sequence recognizing and binding prop-
erty of DNA itself. For example, in DNA
hybridizing mechanism, longer-specific

Fig. 17.8 Schematic diagram of bioprocessing device comprised with recombinant protein/DNA hybrid corresponding
to input materials. That shows the proper pre-defined functions
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complementary DNA can disrupt the hybridized
DNAs formed with shorter-specific complemen-
tary DNA. Then, longer-specific complementary
DNA replaces the shorter-specific sequence and
shorter-specific complementary DNA is
de-hybridized from interaction. This mechanism
is fit to develop logic gate like DNA
displacement-based logic gate (Frezza et al.
2007). In the field of DNA logic gate, Willner
group and Winfree group have developed various
logic gates based on functionality of DNA (Liu
et al. 2012b; Seelig et al. 2006).

17.3.1 DNA-Based Logic Gate

Willner group designed and developed the
aptamer-based DNA tweezer structure for “SET-
RESET” logic demonstration (Elbaz et al. 2009a)
(Fig. 17.9). This DNA tweezer, composed of four
different nucleic acids, could be trans-shaped its
structure, opened shape or closed shape, by inser-
tion of specific materials such as adenosine
monophosphate (AMP), adenosine deaminase
(AD) and inosine monophosphate. This DNA
tweezer possessed fluorescence dye (Cy5) and
quencher (Iowa black RQ) located on tweezer
frame nucleic acid. Thus, in the case of closed

shape, fluorescence intensity was quenched, but
in the case of opened shape, high fluorescence
intensity was detected. By this mechanism,
shape-change of DNA tweezer was verified
through fluorescence intensity. Two different but
related DNA tweezers which were called “Twee-
zer A” and “Tweezer B” respectively, possessing
two different dyes and quenchers each other, were
used to develop “SET-RESET’ logic gate in this
paper, and these tweezers were trans-shaped in
contrast to each other. By addition of AD, the
system composed of two different DNA tweezers
could become “state1” as defined “RESET”, and
the system could become “state2” by addition of
AMP as “SET”. Each state was confirmed by
fluorescence intensity. Figure 17.9a, b show the
schematic image and process of this logic system
and “SET-RESET” logic data with exist of two
different states.

In addition to this research, G-quadruplexes,
one type of DNA sequence composed of stacks of
guanine tetrads by Hoogsteen hydrogen bonding,
have been wide used for DNA logic gate due to
the easy modulation of DNA structure under
benign conditions (He et al. 2013; Wang et al.
2012). For example, G-quadruplex-hemin com-
plex was formed by the insertion of potassium ion
and hemin into G-quadruplex, then specific

Fig. 17.9 (a) Scheme of coherent activating logic gate of two tweezers using adenosine monophosphate and adenosine
deaminase as input materials. (b) Schematic diagram of the SET-RESET system
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structure was formed and hemin used as electro-
chemical probe was inserted inside that structure.
That change could be detected by electrochemical
technique. Using this mechanism, “AND” logic
was demonstrated. Both potassium and hemin
were added to G-quadruplex, then the output sig-
nal was passed over the defined threshold value,
1, however, addition of only one of them to
G-quadruplex showed the under-threshold value,
0. Also, the output signal was under-threshold
value without potassium ion and hemin (Wang
et al. 2012).

In addition to these achievements, pH,
nanoparticles have also used to fabricate DNA
logic gates similar to enzyme-based logic gates
(Elbaz et al. 2009b, 2012; Freeman et al. 2009).
Also, there exists logic gate using mismatching of
hybridized DNA, insertion of mercury ion in
thymine–thymine (T–T) mismatch in hybridized
DNA and insertion of iron ion in cytosine–cyto-
sine (C–C) mismatch in DNA duplexes, for elec-
trochemical logic outputs (Li et al. 2011).

These developed DNA logic gates can be
applied for DNA computing development.
Winfree group developed the digital circuit com-
putation with multilayer circuits by DNA dis-
placement cascades within all logical operation
(Qian and Winfree 2011). Furthermore, using
DNA displacement cascades, they developed the
DNA computing system mimicking neural net-
work computation which even showed the prop-
erty of Hopfield networks associative memory
(Qian et al. 2011). As seen in this chapter,
biomolecules, especially enzyme and DNA,
have been widely investigated for the develop-
ment of logic gate. There is also the case of
programmable DNA-enzyme conjugates fabrica-
tion for logic gate (Gianneschi and Ghadiri 2007).
These biomolecular logic gates give a chance to
develop the effective complex computing
functions demonstration for biocomputer system
development (Ogihara and Ray 2000), also enrich
the life of mankind due to the expanded applica-
tion of biomolecules in clinical field (Mailloux
et al. 2014; Pita et al. 2009b; Radhakrishnan et al.
2013).

17.3.2 RNA-Based Biologic Gate

The RNA molecule is a powerful source for
constructing molecular logic gate owing to its
intriguing characteristics. Compared to DNA
molecule, RNA has various functionality and
applications (Haque et al. 2012; Jaeger and
Chworos 2006). Those functionalities of RNA
molecules were originated from the proper fold-
ing and assembly of RNA molecule tertiary
structures using the formation of hairpin loops,
dove-tail, bulges, and internal loops. Those ter-
tiary structures of RNA give a unique functional-
ity such as aptamers, ribozymes, and riboswitches
(Grabow and Jaeger 2014). These functional
RNA molecules can be easily designed to consti-
tute the logic gate core for performing specific
function such as gene expression, diagnosis, or
cell signaling (Benenson et al. 2004; Rinaudo
et al. 2007). The RNA-based logic gate is usually
activated through the RNA hybridization or dis-
placement that gives conformational change or
ligand binding according to input molecule
(Benenson 2009; Xie et al. 2010).

Benenson group reported the RNAi-based
logic evaluator to perform Boolean logic
behavior-based on to input molecules (Rinaudo
et al. 2007). The constituted biological circuit was
composed of a couple of mRNA species to pro-
duce the fluorescent protein in human kidney cell.
Those mRNA species were constituted with the
different non-coding region to perform the logic
behavior. Then, the specific designed DNA
contained plasmid was applied to control the
gate function in the cell through transfection.
The siRNA was used to regulate the mRNA deg-
radation as the gate input. Then, the mRNA pro-
duced the fluorescence protein corresponding to
input signal and this expression of fluorescence
protein level was used to the output signal.

Recently, the field-effect transistor structure-
based genetic RNA logic gate was suggested
(Bonnet et al. 2012, 2013). The bacteriophage
serine integrase was used to regulate the state of
double stranded DNA. Interestingly, this study
defined the input and output signals are the
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transcription rates of the flow of RNA polymerase
according to DNA at the logic element
boundaries (Fig. 17.10). The integrase-serine
control invert or delete the DNA encoding tran-
scription, thus terminating or promoting the tran-
scription rates. With this mechanism, the AND,
OR, XOR, NOR and XNOR gates have been
fabricated with one/two asymmetric transcriptor.
Those results demonstrated RNA molecule can
be extended to construct new concept of logic
gate which is hard to achieve in molecular
logic gate.

17.3.3 RNA-Based Bioprocessor

The RNA has a unique functionality such as
catalytic property, recognition, self-folding, self-
splicing and etc. (Grabow and Jaeger 2014;
Haque et al. 2012; Jaeger and Chworos 2006).
Those properties of RNA molecule can be
extended to use of bioprocessor unit (Benenson
2009; Win and Smolke 2008). Usually, the
bioprocessor composed of RNA molecule can
be received the chemicals or RNA sequences
and it process the information. The RNA mole-
cule can be used to the molecular information
processor operating in living systems with a
biological environment (Rinaudo et al. 2007;
Win and Smolke 2008), RNA-based

biocomputation system would be powerful alter-
native to solve the current limitation of silicon-
based computation, for example, (1) RNA
molecule-based computation can be directly
used to diagnostic system such as cancer or hered-
itary disease. (2) The combination of
RNA-molecule can be used to detect
RNA-related virus sensing system (3) it may pro-
vide new type of computation that gives the
analogue-based result corresponding to RNA
input material. (4) the silicon-based computation
system is hard to operate in a living organism
(Xie et al. 2010).

The synthetic RNA-based information
processing devices was fabricated to perform the
logic gates, signal filtering, and cooperativity
functions (Win and Smolke 2008). The
RNA-based bioprocessor that constituted with
ribozymes and RNA aptamers was received the
molecular input. Then, the processed input was
transmitted to control the expression of the green
fluorescent protein as output. The RNA aptamer
that rolled as the sensor part was composed of a
hammerhead ribozyme for cleaving of the
aptamer. Also, the information transmitter part
has the complementary RNA sequences for bind-
ing to RNA aptamer and ribozymes parts. Like
this, RNA molecule can be used to bioprocessor
module to perform the multi-functional informa-
tion processor development (Fig. 17.11).

Fig. 17.10 (a) Three-terminal transcriptor based gates
use integrase (Int) control signals to modulate
RNApolymerase (RNA Pol) flow between a separate

gate input and output. (b) The logic element within a
three-terminal Boolean integrase XOR gate such that
gate output is high only if control signals are different
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The interesting concept of RNA-based autono-
mous bioinformation processor was reported to
program a biomolecular computing device to work
inside a living cell (Ausländer et al. 2012). In this
study, the autonomous biomolecular information
processor was fabricated to control the disease-
related gene expression for small-cell lung cancer
and prostate cancer detection system. To operate the
autonomous bioinformation processor, the regula-
tion of specific mRNA level and chemicals level
should be required to control the point mutation as
the input material. Then, the bioprocessor gives a
short ssDNA which control the gene expression
level for anticancer effect as the output. The autom-
aton bioprocessor regulates ‘positive state’ and
‘negative state’ corresponding to specific gene
expression level. They demonstrated RNA-based
computation system can be directly applied to the
gene expression control system for future diagnostic
detection. Like this, the advances in RNA-based
information processing system demonstrate the
promise for biocomputation with new functionality.

17.3.4 RNA-Based Biomemory

In recent years, Choi’s group reported the RNA
and semiconductor nanoparticle hybrid can be
used to the resistive memory device application
(Lee et al. 2015). To construct the resistive mem-
ory device, the thermodynamically stable pRNA
3WJ from the phi29 DNA packaging motor was
used and conjugated with quantum dot nanoparti-
cle (CdSe-ZnS). The pRNA 3WJ was easily con-
jugated with the quantum dot using Sephadex
G100 resin-recognized RNA aptamer-based site-
specific conjugation method. The prepared pRNA
3WJ/QD hybrid was immobilized onto Au sub-
strate by self-assembly technique. The pRNA
3WJ was rolled as the connector between QD
nanoparticles and Au substrate for the resistive
memory performance. Furthermore, the pRNA
3WJ rolled as the insulator between the QD and
Au substrate. As a semiconductor, the QD was
rolled to storing the electron for memory func-
tion. And, the metal Au substrate was rolled to

Fig. 17.11 Functional RNA device composition frame-
work. The color scheme for all figures is as follows:
brown, aptamer or sensor component; purple, catalytic
core of the ribozyme or actuator component; blue, loop
regions of the actuator component; green and red, strands
within the transmitter component that participate in the
competitive hybridization event. A functional composition

framework for assembling RNA devices from modular
components. Information in the form of a molecular
input is received by the sensor and transmitted by the
transmitter to a regulated activity of the actuator, which
in turn controls the translation of a target transcript as an
output
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m. The electrical bi-stability property (I-V curve)
of pRNA 3WJ/QD hybrid was confirmed by
scanning tunneling spectroscopy (STS). As a
result, the pRNA 3WJ/QD hybrid exhibited the
resistive memory property. The proposed resis-
tive memory device using a combination of RNA
and nanoparticles can be applied to
bioinformation storage device.

17.4 Protein-Based Electrochemical
Biosensor

Protein-based electrochemical biosensors (ECBs)
can be divided into two classes of enzyme-based
and antibody-based biosensors (Vestergaard et al.
2007). However, in comparison with
immunosensors, enzymatic biosensors have
been most regularly used in disease diagnosis
and point-of-care applications. They are
biological catalysts and can be exploited in the
purified forms and be engineered for the particu-
lar reactions. Whereas, antibodies (used for
immunosensors) are non-catalytic biological
elements which are well capable to specifically
bind with their corresponding antigens. Although,
they have a very high specificity, their
applications are limited and their handling needs
a considerable experimental proficiency (Li et al.
2009; Ramanavičius et al. 2006; Rocchitta et al.
2016).

Enzymes are large macromolecules, mostly
proteins, which usually harbor prosthetic groups
(one or more metal ions). These metal ions enable
the enzymes to undergo oxidation and reduction
upon the reaction with their corresponding
analytes. This redox action which is
corresponding to the presence of the analyte, can
be detected electrochemically as the function of
enzymatic ECBs. The basic mechanism for
enzyme catalysis is as follows:

Sþ EÐk1
k�1

ES!k2 E þ P ð17:1Þ

Where, S is substrate, E is enzyme, ES is enzyme/
substrate complex, and P is product.

The enzymatic ECBs are highly selective and
fast with high sensitivity due to their catalytic
activities and they can be effectively immobilized
onto the substrate (transducer) due to their 3D
structure. However, they are relatively expensive
and still suffering from the loss of activity after a
prolonged usage, due to the deactivation and/or
substrate detachment (Rocchitta et al. 2016).

Basically, analytes can be directly oxidized/
reduced at ordinary solid electrodes. However,
employment of conventional electrodes have
been restricted because of their slow electron
transfer kinetics and high overpotentials, which
reduce the sensing performance of the biosensors
(Pumera et al. 2007). It has been reported that,
incorporation of enzymes with nanostructured
solid electrodes can enhance the electron-transfer
rate between the modified electrode and the solu-
tion interface (Wang 2005). Moreover, the size
and structure of enzymes can be engineered for
the further amplification of sensing performances
(Dolatabadi et al. 2011; Malekzad et al. 2017). On
the other hand, enzyme immobilization onto the
electrode surface is a very important issue to be
studied. The successful immobilization normally
requires; (i) enzyme stability and specific affinity
towards the surface, (ii) surfaces uniformity, (iii)
maintenance of the natural enzymes’ biological
functions, and (iv) controlling the enzyme orien-
tation for the achievement of maximum surface
density (Zhang et al. 2009).

There are usually two methods of immobiliza-
tion: (1) Indirect immobilization; (2) Direct
immobilization. The indirect immobilization
technique is based on the modification of the
electrode surface with suitable linkers for the
establishment of functional groups to be further
used for the enzyme binding reaction. Whereas,
the direct immobilization method does not require
extra chemical linkers and involves either physi-
cal adsorption or specific interaction between the
enzyme and the electrode, such as immobilization
by means of Au-thiol (sulfhydryl) interaction
(Rao et al. 1798; Singh et al. 2016; Wong et al.
2009). Although, the enzyme-based ECBs have
been utilized for the detection of various toxins
and analytes, such as glucose (Wang 2008), urea
(Chen et al. 2011; Cho and Huang 1798), nitric
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oxide (Nagase et al. 1797; Yoon et al. 2017b) and
hydrogen peroxide, here we demonstrate some
examples of enzyme-based ECBs for the detec-
tion of hydrogen peroxide (H2O2).

17.4.1 Protein-Based Electrochemical
Biosensor for H2O2 Detection

Hydrogen peroxide (H2O2) is an important bio-
marker of the major reactive oxygen species
(ROS) whose mediated pathways have been
related to various bodily disorders such as neuro-
degenerative diseases, Alzheimer, asthma, cancer
and inflammatory arthritis (Andre et al. 2013;
Giorgio et al. 2007; Rojkind et al. 2002;
Schalkwijk et al. 1786). Therefore, detection of
low concentration of H2O2 in a rapid and selec-
tive fashion is highly demanding. Up until now,
many enzymes (redox-active proteins) have been
exploited to develop various H2O2 ECBs, such as
cytochrome c (cyt c), Myoglobin (Mb), Hemo-
globin (Hb), Ferredoxin (Fdx) and Horseradish
Peroxidase (HRP). Their corresponding
electrocatalytic reactions towards H2O2 is shown
as follows:

Mb Fe3þ
� �þ e� ! Mb Fe2þ

� �

2 Mb Fe2þ
� �þ H2O2 ! 2 Mb Fe3þ

� �þ 2H2O

ð17:2Þ
cyt c Fe3þ

� �þ e� ! cyt c Fe2þ
� �

2 cyt c Fe2þ
� �þ 2Hþ þ H2O2 ! 2 cyt c Fe3þ

� �þ 2H2O

ð17:3Þ
Hb Fe3þ

� �þ H2O2 ! Compound I Fe4þ ¼ O
� �þ H2O

Compound I Fe4þ ¼ O
� �þ e� þ Hþ ! Compound II

Compound IIþ e� þ Hþ ! Hb Fe3þ
� �þ H2O

ð17:4Þ

Fdx 2Fe� 2Sð Þ2þ þ e� ! Fdx 2Fe� 2Sð Þþ
Fdx 2Fe� 2Sð Þþ þ H2O2 ! Fdx 2Fe� 2Sð Þ2þ þ 2OH�

ð17:5Þ
HRP Fe3þ

� �þ H2O2 ! Compound I Fe4þ ¼ O
� �þ H2O

Compound I Fe4þ ¼ O
� �þ e� þ Hþ ! Compound II

Compound IIþ e� þ Hþ ! HRP Fe3þ
� �þ H2O

ð17:6Þ

A typical experimental setup for the electro-
chemical detection of H2O2 is shown in
Fig. 17.12. Basically, amperometric technique
(i�t) is employed, from which, the applied volt-
age is kept constant at the value where all the
species are in the reduced states. Then, an identi-
cal aliquot of H2O2 with various concentrations is
injected inside the N2-saturated buffer solution
with the constant time intervals, while the solu-
tion is continuously stirring. The current versus
time is recorded for further analysis.

The Mb, cyt c, Hb, Fdx and HRP as the class
of metalloproteins are hemeproteins containing
iron cation(s). Due to the redox capability of
hemeproteins, these metalloproteins have been
widely incorporated for enzyme-based
biosensors, particularly H2O2 biosensors. How-
ever, as we mentioned earlier, to increase the
electron transfer rate of the solid electrodes, the
modification of electrode prior to the enzyme
immobilization is necessary.

Gold nanoparticle-modified iridium tin oxide
(Au NP/ITO) has been reported to enhance the
electrochemical properties of the cyt c (Yagati
et al. 2012). It was observed that, the Au NP
provided not only conduction enhancement but
also a very high surface to volume ratio for the
effective and dense immobilization of cyt c. This
led to a clear quasi-reversible redox current
signals resulting from the Fe3+/2+ redox center,
which showed a good electron exchange between
the protein and solid electrode. Later, Cho’s
group developed new electrode by coupling
gold nanoparticles with graphene oxide as the
precursor for the immobilization of HRP to be
further used for the sensitive detection of H2O2

(Yagati et al. 2014). The electrode was fabricated
using chronoamperometry method based on elec-
trochemical co-reduction of graphene oxide/
nanoparticle (ERGO-NP) composite films onto
ITO electrode. The ERGO-NP/ITO electrodes
demonstrated a very high conductivity
(ca. 5 times higher than the unmodified
electrodes) which was attributed to well-
distribution of immobilized enzyme onto the sur-
face as well as the high surface area and highly
conductivity of the substrate. The sensor showed
excellent sensitivity of 1808.9 μA mM�1 cm�2
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and selectivity with a linear dynamic detection
range and the detection limit of 0.6 μM.

Another report dealt with the Mb immobiliza-
tion onto porous cerium dioxide (CeO2) which
was priory electrodeposited onto the ITO glass
(Yagati et al. 2013). The developed CeO2/ITO
film offered a nanoporous structure with a large
surface area for the direct immobilization of Mb
without any chemical linker to hamper the elec-
tron transfer between the interfaces. The biosen-
sor represented a good selectivity and a sound
current response of 10 s. Recently, a very sensi-
tive enzyme-based H2O2 ECB was reported
which was based on the MoS2 nanoparticle
encapsulated with graphene oxide (Fig. 17.13)
(Yoon et al. 2017a). Owing to the unique electro-
chemical properties of topological insulator
(MoS2) nanoparticle as well as the graphene
oxide, the proposed biosensor exhibited high
electrochemical signal which gave rise to the
sensitive detection of H2O2 at 20 nm. A compre-
hensive report of different enzyme-based H2O2

ECBs is provided in Table 17.1.

17.4.2 Protein/DNA-Based
Electrochemical Biosensor
for H2O2 Detection

The study of interaction between protein and
DNA has become a very interesting topic in vari-
ety fields of biology, chemistry and biotechnol-
ogy (Gromiha and Nagarajan 2013). The study on
charge transfer between the redox proteins or
enzymes and nucleic acids has attracted much
attention, since it can provide deeper
understandings of the electron transfer mecha-
nism in real biological systems and establish a
stepping stone for the fabricating of novel
biosensors and biodevices (Gorton et al. 1799;
Nowak et al. 2011). Here we review some
examples of Protein/DNA-based ECBs for the
detection of H2O2 and oligonucleotides.

There are mainly two methods for the
DNA/protein conjugation: electrostatic bonding
and covenant bonding. Taking the advantage of
electrostatic bonding, ECBs composed of DNA
and hemoglobin (Hb) dropletting onto the gold
electrode to detect H2O2. The DNA helped the Hb
to keep its native structure and to less aggregate
giving rise to its reducibility enhancement (Kafi
et al. 2006). Another approach was based on
HRP/DNA–silver nanohybrids and poly

Fig. 17.12 Schematic diagram of the enzyme-based ECB experimental setup. WE, RE and CE stand for working,
reference and counter electrode, respectively
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Fig. 17.13 Schematic depicting the synthesis route of the biosensor (Upper panel) and constitution of biosensor towards
EC signal enhancement and H2O2 detection improvement. (Figure reproduced with permission from Yoon et al. 2017a)

Table 17.1 List of protein-based electrochemical biosensor for H2O2 detection

Protein Modified Electrode LOD (μM) Dynamic Range (μM) References

Cyt c Au NP/ITO 0.5 – Yagati et al. (2012)
MPCE 0.146 0.02–24 Zhang (2008)
GNPs/RTIL/MWNTs/GCE 3.0 0.05–11.5 Xiang et al. (2008)
RTIL-PDDA-AuNPs/MUA-MCH/au 5.0 0.04–3.45 Song et al. (2013)
MPA/au 1.0 0–0.25 Suárez et al. (2013)

Mb GO@MoS2 0.02 – Yoon et al. (2017a)
CeO2/ITO 0.6 3.0–3000 Yagati et al. (2013)
Nafion/IL/GCE 0.14 1.0–180 Safavi and Farjami (2010)
GNRs@SiO2/RTIL-sol-gel/GCE 0.12 0.2–180 Zhu et al. (2009)
Clay-IL/GCE 0.73 3.9–259 Dai et al. (2009)

Hb GNPs/MWNT/GC 0.08 0.21–3000 Jia et al. (2009)
Graphene/Fe3O4/GCE 6.0 0.25–1.7 Wang et al. (2013)
ZnO/MWCNT/GCE 0.02 – Palanisamy et al. (2012)
SDS/TiO2/GCE 0.087 0.5–70 Wang et al. (2011)

HRP ERGO-NP 0.6 – Yagati et al. (2014)
Composite-3 0.009 0.01–0.22 Umasankar et al. (2012)
PTMSPA@GNR 0.06 10–1000 Komathi et al. (2013)
Au NAE 0.42 0.74–15,000 Xu et al. (2010)
Au NP/MPA/au 0.16 0.48–1200 Wan et al. (2013)
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(diallyldimethylammonium chloride) (PDDA)-
protected gold nanoparticles (Ma et al. 2009).
As shown in Fig. 17.14, at first, DNA–Ag + com-
plex was electrochemically reduced onto the bare
gold electrode to obtain negatively charged
immobilization matrix (DNA–Ag) for the further
immobilization of PDDA–Au particles. Then the
process of A and B were repeated to achieve a
more conductive bilayer structure. Next, the posi-
tively charged HRP (H2O2 reducing enzyme) was
bond to the negative surface for the subsequent
detection of H2O2. The reported biosensor
represented a linear dynamic range over H2O2

concentrations from 7.0 μm to 7.8 mm and the
detection limit of 2.0 μm (S/N ¼ 3) with good
selectivity and acceptable stability.

Using two different types of proteins (HRP
and Cyt c) in conjugation with DNA, Yonghai
et al. fabricated an H2O2 biosensor to mimic the
charge transfer and electrocatalytic mechanism of
two proteins in living organisms (Song et al.
2012). According to their results, a faster charge
transfer rate was observed for the bi-protein
bio-interphase than the single protein
biointerphase, demonstrating a synergetic effect
to better the electron transfer. The DNA role was
to provide a network film as a biocompatible
microenvironment for the proteins adsorption
and an essential pathway for the charge transfer
between the electrode and proteins (Fig. 17.15).

17.4.3 Protein/DNA-Based
Electrochemical Biosensor
for Oligonucleotide Detection

Interaction between DNA and protein has been
also studied to develop various ECBs for the
detection of different genomic DNA/RNA
strands. One of the well-known protein-ligand
covalent conjugation techniques is the
streptavidin (STV)-biotin. (Dundas et al. 2013;
González et al. 1799) Making use of STV-biotin
interaction, Shanlin et al. fabricated a chemical

controllable electrode for EC detection of DNA
using EIS method (Pan and Rothberg 2005). As
depicted in Fig. 17.16, bare gold electrode was
firstly modified with the mixed monolayer of
2-mercaptoethanol (ME) and
11-mercaptoundecanoic acid (11-MUA) to pro-
vide enough space for the conjugation of STV
onto the free carboxyl group of the 11-MUA
through amide bonding. A biotin-modified
ssDNA was then bound to the STV through the
robust STV-biotin chemistry. Using [Fe(CN)6]
4�/3� redox reporter, the EIS measurement was
performed. Before the target invasion, the
ssDNAs hampered the redox probes to reach the
gold electrode surface leading, whereas, after the
target hybridization, the formation of the upright
dsDNA facilitated approach of the redox probe to
the surface. The resistance difference was moni-
tored by EIS method to offer a very sensitive and
selective ECB with the detection limit of 10 pm.

The redox active proteins or enzymes have
been also implemented for the nucleic acid detec-
tion. For instance, using HRP as the redox
reporter by reducing the H2O2. Gang et al.
reported a very sensitive enzyme-based E-DNA
sensor consists of a stemloop DNA probe which
was labeled with biotin and digoxigenin (DIG) at
its each end (Liu et al. 2008). The probe was
immobilized onto an avidin-modified electrode
through the biotin-avidin conjugation (another
strong conjugation technique). In the absence of
the target DNA, the DIG was shielded from being
approached by bulky AntiDIG-modified HRP
because of the steric effect. After the target induc-
tion and hybridization, the dsDNA forced the
DIG to be detached from the surface and be
accessible by the AntiDIG-modified HRP for the
enzymatic transduction via H2O2 reduction. The
proposed biosensor exhibited a high sensitivity
down to femtomolar with the ability of mismatch
detection.

An alternative approach for the oligonucleo-
tide detection using protein/DNA-based ECB was
to make use of metalloproteins in conjugation
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with nucleic acids. Recently, a novel parallel
dsDNA and recombinant azurin hybrid was
developed to have higher conductance that of
the canonical DNA and they conjugated it with
recombinant Azurin protein (denoted as
PSD/rAzu) for the general detection of various
viral DNAs and miRNAs (Mohammadniaei et al.
2017). As depicted in Fig. 17.17, the immobilized

rAzu onto the gold electrode provided Cu+/Cu2+

redox reaction and a stable anchoring site to
remove the requirements of additional chemical
linkers and rolled as a selective-arrayed molecule
due its appropriate cross-sectional diameter
(~5 nm) and capability to receive only one DNA
strand at its N-terminus. The EC and scanning
tunneling spectroscopy (STS) measurement

Fig. 17.14 Layer-by-layer formation of the DNA-Ag/PDDA-Au/DNA-Ag/Au

Fig. 17.15 Surface functionalization of the biosensor composed of DNA and HRP-Cyt c
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confirmed higher electron conductivity of the
PSD (resembling a parallel electrical circuit,)
compared to the dsDNA. Silver ion bond between
C-C mismatched base pairs on the top of each
helix, functioned as the redox signal reporter for
EC conductance measurement and sensing appli-
cation. The single mismatch detection strategy
was inspired by the short-circuit law in classical
physics which illustrates that, in a parallel electri-
cal circuit possessing two current flow paths,
current migrates through the path with no electri-
cal impedance. Therefore, the single mismatched
duplex could be considered as the path with
higher impedance, resulting a lower electrochem-
ical signal. The developed biosensor could detect

miR-155, miR-21, miR-141, miR-143 as well as
genomic MERS-CoV and HIV-1.

17.5 DNA-Based Electrochemical
Biosensor

DNA-based electrochemical biosensors have
been mostly used as the hybridization assays for
the genetic analysis, due to the ability of the
single stranded DNA (ssDNA), as the sensor
probe, to seek out and hybridize with the target
gene (Paleček and Jelen 2002; Wang 2002; Zhai
et al. 1797). However, DNA has been also
incorporated with different organic/inorganic

Fig. 17.16 Surface functionalization of the biosensor and further EIS measurement. (Figure reproduced with permission
from Pan and Rothberg 2005)

Fig. 17.17 Schematic illustration of PSD/rAzu biosensor
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platforms to form various biosensors
(Chowdhury et al. 2014; Gao et al. 2016; Liu
et al. 2015a). In this section, we are going to
review some examples of DNA-based ECBs
towards H2O2 detection and oligonucleotide
detection.

Conventionally, the nucleic acids possess
weak enzymatic properties due to the lack of
prosthetic groups, in order to exploit them for
the H2O2 detection (catalytic reaction) the neces-
sity for the incorporation of this biomolecule with
metal ions is demanding.

17.5.1 DNA-Based Electrochemical
Biosensor for H2O2 Detection

In 2006, researchers developed a dimension-
controlled silver–DNA hybrid nanoparticles
which was electrodeposited on a glassy carbon
electrode based on the reduction of silver with the
help of DNA (Wu et al. 2006). The DNA rolled to
avoid aggregation of silver nanoparticles and
enhanced the catalytic capability of the
nanocomplex to further detect H2O2 at the low
concentration of 0.6 μM and linear detection
range of 2.0 μm–2.5 mm.

Another amperometric H2O2 biosensor was
reported by Yasushi group, composed of
DNA-Cu(II) and chitosan polyion (Gu et al.
2009). DNA/chitosan polyion complex mem-
brane was employed as a precursor for entrap-
ment of electrocatalytic copper ions, which
could specifically bound to double stranded
DNA (dsDNA) and further reduce the H2O2 on
the glassy carbon electrode (GCE). The sensor
exhibited good sensitivity and selectivity towards
ascorbic acid with the linear range from 10 μm to
10 mm and the detection limit of 3 μm.

DNA in the form of G-quadruplex DNAzyme
has been also integrated with hemin to electro-
chemically detect H2O2 in a very low concentra-
tion of 0.16 μm (Wu et al. 2015).
Deoxyribozymes (DNAzymes), are ssDNAs
with particular catalytic features. G-quadruplex
DNA is a self-assembled G-rich DNA sequence,
whereas the hemin/G-quadruplex is formed by
coordination of hemin inside the G-quadruplex

DNA (Li et al. 2016). Owing to the Fe ion of
the hemin group, the hemin/G-quadruplex can
effectively catalyze H2O2. As depicted in
Fig. 17.18, the G-quadruplex was firstly self-
assembled onto the gold particles modified heated
copper disk electrode (Au-HCuDE), then the
electrode was back-field with 6-mercapto-1-
hexanol (MCH) in order to remove physical
bindings of thiol-modified ssDNA to the surface.
After that, the hemin was introduced to the struc-
ture to form the hemin/G-quadruplex. Enhance-
ment of the electrode temperature to 50 �C,
resulted in the amplification of the electrocatalytic
activity in the developed biosensor.

Recently, a highly sensitive H2O2 ECB with
the ability of H2O2 detection in the sterilize milk
has been reported based on a novel “on-off-on”
switch system. The electrode consisted of methy-
lene blue (MB) as the charge mediator, gold
nanoparticle as the electrochemical signal
enhancer and iridium (III)/G-quadroplex to pro-
vide a hydrophobic layer (switch off). After the
introduction of H2O2, iridium (III)/G-quadroplex
was cleaved into DNA fragments. Releasing the
DNA fragments from the electrode surface led to
the signal recovering (switch on), which enabled
H2O2 detection.

17.5.2 DNA-Based Electrochemical
Biosensor for Oligonucleotide
Detection

It has been proved that, nucleic acid (DNA/RNA)
detection and analysis is highly essential not only
for obtaining genetic information but also for the
sake of diagnosis, identification and classification
of various diseases and genetic disorders (Abi
et al. 2018; Zhai et al. 1797). Nucleic acid ECBs
are usually based on the hybridization method. It
involves monitoring the electrochemical signal
response, resulting from the Watson–Crick base-
pairing of the genomic DNA/RNA target with the
sensor probe (Jolly et al. 2016).

In 1994, Millan et al. reported an electrochem-
ical DNA sequence-selective biosensor which
was a stepping stone for the development of vari-
ous nucleic acid ECBs (Millan et al. 1794).
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Generally, in the nucleic acid ECBs, sensor probe
(recognition platform) consists of ssDNA or
ssRNA covalently self-assembled onto the elec-
trode surface, which should be conductive, bio-
compatible and have a low over potential
(Odenthal and Gooding 2007). The probe sensor
is then immersed into the solution containing
target ssDNA/ssRNA, which is complementary
to the probe strand, to form a double stranded
nucleic acid helix. Depending on the experimen-
tal design and whether the sensor is “signal-off”
or “signal-on”, the hybridization process results
in a notable change in the transduced electro-
chemical signal and further detection by the sig-
nal processor (Liu et al. 2012a). There have been
usually two main techniques for the development
of electrochemical nucleic acid biosensors:
labeled and label-free approaches. In the labeled
method, enzyme labels or redox labels are
employed to bind to the nucleic acids. This bind-
ing can be specific, covalent or electrostatic.
Whereas, the label-free approach is commonly
based on the difference in the electrical properties
of the single stranded and double stranded
structures. Schematic diagram in Fig. 17.19
demonstrates the two mentioned approaches.

Several challenges have remained to develop
nucleic acid ECBs such as surface immobilization
control, single mismatch detection and fast
response. Fabrication of a highly reproducible
and credible nucleic acid ECB to discover genetic
disorders caused by base pair mutation is highly
demanding for early-stage diagnosis of different
types of cancers and diseases (Baker 2006;
Drummond et al. 2003). An acceptable nucleic
acid ECB should compete against the standard
sensing methods such as quantitative real-time
polymerase chain reaction (qRT-PCR)
(Maddocks and Jenkins 2017), northern blotting
(NB) (Schwarzkopf and Pierce 2016) and
microarray (Dastjerdi et al. 2014). However,
microarray technique is prone to high cost
which makes it less approachable to every user.
Also the NB method is restricted due to the
requirements for radiolabeling leading to cross
contamination and low efficiency. The major lim-
itation of qRT-PCR, regardless to its high cost,
would be the detection of short strand nucleic
acids such as microRNAs, due to their low melt-
ing temperature following by the complicated
primer design to causes contamination experi-
mental errors (Lee et al. 2014a; Wu and Qu
2015).

Fig. 17.18 Schematic construction and performance of the biosensing platform for electrocatalytic reduction of H2O2 at
the elevated electrode temperature
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In 2005, Masahiko group reported a great
capability of DNA ECBs for the detection of
single mutation inside the dsDNA (Inouye et al.
2005). The idea was simply based on the defining
the dsDNA as an electrical wire whose one end
was attached onto the gold electrode and the other
end was modified with Ferrocene as the EC redox
reporter (Fig. 17.20). The duplex with mismatch
base pair resulted in the rupture in π- π orbital loss
in the dsDNA to interrupt the charge transfer from
the electrode surface to Ferrocene through the
double strand helix leading to a significant elec-
trochemical signal drop (SWV technique).

One of the famous methods for sensitive elec-
trochemical detection of nucleic acids is
hybridization chain reaction (HCR) (Trifonov
et al. 2016). This biosensor was consisted of a
gold electrode, fictionalized by thiol-modified
ssDNA (1) which is partially complementary to
the target oligonucleotide (2). Hybridization of
the analyte (2), with the probe leads to the forma-
tion of a dsDNA containing a toehold sequence.

In the presence of the two hairpins of HA (3) and
HB (4), the HCR triggers. The HCR mechanism
is as follows: The toehold sequence of stand
(2) opens the hairpin (3), exposing a new single-
stranded toehold (W) which opens hairpin (4).
The results in another free toehold (X) to open
the hairpin (3) and the process keeps going until
the hairpins supply is exhausted. The electro-
chemical detection method was EIS that is based
on the semicircular diameter of the Nyquist plot
from which the higher frequencies explains the
higher charge transfer resistance (Ret)
corresponding to the more negative charge of
the electrodes resulting from the layer-by-layer
assembly of the electrode surface with
oligonucleotides. The HEPES buffer (10 mM,
pH ¼ 7.2) was used which contained Fe(CN)6
3�/4� as the negatively charged redox probe to
indicate the electrode surface modification based
on its repulsion from the surface, associated with
the sequential addition of oligonucleotides (nega-
tive charge) to the surface. For a fixed incubation

Fig. 17.19 General diagram for the labeled and label-free electrochemical nucleic acid biosensor; DPV and SWV stand
for differential phase voltammetry and square wave voltammetry, respectively
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time of 45 min, different concentration of the
analyte (2) was added to the biosensor to achieve
the dynamic detection range. This method offered
a detection limit of 1.2 nm of the analyte.

More recently, a simply-designed single-step
miRNA biosensor was fabricated using the com-
bination of EC and surface enhanced Raman
spectroscopy techniques (SERS) (Fig. 17.21).
With the strength of EC method, they removed
the weakness of SERS technique for the single-
mismatch detection. Also, in a back-to-back
supporting situation, the combining method
gave rise to the extension dynamic detection
range of the biosensor from 10 pM to 450 nM
(SERS: 10 pm ~ 5 nm and EC: 5 nm ~ 450 nm)
(Mohammadniaei et al. 2018). In this report, a
single stranded 30 methylene blue (MB) and 50

thiol-modified RNA (MB-ssRNA-SH) was
immobilized onto the spectroelectrochemical-
active gold nanoparticle-modified ITO
(ITO/GNP) to detect the target miR-155. As a
signal-off biosensor, upon the addition of target
strand, the dsRNA transformed to an upright
position resulting in a considerable decrease in
SERS and EC signals of the MB.

In this section we tried to give the reader some
insights into the different techniques for the
detection of oligonucleotides based on nucleic
acid-ECBs, although, there have been reported
many outstanding DNA-based ECBs such as
dichalcogenides based electrochemical

biosensors (Wang et al. 2017), rolling cycle
amplification-based methods (RCA) (Cheng
et al. 2009), isothermal amplification, (Zhang
and Zhang 2012) aloe-like gold micro/
nanostructures (Shi et al. 2013), three-mode sys-
tem (Labib et al. 2013), (details of previous
reports are provided in Table 17.2).

17.6 Future Prospective

In spite of initial achievement, the investigation
of bioelectronic devices and biosensors are still
required. The discussed results are intriguing for
the electrochemical bioelectronics devices includ-
ing biomemory device, biologic gate,
bioinformation, biosensors and processor for
future biocomputer systems. The biomolecule
can easily be tailored and modified with other
biomolecule or nanoparticles to embody the spe-
cific functionality. Not only the biomolecule can
combine the original property with various
nanoparticles and other biomolecules to the
development of various bioelectronics computa-
tion platforms, but also the proto-type
biocomputer can operate in living organism with
hybrid molecule-neural cell connection. More-
over, unlike that of the silicon-based device, the
future biomolecular-based computer could easily
be integrated with the input module and energy
module that give the new concept of output

Fig. 17.20 Mechanism of the electrochemical detection of mismatched DNA
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Fig. 17.21 Schematic diagram of the surface modification and microRNA detection of the MB-dsDNA-SH@ITO/GNP
biosensor

Table 17.2 Oligonucleotide detection using nucleic acid-based ECBs

Detection method
Detection
steps LOD Labeling

Detection
time References

Cleavage-based signal amplification 10 69.2
aM

G-quadruplex hemin > 2 h Zhao et al.
(2013)

Amperometric magnetobiosensor 4 0.4
fM

Biotin–strep-HRP ~ 3 h Campuzano
et al. (2014)

Three-mode electrochemical sensor 2 5 aM None ~ 2 h Labib et al.
(2013)

Carbon nanotube-bridged field-effect
transistor assisted by p19

2 1 aM None ~ 2 h Ramnani et al.
(2013)

Tandem polymerization and cleavage-
mediated cascade system

7 5 fM None ~ 4 h Liu et al.
(2016)

DNA tetrahedral scaffold 4 10
aM

Biotinylated probe-
avidin-HRP, poly-
HRP80

~ 8 h wen et al.
(2012)

Oxidized carbon nano tubes and
nanodiamonds

2 1.95
fM

DNAzyme based hybrid
structure

~ 2 h Liu et al.
(2015b)
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combination for the disease diagnostics and can-
cer cell identifications. That kind of characteristic
is quite intriguing and potentially useful as a new
concept of computing for bioelectronic medicine
devices. On the edge of bioelectronics,
biomolecule-based electronic devices can be
envisaged as a powerful alternative, once appro-
priate fabrication technique and integrating circuit
are achieved, then, the nano-scale system can be
achieved with a biomolecule-nanoparticle hybrid.

Acknowledgements This research was supported by
NRF-2018R1D1A1B07049407 and by the Research
Grant of Kwangwoon University in 2018.

References

Abi A, Mohammadpour Z, Zuo X, Safavi A (2018)
Nucleic acid-based electrochemical nanobiosensors.
Biosens Bioelectron 102:479–489. https://doi.org/10.
1016/j.bios.2017.11.019

Adleman L (1994) Molecular computation of solutions to
combinatorial problems. Science 266:1021–1024.
https://doi.org/10.1126/science.7973651

Andre C, Kim SW, Yu X-H, Shanklin J (2013) Fusing
catalase to an alkane-producing enzyme maintains
enzymatic activity by converting the inhibitory
byproduct H2O2 to the cosubstrate O2. Proc Natl
Acad Sci 110:3191–3196. https://doi.org/10.1073/
pnas.1218769110

Artés JM, Díez-Pérez I, Gorostiza P (2012) Transistor-like
behavior of single Metalloprotein junctions. Nano Lett
12:2679–2684. https://doi.org/10.1021/nl2028969

Arugula MA, Shroff N, Katz E, He Z (2012) Molecular
AND logic gate based on bacterial anaerobic respira-
tion. Chem Commun 48:10174–10176. https://doi.org/
10.1039/C2CC35595G

Ausländer S, Ausländer D, Müller M, Wieland M,
Fussenegger M (2012) Programmable single-cell
mammalian biocomputers. Nature 487:123. https://
doi.org/10.1038/nature11149

Baker M (2006) New-wave diagnostics. Nat Biotechnol
24:931–938

Baron R, Lioubashevski O, Katz E, Niazov T, Willner I
(2006a) Elementary arithmetic operations by enzymes:
a model for metabolic pathway based computing.
Angew Chem Int Ed 45:1572–1576. https://doi.org/
10.1002/anie.200503314

Baron R, Lioubashevski O, Katz E, Niazov T, Willner I
(2006b) Logic gates and elementary computing by
enzymes. Chem A Eur J 110:8548–8553. https://doi.
org/10.1021/jp0568327

Benenson Y (2009) RNA-based computation in live cells.
Curr Opin Biotechnol 20:471–478. https://doi.org/10.
1016/j.copbio.2009.08.002

Benenson Y, Gil B, Ben-Dor U, Adar R, Shapiro E (2004)
An autonomous molecular computer for logical control
of gene expression. Nature 429:423. https://doi.org/10.
1038/nature02551

Bonnet J, Subsoontorn P, Endy D (2012) Rewritable digital
data storage in live cells via engineered control of recom-
bination directionality. Proc Natl Acad Sci
109:8884–8889. https://doi.org/10.1073/pnas.1202344109

Bonnet J, Yin P, Ortiz ME, Subsoontorn P, Endy D (2013)
Amplifying genetic logic gates. Science 340:599–603.
https://doi.org/10.1126/science.1232758

Bychkova V, Shvarev A, Zhou J, Pita M, Katz E (2010)
Enzyme logic gate associated with a single responsive
microparticle: scaling biocomputing to microsize
systems. Chem Commun 46:94–96. https://doi.org/
10.1039/B917611J

Campolongo MJ, Kahn JS, Cheng W, Yang D, Gupton-
Campolongo T, Luo D (2011) Adaptive DNA-based
materials for switching, sensing, and logic devices. J
Mater Chem 21:6113–6121. https://doi.org/10.1039/
C0JM03854G

Campuzano S, Torrente-Rodríguez RM, López-Hernández E,
Conzuelo F, Granados R, Sánchez-Puelles JM, Pingarrón
JM (2014) Magnetobiosensors based on viral protein p19
for MicroRNA determination in cancer cells and tissues.
Angew Chem Int Ed 53:6168–6171. https://doi.org/10.
1002/anie.201403270

Chen Y-P, Liu B, Lian H-T, Sun X-Y (2011) Preparation and
application of urea electrochemical sensor based on
chitosan molecularly imprinted films. Electroanalysis
23:1454–1461. https://doi.org/10.1002/elan.201000693

Chen Y-S, Hong M-Y, Huang GS (2012) A protein tran-
sistor made of an antibody molecule and two gold
nanoparticles. Nat Nanotechnol 7:197. https://doi.org/
10.1038/nnano.2012.7

Cheng Y, Zhang X, Li Z, Jiao X, Wang Y, Zhang Y (2009)
Highly sensitive determination of microRNA using
target-primed and branched rolling-circle amplifica-
tion. Angew Chem Int Ed 48:3268–3272. https://doi.
org/10.1002/anie.200805665

Cho W-J, Huang H-J (1998) An Amperometric urea bio-
sensor based on a polyaniline�Perfluorosulfonated
ionomer composite electrode. Anal Chem
70:3946–3951. https://doi.org/10.1021/ac980004a

Choi J-W, Oh B-K, Kim YJ, Min J (2007) Protein-based
biomemory device consisting of the cysteine-modified
azurin. Appl Phys Lett 91:263902. https://doi.org/10.
1063/1.2828046

Chowdhury AD, Gangopadhyay R, De A (2014) Highly
sensitive electrochemical biosensor for glucose, DNA
and protein using gold-polyaniline nanocomposites as
a common matrix. Sensors Actuators B Chem
190:348–356. https://doi.org/10.1016/j.snb.2013.08.
071

Christof MN, Chad AM (2004) Nanobiotechnology:
concepts, applications and perspectives. Wiley-VCH,
Weinheim, p 491

Chung Y-H, Lee T, Min J, Choi J-W (2011) Investigation
of the redox property of a metalloprotein layer self-

17 Fabrication of Electrochemical-Based Bioelectronic Device and Biosensor. . . 289

https://doi.org/10.1016/j.bios.2017.11.019
https://doi.org/10.1016/j.bios.2017.11.019
https://doi.org/10.1126/science.7973651
https://doi.org/10.1073/pnas.1218769110
https://doi.org/10.1073/pnas.1218769110
https://doi.org/10.1021/nl2028969
https://doi.org/10.1039/C2CC35595G
https://doi.org/10.1039/C2CC35595G
https://doi.org/10.1038/nature11149
https://doi.org/10.1038/nature11149
https://doi.org/10.1002/anie.200503314
https://doi.org/10.1002/anie.200503314
https://doi.org/10.1021/jp0568327
https://doi.org/10.1021/jp0568327
https://doi.org/10.1016/j.copbio.2009.08.002
https://doi.org/10.1016/j.copbio.2009.08.002
https://doi.org/10.1038/nature02551
https://doi.org/10.1038/nature02551
https://doi.org/10.1073/pnas.1202344109
https://doi.org/10.1126/science.1232758
https://doi.org/10.1039/B917611J
https://doi.org/10.1039/B917611J
https://doi.org/10.1039/C0JM03854G
https://doi.org/10.1039/C0JM03854G
https://doi.org/10.1002/anie.201403270
https://doi.org/10.1002/anie.201403270
https://doi.org/10.1002/elan.201000693
https://doi.org/10.1038/nnano.2012.7
https://doi.org/10.1038/nnano.2012.7
https://doi.org/10.1002/anie.200805665
https://doi.org/10.1002/anie.200805665
https://doi.org/10.1021/ac980004a
https://doi.org/10.1063/1.2828046
https://doi.org/10.1063/1.2828046
https://doi.org/10.1016/j.snb.2013.08.071
https://doi.org/10.1016/j.snb.2013.08.071


assembled on various chemical linkers. Colloids Surf B
Biointerfaces 87:36–41. https://doi.org/10.1016/j.
colsurfb.2011.04.034

Dai Z, Xiao Y, Yu X, Mai Z, Zhao X, Zou X (2009) Direct
electrochemistry of myoglobin based on ionic liquid–
clay composite films. Biosens Bioelectron
24:1629–1634. https://doi.org/10.1016/j.bios.2008.08.
032

Dastjerdi A, Fooks AR, Johnson N (2014)
Chapter nineteen – oligonucleotide microarray:
applications for lyssavirus speciation. Current labora-
tory techniques in rabies diagnosis, research and pre-
vention. Academic Press, Amsterdam, pp 193–203

de Ruiter G, van der Boom ME (2011) Surface-confined
assemblies and polymers for molecular logic. Acc
Chem Res 44:563–573. https://doi.org/10.1021/
ar200002v

de Silva AP, Uchiyama S (2007) Molecular logic and
computing. Nat Nanotechnol 2:399. https://doi.org/
10.1038/nnano.2007.188

Deng H, Shen W, Ren Y, Gao Z (2014) A highly sensitive
microRNA biosensor based on hybridized microRNA-
guided deposition of polyaniline. Biosens Bioelectron
60:195–200. https://doi.org/10.1016/j.bios.2014.04.
023

Deonarine AS, Clark SM, Konermann L (2003) Imple-
mentation of a multifunctional logic gate based on
folding/unfolding transitions of a protein. Futur Gener
Comput Syst 19:87–97. https://doi.org/10.1016/
S0167-739X(02)00110-3

Dolatabadi JEN, Mashinchian O, Ayoubi B, Jamali AA,
Mobed A, Losic D, Omidi Y, de la Guardia M (2011)
Optical and electrochemical DNA nanobiosensors.
TrAC Trends Anal Chem 30:459–472. https://doi.org/
10.1016/j.trac.2010.11.010

Drummond TG, Hill MG, Barton JK (2003) Electrochem-
ical DNA sensors. Nat Biotechnol 21:1192–1199

Dundas CM, Demonte D, Park S (2013) Streptavidin–
biotin technology: improvements and innovations in
chemical and biological applications. Appl Microbiol
Biotechnol 97:9343–9353. https://doi.org/10.1007/
s00253-013-5232-z

Elbaz J, Moshe M, Willner I (2009a) Coherent activation
of DNA tweezers: a “SET–RESET” logic system.
Angew Chem Int Ed 48:3834–3837. https://doi.org/
10.1002/anie.200805819

Elbaz J, Wang Z-G, Orbach R, Willner I (2009b)
pH-stimulated concurrent mechanical activation of
two DNA “tweezers”. A “SET�RESET” logic gate
system. Nano Lett 9:4510–4514. https://doi.org/10.
1021/nl902859m

Elbaz J, Wang F, Remacle F, Willner I (2012)
pH-programmable DNA logic arrays powered by mod-
ular DNAzyme libraries. Nano Lett 12:6049–6054.
https://doi.org/10.1021/nl300051g

Farzadfard F, Lu TK (2014) Genomically encoded analog
memory with precise in vivo DNA writing in living
cell populations. Science 346:1256272. https://doi.org/
10.1126/science.1256272

Freeman R, Finder T, Willner I (2009) Multiplexed analy-
sis of Hg2+ and Ag+ ions by nucleic acid functionalized
CdSe/ZnS quantum dots and their use for logic gate
operations. Angew Chem Int Ed 48:7818–7821.
https://doi.org/10.1002/anie.200902395

Frezza BM, Cockroft SL, Ghadiri MR (2007) Modular
multi-level circuits from immobilized DNA-based
logic gates. J Am Chem Soc 129:14875–14879.
https://doi.org/10.1021/ja0710149

Fujibayashi K, Hariadi R, Park SH, Winfree E, Murata S
(2008) Toward reliable algorithmic self-assembly of
DNA tiles: a fixed-width cellular automaton pattern.
Nano Lett 8:1791–1797. https://doi.org/10.1021/
nl0722830

Gao W, Wei X, Wang X, Cui G, Liu Z, Tang B (2016) A
competitive coordination-based CeO2 nanowire-DNA
nanosensor: fast and selective detection of hydrogen
peroxide in living cells and in vivo. Chem Commun
52:3643–3646. https://doi.org/10.1039/C6CC00112B

Gdor E, Katz E, Mandler D (2013) Biomolecular AND
logic gate based on immobilized enzymes with precise
spatial separation controlled by scanning electrochem-
ical microscopy. J Phys Chem B 117:16058–16065.
https://doi.org/10.1021/jp4095672

Gianneschi NC, Ghadiri MR (2007) Design of Molecular
Logic Devices Based on a programmable
DNA-regulated semisynthetic enzyme. Angew Chem
Int Ed 46:3955–3958. https://doi.org/10.1002/anie.
200700047

Giorgio M, Trinei M, Migliaccio E, Pelicci PG (2007)
Hydrogen peroxide: a metabolic by-product or a com-
mon mediator of ageing signals? Nat Rev Mol Cell
Biol 8:722. https://doi.org/10.1038/nrm2240

González M n, Argaraña CE, Fidelio GD (1999)
Extremely high thermal stability of streptavidin and
avidin upon biotin binding. Biomol Eng 16:67–72.
https://doi.org/10.1016/S1050-3862(99)00041-8

Gorton L, Lindgren A, Larsson T, Munteanu FD,
Ruzgas T, Gazaryan I (1999) Direct electron transfer
between heme-containing enzymes and electrodes as
basis for third generation biosensors. Anal Chim Acta
400:91–108. https://doi.org/10.1016/S0003-2670(99)
00610-8

Grabow WW, Jaeger L (2014) RNA self-assembly and
RNA nanotechnology. Acc Chem Res 47:1871–1880.
https://doi.org/10.1021/ar500076k

Grieshaber D, MacKenzie R, Vörös J, Reimhult E (2008)
Electrochemical biosensors - sensor principles and
architectures. Sensors 8:1400

Gromiha MM, Nagarajan R (2013) Chapter three - compu-
tational approaches for predicting the binding sites and
understanding the recognition mechanism of protein–
DNA complexes. In: Donev R (ed) Advances in Pro-
tein Chemistry Structural Biology. Academic Press,
New York, pp 65–99

Gu T, Liu Y, Zhang J, Hasebe Y (2009) Amperometric
hydrogen peroxide biosensor based on immobilization
of DNA-Cu(II) in DNA/chitosan polyion complex

290 M. Mohammadniaei et al.

https://doi.org/10.1016/j.colsurfb.2011.04.034
https://doi.org/10.1016/j.colsurfb.2011.04.034
https://doi.org/10.1016/j.bios.2008.08.032
https://doi.org/10.1016/j.bios.2008.08.032
https://doi.org/10.1021/ar200002v
https://doi.org/10.1021/ar200002v
https://doi.org/10.1038/nnano.2007.188
https://doi.org/10.1038/nnano.2007.188
https://doi.org/10.1016/j.bios.2014.04.023
https://doi.org/10.1016/j.bios.2014.04.023
https://doi.org/10.1016/S0167-739X(02)00110-3
https://doi.org/10.1016/S0167-739X(02)00110-3
https://doi.org/10.1016/j.trac.2010.11.010
https://doi.org/10.1016/j.trac.2010.11.010
https://doi.org/10.1007/s00253-013-5232-z
https://doi.org/10.1007/s00253-013-5232-z
https://doi.org/10.1002/anie.200805819
https://doi.org/10.1002/anie.200805819
https://doi.org/10.1021/nl902859m
https://doi.org/10.1021/nl902859m
https://doi.org/10.1021/nl300051g
https://doi.org/10.1126/science.1256272
https://doi.org/10.1126/science.1256272
https://doi.org/10.1002/anie.200902395
https://doi.org/10.1021/ja0710149
https://doi.org/10.1021/nl0722830
https://doi.org/10.1021/nl0722830
https://doi.org/10.1039/C6CC00112B
https://doi.org/10.1021/jp4095672
https://doi.org/10.1002/anie.200700047
https://doi.org/10.1002/anie.200700047
https://doi.org/10.1038/nrm2240
https://doi.org/10.1016/S1050-3862(99)00041-8
https://doi.org/10.1016/S0003-2670(99)00610-8
https://doi.org/10.1016/S0003-2670(99)00610-8
https://doi.org/10.1021/ar500076k


membrane. J Environ Sci 21:S56–S59. https://doi.org/
10.1016/S1001-0742(09)60037-1

Haque F, Shu D, Shu Y, Shlyakhtenko LS, Rychahou PG,
Mark Evers B, Guo P (2012) Ultrastable synergistic
tetravalent RNA nanoparticles for targeting to cancers.
Nano Today 7:245–257. https://doi.org/10.1016/j.
nantod.2012.06.010

He H-Z, Chan DS-H, Leung C-H, Ma D-L (2013)
G-quadruplexes for luminescent sensing and logic
gates. Nucleic Acids Res 41:4345–4359. https://doi.
org/10.1093/nar/gkt108

Hild W, Pollinger K, Caporale A, Cabrele C, Keller M,
Pluym N, Buschauer A, Rachel R, Tessmar J,
Breunig M, Goepferich A (2010) G protein-coupled
receptors function as logic gates for nanoparticle binding
and cell uptake. Proc Natl Acad Sci 107:10667–10672.
https://doi.org/10.1073/pnas.0912782107

Huang Y, Duan X, Cui Y, Lauhon LJ, Kim K-H, Lieber
CM (2001) Logic gates and computation from assem-
bled nanowire building blocks. Science
294:1313–1317. https://doi.org/10.1126/science.
1066192

Hunt HK, Armani AM (2010) Label-free biological and
chemical sensors. Nanoscale 2:1544–1559. https://doi.
org/10.1039/C0NR00201A

Ikeda M, Tanida T, Yoshii T, Kurotani K, Onogi S,
Urayama K, Hamachi I (2014) Installing logic-gate
responses to a variety of biological substances in supra-
molecular hydrogel–enzyme hybrids. Nat Chem 6:511.
https://doi.org/10.1038/nchem.1937

Inouye M, Ikeda R, Takase M, Tsuri T, Chiba J (2005)
Single-nucleotide polymorphism detection with “wire-
like” DNA probes that display quasi “on–off” digital
action. Proc Natl Acad Sci USA 102:11606–11610.
https://doi.org/10.1073/pnas.0502078102

Itamar W, Eugenii K (2005) Bioelectronics: from theory to
applications. Wiley-VCH, Weinheim

Jaeger L, Chworos A (2006) The architectonics of pro-
grammable RNA and DNA nanostructures. Curr Opin
Struct Biol 16:531–543. https://doi.org/10.1016/j.sbi.
2006.07.001

Jensen PS, Chi Q, Zhang J, Ulstrup J (2009) Long-range
interfacial electrochemical Electron transfer of Pseudo-
monas aeruginosa Azurin�gold nanoparticle hybrid
systems. J Phys Chem C 113:13993–14000. https://
doi.org/10.1021/jp902611x

Jia N, Lian Q, Wang Z, Shen H (2009) A hydrogen
peroxide biosensor based on direct electrochemistry
of hemoglobin incorporated in PEO–PPO–PEO
triblock copolymer film. Sensors Actuators B Chem
137:230–234. https://doi.org/10.1016/j.snb.2008.10.
011

Jolly P, Estrela P, Ladomery M (2016) Oligonucleotide-
based systems: DNA, microRNAs, DNA/RNA
aptamers. Essays Biochem 60:27–35. https://doi.org/
10.1042/ebc20150004

KafiAKM, Fan Y, Shin H-K, Kwon Y-S (2006) Hydrogen
peroxide biosensor based on DNA–Hb modified gold

electrode. Thin Solid Films 499:420–424. https://doi.
org/10.1016/j.tsf.2005.06.073

Katz E (2015) Biocomputing – tools, aims, perspectives.
Curr Opin Biotechnol 34:202–208. https://doi.org/10.
1016/j.copbio.2015.02.011

Katz E, Privman V (2010) Enzyme-based logic systems
for information processing. Chem Soc Rev
39:1835–1857. https://doi.org/10.1039/B806038J

Keren K, Berman RS, Buchstab E, Sivan U, Braun E
(2003) DNA-templated carbon nanotube field-effect
transistor. Science 302:1380–1382. https://doi.org/10.
1126/science.1091022

Kimmel DW, LeBlanc G, Meschievitz ME, Cliffel DE
(2012) Electrochemical sensors and biosensors. Anal
Chem 84:685–707. https://doi.org/10.1021/ac202878q

Ko Y, Kim Y, Baek H, Cho J (2011) Electrically Bistable
properties of layer-by-layer assembled multilayers
based on protein nanoparticles. ACS Nano
5:9918–9926. https://doi.org/10.1021/nn2036939

Komathi S, Gopalan AI, Kim S-K, Anand GS, Lee K-P
(2013) Fabrication of horseradish peroxidase
immobilized poly(N-[3-(trimethoxy silyl)propyl]ani-
line) gold nanorods film modified electrode and elec-
trochemical hydrogen peroxide sensing. Electrochim
Acta 92:71–78. https://doi.org/10.1016/j.electacta.
2013.01.032

Labib M, Khan N, Ghobadloo SM, Cheng J, Pezacki JP,
Berezovski MV (2013) Three-mode electrochemical
sensing of ultralow MicroRNA levels. J Am Chem
Soc 135:3027–3038. https://doi.org/10.1021/
ja308216z

Lee SW, ChangW-J, Bashir R, Koo Y-M (2007) “Bottom-
up” approach for implementing nano/microstructure
using biological and chemical interactions. Biotechnol
Bioprocess Eng 12:185. https://doi.org/10.1007/
bf02931092

Lee T, Kim SU, Min J, Choi JW (2010) Multilevel
biomemory device consisting of recombinant Azurin/
cytochrome c. Adv Mater 22:510–514. https://doi.org/
10.1002/adma.200902288

Lee T, Min J, Kim S-U, Choi J-W (2011a) Multifunctional
4-bit biomemory chip consisting of recombinant azurin
variants. Biomaterials 32:3815–3821. https://doi.org/
10.1016/j.biomaterials.2011.01.072

Lee T, Yoo SY, Chung YH, Min J, Choi JW (2011b)
Signal enhancement of electrochemical biomemory
device composed of recombinant Azurin/gold nano-
particle. Electroanalysis 23:2023–2029. https://doi.
org/10.1002/elan.201100182

Lee HJ, Oh JH, Oh JM, Park JM, Lee JG, Kim MS, Kim YJ,
Kang HJ, Jeong J, Kim SI, Lee SS, Choi JW, Huh N
(2013) Efficient isolation and accurate in situ analysis of
circulating tumor cells using detachable beads and a high-
pore-density filter. Angew Chem Int Ed 52:8337–8340.
https://doi.org/10.1002/anie.201302278

Lee H, Park J-E, Nam J-M (2014a) Bio-barcode gel assay
for microRNA. Nat Commun 5(5):3367. https://doi.
org/10.1038/ncomms4367

17 Fabrication of Electrochemical-Based Bioelectronic Device and Biosensor. . . 291

https://doi.org/10.1016/S1001-0742(09)60037-1
https://doi.org/10.1016/S1001-0742(09)60037-1
https://doi.org/10.1016/j.nantod.2012.06.010
https://doi.org/10.1016/j.nantod.2012.06.010
https://doi.org/10.1093/nar/gkt108
https://doi.org/10.1093/nar/gkt108
https://doi.org/10.1073/pnas.0912782107
https://doi.org/10.1126/science.1066192
https://doi.org/10.1126/science.1066192
https://doi.org/10.1039/C0NR00201A
https://doi.org/10.1039/C0NR00201A
https://doi.org/10.1038/nchem.1937
https://doi.org/10.1073/pnas.0502078102
https://doi.org/10.1016/j.sbi.2006.07.001
https://doi.org/10.1016/j.sbi.2006.07.001
https://doi.org/10.1021/jp902611x
https://doi.org/10.1021/jp902611x
https://doi.org/10.1016/j.snb.2008.10.011
https://doi.org/10.1016/j.snb.2008.10.011
https://doi.org/10.1042/ebc20150004
https://doi.org/10.1042/ebc20150004
https://doi.org/10.1016/j.tsf.2005.06.073
https://doi.org/10.1016/j.tsf.2005.06.073
https://doi.org/10.1016/j.copbio.2015.02.011
https://doi.org/10.1016/j.copbio.2015.02.011
https://doi.org/10.1039/B806038J
https://doi.org/10.1126/science.1091022
https://doi.org/10.1126/science.1091022
https://doi.org/10.1021/ac202878q
https://doi.org/10.1021/nn2036939
https://doi.org/10.1016/j.electacta.2013.01.032
https://doi.org/10.1016/j.electacta.2013.01.032
https://doi.org/10.1021/ja308216z
https://doi.org/10.1021/ja308216z
https://doi.org/10.1007/bf02931092
https://doi.org/10.1007/bf02931092
https://doi.org/10.1002/adma.200902288
https://doi.org/10.1002/adma.200902288
https://doi.org/10.1016/j.biomaterials.2011.01.072
https://doi.org/10.1016/j.biomaterials.2011.01.072
https://doi.org/10.1002/elan.201100182
https://doi.org/10.1002/elan.201100182
https://doi.org/10.1002/anie.201302278
https://doi.org/10.1038/ncomms4367
https://doi.org/10.1038/ncomms4367


Lee T, Yagati AK, Min J, Choi JW (2014b) Bioprocessing
device composed of protein/DNA/inorganic material
hybrid. Adv Funct Mater 24:1781–1789. https://doi.
org/10.1002/adfm.201302397

Lee T, Chung Y-H, Yoon J, Min J, Choi J-W (2014c)
Fusion protein-based biofilm fabrication composed of
recombinant azurin–myoglobin for dual-level
biomemory application. Appl Surf Sci 320:448–454.
https://doi.org/10.1016/j.apsusc.2014.09.020

Lee T, Yagati AK, Pi F, Sharma A, Choi J-W, Guo P (2015)
Construction of RNA–quantum dot chimera for nanoscale
resistive biomemory application. ACS Nano
9:6675–6682. https://doi.org/10.1021/acsnano.5b03269

Li H, Liu S, Dai Z, Bao J, Yang X (2009) Applications of
nanomaterials in electrochemical enzyme biosensors.
Sensors 9:8547

Li X, Sun L, Ding T (2011) Multiplexed sensing of mer-
cury(II) and silver(I) ions: a new class of DNA
electrochemiluminescent-molecular logic gates.
Biosens Bioelectron 26:3570–3576. https://doi.org/
10.1016/j.bios.2011.02.003

Li W, Li Y, Liu Z, Lin B, Yi H, Xu F, Nie Z, Yao S (2016)
Insight into G-quadruplex-hemin DNAzyme/
RNAzyme: adjacent adenine as the intramolecular spe-
cies for remarkable enhancement of enzymatic activity.
Nucleic Acids Res 44:7373–7384. https://doi.org/10.
1093/nar/gkw634

Liu Q, Wang L, Frutos AG, Condon AE, Corn RM, Smith
LM (2000) DNA computing on surfaces. Nature
403:175. https://doi.org/10.1038/35003155

Liu G, Wan Y, Gau V, Zhang J, Wang L, Song S, Fan C
(2008) An enzyme-based E-DNA sensor for sequence-
specific detection of Femtomolar DNA targets. J Am
Chem Soc 130:6820–6825. https://doi.org/10.1021/
ja800554t

Liu A, Wang K, Weng S, Lei Y, Lin L, Chen W, Lin X,
Chen Y (2012a) Development of electrochemical DNA
biosensors. TrAC Trends Anal Chem 37:101–111.
https://doi.org/10.1016/j.trac.2012.03.008

Liu X, Aizen R, Freeman R, Yehezkeli O, Willner I
(2012b) Multiplexed Aptasensors and amplified DNA
sensors using functionalized graphene oxide: applica-
tion for logic gate operations. ACS Nano
6:3553–3563. https://doi.org/10.1021/nn300598q

Liu B, Sun Z, Huang P-JJ, Liu J (2015a) Hydrogen perox-
ide displacing DNA from Nanoceria: mechanism and
detection of glucose in serum. J Am Chem Soc
137:1290–1295. https://doi.org/10.1021/ja511444e

Liu L, Song C, Zhang Z, Yang J, Zhou L, Zhang X, Xie G
(2015b) Ultrasensitive electrochemical detection of
microRNA-21 combining layered nanostructure of
oxidized single-walled carbon nanotubes and
nanodiamonds by hybridization chain reaction.
Biosens Bioelectron 70:351–357. https://doi.org/10.
1016/j.bios.2015.03.051

Liu S, Gong H, Wang Y, Wang L (2016) Label-free
electrochemical nucleic acid biosensing by tandem
polymerization and cleavage-mediated cascade target
recycling and DNAzyme amplification. Biosens

Bioelectron 77:818–823. https://doi.org/10.1016/j.
bios.2015.10.056

Liu H, Weng L, Yang C (2017) A review on nanomaterial-
based electrochemical sensors for H2O2, H2S and NO
inside cells or released by cells. Microchim Acta
184:1267–1283. https://doi.org/10.1007/s00604-017-
2179-2

Lu W, Suo Z (2002) Symmetry breaking in self-assembled
monolayers on solid surfaces: anisotropic surface
stress. Phys Rev B 65:085401

Luo Z, Weiss DE, Liu Q, Tian B (2018) Biomimetic
approaches toward smart bio-hybrid systems. Nano
Res 11:3009. https://doi.org/10.1007/s12274-018-
2004-1

Ma L, Yuan R, Chai Y, Chen S (2009) Amperometric
hydrogen peroxide biosensor based on the immobiliza-
tion of HRP on DNA–silver nanohybrids and PDDA-
protected gold nanoparticles. J Mol Catal B Enzym
56:215–220. https://doi.org/10.1016/j.molcatb.2008.
05.007

Maddocks S, Jenkins R (2017) Chapter 4 – Quantitative
PCR: things to consider. In: Understanding PCR. Aca-
demic, Boston, pp 45–52

Mailloux S, Halamek J, Katz E (2014) A model system for
targeted drug release triggered by biomolecular signals
logically processed through enzyme logic networks.
Analyst 139:982–986. https://doi.org/10.1039/
C3AN02162A

Malekzad H, Sahandi Zangabad P, Mirshekari H, Karimi
M, Hamblin Michael R (2017) Noble metal
nanoparticles in biosensors: recent studies and
applications. Nanotechnol Rev 6(3):301–329. https://
doi.org/10.1515/ntrev-20160014

Meng F, Jiang L, Zheng K, Goh CF, Lim S, Hng HH,
Ma J, Boey F, Chen X (2011) Protein-based
Memristive Nanodevices. Small 7:3016–3020. https://
doi.org/10.1002/smll.201101494

Michael CP (2007) Molecular electronics: from principles
to practice. Wiley, West Sussex

Millan KM, Saraullo A, Mikkelsen SR (1994)
Voltammetric DNA biosensor for cystic fibrosis based
on a modified carbon paste electrode. Anal Chem
66:2943–2948. https://doi.org/10.1021/ac00090a023

Min J, Lee T, Oh S-M, Kim H, Choi J-W (2010) Electro-
chemical biomemory device consisting of recombinant
protein molecules. Biotechnol Bioprocess Eng
15:30–39. https://doi.org/10.1007/s12257-009-3074-4

Mitsumasa I, Young-Soo K, Takhee L (2010) Nanoscale
Interface for organic electronics. World Scientific Pub-
lisher, Singapore

Mohammadniaei M, Lee T, Yoon J, Lee D, Choi J-W
(2017) Electrochemical nucleic acid detection based
on parallel structural dsDNA/recombinant azurin
hybrid. Biosens Bioelectron 98:292–298. https://doi.
org/10.1016/j.bios.2017.07.005

Mohammadniaei M, Lee T, Yoon J, Choi J-W (2018)
Spectroelectrochemical detection of microRNA-155
based on functional RNA immobilization onto
ITO/GNP Nanopattern. J Biotechnol 274:40

292 M. Mohammadniaei et al.

https://doi.org/10.1002/adfm.201302397
https://doi.org/10.1002/adfm.201302397
https://doi.org/10.1016/j.apsusc.2014.09.020
https://doi.org/10.1021/acsnano.5b03269
https://doi.org/10.1016/j.bios.2011.02.003
https://doi.org/10.1016/j.bios.2011.02.003
https://doi.org/10.1093/nar/gkw634
https://doi.org/10.1093/nar/gkw634
https://doi.org/10.1038/35003155
https://doi.org/10.1021/ja800554t
https://doi.org/10.1021/ja800554t
https://doi.org/10.1016/j.trac.2012.03.008
https://doi.org/10.1021/nn300598q
https://doi.org/10.1021/ja511444e
https://doi.org/10.1016/j.bios.2015.03.051
https://doi.org/10.1016/j.bios.2015.03.051
https://doi.org/10.1016/j.bios.2015.10.056
https://doi.org/10.1016/j.bios.2015.10.056
https://doi.org/10.1007/s00604-017-2179-2
https://doi.org/10.1007/s00604-017-2179-2
https://doi.org/10.1007/s12274-018-2004-1
https://doi.org/10.1007/s12274-018-2004-1
https://doi.org/10.1016/j.molcatb.2008.05.007
https://doi.org/10.1016/j.molcatb.2008.05.007
https://doi.org/10.1039/C3AN02162A
https://doi.org/10.1039/C3AN02162A
https://doi.org/10.1515/ntrev-20160014
https://doi.org/10.1515/ntrev-20160014
https://doi.org/10.1002/smll.201101494
https://doi.org/10.1002/smll.201101494
https://doi.org/10.1021/ac00090a023
https://doi.org/10.1007/s12257-009-3074-4
https://doi.org/10.1016/j.bios.2017.07.005
https://doi.org/10.1016/j.bios.2017.07.005


Muramatsu S, Kinbara K, Taguchi H, Ishii N, Aida T
(2006) Semibiological molecular machine with an
implemented “AND” logic gate for regulation of pro-
tein folding. J Am Chem Soc 128:3764–3769. https://
doi.org/10.1021/ja057604t

Nagase S, Ohkoshi N, Ueda A, Aoyagi K, Koyama A
(1997) Hydrogen peroxide interferes with detection
of nitric oxide by an electrochemical method. Clin
Chem 43:1246–1246

Nikitin MP, Shipunova VO, Deyev SM, Nikitin PI (2014)
Biocomputing based on particle disassembly. Nat
Nanotechnol 9:716. https://doi.org/10.1038/nnano.
2014.156

Nowak C, Schach D, Gebert J, Grosserueschkamp M,
Gennis RB, Ferguson-Miller S, Knoll W, Walz D,
Naumann RLC (2011) Oriented immobilization and
electron transfer to the cytochrome c oxidase. J Solid
State Electrochem 15:105–114. https://doi.org/10.
1007/s10008-010-1032-x

Noy A (2011) Bionanoelectronics. Adv Mater
23:807–820. https://doi.org/10.1002/adma.201003751

Odenthal KJ, Gooding JJ (2007) An introduction to elec-
trochemical DNAbiosensors. Analyst 132:603–610.
https://doi.org/10.1039/B701816A

Offenhäusser A, Rinaldi R (2009) Nanobioelectronics –

for electronics, biology, and medicine. Springer,
New York

Ogihara M, Ray A (2000) DNA computing on a chip.
Nature 403:143. https://doi.org/10.1038/35003071

Okamoto A, Tanaka K, Saito I (2004) DNA logic gates. J
Am Chem Soc 126:9458–9463. https://doi.org/10.
1021/ja047628k

Palanisamy S, Cheemalapati S, Chen S-M (2012) Highly
sensitive and selective hydrogen peroxide biosensor
based on hemoglobin immobilized at multiwalled car-
bon nanotubes–zinc oxide composite electrode. Anal
Biochem 429:108–115. https://doi.org/10.1016/j.ab.
2012.07.001

Paleček E, Jelen F (2002) Electrochemistry of nucleic
acids and development of DNA sensors. Crit Rev
Anal Chem 32:261–270. https://doi.org/10.1080/
10408340290765560

Pan S, Rothberg L (2005) Chemical control of electrode
functionalization for detection of DNA hybridization
by electrochemical impedance spectroscopy. Langmuir
21:1022–1027. https://doi.org/10.1021/la048083a

Pingarrón JM, Yáñez-Sedeño P, González-Cortés A
(2008) Gold nanoparticle-based electrochemical
biosensors. Electrochim Acta 53:5848–5866. https://
doi.org/10.1016/j.electacta.2008.03.005

Pita M, Krämer M, Zhou J, Poghossian A, Schöning MJ,
Fernández VM, Katz E (2008) Optoelectronic
properties of nanostructured ensembles controlled by
biomolecular logic systems. ACS Nano 2:2160–2166.
https://doi.org/10.1021/nn8004558

Pita M, Tam TK, Minko S, Katz E (2009a) Dual
Magnetobiochemical logic control of electrochemical
processes based on local interfacial pH changes. ACS

Appl Mater Interfaces 1:1166–1168. https://doi.org/10.
1021/am900185c

Pita M, Zhou J, Manesh KM, Halámek J, Katz E, Wang J
(2009b) Enzyme logic gates for assessing physiologi-
cal conditions during an injury: towards digital sensors
and actuators. Sensors Actuators B Chem 139:631–636.
https://doi.org/10.1016/j.snb.2009.03.001

Prokup A, Hemphill J, Deiters A (2012) DNA computa-
tion: a photochemically controlled AND gate. J Am
Chem Soc 134:3810–3815. https://doi.org/10.1021/
ja210050s

Pumera M, Sánchez S, Ichinose I, Tang J (2007) Electro-
chemical nanobiosensors. Sensors Actuators B Chem
123:1195–1205. https://doi.org/10.1016/j.snb.2006.
11.016

Qian L, Winfree E (2011) Scaling up digital circuit com-
putation with DNA strand displacement cascades. Sci-
ence 332:1196–1201. https://doi.org/10.1126/science.
1200520

Qian L, Winfree E, Bruck J (2011) Neural network com-
putation with DNA strand displacement cascades.
Nature 475:368. https://doi.org/10.1038/nature10262

Qiu M, Khisamutdinov E, Zhao Z, Pan C, Choi J-W,
Leontis NB, Guo P (2013) RNA nanotechnology for
computer design and in vivo computation. Philos Trans
R Soc AMath Phys Eng Sci 371:20120310. https://doi.
org/10.1098/rsta.2012.0310

Radhakrishnan K, Tripathy J, Raichur AM (2013) Dual
enzyme responsive microcapsules simulating an “OR”
logic gate for biologically triggered drug delivery
applications. Chem Commun 49:5390–5392. https://
doi.org/10.1039/C3CC42017E

Ramanavičius A, Ramanavičienė A, Malinauskas A (2006)
Electrochemical sensors based on conducting polymer—
polypyrrole. Electrochim Acta 51:6025–6037. https://doi.
org/10.1016/j.electacta.2005.11.052

Ramnani P, Gao Y, Ozsoz M, Mulchandani A (2013)
Electronic detection of MicroRNA at Attomolar level
with high specificity. Anal Chem 85:8061–8064.
https://doi.org/10.1021/ac4018346

Rao SV, Anderson KW, Bachas LG (1998) Oriented
immobilization of proteins. Microchim Acta
128:127–143. https://doi.org/10.1007/bf01243043

Ren X, Yan J, Wu D, Wei Q, Wan Y (2017) Nanobody-
based apolipoprotein E Immunosensor for point-of-
care testing. ACS Sensors 2:1267–1271. https://doi.
org/10.1021/acssensors.7b00495

Rinaudo K, Bleris L, Maddamsetti R, Subramanian S,
Weiss R, Benenson Y (2007) A universal RNAi-
based logic evaluator that operates in mammalian
cells. Nat Biotechnol 25:795. https://doi.org/10.1038/
nbt1307

Robles-Águila MJ, Pérez KS, Stojanoff V, Juárez-
Santiesteban H, Silva-González R, Moreno A (2014)
Design of molecular devices based on metalloproteins:
a new approach. J Mater Sci Mater Electron
25:1354–1360. https://doi.org/10.1007/s10854-014-
1734-4

17 Fabrication of Electrochemical-Based Bioelectronic Device and Biosensor. . . 293

https://doi.org/10.1021/ja057604t
https://doi.org/10.1021/ja057604t
https://doi.org/10.1038/nnano.2014.156
https://doi.org/10.1038/nnano.2014.156
https://doi.org/10.1007/s10008-010-1032-x
https://doi.org/10.1007/s10008-010-1032-x
https://doi.org/10.1002/adma.201003751
https://doi.org/10.1039/B701816A
https://doi.org/10.1038/35003071
https://doi.org/10.1021/ja047628k
https://doi.org/10.1021/ja047628k
https://doi.org/10.1016/j.ab.2012.07.001
https://doi.org/10.1016/j.ab.2012.07.001
https://doi.org/10.1080/10408340290765560
https://doi.org/10.1080/10408340290765560
https://doi.org/10.1021/la048083a
https://doi.org/10.1016/j.electacta.2008.03.005
https://doi.org/10.1016/j.electacta.2008.03.005
https://doi.org/10.1021/nn8004558
https://doi.org/10.1021/am900185c
https://doi.org/10.1021/am900185c
https://doi.org/10.1016/j.snb.2009.03.001
https://doi.org/10.1021/ja210050s
https://doi.org/10.1021/ja210050s
https://doi.org/10.1016/j.snb.2006.11.016
https://doi.org/10.1016/j.snb.2006.11.016
https://doi.org/10.1126/science.1200520
https://doi.org/10.1126/science.1200520
https://doi.org/10.1038/nature10262
https://doi.org/10.1098/rsta.2012.0310
https://doi.org/10.1098/rsta.2012.0310
https://doi.org/10.1039/C3CC42017E
https://doi.org/10.1039/C3CC42017E
https://doi.org/10.1016/j.electacta.2005.11.052
https://doi.org/10.1016/j.electacta.2005.11.052
https://doi.org/10.1021/ac4018346
https://doi.org/10.1007/bf01243043
https://doi.org/10.1021/acssensors.7b00495
https://doi.org/10.1021/acssensors.7b00495
https://doi.org/10.1038/nbt1307
https://doi.org/10.1038/nbt1307
https://doi.org/10.1007/s10854-014-1734-4
https://doi.org/10.1007/s10854-014-1734-4


Rocchitta G, Spanu A, Babudieri S, Latte G, Madeddu G,
Galleri G, Nuvoli S, Bagella P, Demartis M, Fiore V,
Manetti R, Serra P (2016) Enzyme biosensors for bio-
medical applications: strategies for safeguarding ana-
lytical performances in biological fluids. Sensors
16:780

Rojkind M, Domínguez-Rosales J-A, Nieto N, Greenwel P
(2002) Role of hydrogen peroxide and oxidative stress
in healing responses. Cell Mol Life Sci 59:1872–1891.
https://doi.org/10.1007/pl00012511

Ronkainen NJ, Halsall HB, Heineman WR (2010) Elec-
trochemical biosensors. Chem Soc Rev 39:1747–1763.
https://doi.org/10.1039/B714449K

Safavi A, Farjami F (2010) Hydrogen peroxide biosensor
based on a myoglobin/hydrophilic room temperature
ionic liquid film. Anal Biochem 402:20–25. https://doi.
org/10.1016/j.ab.2010.03.013

Sarkar D, Liu W, Xie X, Anselmo AC, Mitragotri S,
Banerjee K (2014) MoS2 field-effect transistor for
next-generation label-free biosensors. ACS Nano
8:3992–4003. https://doi.org/10.1021/nn5009148

Schalkwijk J, van den Berg WB, van de Putte LBA,
Joosten LAB (1986) An experimental model for hydro-
gen peroxide–induced tissue damage. Effects of a sin-
gle inflammatory mediator on (peri)articular tissues.
Arthritis Rheum 29:532–538. https://doi.org/10.1002/
art.1780290411

Schwartz DK (2001) Mechanisms and kinetics of self-
assembled monolayer formation. Annu Rev Phys
Chem 52:107–137. https://doi.org/10.1146/annurev.
physchem.52.1.107

Schwarzkopf M, Pierce NA (2016) Multiplexed miRNA
northern blots via hybridization chain reaction. Nucleic
Acids Res 44:e129. https://doi.org/10.1093/nar/
gkw503

Seelig G, Soloveichik D, Zhang DY, Winfree E (2006)
Enzyme-free nucleic acid logic circuits. Science
314:1585–1588. https://doi.org/10.1126/science.
1132493

Shi L, Chu Z, Liu Y, Jin W, Chen X (2013) Facile
synthesis of hierarchically aloe-like gold micro/
nanostructures for ultrasensitive DNA recognition.
Biosens Bioelectron 49:184–191. https://doi.org/10.
1016/j.bios.2013.05.012

Singh P, Pandey SK, Singh J, Srivastava S, Sachan S,
Singh SK (2016) Biomedical perspective of electro-
chemical Nanobiosensor. Nano-Micro Lett 8:193–203.
https://doi.org/10.1007/s40820-015-0077-x

Song Y, Wan L, Wang Y, Zhao S, Hou H, Wang L (2012)
Electron transfer and electrocatalytics of cytochrome c
and horseradish peroxidase on DNA modified elec-
trode. Bioelectrochemistry 85:29–35. https://doi.org/
10.1016/j.bioelechem.2011.11.007

Song Y, Liu H, Wan L, Wang Y, Hou H, Wang L (2013)
Direct electrochemistry of cytochrome c based on poly
(diallyldimethylammonium chloride)- graphene
Nanosheets/gold nanoparticles hybrid nanocomposites
and its biosensing. Electroanalysis 25:1400–1409.
https://doi.org/10.1002/elan.201200524

Strack G, Ornatska M, Pita M, Katz E (2008a)
Biocomputing security system: concatenated enzyme-
based logic gates operating as a biomolecular keypad
lock. J Am Chem Soc 130:4234–4235. https://doi.org/
10.1021/ja7114713

Strack G, Pita M, Ornatska M, Katz E (2008b) Boolean
logic gates that use enzymes as input signals.
Chembiochem 9:1260–1266. https://doi.org/10.1002/
cbic.200700762

Strukov DB, Kohlstedt H (2012) Resistive switching phe-
nomena in thin films: materials, devices, and
applications. MRS Bull 37:108–114. https://doi.org/
10.1557/mrs.2012.2

Suárez G, Santschi C, Martin OJF, Slaveykova VI (2013)
Biosensor based on chemically-designed anchorable
cytochrome c for the detection of H2O2 released by
aquaticcells. Biosens Bioelectron 42:385–390. https://
doi.org/10.1016/j.bios.2012.10.083

Tamayo J, Kosaka PM, Ruz JJ, San Paulo A, Calleja M
(2013) Biosensors based on nanomechanical systems.
Chem Soc Rev 42:1287–1311. https://doi.org/10.1039/
C2CS35293A

Thévenot DR, Toth K, Durst RA, Wilson GS (2001)
Electrochemical Biosensors: recommended definitions
and classification. Biosensors Bioelectron 16:121–131.
https://doi.org/10.1016/S0956-5663(01)00115-4

Tomohiro M, Satoshi S, Masaaki T (2004) Novel
reconfigurable logic gates using spin metal–oxide–
semiconductor field-effect transistors. Jpn J Appl
Phys 43:6032

Trifonov A, Sharon E, Tel-Vered R, Kahn JS, Willner I
(2016) Application of the hybridization chain reaction
on electrodes for the amplified and parallel electro-
chemical analysis of DNA. J Phys Chem C
120:15743–15752. https://doi.org/10.1021/acs.jpcc.
5b11308

Tseng RJ, Tsai C, Ma L, Ouyang J, Ozkan CS, Yang Y
(2006) Digital memory device based on tobacco
mosaic virus conjugated with nanoparticles. Nat
Nanotechnol 1:72. https://doi.org/10.1038/nnano.
2006.55

Umasankar Y, Unnikrishnan B, Chen S-M, Ting T-W
(2012) Graphene impregnated with horseradish perox-
idase multimer for the determination of hydrogen per-
oxide. Anal Methods 4:3653–3660. https://doi.org/10.
1039/C2AY25276G

Vestergaard M, Kerman K, Tamiya E (2007) An overview
of label-free electrochemical protein sensors. Sensors
7:3442

Wan Q, Song H, Shu H, Wang Z, Zou J, Yang N (2013) In
situ synthesized gold nanoparticles for direct electro-
chemistry of horseradish peroxidase. Colloids Surf B
Biointerfaces 104:181–185. https://doi.org/10.1016/j.
colsurfb.2012.12.009

Wang J (2002) Electrochemical nucleic acid biosensors.
Anal Chim Acta 469:63–71. https://doi.org/10.1016/
S0003-2670(01)01399-X

294 M. Mohammadniaei et al.

https://doi.org/10.1007/pl00012511
https://doi.org/10.1039/B714449K
https://doi.org/10.1016/j.ab.2010.03.013
https://doi.org/10.1016/j.ab.2010.03.013
https://doi.org/10.1021/nn5009148
https://doi.org/10.1002/art.1780290411
https://doi.org/10.1002/art.1780290411
https://doi.org/10.1146/annurev.physchem.52.1.107
https://doi.org/10.1146/annurev.physchem.52.1.107
https://doi.org/10.1093/nar/gkw503
https://doi.org/10.1093/nar/gkw503
https://doi.org/10.1126/science.1132493
https://doi.org/10.1126/science.1132493
https://doi.org/10.1016/j.bios.2013.05.012
https://doi.org/10.1016/j.bios.2013.05.012
https://doi.org/10.1007/s40820-015-0077-x
https://doi.org/10.1016/j.bioelechem.2011.11.007
https://doi.org/10.1016/j.bioelechem.2011.11.007
https://doi.org/10.1002/elan.201200524
https://doi.org/10.1021/ja7114713
https://doi.org/10.1021/ja7114713
https://doi.org/10.1002/cbic.200700762
https://doi.org/10.1002/cbic.200700762
https://doi.org/10.1557/mrs.2012.2
https://doi.org/10.1557/mrs.2012.2
https://doi.org/10.1016/j.bios.2012.10.083
https://doi.org/10.1016/j.bios.2012.10.083
https://doi.org/10.1039/C2CS35293A
https://doi.org/10.1039/C2CS35293A
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.1021/acs.jpcc.5b11308
https://doi.org/10.1021/acs.jpcc.5b11308
https://doi.org/10.1038/nnano.2006.55
https://doi.org/10.1038/nnano.2006.55
https://doi.org/10.1039/C2AY25276G
https://doi.org/10.1039/C2AY25276G
https://doi.org/10.1016/j.colsurfb.2012.12.009
https://doi.org/10.1016/j.colsurfb.2012.12.009
https://doi.org/10.1016/S0003-2670(01)01399-X
https://doi.org/10.1016/S0003-2670(01)01399-X


Wang J (2005) Carbon-nanotube based electrochemical
biosensors: a review. Electroanalysis 17:7–14. https://
doi.org/10.1002/elan.200403113

Wang J (2008) Electrochemical glucose biosensors. Chem
Rev 108:814–825. https://doi.org/10.1021/cr068123a

Wang R, Zhang J, Hu Y (2011) Liquid phase deposition of
hemoglobin/SDS/TiO2 hybrid film preserving
photoelectrochemical activity. Bioelectrochemistry
81:34–38. https://doi.org/10.1016/j.bioelechem.2011.
01.003

Wang Z, Ning L, Duan A, Zhu X, Wang H, Li G (2012) A
set of logic gates fabricated with G-quadruplex assem-
bled at an electrode surface. Chem Commun
48:7507–7509. https://doi.org/10.1039/C2CC33088A

Wang Y, Zhang H, Yao D, Pu J, Zhang Y, Gao X, Sun Y
(2013) Direct electrochemistry of hemoglobin on
graphene/Fe3O4 nanocomposite-modified glass car-
bon electrode and its sensitive detection for hydrogen
peroxide. J Solid State Electrochem 17:881–887.
https://doi.org/10.1007/s10008-012-1939-5

Wang Y-H, Huang K-J, Wu X (2017) Recent advances in
transition-metal dichalcogenides based electrochemi-
cal biosensors: a review. Biosens Bioelectron
97:305–316. https://doi.org/10.1016/j.bios.2017.06.
011

Weber W, Schoenmakers R, Keller B, Gitzinger M,
Grau T, Daoud-El Baba M, Sander P, Fussenegger M
(2008) A synthetic mammalian gene circuit reveals
antituberculosis compounds. Proc Natl Acad Sci
105:9994–9998. https://doi.org/10.1073/pnas.
0800663105

Wen Y, Pei H, Shen Y, Xi J, Lin M, Lu N, Shen X, Li J,
Fan C (2012) DNA nanostructure-based interfacial
engineering for PCR-free ultrasensitive electrochemi-
cal analysis of microRNA. Sci Rep 2(2):867. https://
doi.org/10.1038/srep00867

Willner I, Katz E (2000) Integration of layered redox
proteins and conductive supports for bioelectronic
applications. Angew Chem Int Ed 39:1180–1218.
https://doi.org/10.1002/(SICI)1521-3773(20000403)
39:7<1180::AID-ANIE1180>3.0.CO;2-E

Win MN, Smolke CD (2008) Higher-order cellular infor-
mation processing with synthetic RNA devices. Sci-
ence 322:456–460. https://doi.org/10.1126/science.
1160311

Wong LS, Khan F, Micklefield J (2009) Selective covalent
protein immobilization: strategies and applications.
Chem Rev 109:4025–4053. https://doi.org/10.1021/
cr8004668

Wu L, Qu X (2015) Cancer biomarker detection: recent
achievements and challenges. Chem Soc Rev
44:2963–2997. https://doi.org/10.1039/C4CS00370E

Wu S, Zhao H, Ju H, Shi C, Zhao J (2006) Electrodeposi-
tion of silver–DNA hybrid nanoparticles for electro-
chemical sensing of hydrogen peroxide and glucose.
Electrochem Commun 8:1197–1203. https://doi.org/
10.1016/j.elecom.2006.05.013

Wu S-H, Tang Y, Chen L, Ma X-G, Tian S-M, Sun J-J
(2015) Amplified electrochemical hydrogen peroxide

reduction based on hemin/G-quadruplex DNAzyme as
electrocatalyst at gold particles modified heated copper
disk electrode. Biosens Bioelectron 73:41–46. https://
doi.org/10.1016/j.bios.2015.05.039

Xiang C, Zou Y, Sun L-X, Xu F (2008) Direct electron
transfer of cytochrome c and its biosensor based on
gold nanoparticles/room temperature ionic liquid/car-
bon nanotubes composite film. Electrochem Commun
10:38–41. https://doi.org/10.1016/j.elecom.2007.10.
030

Xie Z, Liu SJ, Bleris L, Benenson Y (2010) Logic integra-
tion of mRNA signals by an RNAi-based molecular
computer. Nucleic Acids Res 38:2692–2701. https://
doi.org/10.1093/nar/gkq117

Xie Z, Wroblewska L, Prochazka L, Weiss R, Benenson Y
(2011) Multi-input RNAi-based logic circuit for iden-
tification of specific Cancer cells. Science
333:1307–1311. https://doi.org/10.1126/science.
1205527

Xu J, Shang F, Luong JHT, Razeeb KM, Glennon JD
(2010) Direct electrochemistry of horseradish peroxi-
dase immobilized on a monolayer modified nanowire
array electrode. Biosens Bioelectron 25:1313–1318.
https://doi.org/10.1016/j.bios.2009.10.018

Yagati AK, Kim S-U, Min J, Choi J-W (2009a) Multi-bit
biomemory consisting of recombinant protein variants,
azurin. Biosens Bioelectron 24:1503–1507. https://doi.
org/10.1016/j.bios.2008.07.080

Yagati AK, Kim S-U, Min J, Choi J-W (2009b) Write-
once–read-many-times (WORM) biomemory device
consisting of cysteine modified ferredoxin.
Electrochem Commun 11:854–858. https://doi.org/10.
1016/j.elecom.2009.02.014

Yagati AK, Kim S-U, Min J, Choi J-W (2010) Ferredoxin
molecular thin film with intrinsic switching mechanism
for biomemory application. J Nanosci Nanotechnol
10:3220–3223. https://doi.org/10.1166/jnn.2010.2229

Yagati AK, Lee T, Min J, Choi J-W (2012) Electrochemi-
cal performance of gold nanoparticle–cytochrome c
hybrid interface for H2O2 detection. Colloids Surf B
Biointerfaces 92:161–167. https://doi.org/10.1016/j.
colsurfb.2011.11.035

Yagati AK, Lee T, Min J, Choi J-W (2013) An enzymatic
biosensor for hydrogen peroxide based on CeO2
nanostructure electrodeposited on ITO surface.
Biosens Bioelectron 47:385–390. https://doi.org/10.
1016/j.bios.2013.03.035

Yagati AK, Min J, Cho S (2014) Electrosynthesis of
ERGO-NP nanocomposite films for Bioelectro-
catalysis of horseradish peroxidase towards H2O2. J
Electrochem Soc 161:G133–G140. https://doi.org/10.
1149/2.1001414jes

Yin P, Choi HMT, Calvert CR, Pierce NA (2008) Pro-
gramming biomolecular self-assembly pathways.
Nature 451:318. https://doi.org/10.1038/nature06451

Yoo S-Y, Lee T, Chung Y-H, Min J, Choi J-W (2011)
Fabrication of biofilm in nanoscale consisting of cyto-
chrome f/2-MAA bilayer on Au surface for
bioelectronic devices by self-assembly technique. J

17 Fabrication of Electrochemical-Based Bioelectronic Device and Biosensor. . . 295

https://doi.org/10.1002/elan.200403113
https://doi.org/10.1002/elan.200403113
https://doi.org/10.1021/cr068123a
https://doi.org/10.1016/j.bioelechem.2011.01.003
https://doi.org/10.1016/j.bioelechem.2011.01.003
https://doi.org/10.1039/C2CC33088A
https://doi.org/10.1007/s10008-012-1939-5
https://doi.org/10.1016/j.bios.2017.06.011
https://doi.org/10.1016/j.bios.2017.06.011
https://doi.org/10.1073/pnas.0800663105
https://doi.org/10.1073/pnas.0800663105
https://doi.org/10.1038/srep00867
https://doi.org/10.1038/srep00867
https://doi.org/10.1002/(SICI)1521-3773(20000403)39:73.0.CO;2-E
https://doi.org/10.1002/(SICI)1521-3773(20000403)39:73.0.CO;2-E
https://doi.org/10.1126/science.1160311
https://doi.org/10.1126/science.1160311
https://doi.org/10.1021/cr8004668
https://doi.org/10.1021/cr8004668
https://doi.org/10.1039/C4CS00370E
https://doi.org/10.1016/j.elecom.2006.05.013
https://doi.org/10.1016/j.elecom.2006.05.013
https://doi.org/10.1016/j.bios.2015.05.039
https://doi.org/10.1016/j.bios.2015.05.039
https://doi.org/10.1016/j.elecom.2007.10.030
https://doi.org/10.1016/j.elecom.2007.10.030
https://doi.org/10.1093/nar/gkq117
https://doi.org/10.1093/nar/gkq117
https://doi.org/10.1126/science.1205527
https://doi.org/10.1126/science.1205527
https://doi.org/10.1016/j.bios.2009.10.018
https://doi.org/10.1016/j.bios.2008.07.080
https://doi.org/10.1016/j.bios.2008.07.080
https://doi.org/10.1016/j.elecom.2009.02.014
https://doi.org/10.1016/j.elecom.2009.02.014
https://doi.org/10.1166/jnn.2010.2229
https://doi.org/10.1016/j.colsurfb.2011.11.035
https://doi.org/10.1016/j.colsurfb.2011.11.035
https://doi.org/10.1016/j.bios.2013.03.035
https://doi.org/10.1016/j.bios.2013.03.035
https://doi.org/10.1149/2.1001414jes
https://doi.org/10.1149/2.1001414jes
https://doi.org/10.1038/nature06451


Nanosci Nanotechnol 11:7069–7072. https://doi.org/
10.1166/jnn.2011.4845

Yoon J, Chung Y-H, Yoo S-Y, Min J, Choi J-W (2014)
Electrochemical-signal enhanced information storage
device composed of cytochrome c/SNP bilayer. J
Nanosci Nanotechnol 14:2466–2471. https://doi.org/
10.1166/jnn.2014.8542

Yoon J, Lee T, Bapurao GB, Jo J, Oh B-K, Choi J-W
(2017a) Electrochemical H2O2 biosensor composed of
myoglobin on MoS2 nanoparticle-graphene oxide
hybrid structure. Biosens Bioelectron 93:14–20.
https://doi.org/10.1016/j.bios.2016.11.064

Yoon J, Shin J-W, Lim J, Mohammadniaei M, Bharate
Bapurao G, Lee T, Choi J-W (2017b) Electrochemical
nitric oxide biosensor based on amine-modified MoS2/
graphene oxide/myoglobin hybrid. Colloids Surf B
Biointerfaces 159:729–736. https://doi.org/10.1016/j.
colsurfb.2017.08.033

Yuan Y, Zhou S, Yang G, Yu Z (2013) Electrochemical
biomemory devices based on self-assembled graphene-
Shewanella oneidensis composite biofilms. RSC Adv
3:18844–18848. https://doi.org/10.1039/
C3RA42850H

Zhai J, Cui H, Yang R (1997) DNA based biosensors.
Biotechnol Adv 15:43–58. https://doi.org/10.1016/
S0734-9750(97)00003-7

Zhang L (2008) Direct electrochemistry of cytochrome c at
ordered macroporous active carbon electrode. Biosens

Bioelectron 23:1610–1615. https://doi.org/10.1016/j.
bios.2008.01.022

Zhang Y, Zhang C-y (2012) Sensitive detection of
microRNA with isothermal amplification and a sin-
gle-quantum-dot-based Nanosensor. Anal Chem
84:224–231. https://doi.org/10.1021/ac202405q

Zhang J, Dong S, Lu J, Turner APF, Fan Q, Jia S, Yang H,
Qiao C, Zhou H, He G (2009) A label free electrochemical
Nanobiosensor study. Anal Lett 42:2905–2913. https://doi.
org/10.1080/00032710903201941

Zhang YM, Zhang L, Liang RP, Qiu JD (2013) DNA
electronic logic gates based on metal-ion-dependent
induction of oligonucleotide structural motifs. Chem
Eur J 19:6961–6965. https://doi.org/10.1002/chem.
201300625

Zhao Y, Zhou L, Tang Z (2013) Cleavage-based signal
amplification of RNA. Nat Commun 4:1493. https://
doi.org/10.1038/ncomms2492 http://www.nature.com/
articles/ncomms2492#supplementary-information

Zhou J, Arugula MA, Halámek J, Pita M, Katz E (2009)
Enzyme-based NAND and NOR logic gates with mod-
ular design. J Phys Chem B 113:16065–16070. https://
doi.org/10.1021/jp9079052

Zhu W-L, Zhou Y, Zhang J-R (2009) Direct electrochem-
istry and electrocatalysis of myoglobin based on silica-
coated gold nanorods/room temperature ionic liquid/
silica sol–gel composite film. Talanta 80:224–230.
https://doi.org/10.1016/j.talanta.2009.06.056

296 M. Mohammadniaei et al.

https://doi.org/10.1166/jnn.2011.4845
https://doi.org/10.1166/jnn.2011.4845
https://doi.org/10.1166/jnn.2014.8542
https://doi.org/10.1166/jnn.2014.8542
https://doi.org/10.1016/j.bios.2016.11.064
https://doi.org/10.1016/j.colsurfb.2017.08.033
https://doi.org/10.1016/j.colsurfb.2017.08.033
https://doi.org/10.1039/C3RA42850H
https://doi.org/10.1039/C3RA42850H
https://doi.org/10.1016/S0734-9750(97)00003-7
https://doi.org/10.1016/S0734-9750(97)00003-7
https://doi.org/10.1016/j.bios.2008.01.022
https://doi.org/10.1016/j.bios.2008.01.022
https://doi.org/10.1021/ac202405q
https://doi.org/10.1080/00032710903201941
https://doi.org/10.1080/00032710903201941
https://doi.org/10.1002/chem.201300625
https://doi.org/10.1002/chem.201300625
https://doi.org/10.1038/ncomms2492
https://doi.org/10.1038/ncomms2492
http://www.nature.com/articles/ncomms2492#supplementary-information
http://www.nature.com/articles/ncomms2492#supplementary-information
https://doi.org/10.1021/jp9079052
https://doi.org/10.1021/jp9079052
https://doi.org/10.1016/j.talanta.2009.06.056


Biomimetic Self-Assembling Peptide
Hydrogels for Tissue Engineering
Applications
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Jiaju Lu and Xiumei Wang

18.1 Introduction

Tissue engineering is an exciting research field
that aims to replace/repair tissue or organ that has
been damaged because of disease, injury or trauma
(Khademhosseini and Langer 2016; Langer and
Vacanti 1993; Vacanti and Langer 1999). There
are three main components in tissue engineering:
Cells, scaffolds and signaling biomolecules
(or growth factors), which are generally referred
to as the tissue engineering triad. Among them,
scaffolds play a pivotal role in providing the ben-
eficial microenvironment for regenerative cells
survival, proliferation and differentiation, as well
as carrying signaling biomolecules for mediating
cellular response. Therefore, a three dimensions
(3D), porous biomimetic scaffold that could
mimic the natural extracellular matrix (ECM) is
critical (Ma 2008; Shin et al. 2003).

Molecular self-assembly offers a powerful
bottom-up fabrication technology to construct a
stable and well-organized structure at nano-
and/or micro- scales (Palmer and Stupp 2008;
Whitesides and Grzybowski 2002; Zhang 2003).
It is a spontaneous and prevalent process in living
systems, such as protein folding and DNA

double-helix formation (Whitesides et al. 1991;
Zhang 2003). Scientists are inspired by these
complex and elegant phenomenon to prepare
functional materials by using the mechanisms of
self-assembly. The process of peptide self-
assembly is mainly mediated by noncovalent
interactions, such as hydrogen bonding, hydro-
phobic interaction, van der Waals, electrostatic
interaction, and π-π stacking interactions
(Whitesides and Grzybowski 2002). Compared
with covalent bonding, these noncovalent forces
show several advantages of reversible property,
high synthetic convergence and precise design
(Sun et al. 2017).

Although a number of building blocks like
cholesteryl group (Xu et al. 2013), sugar-based
molecules (Ogawa et al. 2012) have been
explored for applications in molecular self-
assembly, peptides derived from natural or syn-
thetic amino acids possess unique properties.
Firstly, beyond the advantages include biocom-
patibility and biodegradability, they are also eas-
ily obtained by solid-phase synthesis methods
and designed by adding diverse functional motifs
in native protein (Pérez et al. 2015). In addition,
they could self-assemble into different kinds of
supramolecular structures, such as nanotubes,
nanosphere, vesicles, and micelles (Mandal et al.
2014). Most importantly, peptides are the most
promising candidates for regenerative scaffolds,
because the main “cell signaling language” in the
ECM is mediated through peptide epitopes
(Habibi et al. 2016; Pérez et al. 2015).
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Various bioactive motifs derived from natu-
rally occurring proteins have been widely
designed and introduced to the pure self-
assembling peptides. The functionalized peptides
hydrogel scaffolds could provide a beneficial
environment that is permissive for regeneration
of damaged tissues and allows for cell survival,
proliferation and differentiation. In this chapter,
we summarize the most widely used classes
(α-helical coiled-coil peptide, β-sheet peptides,
and peptide amphiphiles) and hydrogel formation
of self-assembling peptides, as well as their recent
and promising applications in tissue engineering.

18.2 Self-Assembling Peptide
Design and Hydrogel
Formation

Although only 20 natural amino acids exist in the
live systems, the combinations of 20 natural
amino acids are highly diversified. Recently,
non-natural amino acids and their derivatives are
also utilized for making up the self-assembling
peptide (Orbach et al. 2009). A number of self-
assembled peptide systems have been designed
and developed via tuning the basic conforma-
tional units of peptides (Table 18.1). The typical
molecular structures naturally occurred in
proteins including β-sheets, α-helices and coiled

coils, which could be designed to direct the self-
assembling processes of peptides (Ulijn and
Smith 2008).

18.2.1 a-Helical Coiled-Coil Peptide

The α-helical structures are main secondary
structures of peptides and commonly seen in the
cytoskeleton and extracellular matrix in
biological systems (Beck and Brodsky 1998;
Robson Marsden and Kros 2010; Woolfson
2001). Like the majority of self-assembling
peptides, the non-covalent hydrophobic
interactions is main driven force of peptide fold-
ing, which are between the side chains of different
α-helices. In theory, the α-helical has 3.6 residues
per turn, so hydrophobic amino acids are usually
designed to space three to four amino acids to
meet the requirements of α-helical geometry
(Pauling et al. 1951; Woolfson 2010). However,
stabilizing an α-helices conformation result from
hydrogen bonds is often difficult because of its
inherent thermodynamic instability in solution
(García and Sanbonmatsu 2002; Ziv et al. 2005).

An α-helical coiled-coil structure could be
formed through the assembly of two or more
α-helicals into superhelical structures, which are
highly ordered and stable. Pioneering work was
done by Petka et al. in 1998, they designed a

Table 18.1 Some examples of biomimetic self-assembling peptides

Name Peptide sequence
Secondary
structure

Gelation
conditions References

hSAFAAA p1(IAALKAK-IAALKAE-IAALEAE-
NAALEA)

α-Helix Temperature Banwell et al. (2009)

p2(IAALKAK-NAALKAE-IAALEAE-
IAALEA)

EAK16-II (AEAEAKAK)2 β-Sheet Ionic strength Zhang et al. (1993)
RADA16- (RADA)4 β-Sheet pH, ionic

strength
Zhang and Altman
(1999)I

K24 KLEALYVLGFFGFFTLGIMLSYIR β-Sheet Polar solvents Aggeli et al. (1996)
P11-I QQRQQQQQEQQ β-Sheet Polar solvents Aggeli et al. (1997b)
MAX1 VKVKVKVKVDPPTKVKVKVKV β-Turn pH, shear-

thinning
Schneider et al.
(2002)

PA 1: C16H31O-NH-AAAAGGGEIKVAV β-Sheet pH Niece et al. (2003)
2: C16H31O-NH-AAAAGGGKYIGSR
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synthetic coiled-coil peptide that could reversibly
self-assembled into a hydrogel (Petka et al. 1998).
The typical α-helical coiled-coil peptide consists
of a heptad repeat pattern (abcdefg)n, where a and
d are usually hydrophobic amino acid and the
remaining residues tend to be polar (Kumar
et al. 2016; Lupas and Gruber 2005; Walshaw
and Woolfson 2001). These repeating heptad
could self-assemble into the amphipathic helices
under hydrophobic interactions, and further into
coiled-coil dimers, promoting aggregation and
subsequent gelation.

Most notably, various α-helical coiled-coil
systems have been designed and developed by
Woolfson’s group (Banwell et al. 2009; Mehrban
et al. 2014; Moutevelis and Woolfson 2009).
These so-called hydrogelating self-assembling
fibers (hSAFs) comprise two-component
α-helical peptides (SAF-p1 and SAF-p2),
coassembling into an offset α-helical heterodimer
with complementary “sticky ends”. The end pro-
moted lengthwise extension of fibrils. And the
hydrogel was formed by multiple weak
interactions between the fibers (Pandya et al.
2000; Smith et al. 2006). Dong et al. demonstrate
that α-helical coiled-coil nanofibers can be
formed via an alternative mechanism without
designed “sticky ends”. By increased peptide
concentration, the blunt-ended dimers could
form nanofibers (Dong et al. 2008).

18.2.2 b-Sheet Peptides

In 1993, Zhang et al. found a 16-residue peptide
fragment in the yeast protein Zuotin, EAK16-II
(Ac-AEAEAKAKAEAEAKAK-CONH2). The
alanine (A) has a neutral hydrophobic residue,
while the glutamic acid (E) and lysine (K) have
negatively and positively charged hydrophilic
residues, respectively. In the high ionic strength
environment, the ionic self-complementary
oligopeptide EAK16-II with β-sheet secondary
structures could spontaneously self-assembled
into β-sheet secondary structures and further
form a macroscopic membrane (Zhang et al.
1993, 1994). Since then, there’s increasing study

and focus on self-assembling motifs based on the
β-sheet.

The feature of the ionic self-complementary
peptides is their periodic repeats of alternating
ionic hydrophilic and hydrophobic amino acids
that contain 50% charged residues (Zhang et al.
2005). According to the charge distribution of
hydrophilic surface, the ionic self-complementary
peptides can generally be divided into four
categories: modulus I (� + � + � + � +), modu-
lus II (�� + +�� + +), modulus III (��� + +
+), and modulus IV (� � � � + + + +) (Zhang
et al. 2005). With strong hydrophobic and elec-
trostatic interactions, these amphiphilic
oligopeptides could form stable β-sheet
nanofibers by molecular self-assembly (Yanlian
et al. 2009). Furthermore the scaffold hydrogel
could be fabricated from nanofibers with great
than 99% water content (Chen 2005).

RADA16-I is another well-known member of
the ionic-complementary peptide family discov-
ered by Zhang et al. (Zhang and Altman 1999;
Zhang et al. 1994). Different from EAK16-II, this
peptide is designed by replacing lysine and gluta-
mate with arginine and aspartate residues. In an
aqueous media, the self-assembling peptide
RADA16-I forms a β-sheet structure and self-
assembles into nanofibers. And the self-
assembled nanofibers could undergo reproducibly
dynamic reassembly after sonication, which
breaks the ionic bonds and hydrophobic
interactions (Yokoi et al. 2005). By changing to
neutral pH or adding physiological
concentrations of salt solutions, the gelation pro-
cess of RADA16-I is accelerated and 3D scaffold
hydrogel finally formed contains over 99% (w/v)
water with 10 nm fiber diameter and 5–200 nm
pore size, similar to nanostructure of the natural
ECM (Meng et al. 2014; Ye et al. 2008). Due to
its excellent biocompatibility for promoting cell
growth and tissue regeneration, RADA16-I has
been commercialized available as a product
named PuraMatrix (McGrath et al. 2010; Moradi
et al. 2012; Zhang et al. 1995).

Aggeli et al. discover a 24-residue peptide
(K24, NH2-Lys-Leu-Glu-Ala-Leu-Tyr-Val-Leu-
Gly-Phe-Phe-Gly-Phe-Phe-Thr-Leu-Gly-Ile-Met-
Leu-Ser-Tyr-Ile-Arg-COOH) derived from the
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single transmembrane domain of the IsK protein,
and K24 could form β-sheet nanotapes in
non-aqueous solvents such as methanol (Takumi
1993; Takumi et al. 1988). And K27, its longer
27-residue version, has a predominantly β-strand
secondary structure in lipid bilayers (Aggeli et al.
1996, 1997a). Subsequently, Aggeli and
coworkers designed a novel class of self-
assembling peptides with a high content of gluta-
mate, such as P11-I (CH3CO-QQRQQQQQEQQ-
NH2) and P11-II (CH3CO-QQRFQWQFEQQ-
NH2) (Aggeli et al. 1997b; Fishwick et al.
2003). Following the initial design, Collier and
Messersmith also developed a variation that
called Q11 (Ac-QQKFQFQFEQQ-Am) (Collier
and Messersmith 2003; Jung et al. 2008). These
glutamate-rich peptides were designed by using
aromatic residues as the hydrophobic component
of the β-sheet motif, which helped drive β-strand
assembly additionally via π-π stacking
interactions (Davies and Aggeli 2011). And they
could transform to a macroscopic hydrogel at low
pH conditions (Aggeli et al. 2003).

The hairpin peptides including two antiparallel
β-strands and a β-turn were also found to self-
assemble into fibrillar macromolecular scaffolds.
In 2002, Schneider and Pochan et al. described a
series of short amphiphilic peptides composed of
a tetrapeptide β-turn (-VDPPT-) with alternating
valine (hydrophobic) and lysine (hydrophilic)
residues flanking regions (Pochan et al. 2003;
Schneider et al. 2002). These peptides firstly
intramolecularly fold into an amphiphilic
β-hairpin along their hydrophobic faces, and sub-
sequently undergo self-assembly via both inter-
molecular hydrogen bonding and van der Waals
forces. For example, MAX1
(VKVKVKVKVDPPTKVKVKVKV-NH2)
adopted a hairpin conformation and exhibited
pH-triggered self-assembly into a hydrogel in
basic aqueous medium (Schneider et al. 2002).
Responsive hydrogels from the variations of
MAX1 have been prepared and their
hydrogelation could be precisely controlled by
changing conditions such as ionic strength
(Micklitsch et al. 2011; Ozbas et al. 2007), light
(Haines et al. 2005), pH (Rajagopal et al. 2009)
and temperature (Pochan et al. 2003).

18.2.3 Peptide Amphiphiles (PAs)

The representative PAs are a class of molecules
with hydrophilic peptide sequences linked to a
hydrophobic alkyl chain. In 1995, Berndt et al.
reported one of the first PAs (Berndt et al. 1995).
They introduced a dialkyl chain to a peptide
sequence derived from collagen, which could
form stable monolayers at the air-water interface.
Most notably, various PA molecules have been
extensively studied and developed by Stupp
group (Bull et al. 2005; Hartgerink et al. 2001;
Niece et al. 2003). The chemical structure of PAs
is composed of four regions (Cui et al. 2010;
Perez et al. 2015): (1) a long hydrophobic alkyl
tail; (2) hydrophilic β-sheet peptide sequences;
(3) charged amino acids as a linker; (4) bioactive
epitope. When dissolved in water, both hydro-
phobic interactions of the alkyl tails and hydrogen
bonding among the amino acids in β-sheet struc-
ture drive the self-assembly process of PAs,
which is similar to spontaneous protein folding.
Various types of structures such as nanofibers
(Matson et al. 2011; Silva et al. 2004), nanotubes
(Arnold et al. 2005), micelles and vesicles
(Greenfield et al. 2009), and ribbons (Pashuck
and Stupp 2010; Sone et al. 2002) could be
constructed by this self-assembly process.

In 2011, Shao’group developed a novel PA
(C12-GAGAGAGY) based on silk fibroin
(Zhang et al. 2011). They found that this amphi-
phile peptide assembled into nanostructures from
cylindrical nanofibers to nanoribbons with the
decreasing of pH value from 11 to 8. And a
hierarchically structured hydrogel was formed
with a high modulus following further decrease
of pH value (Guo et al. 2013). Another major
class of PA is aromatic PA, which contains a
short peptide sequence and usually utilizes the
fluorenyl-9-methoxycarbonyl (Fmoc) group as
an N-terminal capping group (Fleming et al.
2013). For example, the Fmoc-dipeptide (Fmoc-
FF) could spontaneous assembly into fibrous
hydrogels under physiological conditions
(Jayawarna et al. 2006). And the π-stacking
between the aromatic fluorenyl rings was used
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as a driving force for the self-assembly of short
peptides (Smith et al. 2008).

18.3 Applications in Tissue
Engineering

Recently, biomimetic self-assembling peptide
hydrogel have been increasingly exploited as arti-
ficial scaffolds for tissue regeneration (Loo et al.
2012; Pugliese and Gelain 2017). Compared with
micro-scale size of conventional polymeric
materials, the nanofibrous microarchitecture of
self-assembled peptide hydrogels is biomimetic,
which is more similar to an ECM-like environ-
ment (Gelain et al. 2006). The nanofiber scaffolds
made from self-assembling peptide could provide
cells in a true 3D microenvironment. Further-
more, the modification of self-assembling peptide
nanofiber scaffolds could be produced by
incorporating various functional peptide
sequence motifs (Table 18.2). These appended
functional motifs are derived from naturally
occurring proteins, giving superior biological
activities such as promote cell adhesion (Bellis
2011), promote neurite outgrowth (Tashiro et al.
1989), enhance osteoblast proliferation,

differentiation and migration (Horii et al. 2007),
and so on so forth. In the latter part of this review,
we will highlight recent progress made in apply-
ing biomimetic self-assembling peptide
hydrogels as biological scaffolds in tissue
engineering.

18.3.1 Angiogenesis

Angiogenesis refers to the process of sprouting of
new blood vessels from the pre-existing ones,
which involves complex and highly dynamic
interactions between associated supporting cells
and growth factors (Eilken and Adams 2010;
Risau 1997). The regrowth of damage cells and
tissues depends on the establishment of an ade-
quate blood supply, hence angiogenesis is essen-
tial during tissue repair, especially of ischemic
disease (Li et al. 2005). In 2005, Narmoneva
et al. established a 3D angiogenic environment
for human microvascular endothelial cells by
using the unmodified self-assembling short
oligopeptide RAD16-II (AcN-RARADA-
DARARADADA-CONH2) (Narmoneva et al.
2005). Without adding extra angiogenic factors,
the peptide hydrogel could not only inhibit

Table 18.2 Some examples of functional peptide motifs/epitopes

Bioactive motifs/
epitopes Origin Application References

ALKRQGRTLYGF Osteogenic growth
peptide

Osteobast proliferation
and differentiation

Horii et al. (2007)

DGRGDSVAYG Osteopontin cell
adhesion domain

KLTWQELYQLKYKGI Vascular endothelial
growth factor

Angiogenesis; Myocardial
regeneration

Wang et al. (2008), Liu et al. (2012)
and Li et al. (2017)

PRGDSGYRGDS 2-unit RGD binding
peptide

SVVYGLR Osteopontin Angiogenesis; Nerve
regeneration

Wang et al. (2017)

PDSGR Laminin Neural cells survival;
Nerve regeneration;

Gelain et al. (2006)
SDPGYIGSR
FPGERGVEGPGP Collagen I
SKPPGTSS Bone marrow

homing peptide-1
PFSSTKT Bone marrow

homing peptide-2
IKVAV Laminin Nerve regeneration Silva et al. (2004) and Sun et al.

(2016)
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endothelial cell apoptosis, but also increase the
gene expression of vascular endothelial growth
factor (VEGF). Their results showed that the
scaffolds facilitated capillary-like network forma-
tion and long-time cell survival. Subsequently,
this injectable peptide scaffold was applied for
myocardial regeneration (Davis et al. 2005). The
self-assembling peptide nanofiber
microenvironments augmented the recruitment
of endogenous endothelial cells and smooth mus-
cle cells, and the survive of the transplanted cells.

In 2008, Wang et al. reported two
functionalized self-assembling peptide
RAD-KLT (Ac-(RADA)4G4KLTWQE-
LYQLKYKGI-CONH2) and RAD-PRG
(Ac-(RADA)4GPRGDSGYRGDS-CONH2),
which were designed by directly introducing
VEGF-mimicking peptide motif KLT
(KLTWQELYQLKYKGI) and 2-unit RGD

motif PRG (PRGDSGYRGDS) to pure
RADA16-I, respectively (Fig. 18.1) (Wang et al.
2008, 2011). The study showed proangiogenic
potential of these two nanofiber scaffolds, which
significantly promoted endothelial cell growth,
migration and tubulogenesis in vitro. And then
the angiogenic activity of RAD-KLT and
RAD-PRG was evaluated in vivo using the
chicken embryo chorioallantoic membrane
(CAM) assay (Liu et al. 2012). The results
demonstrated that the functionalized peptide mix-
ture RAD/KLT showed a significantly better per-
formance on inducing CAM tissue invasion and
new capillary vessel formation, without the help
of exogenous VEGF (Fig. 18.2). Recently they
tested these peptide mixture RAD/PRG and
RAD/KLT with bone marrow mesenchymal
stem cells (BMSCs) for the treatment of acute
myocardial infarction in a mouse model

Fig. 18.1 Molecular models of designer self-assembling
peptide RADA16-I, PRG and KLT. After mixing
RADA16-I, the nanofibers scaffolds of self-assembling
peptide are formed, which are representing a β-sheet sec-
ond structure. The alternating positive (arginine) and neg-
ative (aspartic acid) charges are present on one side and the
other side is aggregated by hydrophobic alanine side

groups. And the functional motifs extrude from the
nanofiber backbone. The typical CD spectrum, AFM mor-
phology and SEM morphology of the functionalized pep-
tide nanofiber scaffold are presented. (Reproduced from
Wang et al. (2008) with permission from The Royal Soci-
ety of Chemistry)
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(Li et al. 2017). And the localization and survival
of GFP/Fluc- BMSCs in the infarcted myocar-
dium were enhanced by co-transplantation with
RAD/PRG. Stupp’s group also used the afore-
mentioned VEGF-mimetic motif KLT to modify
PA molecule, where the VEGF-mimetic epitope
was in α-helical conformation (Webber et al.

2011). They demonstrated that the VEGF-PA
promoted proangiogenic behavior in endothelial
cells by specifically activating VEGF receptors
in vitro. And the nanofiber gels formed from
VEGF-PA were evaluated in a mouse hind-limb
ischemia model, which showed the nanofibers

Fig. 18.2 (a) Fluorescence microscopy images of
HUVECs morphology on different peptide scaffolds after
2-day culture. The collagen-I gel was used as a positive
control. Fluorescent staining with Rhodamin phalloidin
for F-actin (red) and SYTOX Green for nuclei (green)
showed the cell attachments and viabilities. Bar¼ 200 μm.
(b) HUVECs migration to different surrounding scaffold
hydrogels after 1 day culture without adding extra VEGF.

Bar ¼ 100 μm. (c) Gross morphology of CAM with
different scaffold hydrogels at day 4 after implantation.
(d) HE staining of CAM with VEGF in the peptide scaf-
fold hydrogels at day 4 after implantation. Black arrows
indicate new capillary vessels. (Reproduced from Wang
et al. (2008) and Liu et al. (2012) with permission from
The Royal Society of Chemistry)
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increased the density of microcirculation and
functional recovery in vivo.

In addition, self-assembling peptide was
applied as delivery system for therapeutic agents
including growth factors and small molecule
drugs (Eskandari et al. 2017). Aim at improving
performance of islet transplantation for the treat-
ment of type 1 diabetes, Stupp’s group used
heparin-binding PAs (HBPAs) to deliver VEGF
and fibroblast growth factor-2 (FGF-2) to extra-
hepatic islet isografts in diabetic mice (Stendahl
et al. 2008). Their outcomes indicated that the
scaffold HBPAs provided a suitable microenvi-
ronment for islet engraftment and increased blood
vessel density in the mouse omentum with the
help of angiogenic growth factors. Hsieh et al.
investigated the controlled delivery of platelet-
derived growth factor (PDGF)-BB using
injectable self-assembling peptide nanofibers
RAD-II for myocardial protection (Hsieh et al.
2006). Their study showed that the RAD-II with
PDGF-BB promoted cardiomyocyte survival and
maintained systolic function after myocardial
infarction.

18.3.2 Bone Regeneration

For decades, autogenous bone has been consid-
ered as the “gold standard”, although many kinds
of scaffolds including ceramics, metals and alloys
were developed for reconstructing bone tissue.
However, the application of autograft is limited
due to the donor site morbidity and graft avail-
ability. This is a challenge for researchers to seek
suitable scaffolds substitutes with osteoinductive
or osteogenic properties (Giannoudis et al. 2005;
Pape et al. 2010). Garreta et al. reported that the
3D-culture systems made from pure self-
assembling peptide RADA16-I promoted the dif-
ferentiation of mouse embryonic stem cells
(mESCs) and mouse embryonic fibroblasts
(MEFs) into osteoblast-like cells, as well as ele-
vated collagen I synthesis and alkaline phospha-
tase (ALP) activity (Garreta et al. 2006). And they
found that primary MEFs could maintain their
“stem cell-like” phenotype and proliferation
capacity in 3D environment but not in 2D. Similar

results were reported by Hamada et al. and the
osteogenic differentiation of mesenchymal stem
cells (MSCs) was enhanced in 3D culture of
RADA16-I scaffold (Hamada et al. 2008). In
2007, Horii et al. designed three peptide nanofiber
scaffolds for osteoblasts through coupling the
bioactive motifs to the pure RADA16-I (Horii
et al. 2007). The selected motifs were derived
from osteogenic growth peptide (ALK,
ALKRQGRTLYGF), cell adhesion domain of
osteopontin (DGR, DGRGDSVAYG) and 2-unit
RGD motifs (PRG, PRGDSGYRGDS). The
results showed that these designer peptide
scaffolds promoted cell proliferation, differentia-
tion and migration of mouse pre-osteoblast
MC3T3-E1 cell.

However, the biomimetic self-assembling pep-
tide hydrogel scaffolds are not satisfying in vivo,
on account of their poor mechanical properties
(Koutsopoulos 2016). In 2001, Stupp and
coworkers designed the PA molecules with a
single phosphorylated serine residue region,
which could allow the PA nanofibers to direct
mineralization of hydroxyapatite (Hartgerink
et al. 2001). They then obtained a nanostructured
composite material by self-assembly and miner-
alization of this PA molecules. Surprisingly, the
structural alignment of composite material with
preferred orientation of hydroxyapatite on the
fibers was the same as that observed between
collagen and hydroxyapatite in bone. Subse-
quently, they made the surface nucleation grow
and 3D networks of PA nanofibers were formed
by promoting mineralization (Spoerke et al.
2009). These 3D biomimetic systems were then
examined in an orthotopic 5-mm wide critical-
sized rat femoral defect model (Mata et al.
2010). The in vivo study demonstrated that the
biomimetic matrices promote bone regeneration.

In 2015, Wu et al. used RADA16-I scaffold
hydrogels for 3D culture of peripheral blood mes-
enchymal stem cells (PBMSCs), and they found
that the peptide gels promoted PBMSCs survival
and osteogenic differentiation in vitro (Wu et al.
2015). To meet the requirement for reconstructing
large scale calvarial bone defect, the RADA16-I
scaffold seeded with PBMSCs was splinted by
two membranes of poly(lactic-glycolic acid)
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(PLGA). Hence, the obtained composite scaffold
could be transplanted to repair an 8 mm cranial
defect in rats and contribute to new bone forma-
tion. In another study, Hayashi et al. reported
increased bone regeneration from transplanted
induced pluripotent stem cells (iPSCs) within
RADA16-I scaffold in rat calvarial bone defect
(Hayashi et al. 2016).

18.3.3 Cartilage Regeneration

The chondral and osteochondral lesions is fre-
quently caused by aging, trauma and degenerative
joint diseases. Unfortunately, articular cartilage
can hardly repair itself after injury, because of
the absence of vascular, neural and lymphatic
networks and progenitor cells, which attributes
to further degeneration of articular cartilage and
even causes disability (Gomoll and Minas 2014;
Huey et al. 2012). In 2002, Kisiday et al. devel-
oped a self-assembling peptide KLD-12
(AcN-KLDLKLDLKLDL-CNH2) hydrogel
scaffolds for cartilage repair and used it as a 3D
scaffold to encapsulate chondrocytes (Kisiday
et al. 2002). Their results demonstrated that the
chondrocytes in a 3D cell culture of KLD-12
peptide gels maintained a stable chondrocyte phe-
notype, and the cartilage-like ECM was rich in
proteoglycans and type II collagen during the
culture period in vitro. Over time, the material
stiffness of ECM was increasing, which showed
mechanically functional cartilage tissue. Then the
peptide scaffolds KLD-12 were applied to
explore the chondrogenic potentials of other cell
types, such as bone marrow mesenchymal stem
cells (BM-MSCs) and adipose-derived progenitor
cells (ADPCs) (Kisiday et al. 2008). After 3
weeks culture in the presence transforming growth
factor-β1 (TGF-β1), the ECM synthesis and accu-
mulation was significant increased in KLD-12 gels
but not in agarose hydrogels. The classical self-
assembling peptide RAD16-I was also tested to
encapsulate BMSCs, which provided the appropri-
ate cell microenvironment for their chondrogenic
differentiation (Kopesky et al. 2009).

In another study, self-assembling peptide
KLD-12 hydrogels were modified to deliver

TGF-β1 to encapsulate BMSCs in two different
ways: tethered TGF-β1 (Teth-TGF) or adsorbed
TGF-β1 (Ads-TGF), respectively (Kopesky et al.
2010). Kopesky and coworkers found that the
Ads-TGF peptide hydrogels could stimulate
chondrogenesis of BMSCs inducing cell prolifer-
ation and producing a cartilage-like ECM,
whereas Teth-TGF could not. In 2010, Miller
et al reported the in vivo study of KLD-12 peptide
gels with or without chondrogenic factors
(CF) and BMSCs for cartilage repair in a full-
thickness, critically-sized, rabbit cartilage defect
model (Miller et al. 2010). And their results
showed that the KLD-12 scaffold hydrogel
alone could fill full-thickness osteochondral
defects in situ and improve the quality of repair,
as well as increased osteophyte formation. In
2014, Miller et al. evaluated the performance of
KLD-12 scaffold to fill a 15 mm cartilage defect
with or without microfracture in an equine model
(Miller et al. 2014). And their results
demonstrated that only KLD-12-treated defect or
treatment with only microfracture contributed to
an improvement in clinical symptoms compared
with no treatment, but the improvement were
varied depending on the treatment.

Stupp’s group designed a self-assembling PA
molecule (HSNGLPLGGGSEEEAAAVVV(K)-
CO(CH2)10CH3) containing a binding sequence
(HSNGLPL), which had a binding affinity to
TGF-β1 (Shah et al. 2010). They proved that the
PA scaffolds could support the cell viability and
chondrogenic differentiation of MSCs in vitro.
And the in vivo studies showed that the PA gels
presenting TGF-β1 promoted hyaline cartilage
regeneration in chondral defect microfracture rab-
bit model. Recently, Zhou et al. reported that both
L-and D-form peptide hydrogels RADA16-I
could afford the slow and sustained release of
TGF-β1 (Zhou et al. 2016). These hydrogels pro-
moted the proliferation of BMSCs.

18.3.4 Nerve Regeneration

The nervous system is the most important system
of human body, which consists of central nervous
system (CNS) and peripheral nervous system
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(PNS). The damage to the nervous system may
even lead to permanent severe neurological
deficits and death. It is a challenging problem
for doctors and scientists to repair the injured
nervous system completely because of its limited
capability of regeneration (Ai et al. 2013). The
development of cellular therapies offer new ther-
apeutic options for nerve regeneration and biomi-
metic self-assembling peptide hydrogels provide
a beneficial microenvironment that both enhance
the function of the transplanted cells and acceler-
ate the regeneration of damage tissues (He et al.
2014; Koss and Unsworth 2016).

The encapsulation of various nerve cells in
self-assembling peptide nanofiber scaffolds
in vitro has been extensively investigated. In
2000, Holmes et al. demonstrated that
RADA16-I and RADA16-II scaffolds could sup-
port extensive neurite outgrowth from several
types of neuronal cells, including rat PC12 cells
and freshly isolated primary cells (Holmes et al.
2000). In addition, they found that the SAP
scaffolds did not cause detectable toxic effects
in vivo when injected into the leg muscles of
Fisher 344 rats. Subsequently, Semino et al.
developed a 3D culture method to entrap hippo-
campal tissue slices in RADA16-I peptide
nanofiber scaffolds (Semino et al. 2004). In
2004, Stupp’ group reported neural progenitor
cells differentiated selectively into neurons
in vitro within a 3D PA scaffold, which was
designed to present the neurite-promoting laminin
epitope IKVAV to cells (Silva et al. 2004). In
2006, Gelain et al. designed a class of
functionalized peptides for 3D culture of mouse
adult neural stem cells (NSCs) by linking differ-
ent bioactive motifs to RADA16-I (Gelain et al.
2006). In these designer scaffolds, they found that
the RADA16-I containing bone marrow homing
motifs BMHP1 (SKPPGTSS) and BMHP2
(PFSSTKT) could significantly promote the neu-
ral cell survival without the help of extra soluble
growth factors. In another study, Gelain et al.
developed several biotinylated self-assembling
peptides derived from BMHP1 sequence with
self-healing propensity and these scaffolds were

verified to enhance the adhesion, differentiation,
and proliferation of human NSCs (Gelain et al.
2011).

The application of biomimetic self-assembling
peptide hydrogel for CNS injury has been
reviewed previously (Liu et al. 2015). Here, we
will focus on recent works of self-assembling
peptide scaffolds for brain injuries, and acute or
chronic spinal cord injuries. In 3D cell cultures or
cell transplantation in vivo, the low pH of
RADA16-I solutions could damage cells and
even host tissues by injection. To overcome this
problem, Sun et al. synthesized two oppositely
charged peptides RADA16-RGD (Ac-(RADA)4-
DGDRGDS) and RADA16-IKVAV
(Ac-(RADA)4-RIKVAV), so that the hydrogel
scaffold (-IKVAV/-RGD) could be formed
when these two peptides solutions were mixed
at neutral pH (Sun et al. 2016). In vitro study
showed that NPCs/NSCs showed good survival
and viability when directly mixed into -IKVAV/-
RGD solutions before gelation. In addition, the
-IKVAV/-RGD hydrogel scaffolds promoted the
neuron and astrocyte differentiation of NPCs/
NSCs without adding extra growth factors. And
this hydrogel provided a suitable environment for
Schwann cell recruitment and nerve regeneration
in the spinal cord transection model. In 2017,
Wang et al. designed a functionalized self-
assembling peptide RADA16-SVVYGLR
(AcN-(RADA)4SVVYGLR-CONH2), and its
functional motif SVVYGLR was derived from
osteopontin, which could promoted the adhesion,
migration and tube formation of endothelial cells
(Wang et al. 2017). This peptide hydrogel was
proved to promote both angiogenesis and
neurogenesis in an in vivo zebrafish brain injury
model, as well as the functional recovery of the
severed optic tectum.

Unlike CNS, PNS has certain ability to regen-
erate after injury. However, it cannot regenerate
when the nerve lesion has a long distance.
Recently, artificial nerve guidance conduits
(NGCs) have been developed for the treatment
of severe injuries with a long gap (Gu et al. 2014).
Zhan et al. firstly reported that RADA16-I
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hydrogel as a intraluminal filling was filled into
an empty blood vessel conduit and implanted to
repair a 10 mm nerve gap after sciatic nerve
transection (Zhan et al. 2013). The results
demonstrated that RADA16-I hydrogel scaffold
accelerated axonal regeneration and
remyelination, as well as functional recovery.
Based on this experience, more studies using
RADA16-I peptide and its derivative filled with
different types of conducts have been done (Nune
et al. 2017; Wang et al. 2014; Lu et al. 2018). In
2011, Angeloni et al. reported that sonic hedge-
hog (SHH) was delivered to the cavernous nerve
by novel PA nanofibers (C16-V2A2E2-NH2)
(Angeloni et al. 2011). The in vivo study showed
that SHH treatment via aligned PA promoted
nerve regeneration, inhibited penile apoptosis
and caused a 58% improvement in erectile
function.

18.4 Conclusion and Perspectives

This chapter has reviewed most of the published
work on biomimetic peptides as the building
block to fabricate nanofiber hydrogel scaffolds
for the application in tissue engineering. By
molecular self-assembly, the 3D biomimetic
hydrogel scaffolds could be constructed to
mimic the native ECM. Numerous bioactive
amino acid sequences derive from naturally
occurring proteins have been designed and
introduced to biomimetic self-assembling
peptides, so that the functionalized peptide scaf-
fold could regulate cell fate and cell function. In
past two decades, the exciting findings of self-
assembling peptide in in vitro culture systems and
in vivo animal models show its great potential use
in tissue repair for human being. Several products
based on self-assembling peptide have been
tested in clinical trials for different diseases,
such as P11�4 (CH3CO-QQRFEWEFEQQ-
CONH2) (Brunton et al. 2013) and RADA16-I
peptides (Yoshida et al. 2014). Although many
advances on tissue engineering by biomimetic
peptides have been achieved, there are still unre-
solved issues ahead with self-assembling peptides
hydrogel. For example, it is difficult to control

accurately the size and morphology of nanofibers
in the process of peptide self-assembly, therefore
these nanofibers are heterogeneous to some extent
(Yu et al. 2016). In addition, the application of
biomimetic peptide hydrogel scaffold for hard
tissue engineering is limited because of its poor
mechanical performance. The effort to improve
the robustness of self-assembling peptides should
be considered.
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19.1 Introduction

The response to tissue injury in adult mammals is
well documented in the literature (Diegelmann
and Evans 2004; Metz 2003). However, the
potential of functional regeneration is expressed
only in selected tissues, such as the skin (Adolphe
and Wainwright 2005), bone marrow (Lewis and
Trobraughfe 1964), intestinal epithelium (Potten
et al. 1984), and liver (Michalopoulos 2007).
Tissues that do not possess functional regenera-
tive potential after injury can lead to serious mor-
bidity, aesthetic deformity, and mortality. To
minimize morbidity, the current treatment options
for tissue loss include replacement therapies,
medical devices, and reconstructive surgery
(Sweet et al. 2006; Saxena 2014).

Treating esophageal disorders such as esopha-
geal cancer requires the surgical removal of the
affected area, but the esophagus is a complicated
organ made of non-redundant tissue that does not
have regenerative capacity. Hence, the only feasi-
ble treatment option for extensive structural loss
is the surgical replacement of the damaged esoph-
agus. Several options have been described for
treating this condition, and the most common
procedure is the gastric pull-up technique, which

substitutes tissue conduits harvested from the
colon or jejunum (Poghosyan et al. 2011; Shen
et al. 2013). However, the use of gastrointestinal
segments can cause various surgical morbidities
and mortality because additional abdominal sur-
gery is required at the expense of other anatomic
structures (Tan et al. 2012). Therefore, tissue
engineering and regenerative medicine have
emerged as promising approaches to mimic the
native esophageal tissue that could be implanted
as an artificial graft.

This article presents a review of the progress
made in the field of regenerative medicine for
esophageal reconstruction from bench to bedside.

19.2 The Human Esophagus

The esophagus is a long, continuous muscular
tube that connects the pharynx and the stomach.
The adult human esophagus is an 18 ~ 25 cm
long, and it transverses the neck, thorax, and
abdomen. It has two muscular rings or sphincters
that regulate the content of esophagus, with one at
the top (upper esophageal sphincter) and one at
the bottom (lower esophageal sphincter) (Saxena
2014).

Histologically, there are four concentric layers
in the esophagus: mucosa, submucosa,
muscularis externa, and adventitia. The mucosa,
which is composed of stratified squamous epithe-
lium, plays a major role in the barrier or protective
function of the digestive system. The submucosa
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is a loose connective tissue that consists of blood
vessels, nerves, and small glands, and it secretes
mucous to aid food passage. The muscularis
externa consists of two layers of smooth muscle
that are arranged in inner circular and outer lon-
gitudinal directions and generate the coordinated
contractions known as peristalsis. Once the
swallowing (deglutition) process is started as a
voluntary process, esophageal peristalsis is
initiated through parasympathetic and sympa-
thetic innervation by a well-orchestrated series
of muscle contractions, including that of the
sphincters (Londono and Badylak 2015;
Skandalakis and Ellis 2000). The longitudinal
muscle layer distal to the bolus contracts to
expand the esophagus, and the circular muscle
layer proximal to the bolus contracts to pump
the bolus towards the stomach (Saxena 2014).

To achieve more functional properties for a
tissue-engineered construct, the scaffold should
mimic the architecture of the native esophagus.
Optimally, the tissue-engineered scaffold should
be integrated into the native tissue without leak-
age (early post-implantation) and stenosis (late
post-implantation). To enable food transfer in an
artificial esophagus without early or late compli-
cation, having the adequate mechanical
characteristics is extremely important. The esoph-
agus is constantly exposed to repeated cycles of
stretching and should have a considerable degree
of compliance. Hence, the viscoelasticity and
dilatation/burst strength of the scaffold should
have similar characteristics to the native esopha-
gus (Kuppan et al. 2012). The scaffolds being too
flaccid can lead to rupture or leakage and cause
serious complications, such as mediastinitis. In
contrast, a scaffold that has little compliance
may obstruct the esophageal lumen and prevent
food passage.

The ideal esophageal substitute should have
biocompatibility, biodegradation and resistance
to gastric acid reflux. In addition, the substitute
should have the properties of cell adhesion, infil-
tration and proliferation, and it should not cause
inflammation or infection. The suture retention
strength also should be adequate to resist the
pressure of the food bolus.

19.3 The Esophagus
and Regenerative Medicine

An engineered esophageal tissue, which can be
used to create a functional esophagus, avoids the
necessity of esophagectomy and preserves the
integrity of the esophagus. However, although
tissue engineering potentially offers an alternative
to the current treatments of esophageal defects,
there are high barriers for its clinical application.
There are serious clinical problems and signifi-
cant heterogeneities among studies. Leakage of
the anastomosis site, life-threatening infections
and inflammation, and stenotic changes related
to poor re-epithelization and poor muscle regen-
eration likely remain significant challenges to
address. To overcome these limitations by using
a tissue engineering approach, an optimal scaffold
and the cell sources must be addressed
(Maghsoudlou et al. 2014).

The pathologies affecting the esophagus are
diverse, and the involved anatomic extents also
differ case by case. For example, whereas the
purpose of regenerative medicine strategies for
esophageal mucosal injury and superficial esoph-
ageal cancer is the mucosal regeneration of con-
genital abnormalities, transmural esophageal
injury and deep invasive esophageal cancer both
require reconstructing an entire layer of the
esophagus (Fig. 19.1).

Endoscopic resection for superficial esopha-
geal cancer or premalignant lesion (endoscopic
submucosal dissection) is a minimally invasive
surgical procedure that has low morbidity. How-
ever, the incidence of stenosis leading to dyspha-
gia is still high in endoscopic submucosal
dissection (Chian et al. 2015). Even after a suc-
cessful procedure, repeated postsurgical dilation
should be considered in more than 50% of such
cases (Londono and Badylak 2015). A tissue-
engineered patch construct could be an attractive
solution to prevent recurrent stenosis (Chian et al.
2015). Transmural defects are divided into partial
and circumferential defects. Among the
transmural defects, circumferential defects
(360 degree, transmural) are a more significant
challenge (Londono and Badylak 2015).
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19.4 Animal Models for Esophageal
Reconstruction

Different types of animal models can be used,
according to the extent of the defect, in tissue
engineering strategies for esophageal reconstruc-
tion (Londono and Badylak 2015). An animal
model for esophageal mucosal resection has
been realized in rodents (Nieponice et al. 2013),
dog (Badylak et al. 2005; Nieponice et al. 2009),
and pig (Farrell et al. 2001). These are important
models for treating early-stage esophageal cancer
that preserve the remaining layers of the esopha-
gus. The primary objectives of this animal model
are aimed toward mucosal regeneration to prevent
stricture.

Full-thickness transmural defects can include
part of or the full circumference of the esophagus.
Post-operative wound care should be carefully
considered in a full-thickness defect model, espe-
cially for a circumferential defect (360 degree,
transmural). A full-thickness partial defect
model has been described in the pig (Jönsson

et al. 2014), dog (Badylak et al. 2000), and rat
(Sjöqvist et al. 2014). A significant portion of the
normal esophageal tissue was preserved in these
partial full-thickness models. Therefore, in most
cases, an oral diet is possible starting in the imme-
diate post-operative period. However, full-
thickness circumferential defects are technically
challenging, and surgical techniques such as
micro-suture are required to achieve successful
transplantation, especially in the murine esopha-
gus (Londono and Badylak 2015; Kuppan et al.
2012). Anastomosis site leakage and necrosis of
the implanted artificial esophagus inevitably lead
to contamination of the surrounding space and
mortality because the leakage site is anatomically
close to the aseptic space (e.g., mediastinum and
neck compartments) (Zhang et al. 2006). There-
fore, it is extremely important to prevent food or
saliva accumulation in the wound (Fig. 19.2), and
a nasogastric tube, gastrostomy or intravenous
nutrition is often required in cases of transplanta-
tion to minimize morbidity and mortality in the
transplanted animals. Further, non-oral feeding
should be considered until the primary wound

Fig. 19.1 Classification of esophageal defects according
to tumor extent. (a) Superficial mucosa/submucosa defect
(endoscopic mucosal resection). (b) Transmural partial

esophageal defect (mucosa/submucosa/muscle).
andtransmural circumferential esophageal defect for
advanced tumor

19 Bioartificial Esophagus: Where Are We Now? 315



healing is completed (post-operative 1 or
2 weeks). Large animal models (i.e., dogs)
undergoing circumferential esophageal defect
reconstruction are technically easier to consider
in the transmural defect model. The size of their
esophagus is bigger, which allows easier surgical
implantation and continuous food passage, even
without local peristalsis. Moreover, large animals
can be fed only by intravenous hyperalimentation
for 2–4 weeks after implanting the prosthesis
(Londono and Badylak 2015). However, such a
non-oral feeding model has not been established
in a murine model. A nasogastric tube is impossi-
ble for most animals, and a gastrostomy model is
unavailable for the adult rat because the device is
often damaged by self-biting. Several intragastric
infusion techniques have been reported over the
past 20 years in infant rodent models. For
instance, Zhang et al. reported that tube-inserted
gastrostomy was attempted to investigate the use
of probiotics to regulate intestinal inflammation in
an infant rat model (Zhang et al. 2006). Li et al.
also examined the effects of glutamine and gluta-
mate on the developing rat small intestine using a
gastrostomy-fed “pup-in-a-cup” rat model

(Li et al. 2004). Most gastrostomy studies have
been performed on neonatal rats or mice, but none
have been successful in adult rats. Researchers
have been unable to maintain the feeding tube in
the adult rat for a long time because rats are
extremely active and uncontrollable.

19.5 Biomaterials for Esophageal
Reconstruction

The general essential properties of scaffolds are to
be non-toxic to host cells, have a matched degra-
dation rate of the scaffold with the tissue
remodeling rate, attract host esophageal
epithelial-smooth muscle cells into the scaffold,
and avoid the default inflammatory/scar tissue
response (Chian et al. 2015). Moreover, the spe-
cial environment of the esophagus should be con-
sidered: (1) continuously contacting
contaminated saliva, bacteria, and food material;
(2) closed with breathing and open with
swallowing; (3) peristalsis; and (4) exposure to
gastric acid.

Fig. 19.2 The concept of anastomosis site leakage and
contamination from the intraluminal contents. To achieve
optimal graft survival for esophageal reconstruction, it is

essential to minimize the inflammation at the implant site
from the contaminated intraluminal contents
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There have been reports of using biologic and
synthetic materials for esophageal reconstruction.
Synthetic biomaterials can typically be
manufactured with precision, and the mechanical
characteristics can be finely tuned for various
applications. However, synthetic materials can
easily cause a foreign body reaction. In contrast,
biologic scaffolds can promote a friendlier host
response and remodeling, but they tend to have
inferior mechanical and tunable properties
(Londono and Badylak 2015). To reduce the
complications after the implantation of acellular
scaffolds, cellular grafts have shown better early
tissue remodeling, adequate inflammatory
responses, and prevention of stricture in esopha-
geal reconstruction (Chian et al. 2015).

For esophageal tissue engineering, esophageal
epithelial cell (EEC) regeneration is a prerequisite
to prevent the leakage of contaminated saliva,
bacteria or food material from the inside of the
tissue. Saxena et al. (2009) investigated in vitro
esophageal epithelium generation, survivability
on a collagen scaffold and oriented smooth mus-
cle cell regeneration on unidirectional basement
membrane matrix (BMM)-coated collagen
scaffolds for up to 8 weeks. REEC differentiation
to the mature esophageal epithelium was com-
plete after 14 days, and oriented smooth muscle
strands were identified on the scaffold. Another
study analyzed the growth of REECs in
3-dimensional collagen scaffolds. The REECs
organized after 48 h and formed clusters after
72–96 h. The organization of the EEC was com-
plete after 7 days in culture, and the
characteristics of the mature esophageal epithe-
lium were identified after 14 days of culture.
Ovine esophageal epithelial cells (OEECs)
seeded on three-dimensional scaffolds were via-
ble for 6 weeks but did not form an epithelial
sheet (Saxena et al. 2010a, b). However, when
the same cells were seeded on two-dimensional
collagen scaffolds, a single-layer epithelium
formed; it was identified after 3 weeks of in vitro
culture and remained viable up to 6 weeks. The
same group also investigated the feasibility of
vascularizing the EEC scaffold construct via
stent tubularization and omental culture in the
sheep model (Saxena et al. 2010a, b). Omental

wrapping (not orthostatic transplantation)
resulted in vascular growth both within and
around the constructs. Following stent removal,
the cultured scaffold revealed a structure similar
to that of the native esophagus. Koffler et al.
demonstrated that the positive selection of the
ovine PCK-26-positive EEC seeded on collagen
scaffolds for a week increased the proliferative
capacity (Kofler et al. 2010). PCK-26-negative
OECC had a low proliferative capability of
13%, which compared poorly to the 80% of the
PCK-26-positive subpopulation. Miki et al. found
that the degree of epithelial layers was correlated
with the number of co-seeded with fibroblasts
(Miki et al. 1999).

19.5.1 Natural Biologic Materials
for Esophageal Reconstruction

Naturally derived biomaterials can be classified
into the following groups: (1) protein-based
materials (collagen, silk, gelatin), (2)
polysaccharide-based materials (chitosan, cellu-
lose) and (3) decellularized extracellular matrix
(ECM). There are significantly more reports of
esophageal reconstruction with naturally derived
biomaterials than there are of synthetic
biomaterials (Tables 19.1 and 19.2). Among
these substitutes, a wide range of tissue-derived
ECM, such as decellularized esophagus, small
intestinal submucosa (SIS), urinary bladder sub-
mucosa (UBS), acellular dermal grafts, and the
gastric acellular matrix (GAM), has been
investigated for the application of esophagus
reconstruction (Shen et al. 2013).

The extracellular matrix (ECM) is an intricate
network composed of various proteins,
proteoglycans, and polysaccharides released by
the host cell. The ECM is one of the most impor-
tant regulators of signal transportation, mechani-
cal support, and tissue adherence. Decellularized
ECM scaffolds preserve the native ECM, bio-
mechanical properties, and surface topography
of the native tissue. Theoretically, these ECM
scaffolds are believed to promote cellular growth,
orientation and proliferation. Furthermore, the
decellularized ECM maintains the tissue
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components and contains various components of
growth factors, collagen, elastin, laminin, and
fibronectin (Maghsoudlou et al. 2014). Addition-
ally, it has hypothetical advantages over synthetic
materials because it does not produce potentially
toxic degradation products or induce inflamma-
tory reactions, which are among the most impor-
tant issues in the regeneration process of
esophageal defects (Jensen et al. 2015). However,
natural biologic materials have problems such as
low mechanical strength, a lack of sources, and
rapid degradation (Shen et al. 2013).

Urita et al. used a decellularized stomach to
repair partial esophageal defects in the rat model
(Urita et al. 2007). In this study, rats were
sacrificed sequentially until 18 months after sur-
gery, and the results showed that the keratinized
stratified squamous epithelium had regenerated
completely in the entire construct by 2 weeks
after implantation. However, no muscle regener-
ation was observed by the end of the study.
Badylak et al. used the small intestinal submucosa
(SIS, n ¼ 12) and urinary bladder submucosa
(UBS, n ¼ 3) for esophageal reconstruction in a
canine model (Badylak et al. 2000). Partial
defects (5 cm � 3 cm, n ¼ 7) or circumferential
defects (length 5 cm) were created in the cervical
esophagus, and ECM scaffolds were implanted.
The animals were allowed to eat an oral diet
starting at 48 h post-operation. Hydration was
maintained via the intravenous route during this
period. The animals then followed a normal diet
starting on day 14. The animals were kept alive
for 15 months (partial defect). The defect areas
were replaced by complete squamous epithelium
and immature muscle, which were oriented
appropriately. However, the scaffolds for the cir-
cumferential defects showed stricture formation
within 45 days following implantation.

Badylak et al. reported the necessity of a native
muscle component for adequate esophageal recon-
struction to prevent stenosis. In these experiments,
esophageal reconstruction was performed using
UBM in a dog model (n ¼ 22) according to the
different portions of the esophageal tissue resec-
tion (Badylak et al. 2005). The treatment groups
included circumferential resection including mus-
cle with (n ¼ 7) and without (n ¼ 5) UBM

reconstruction, circumferential mucosal defect
resections (muscle preservation) with UBM, and
circumferential mucosal resections with 30% intact
muscularis externa (n ¼ 5). This study concluded
that UBM bioscaffolds plus autologous muscle
tissue, but not UBM scaffolds or muscle tissue
alone, can facilitate the tissue remodeling of the
esophageal defect. In a mouse model of esopha-
geal reconstruction with UBS, Nieponice et al.
evaluated the role of bone marrow-derived stem
cells (BMCs) in esophageal repair (Nieponice et al.
2013). In that study, mice were subjected to muco-
sal resection (without muscle resection) followed
by UBS scaffold implantation. The authors found
that GFP-labeled BMCs were present at the treat-
ment site and concluded that stem cells originating
from the bone marrow participate in the ECM
remodeling process during the esophageal wound
healing process.

Lopes et al. performed partial (n ¼ 34) and
circumferential esophageal defect (n ¼ 24)
reconstructions using porcine SIS in a rat model
(Lopes et al. 2006), and their results were similar
to those obtained by Chung et al. (Chung et al.
2015). All of the animals in the circumferential
defect group died within 17 days after surgery.
All animals in the partial defect group survived
until the scheduled date, and there were no signs
of esophageal dysfunction or malnutrition and no
significant stenosis, fistula, or diverticula. The
epithelium and muscle were completely
regenerated in the partial defect group, but muscle
regeneration took 5 months. Isch et al. performed
partial esophageal defect reconstruction with a
commercial decellularized skin, AlloDerm®
(LifeCell™), in canine cervical esophagus
(2 cm � 1 cm) (Isch et al. 2001). Complete
epithelialization and neovascularization were
achieved by 2 months post-operation, but there
were no reports of muscle regeneration. Saito
et al. demonstrated the feasibility of using a col-
lagen sponge wrapped with a latissimus dorsi
muscle flap (Saito et al. 2000). They investigated
whether the use of collagen prevented the con-
traction of grafted skin and the effect of muscle
wrapping on the extensibility of the
neoesophagus in a rabbit mode (n ¼ 12). The
new esophagus made by the collagen and
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latissimus dorsi muscle flap group had better
extensibility than did that of control group. How-
ever, most of the animals died within 5 days, and
the longest survival period of any of the rabbits
was 16 days. A series of experiments was
performed using collagen scaffolds with silicone
stents to reconstruct circumferential esophageal
defects (5 cm) in a dog model (Yamamoto et al.
2000). The silicone tube was used as a stent to
support the scaffold until the tissue regenerated,
and this stent was removed 1 or 2 months after
surgery. They reported that the mucosa
regenerated fully within 3 months but noted that
the muscle regeneration developed as islets of
smooth muscle within 12 months and did not
extend to the middle of the regenerated esopha-
gus, even after 24 months (Yamamoto et al. 1999,
2000).

The cellular grafts that were undertaken with
epithelial cells, smooth muscle cells, stem cells or
the co-seeding of multiple cells were expected to
regenerate esophageal tissue that more closely
resembled a native human esophagus. There
have been trials of esophageal grafts that used
luminal epithelial cells and abluminal layers
with smooth muscle or other types of cells com-
bined with a latissimus dorsi (Hayashi et al. 2004)
or omentum (Grikscheit et al. 2003) flap to
vascularize this cellular graft. Wei et al.
investigated the feasibility and effectiveness of
the obtained mucosal epithelial cells from oral
biopsy (OMEC) that were seeded onto small
intestinal submucosa (SIS) scaffolds for esopha-
geal reconstruction (Wei et al. 2009). They
implanted scaffolds for partial esophageal defects
(5 � 2.5 cm) in 12 dogs. Complete epithelializa-
tion was observed in the SIS-OMEC group, but
only partial epithelialization developed in the SIS
group 4 weeks after surgery. Eight weeks after
surgery, partial muscle regeneration was observed
only in the SIS-OMEC animals. Marzaro et al.
evaluated the possibility of obtaining an implant-
able tissue-engineered esophagus composed of
decellularized esophageal ECM and seeded por-
cine esophageal smooth muscle cells (SMCs)
in vitro (Marzaro et al. 2006). The ECM matrix
showed angiogenic activity in vivo on the chick
embryo chorioallantoic membrane (CAM), and

the scaffold appeared to be completely covered
by SMCs in vitro. They implanted this scaffold in
the partial esophageal defect model in pig (n¼ 6).
At 3 weeks after surgery, earlier tissue
remodeling and a lower inflammatory response
were observed than would be expected with
non-seeded constructs. Poghosyan et al.
performed circumferential cervical esophageal
defect reconstruction (mini pig, n ¼ 18, 5 cm)
using small intestinal submucosa that was
cellularized with autologous skeletal myoblasts
and covered by a human amniotic membrane
seeded with autologous oral epithelial cells
(Poghosyan et al. 2015). They cultured a substi-
tute in the omentum for 2 weeks before implanta-
tion. The epithelium regeneration was complete at
3 months, and the organized muscle regeneration
was complete at 12 months after implantation.

19.5.2 Synthetic Materials
for Esophageal Reconstruction

Synthetic scaffolds have been widely used due to
their inherent advantages of being reproducible,
readily available, xeno-free and low-cost. Despite
the failures of many trials that used synthetic
polymers, pioneering attempts to overcome
challenges such as anastomosis site leakage,
graft failure, infection and optimal biodegradation
are currently ongoing.

Theoretically, the use of synthetic materials is
a more feasible approach to treat esophageal
reconstruction because the artificial material can
be sized for each individual (Jensen et al. 2015).
Although the hydrophobic and biologically inert
surfaces of synthetic biomaterials lead to inferior
reactions with the host cells, a coating of common
ECM proteins (e.g., fibronectin, laminin and col-
lagen) can create a bioactive surface to attract and
enhance cell attachment (Chian et al. 2015; Shen
et al. 2013). Zhu et al. reported that fibronectin
(Fn) grafted on a poly(L-lactide-co-caprolactone)
(PLLC) scaffold greatly promotes porcine esoph-
ageal epithelium regeneration in vitro (Zhu et al.
2007). Hou et al. synthesized tubular PLLC
incorporated with fibrin. The biocompatibility
was improved in an in vitro primary epithelial
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cell culture and an in vivo partial scaffold implan-
tation model (Hou et al. 2015).

Many of these polymers, such as the biode-
gradable foam of poly(glycolic acid) (PGA),
poly(L-lactic acid) (PLLA), and polycaprolactone
(PCL), have been adopted specifically for esoph-
ageal tissue engineering, and their copolymers
have received regulatory approval by the
U.S. Food and Drug Administration (FDA). As
an initial step towards a synthetically derived
artificial esophagus, Beckstead et al. (Beckstead
et al. 2005) characterized the epithelial identity
and in vitro interaction between rat esophageal
epithelial cells (REEC) and AlloDerm, PLLA,
poly(lactic-co-glycolic) acid (75:25) (PLGA75),
poly(lactic-co-glycolic) acid (50:50) (PLGA50),
and PCL/PLLA (50:50). When a matrix com-
posed of AlloDerm (decellularized human skin)
was compared to synthetically derived scaffolds
in vitro, the AlloDerm scaffold showed a better
proliferating basal cell layer, six layers of stratifi-
cation, and a thick keratin layer.

When porous patches in the form of surgical
meshes composed of poly(vinylidene fluoride)
(PVDF) and polyglastin-910 (Vicryl) were com-
pared for use in the regeneration of partial defects
in rabbits, PVDF was shown to lead to improved
results in terms of neo-epithelialization, minimal
inflammation reaction, and an absence of
strictures after 3 months in a partial defect of
rabbit (Lynen et al. 2004). Diemer et al. reported
that both epithelial and smooth muscle cell regen-
eration was identified 1 month after treating a
partial abdominal esophageal defect
(0.6 cm � 1 cm) in a rabbit model with
poly-ε-caprolactone mesh (Diemer et al. 2015).
Aikawa et al. used porous surgical meshes made
from a biodegradable polymer (50:50 copolymer
of polylactic acid and polycaprolactone,
reinforced with poly(glycolic acid) fibers to treat
partial esophageal defects (4 cm � 2 cm) in pigs
(Aikawa et al. 2013). At 12 weeks after surgery,
epithelium and muscle tissues resembling the
native esophagus were shown on the replacement
graft.

Grikscheit et al. isolated esophageal organoid
units (OU, mesenchymal cores surrounded by
epithelial cells from neonatal or adult rats) and

paratopically seeded them on biodegradable syn-
thetic poly(glycolic acid) scaffold (Grikscheit
et al. 2003). After 4 weeks of omentum culture,
the construct was used to cover a partial and
circumferential defect. The tissue-engineered
esophagus architecture was maintained after a
partial or circumferential defect, and the animals
had no functional deficit. Nakase et al. used an
oral mucosal epithelial sheet (keratinocytes and
fibroblasts cultured on the human amniotic mem-
brane) wrapped with a poly(glycolic acid) mesh
on which autologous smooth muscle tissues were
seeded (Nakase et al. 2008). The investigators
implanted the tubular construct in the omentum
for 3 weeks to establish a squamous epithelium
and vascularized thick muscle tissue. Next, they
used the implanted cellular construct to cover a
3-cm intra-thoracic circumferential esophageal
defect in the same dog. In the control group
(without keratinocytes and fibroblasts), strictures
developed after the esophageal replacement with
almost complete obstruction within 2–3 weeks. In
contrast, in the KF (with keratinocyte and fibro-
blast) group, the in-situ tissue-engineered esoph-
agus showed good distensibility, and the animals
survived without feeding problems for more than
1 year. Jensen et al. isolated rat epithelial and
smooth muscle cells and seeded them on PLGA
and PCL/PLGA scaffolds (Jensen et al. 2015).
They orthotopically transplanted cellular grafts
after 2 weeks of in vitro culture in a bioreactor.
Epithelial, smooth muscle, and glial cellular
phenotypes were identified 2 weeks after
orthotopic implantation.

19.6 Clinical Trials

Since 2011, there have been two clinical trials and
two clinical studies to reconstruct esophageal
tissues using commercial decellularized matrices,
such as porcine SIS (Badylak et al. 2011; Hoppo
et al. 2012) and urinary bladder matrix
(Nieponice et al. 2014). Badylak et al. (56) applied
porcine SIS to the raw surface of the esophagus
following circumferential endoscopic submuco-
sal resection (8 cm–13 cm) in superficial cancers
(Badylak et al. 2011) and used a follow-up of
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4–24 months (n ¼ 5). The restoration of a normal
mature epithelial layer without any problem for a
normal diet and return to a normal diet without
significant dysphagia were reported for all
patients. This was the first clinical trial of a
tissue-engineered esophageal scaffold in the
human body. This study provided evidence that
a biomaterial-based regenerative medicine strat-
egy may enable a noninvasive endoscopic resec-
tion for selected esophageal cancers, thereby
avoiding the traditional approaches, which have
serious potential complications. Nieponice et al.
performed partial esophageal defect reconstruc-
tion with ECM in 4 patients (Nieponice et al.
2014). The full-thickness defects were replaced
by a porcine UBM, similar to the patch angio-
plasty in vascular surgery. All patients showed a
favorable outcome, and both esophagography and
EGD showed complete tissue regeneration that
was indistinguishable from near-normal tissue.
Although one patient presented an anastomosis
site leakage, it closed spontaneously after drain-
age. Two patients presented stenosis, and they
underwent a dilatation procedure (Nieponice
et al. 2014).

In addition to a full-thickness esophageal
defect, cell sheets have been used to repair super-
ficial esophageal defects above the muscle layers
to prevent stricture after endoscopic submucosal
dissection both in dogs and in human clinical
studies (Ohki et al. 2006, 2012; Kanai et al.
2012; Takagi et al. 2010). This procedure might
be used to prevent stricture formation following
endoscopic submucosal dissection (ESD) and
improve the patients’ quality of life. Takagi
et al. reported the reproducibility and efficacy of
a human oral mucosal epithelial cell (hOMEC)
sheet in 7 healthy volunteers (Takagi et al. 2010).
Cultured autologous oral mucosal epithelial cell
sheets implanted on the canine esophageal partial
superficial defect after ESD promoted
re-epithelialization. Yamato et al. used an oral
mucosal epithelial cell sheet harvested from
dogs to repair an esophageal defect after EMR
(Ohki et al. 2006). The transplanted cell sheets
integrated on the underlying muscle layers in
ESD sites, and complete wound healing with no
observable stenosis was seen at 4 weeks after

surgery. OHKI et al. applied Sutureless, the endo-
scopic transplantation of cell sheets cultured from
autologous oral mucosal epithelial cells for ESD
defects, in 9 patients (Ohki et al. 2012). The cell
sheets were successfully transplanted in all cases,
and complete epithelialization was achieved
within 3 weeks.

19.7 Conclusion

Although esophageal tissue engineering is a
promising option for esophageal reconstruction,
there is currently no verified strategy for
recreating a functional esophagus. A thorough
understanding of the anatomic and functional
issues of the native esophagus, such as the envi-
ronment contaminated with saliva, bacteria, food
material, and gastric acid with serious
complications from a minor leakage; a collapsed
organ that opens with the entrance of food mate-
rial; and peristaltic movement, is essential for safe
and functional esophageal reconstruction. Some
key problems, such as organized smooth muscle
regeneration, angiogenesis, nerve regeneration,
and stricture prevention, should be resolved
prior to clinical application. In the near future,
an artificial esophagus may be a valid treatment
alternative for congenital or acquired esophageal
disease.
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20.1 Trends in Tissue Engineering
and Regenerative Medicine

20.1.1 3D Bioprinting for Tissue/Organ
Fabrication

The increasing need for organ and tissue regener-
ation in patients is being challenged by a scarcity
of donors as well as biocompatibility or immune
rejection issues encountered during transplanta-
tion. To address this, the development of implant-
able tissue and compatible organ transplantation
has rapidly evolved to satisfy unmet clinical
needs (Langer and Vacanti 2016). Regenerative
medicine requires the combination of engineering
and biology to generate functional tissue
constructs (Arealis and Nikolaou 2015; Amini
et al. 2012). Tissue engineering strategies com-
monly require a combination of cells and bioma-
terial scaffolds to form implantable engineered
tissues and organs capable of regeneration and
performing physiological functions. Despite
some initial successes in engineering relatively
simple tissues, many challenges remain in devel-
oping tissues and organs suitable for clinical
transplantation (Mandrycky et al. 2016; Atala
et al. 2012; Mikos et al. 2006).

The main goal of tissue engineering is to gener-
ate 3D constructs that mimic natural tissue in order
to achieve functional and structural tissue formation
once implanted (Temenoff and Mikos 2000). One
of the important components is the functional scaf-
fold, which must have adequate physical and
mechanical properties in addition to being biocom-
patible and biodegradable (Esposito et al. 2009). A
variety of scaffold fabrication techniques have been
developed to successfully regenerate complex and
functional tissues. Popular methods include: gas
foaming, phase separation, salt leaching, and freeze
drying (Oberpenning et al. 1999). Conventional
tissue engineering has demonstrated success in
generating bone and cartilage, but achieving repro-
ducible results has proved challenging. One of the
major limitations of such conventional scaffold-
based approaches include the intrinsic inability to
mimic the complex architectures that are required
for clinical use (Mandrycky et al. 2016; Langer and
Vacanti 2016).

The recently developed three-dimensional
(3D) printing technology is an additive
manufacturing method that promises to bridge the
difference between artificially-engineered tissues
and native tissues. Such 3D printing is rapidly
emerging as a key scaffold fabrication strategy for
mimicking native tissue complexity (Fedorovich
et al. 2011). The combined use of anatomical 3D
image analysis and computed tomography
techniques can achieve tailored treatment for tissue
defects (Mironov et al. 2011) Scaffolds generated by
3D printing layer-by-layer can have complex
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geometries such as undercuts, curvatures, and
interconnecting channels, while maintaining a rela-
tively high-throughput fabrication process (Lee and
Wu 2012). In practice, a layer-by-layer stratification
of 3D printing can precisely deliver different cells or
mechanical cures in the designed 3D architecture
than what can be achieved via conventional fabrica-
tion methods (Zhang et al. 2016; Sears et al. 2016).
Organ/tissue printing now enables accurate 3D orga-
nization of components such as cells, biomaterials,
and biomolecules in a way that mimics the structure
of native tissues (Kim et al. 2016; Mallikarjunaiah;
Sobral et al. 2011).

The ultimate goal of 3D printing technology
based on a layer-by-layer stratification is to create
tissue substitutes with qualities similar to human
tissues that can be implanted to quickly repair
tissue loss. Although the development of printed
grafts that match the shape, size, and type of
defect is challenging, 3D printing offers enor-
mous potential for advanced regenerative therapy
(Gu et al. 2015). It is important to understand the
biological environment prior to fabricating the
tissues and organs using 3D printing as cells
interact with the substrate matrix in printed 3D
spaces. The cell response, stability of the struc-
ture, and ECM deposition are important attributes
in tissue printing (Do et al. 2015). In the past
decade, researchers have demonstrated the poten-
tial of 3D bioprinting technologies for the fabri-
cation of functional tissue constructs (Xu et al.
2013; Longo et al. 2012; Atala et al. 2012; Amini
et al. 2012). We believe that 3D printed tissues
will overcome many of the shortcomings of
tranditional tissue engineering. However,
advancement of bioprinting technology is limited
by the viability of materials that facilitate both,
bioprinting logistics as well as support cell viabil-
ity and function by providing tissue-specific cues.

20.1.2 3D Scaffolds Using Tissue-
Derived Extracellular Matrix
(ECM)

Regenerative processes depend heavily on
interactions between the cells that participate in
regeneration and the substrate on which they
function. Tissue engineering involves the

development of a new generation of materials or
devices capable of specific interactions with
biological tissues. Biomaterials with the ability
to live are a key ingredient in tissue engineering
applications. Development of these biomaterials
is an ongoing process; the challenge is to replace
old materials with new ones that allow better
exploitation of advances in a number of
technologies.

Extracellular matrix (ECM) provides structural
and biochemical support for cell growth and is
composed of several types of proteins and glycans.
Alterations to ECM influences the cell state and
function (Yue 2014). The ECM represents nature’s
scaffold for tissue development and repair. The use
of decellularized extracellular matrix (dECM)
scaffolds for regenerative medicine approaches is
rapidly expanding (Chan and Leong 2008).
Numerous tissues and organs have now been
decellularized for practical applications of the
ECM, and the latter has been successfully used
clinically for regeneration of various tissues
(Scarritt et al. 2015). Preservation of the dECM
ultrastructure and composition induces favorable
tissue organization and remodeling. The dECM
modulates cell behavior – attachment, migration,
and differentiation (Song and Ott 2011; Ott et al.
2008). The advantage of dECM organ specificity
potentially ensures the maintenance of selected cell
functions and phenotypes (Jung et al. 2016).

Over the last few years, different research
groups following similar approaches have been
able to derive full scale dECM scaffolds from
different organs including skin, vascular tissue,
heart valves and bladder, with promising results,
particularly for the generation of biological
scaffolds for biomedical applications (Schultheiss
et al. 2005; Chen et al. 2004; Schmidt and Baier
2000). For instance, cartilage ECM is a structur-
ally complex 3D environment composed of vari-
ous types of collagens and proteoglycans carrying
various bioactive factors such as growth factors,
integrins, and functional peptides (Benders et al.
2013). In one study, a cartilage acellular matrix
was shown to provide a 3D environment suitable
for attachment, proliferation, and chondrogenic
differentiation of bone marrow-derived mesen-
chymal stem cells (Yang et al. 2008). Intact acel-
lular small intestinal submucosa matrices have
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been used as a biomaterial by the Badylak
research team after mechanically removing all
mesenteric tissues (Gilbert et al. 2006).

20.1.3 Role of ECM Components

Tissue formation by cells is influenced by chemi-
cal and physical stimulation of the surrounding
environment. Significantly different behaviors
including migration, attachment, and differentia-
tion are found in 2D and 3D cell culture systems
(Stanton et al. 2015). Tissues in the body have
complex compositions, and various
subpopulations of cells secrete signaling
molecules like growth factors and cytokines that
aid in maintaining viability and function of cells
in tissues. ECM microenvironments including
growth and differentiation factors, cell adhesion
molecules, and components of the ECM itself are
essential to regulate cell differentiation. The
development and normal functioning of all cell
types in an organism depends on its interactions
with the molecules in their environments. Fur-
thermore, proteins and polymers that makeup
the ECM provide structure to the tissue apart
from interacting with cell receptors and serve as
another type of signaling. ECM contributes to the
mechanical integrity, rigidity and elasticity of
skin, the vasculature, tendons, lungs, and other
organs (Rosso et al. 2004).

The specific composition and distribution of the
ECM constituents vary depending on the tissue
source. In this section the role of each of the
major ECM components is reviewed for a better
understanding of ECM biomaterial. Glycosami-
noglycans (GAGs) in the ECM are important for
regulating the size and properties of the extracellu-
lar spaces in organs. Major constituents identified
initially in ECM included collagen,
non-collagenous glycoproteins, and proteoglycans.

Collagen constitutes a superfamily of ECM
proteins with structural role being the primary
function. All collagen proteins have domains
with a triple helical conformation; such domains
are formed by three subunits α -chains, each
containing a (Gly-X-Y)n repetitive sequence
motif (Lazarev et al. 1978). It represents about

25% of the entire protein mass of connective
tissues present in mammals.

Proteoglycans are a group of ubiquitous
proteins found on cell surfaces, within intracellu-
lar vesicles, and incorporated into the ECM.
Unlike other proteins that are grouped into
families on the basis of amino acid similarities,
the proteoglycans are commonly defined by the
type of post-translational modification: the gly-
cosaminoglycan moiety. GAGs are
polysaccharides that are structurally very differ-
ent from the N- and O- linked oligosaccharides
found on most cell surfaces and secreted proteins
(Jacobsson and Lindahl 1987).

Aggrecan, a core protein of the large
aggregating keratan-sulfate/chondroitin-sulfate
proteoglycan is found in the cartilaginous tissues.
As an ECM structural molecule, aggrecan
localizes in the cartilage by virtue of high affinity
binding to the hyaluronan-linked protein com-
plex. This provides a strongly hydrated space
filling gel resulting from the large number of
polyanionic GAG chains covalently attached to
the protein core (Wong et al. 1992).

Biglycan is a small proteoglycan, whose pri-
mary gene product is found associated with the
cell surface or pericellular matrix in a variety of
cells including specific subsets of developing
mesenchymal, endothelial, and epithelial tissues
(Nastase et al. 2012).

Fibromodulin is a keratosulfate proteoglycan
present in many types of connective tissues,
e.g. cartilage, tendon, and skin. Fibromodulin is
structurally related to the dermatan sulfate/chon-
droitin sulfate, proteoglycans decorin, and
biglycan. Fibromodulin binds to collagen and
affects the collagen fibrillogenesis in vitro (Petri
et al. 1999).

Fibronectins are high molecular weight
glycoproteins found in many ECMs. They pro-
mote cell adhesion, affect cell morphology,
migration and differentiation, in addition to cyto-
skeletal organization (Karasaki 1980).

Hyaluronan (HA) is a high molecular weight
highly anionic polysaccharide composed of repeat-
ing disaccharides. HA is found in ECMs, where it
plays a structural role; while on the cell surfaces it is
believed to influence cell behavior. Important to
both types of function are its unique
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physicochemical properties and its interactionswith
HA-binding proteins. HA-binding proteoglycans
and link proteins contribute to the structure of
ECM via interactions with HA; cell surface-
associated HA-binding proteoglycans are thought
to act as HA receptors, which mediate the effects of
HA on cell behavior (Delpech et al. 1993).

Tenascin is a large disulfide-linked hexameric
ECM glycoprotein. The proposed biological
functions include some effects on cell adhesion
and cell morphology, and consequently effecting
cell differentiation (Jones and Jones 2000).

Syndecan is an integral membrane proteogly-
can, containing both heparin sulfate and chondroi-
tin sulfate GAG chains that associate
extracellularly with a variety of matrix molecules,
and intracellularly with the actin cytoskeleton
(Gopal et al. 2017; Bernfield and Sanderson 1990).

20.2 ECM Based Bioinks

20.2.1 Bioink Biomaterials

For 3D printing of a specific tissue shape a high
resolution compatible bioink that can modulate the
internal structure and external shape must be used.
These properties facilitate the nutrient supply and
metabolic activity of the cells after formation of the
tissue. To date, numerous biomaterials have been
explored for efficient 3D bioprinting. Printing
using available biomaterials is a key success factor
in 3D bioprinting; each printing hydrogel (bioink)
offers different properties and thus the different
bioprinting requirements (Hospodiuk et al. 2017).
Some of the representable bioink materials are
described in following sections.

Agarose is one of the typical polysaccharide
molecules with gelation properties (Xiong et al.
2005). However, agarose cannot provide a com-
patible environment for the cell (Fedorovich et al.
2008), even though it has superior mechanical
stability. Therefore, recent work had focused on
the utilization of tailored hydrogel blends made of
agarose-type I collagen and agarose-fibrinogen
for 3D printing (Kreimendahl et al. 2017).

Alginate is a preferred polysaccharide natural
biomaterial used in 3D bioprinting due its bio-
compatibility, various crosslinking properties,

and good rheology for 3D plotting (Ozbolat and
Hospodiuk 2016). Ionic crosslinking in alginate
can be achieved by treatment with calcium chlo-
ride solution (Sahiner et al. 2015). However,
chemical modifications are often required to
induce the desirable cellular functions and main-
tain the 3D printed structure.

Collagen is a very popular and major ECM
protein obtained from natural sources. It has
been extensively used in 3D bioprinting due to
ease of crosslinking using temperature and pH
(Mandrycky et al. 2016; Ren et al. 2016). Cross-
linking begins with the conversion to peptide-
bound aldehydes of specific lysine and
hydroxylysine residues in collagen. Cross-linking
renders the collagen fibers stable and provides
them with an adequate degree of tensile strength
and visco-elasticity to perform their structural
roles. However, collagen requires a gelation
time of at least 30 min at 37 �C, which is consid-
ered slow, and is a major barrier for use in 3D
printing. In addition, the low mechanical property
must be overcome to achieve stable stratification.
Single-layered construct samples have been
printed using collagen bioink under extrusion-
based bioprinting (Smith et al. 2004).

Fibrin, the blood clotting protein is a hydrogel
formed by the enzymatic reaction of thrombin and
fibrinogen. Notable features of fibrin include bio-
compatibility, biodegradability, and the
fibronectin-rich natural matrix. The rapid degrada-
tion of fibrin makes it unsuitable for long-term
tissue culture. Moreover, the weak mechanical
properties in addition to the early degradation of
fibrin must be addressed for allowing stable strati-
fication using printing technology (Cui and Boland
2009). Despite these challenges, fibrin has been
used in 3D printing (Gruene et al. 2011). Quasi-
three-dimensional models have been printed with
parallel biocompatible alginate/gelatin/fibrin com-
posite bioink (Xu and Wang 2015).

Hyaluronic acid (HA), a linear non-sulfated
glycosaminoglycan, is ubiquitous in almost all
connective tissues, and is a major ECM compo-
nent of cartilage (Park et al. 2005). Photo-
crosslinked HA is used as a bioink through chem-
ical modifications, which are performed to
enhance the rheological properties of HA as a
bioink. Like other natural biomaterials, HA also
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has a slow gelation rate along with poor mechan-
ical properties (Highley et al. 2016).

Silk proteins have found substantial
applications in biomedicine owing to their high
biocompatibility, tunable biodegradability, and
good mechanical features (Floren et al. 2016).
Other study highlight the potential of silk based
bioink to mimic the tissue shape for
fabrication (Park et al. 2016). Cell laden silk-
gelatin bioink has been developed by the same
research group for application in extrusion print-
ing systems (Das et al. 2015).

Although natural biomaterials have led to the
development of engineered tissues, these cannot
reproduce the complex architecture and arrange-
ment of native tissues composed of multiple cells
and ECMs (Kim et al. 2017; Bajaj et al. 2014).

20.2.2 Tissue-Derived ECM Bioink

One of main purposes of 3D printed scaffolds is
the imitation of biological and physical properties

to mimic native ECM microenvironments
(Hoshiba et al. 2016). As new printing bioinks
are developed and improved printing methods are
being discovered, and the use of 3D printed
scaffolds in tissue engineering continues to
become favorable (Ozbolat and Hospodiuk
2016). Recent advances in functional bioinks,
and tissue-decellularized ECM (dECM) has
been considered a new source for 3D tissue print-
ing. Previous studies have evaluated the potential
of prepared and characterized multiple tissue-
derived dECM-based biomaterials that contain
complex combinations of growth factors,
collagens, glycosaminoglycans, and elastin.
These biomaterials can be incorporated into
bioinks to provide the important biochemical
cues of different tissue types (Skardal et al.
2015). dECM components provide a highly bio-
mimetic environment for cell proliferation
and differentiation as they are comprised of
matrix proteins essential for cellular activities
(Pati et al. 2014) (Fig. 20.1).

Fig. 20.1 Schematic elucidating the tissue printing pro-
cess using dECM bioink. Respective tissues were
decellularized after harvesting with a combination of

physical, chemical and enzymatic processes. (Reprinted
by permission from Macmillan Publishers Limited: Nat
Commun. (Pati et al. 2014), Copyright 2014)
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The possibility of 3D printing for
manufacturing complex tissue constructs using
cartilage tissue-derived ECM bioink has been
demonstrated (Song et al. 2015). The plotting
method was successfully developed for high vis-
cous ECM-based bioink and 3D plotted scaffolds,
which show highly interconnected pores as well
as a complex shape. However, ECM bioprinting
has not yet been well-established, the main hurdle
being the very weak mechanical properties of
dECM. Therefore, a frame printed using hard
materials is necessary to maintain the dECM
structure. To handle higher mechanical loads,
ceramic materials or composite scaffolds are usu-
ally required to improve the mechanical
properties of the scaffold (Xavier et al. 2015). A
carrier polymer could be used to increase the
solubility, to tune the viscosity, or to induce/
enhance post crosslinking of the bioink (Ji and
Guvendiren 2017). Pati et al. used dECM
components to print tissue analogs, and achieved
high cell survival rate and functionality from
dECM-based 3D printed structures that were
supported by a PCL frame (Pati et al. 2014).
Other recent work by Jang et al. (2016) used a
pig heart dECM to prepare cardiac-specific
hydrogels that in combination with human car-
diac progenitor cells were used to fabricate 3D
bioprinted cardiac constructs (Jang et al. 2016).
dECM bioink was used to fabricate a stem cell
patch for cardiac function improvement. Highly
bioactive ink was created consisting of collagen/
ECM and alginate, which was used to print 3D
porous cell blocks. Lee et al. demonstrated that
the 3D cell-laden structure fabricated using
collagen/ECM-based bioinks provide a novel
platform for various tissue engineering
applications (Lee et al. 2015). An innovative
method for 3D printing and bioprinting alginate
and ECM analogs based bioinks allows for high-
resolution 3D printing (�100 μm) of intricate
solid geometries with exceptional shape fidelity
(Costantini et al. 2016).

The 3D printed scaffolds using dECM bioinks
support differentiation and maturation of the three
tissue-specific cells. The dECM bioinks reported
previously are an attractive option for in vitro and
in vivo tissue development, and an alternative to
chemically-crosslinked bioinks (Pati et al. 2014).

20.2.3 Bioink Requirements
for Extrusion 3D Printing

Tissue-derived ECMs provide a unique tissue-
specific microenvironment for tissue formation.
The organization and structure of the unique
ECM of each tissue affects cell attachment, migra-
tion, and proliferation. Due to these physical and
biochemical properties, an ECM can replicate the
biochemical and mechanical properties of each
organ, such as tensile and compressive strength,
and elasticity. To better represent the complexity
of ECM in vivo, the dECM can be used for tissue
friendly bioink formation. Multiple dECM bioinks
have been investigated for various tissues, includ-
ing adipose, cartilage, and heart tissues.
ECM-based bioinks possess some of the most
challenging characteristics in terms of 3D printing
for tissue engineering (Pati et al. 2014).

Developments in the printing process, and the
availability of new materials are needed to solve
the issues of printing large-sized and uniform
tissue substitutes for clinical applications.
Among the printing methods, extrusion printing
is the most suitable method for rapidly and pre-
cisely fabricating 3D structures of tissue and
organ shapes (Yeong et al. 2004). Therefore, the
physical and mechanical properties of bioinks
should be reproduced in the plotting process
(Murphy and Atala 2014). ECM bioinks are par-
ticularly difficult to plot, and a printed ECM often
has inadequate mechanical properties
(Combellack et al. 2016). For 3D printing of an
ECM without a framework, a natural polymer is
suitable as a composite, given that natural
biomaterials are functionally superior to synthetic
polymers as they are biocompatible and biode-
gradable. In particular, printed scaffolds made of
a constant extrusion material have well-
interconnected pores (Trachtenberg et al. 2017).
Tissue ECM based 3D printing will be highly
beneficial for biomimetic tissue and organ print-
ing if mechanically-enhanced dECM bioink
composites can be printed without supporting
material.

However, current 3D bioprinting has some
limitations, such as low resolution and limited mate-
rial selection. Thus, this section will discuss the
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requirements for bioink development. Figure 20.2
shows the requirement considerations for an
optimized ECM bioink including resolution,
viscoelasticity, and printability.

Mechanical and Structural Integrity
Bioinks must provide sufficient strength and
structural maintenance for tissue formation.
The mechanical and structural properties of
bioink depend on the type and concentration
of the bioink. These properties of bioink should
be carefully selected according to the applica-
tion needs. Skardal et al. suggested the use of
modular hyaluronic acid and gelatin-based
hydrogels supplemented with tissue dECM.
Printable bioinks with different stiffness rang-
ing from 100 Pa to 20 kPa have been achieved,
thus enabling mimicking the mechanical
characteristics of different tissues in the body
(Skardal et al. 2015).

Degradability
The composition of ECM scaffold consists of a
complex mixture of molecules that mediate struc-
tural and biological properties. Typically, scaffold
materials are biodegradable unless processed in

such a manner that irreversible crosslinks are
formed between the resident molecules. The com-
posite structure and degradability of these ECM
molecules can regulate tissue remodeling for the
ultimate clinical outcome. Degradability of bioink
material depends on the selected biomaterials or
combination, concentration, temperature, physio-
logical conditions, and the presence of external
additives. The degradation rate of the bioink
should be matched to the pace of ECM tissue
synthesis. However, this is a major challenge as
the appropriate functional and mechanical
properties of bioink for a specific tissue are diffi-
cult to match the ability of the cellular components
to replace the bioink along the degradation pro-
cess. Therefore, the degradability of bioink should
be carefully manipulated after considering the tar-
get tissue characteristics.

Crosslinking
Biomaterial type and concentration, degree of
cross linking, as well as post-printing crosslinking
can be tailored to control the material properties
of the bioinks and 3D-printed structures (Rutz
et al. 2015). Many proteins and natural polymers
have low viscosities and poor mechanical

Fig. 20.2 Advanced bioinks for 3D printing. (a)
Biofabrication window for rational design of bioinks
requires compromise between printability and biocompat-
ibility. (b) Ideal bioink characteristics require interplay

between different materials properties. (Reprinted by per-
mission from Springer: Annals of Biomedical Engineer
ing, (Chimene et al. 2016), Copyright 2016)
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properties, while some are water soluble at room
temperature. Thus, the proteins or natural
polymers should be chemically cross-linked
with carbodiimide crosslinker or glutaraldehyde.

Chemically-crosslinked biomaterials are
characterized by covalent bonding of polymer
chains, which often provide better mechanical sta-
bility compared to physically-crosslinked ones.
The use of a crosslinker could induce undesirable
reactions with the hydrogel surface or result in
cytotoxicity (Hennink and van Nostrum 2002).

Physical crosslinking methods have been a
growing interest in biomaterials, which can be
effectively crosslinked without the use of any
exogenous agents, thus minimizing the risk of
chemical contamination or chemically-induced
toxicity (Chen et al. 2013). Due to the inability
of a bioink to be self-supporting for layer-by-
layer stratification, the bioink must either be
made very viscous or gelled rapidly after extru-
sion (Rutz et al. 2015).

Viscosity
Bioink for use in 3D printing must possess ade-
quate and injectable viscosity to allow for struc-
tural stratification. Bioinks with lower than the
appropriate viscosity may be injectable, but
multi-layer stacking is not possible. On the other
hand, bioink of a higher viscosity can be stacked
into a 3D structure, but continuous linear printing
is difficult. Resolution of bioprinting processes
depends on the bioprinting modality as well as
the bioink viscosity. Other reports mention the
increase in the viscosity of natural bioink using
nanoparticles that was successful in printing with-
out crosslink agents (Buyukhatipoglu et al. 2009).
The increased viscosity of alginate by
nanoparticles could plot the fine line of printed
material and influence the stability of the printed
structure (Buyukhatipoglu et al. 2010).

Printability
Extrusion-based bioprinting employs a pneumatic
or mechanical printing process. Precise deposition
of natural material begins with the method of dis-
pensing (Vozzi et al. 2002). Bioink printability is
affected by their viscosities and the crosslinking
mechanism (Park et al. 2016; Song et al. 2015).

For instance, the concentrated cartilage-derived
ECM bioink was not able to plot the 3D structure
due to low viscosity. Thus, the authors focused on
designing an ECM-based ink with tailored rheo-
logical properties for printing 3D scaffolds with
controlled architectures. Powder based plotting
approach was adapted in order to print the stable
3D construct using cartilage-derived ECM bioink.
Identification of the optimal ECM-hydrogel blend-
ing ratio for stable printability of ECM-based
bioink revealed the interconnected pore structures
had no significant difference from those of PCL
scaffolds, thus proving outstanding 3D printability
(Song et al. 2015). The extrusion range in 3D
bioprinting is approximately 50 μm (Ozbolat and
Yu 2013). With high resolution, 3D printing could
be used to print scaffolds that mimic in vivo struc-
ture and environment of tissues (Mandrycky et al.
2016). Therefore, we needed to use high resolution
compatible bioink that can modulate the specific
tissue shape. These properties can facilitate the
nutrient supply and metabolic activity of the cells
after formation of the tissue. However, low viscos-
ity still remains a problem when using dECM
hydrogels as bioinks, which could compromise
shape fidelity of the bioprinted 3D construct.

In the next section, optimizing methods for
improving the printability will be discussed in
detail.

20.3 Printability Characterization
of ECM-Based Bioink

20.3.1 Rheological Characterization

Rheological properties of bioprinting materials
are vital to printing resolution and shape fidelity
(Atala and Yoo 2015; Kyle et al. 2017; Ozbolat
2016). Low viscosity materials provide favorable
environments for cell growth and proliferation.
However, bioprinting materials also need to be
sufficiently viscous to maintain the three-
dimensional printed structure (Kyle et al. 2017;
Jia et al. 2014). Moreover, the viscosity of the
bioprinting materials is not constant but varies as
a function of shear rate, which mostly presents
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non-Newtonian shear-thinning behaviors (Malkin
and Isayev 2017; Morrison 2001). The
non-Newtonian rheological properties are gener-
ally measured using rotational rheometers in
oscillatory mode.

For the rheological measurement of viscoelas-
tic printing materials, an oscillatory shear strain is
applied:

γ tð Þ ¼ γ0e
iωt

where, γ is the shear strain, γ0 is the amplitude of
oscillatory shear strain, t is the time, and ω is the
angular frequency. The shear strain leads to shear
stress in the viscoelastic material:

τ tð Þ ¼ τ0e
i ωtþδð Þ

where, τ is the shear strain, τ0 is the amplitude of
changing stress and δ is the phase shift between
the applied strain and the stress response. The
complex shear modulus G∗ can be obtained
using shear strain and shear stress as follows:

G∗ ¼ τ tð Þ
γ tð Þ ¼

τ0
γ0

eiδ ¼ τ0
γ0

cos δþ i
τ0
γ0

sin δ

The real and imaginary components of the com-
plex shear modulus can be defined as storage
modulus G

0
and loss modulus G", respectively,

and they can be written as follows:

G∗ ¼ G0 þ iG}

G0 ¼ τ0
γ0

cos δ

G} ¼ τ0
γ0

sin δ

As shown in the equations, G
0
is in phase with the

applied strain and related to storage of elastic
energy by the material. G" is out of phase with
the strain and related to the viscous response of
the material. Hence, loss tangent can be expressed
as:

tan δ ¼ G}

G0

which is 0 for ideal elastic solid (G" ¼ 0 , δ ¼ 0)
and infinite for an ideal viscous fluid (G

0 ¼ 0,

δ ¼ 90
�
). Additionally, tanδ ¼ 1 is known as the

sol-gel transition point, which is an essential cri-
terion for gelation. Complex viscosity η∗ is
defined using shear rate _γ instead of shear strain
γ as follows:

η∗ ¼ τ tð Þ
_γ tð Þ ¼

τ tð Þ
iωγ tð Þ ¼

G∗

iω

The complex viscosity can be rearranged with its
real and imaginary components expressed as:

η∗ ¼ η0 � iη}

η0 ¼ τ0
γ0ω

sin δ ¼ G}

ω

η} ¼ τ0
γ0ω

cos δ ¼ G0

ω

The magnitude of complex modulus and viscosity
can be written as follows:

G∗j j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ð Þ2 þ G}

� �2q

η∗j j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η0ð Þ2 þ η}ð Þ2

q
Numerous bioprinting studies with natural and

synthetic hydrogels, including alginate, collagen,
gelatin, hyaluronic acid, silk, GelMA, Pluronic
F-127, PEG, and their composites have used rhe-
ological characteristics to enhance biocompatibil-
ity as well as printability (Atala and Yoo 2015; Jia
et al. 2014; Ozbolat 2016; Duan et al. 2013).
Despite decent optimization of rheological
properties, hydrogel-based bioink often suffers
from intrinsic low viscosity resulting in poor
printing resolution and low structural fidelity
(Kyle et al. 2017). Therefore, various other
materials have been incorporated with hydrogel-
based bioink to increase shear viscosity and
enhance shape fidelity. Markstedt et al.
incorporated nanocellulose to improve the rheo-
logical properties of alginate and enhanced the
shear viscosity at low shear rate, thus providing
better resolution and higher shear modulus (G

0

>10 kPa) (Markstedt et al. 2015). Li et al. also
used rheological characteristics to show that
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incorporation of graphene oxide enhances print-
ability of alginate (Li et al. 2016) (Fig. 20.3).

dECM bioink is composed of various
macromolecules such as collagen, laminin, elas-
tin, fibronectin, and GAGs, whose structure and
composition are affected by the decellularization
process (Wolf et al. 2012). Hence, rheological
characteristics plays a more significant role for

dECM-based bioink. Rheological properties of
dECM, including shear viscosity and shear mod-
ulus, are strongly dependent on the protein com-
position of dECM (Freytes et al. 2008; Lee et al.
2017; Pati et al. 2014). Therefore, the rheological
properties of dECM are significantly related to the
tissue source in decellularization. Three different
tissues – adipose, cartilage, and heart tissue were

Fig. 20.3 (a) Flow curves of 2.5% nanofibrillated cellu-
lose (NFC,�), NFC/alginate (90:10, NFC 2.25%, alginate
0.25%, •), 4% alginate (�), 3% alginate (∗), and 2%
alginate (+). (b) Printed diameters of bioprinted struts
with alginate solutions compared to NFC/alginate. The
photos below the graph show the printed grids and their

different line resolutions. (c) Small grid printed with
(C1) 3% alginate and (C2) 2.5% NFC. (C3) Printed and
cross-linked structure of NFC/alginate. (Reprinted with
permission from American Chemical Society (Markstedt
et al. 2015), Copyright 2015)
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decellularized and prepared as bioink for
extrusion-based bioprinting by Pati et al. (2014).
All the dECM bioinks from the three tissue
sources had shear-thinning properties within the
measured shear rate range. Also, dECM bioink of
cartilage tissue had a much larger storage modu-
lus (>1 kPa) than the others, possibly due to
strong mechanical properties of the native tissue.
Wolf et al. also compared storage moduli and
viscosity of dECM from different sources – der-
mal ECM and urinary bladder matrix. They
concluded that dECM of dermal tissue had a
higher maximum storage modulus (> 0.4 kPa)

compared to collagen, and lesser GAG content
compared to dECM from urinary bladder tissue
(Wolf et al. 2012). Lee et al. successfully
decellularized liver tissue and bioprinted it in 3D
without structural support of other polymers such
as PCL (Lee et al. 2017). In their study, the dECM
bioink of liver tissue showed shear-thinning
behaviors for both dECM concentrations (1.5%
and 3%). In addition, they reported that the stor-
age moduli of dECM of liver tissue were between
1.5- and 2-fold higher than those of collagen
hydrogel for 1.5% and 3% dECM concentrations,
respectively (Fig. 20.4).

Fig. 20.4 Rheological properties of the dECM pre-gels
(a) viscosity at 15 �C, (b) gelation kinetics from 4 to
37 �C., and (c) storage and loss modulus at varying

frequency at 37 �C. (Reprinted by permission from
Macmillan Publishers Limited: Nat Commun. (Pati et al.
2014), Copyright 2014)
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20.3.2 Mathematical Modeling
of Pneumatic Extrusion-Based
Bioprinting

In bioprinting, three types of bioprinters, mainly
inkjet-based, laser-based, and extrusion-based
bioprinters have been used for various tissue engi-
neering and regenerative medicine applications
(Ozbolat 2016). Among these, extrusion-based
bioprinting is considered to be the most versatile
method to print using a wide viscosity range for
various types of bioink. dECM bioinks must be
viscous enough for three-dimensional deposition,
as such most bioprinting studies related to dECM
bioink have used the extrusion-based bioprinting
technology (Fig. 20.5).

Rheological properties of bioink, and printing
parameters including nozzle size, pressure, and
printing speed are closely related to each other.
Therefore, printing resolution can be predicted
using a mathematical model of pneumatic
extrusion-based bioprinting (Attalla et al. 2016;
Kyle et al. 2017; Li et al. 2016; Suntornnond et al.
2016). Using the mathematical modeling, time-
consuming and expensive failures to optimize the
printing parameters can be avoided.

For the mathematical calculation, acquired
experimental rheological data must be simplified
and fitted to the rheological models. Among
many rheological models, the power law model
has been widely used for shear thinning
materials without a Newtonian plateau at low
shear rates (Morrison 2001; Malkin and Isayev
2017). The power law model describes that the
shear stress is proportional to the power of the
shear rate:

τ ¼ τ0
_γ

_γ 0

� �n

Where, τ is shear stress, _γ is shear rate, τ0 is shear
stress at the reference state, and n is the power law
index, which is less than 1 for shear-thinning
materials. Using the relation of shear stress, shear
viscosity, and shear rate, it can be written as:

τ

τ0
¼ η

η0

_γ

_γ 0

and the shear viscosity can be expressed as
follows:

η ¼ η0
_γ

_γ 0

� �n�1

Where, η is shear viscosity, _γ is shear rate, _γ 0 is
the reference shear rate, and η0 is the viscosity at
the reference shear rate called zero viscosity. The
reference shear rate is often taken as _γ 0 ¼ 1s�1 so
that the power law equation for shear viscosity
can be written as:

η ¼ η0 _γ
n�1

For a steady and laminar flow of an incompress-
ible and time-independent fluid in the pneumatic
extrusion system, the following equations are
available:

τ ¼ r

2
∂P
∂z

� �

τ ¼ η _γ ¼ η
∂v
∂r

� �

Where, r is radius, z is parallel distance to the
direction of extrusion, v is flow velocity, and P is
pressure. Using the equations above, the equation

Fig. 20.5 Schematic of pneumatic extrusion-based
bioprinting. (Reprinted from an open access article
distributed under the Creative Commons Attribution
License which permits unrestricted use (Suntornnond
et al. 2016))
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for the flow velocity in the extrusion system with
a radius R can be derived as follows:

v ¼ n

nþ 1

� �
∂P=∂z
2η0

� �1
n

r
nþ1
n � R

nþ1
n

� �

At r ¼ 0 and v ¼ v0,

v0 ¼ n

nþ 1

� �
∂P=∂z
2η0

� �1
n

R
nþ1
n

Therefore, the flow velocity can be rearranged as:

v ¼ v0 1� r

R

� �nþ1
n

� �

A flow rate Q in the extrusion system is deter-
mined using the flow velocity at radius r as
follows:

Q ¼
Z R

0
2πrv dr ¼ πn

3nþ 1

� �
∂P=∂z
2η0

� �1
n

R
3nþ1
n

For the extrusion system with a nozzle diameter
D and the pressure drop ΔP within the nozzle
length L, the flow rate is expressed as:

Q ¼ πn

3nþ 1

� �
ΔP

2η0L

� �1
n D

2

� �3nþ1
n

Although the flow rate is determined for a given
condition, the nozzle velocity is also signifi-
cantly related to printing resolution. If we
assume that the material is deposited in a per-
fectly cylindrical form, the flow rate also can be
expressed using the nozzle velocity and the
printed diameter as follows:

Q ¼ V

t
¼ π

Dp

2

� �2

l

 !
1
t
¼ πDp

2vn
4

where V is the printed volume, t is the printed
time, Dp is the printed diameter, l is the printed
length, and vn is the nozzle velocity. Since the
flow rates for both equations are the same, the
printed diameter can be determined based on

printing parameters acquired from the rheologi-
cal characteristics and extrusion conditions:

Dp ¼
ffiffiffiffiffiffiffi
4Q
πvn

r

Dp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4n

3nþ 1

r ffiffiffiffiffi
1
vn

r
ΔP

2η0L

� � 1
2n D

2

� �3nþ1
2n

Therefore, the printing resolution can be
predicted with the power law index and zero
viscosity calculated from the rheological
measurements, pressure applied to the nozzle,
nozzle diameter, nozzle length, and nozzle veloc-
ity, which can be expressed as:

Dp ¼ f n; η0;D; L;ΔP; vnð Þ

Dp / vn
�0:5

Dp / ΔP
1
2n

Dp / D
3nþ1
2n

Theoretically, if the nozzle velocity is high and
the applied pressure is low enough, the printed
diameter Dp can be extremely small. However, it
is practically difficult to print using a bioink with
a diameter smaller than the nozzle diameter. Due
to intrinsic viscosity and surface tension, the dis-
continuous strut can occur at small Dp. Also, the
printing quality deteriorates at a higher nozzle
velocity. Furthermore, in many practical cases,
the cross-sectional shape of the printed strut is
close to elliptical or semi-elliptical shape due to
gravity and surface tension. If the shape is ellipti-
cal with a strut thickness D, the printed diameter
can be calculated as 4Q/πDvn. As a result, if the
printed cross-sectional shape becomes more ellip-
tical, the printed diameter is proportionally related
more closely to vn

�1 instead of vn
�0.5 (Fig. 20.6).

There have been several reports highlighting
the rheological properties of bioink that have
been used for prediction and optimization of
bioprinting. Khalil et al. predicted the flow rate
and the printed diameter of bioprinted alginate
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solution using rheological measurements and the
mathematical modeling of a pneumatic
microvalve (Khalil and Sun 2007). The analytical
and experimental results revealed agreement at
multiple nozzle velocities (5, 10, and 15 mm/s)
and pressures (up to 32 psi). Suntornnond et al.
also applied a mathematical model to predict the
resolution of bioprinting (Suntornnond et al.
2016). Pluronic F-127 at two different
concentrations (24.5 and 30 wt%) was printed
using the extrusion-based bioprinter at various
operational conditions (nozzle velocities: 10, 20,
and 30 mm/s, and nozzle diameters: 210, 260, and
512 μm). The experimental data of printing reso-
lution matched well with the theoretical data.

Given that a variety of dECM based bioinks
have different shear-thinning properties, the
mathematical modeling incorporating the power
law model can be easily used to optimize printing
parameters and verify the printability of novel
materials. Recently, Lee et al. evaluated the print-
ability of liver dECM bioink based on the mea-
surement of the printed diameter at various nozzle
velocities (200–2000 mm/min) and multiple
pressures (30, 40, 60 kPa) (Lee et al. 2017).
Although the mathematical model was not
applied to the experimental data, the study

highlights the feasibility of accurate optimization
of bioprinting parameters, and prediction of print-
ing resolution and deposition (Fig. 20.7).

20.4 Summary

3D bioprinting for implantable tissue is gaining
popularity and advancing technologically. It has
become a valuable method for the fabrication of
complex biostructures. In the meantime, tremen-
dous progress has been made in the natural bio-
material development for tissue engineering. In
particular, ECM derived natural biomaterials
have become popular candidates and promising
sources of bioink. Several studies have
demonstrated the exceptional characteristics of
dECM-based bioinks in comparison to the ones
existing today. dECM-based bioink development
is critical for bioprinting and to fabricate implant-
able tissue-mimicked constructs. In order to
develop such printable dECM bioink, compatible
bioprinting processes should be first identified as
each bioprinting modality possesses different
requirements depending on the dECM bioink
material. Especially, rheological properties of
bioink have significant influence on printing

Fig. 20.6 (a) Comparison of the experimental and ana-
lytical flow rate versus pressure for 3% (w/v) sodium
alginate solution with nozzle diameters of 250 μm,
330 μm, and 410 μm. (b) Comparison of alginate strut
diameters at nozzle velocities of 5 mm/s, 10 mm/s, and

15 mm/s with a constant flow rate of 0.51 μl/s for the
mathematical model and experiments. (Reprinted with
permission from Elsevier: The Materials Science and
Engineering: C (Khalil and Sun 2007), Copyright 2007)
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resolution and shape fidelity. Introduction of rota-
tional rheometers in oscillatory mode, and the
mathematical power law modeling of this chapter
will serve as valuable tools for measuring the
non-Newtonian rheological properties. A new
field of study on the design and development of
novel bioink materials is likely to emerge in the
near future. We propose that future efforts should
be devoted to engineering of new bioinks, as we
expect fully differentiated 3D printed tissues to be
developed with adequate strength to endure
implantation. In addition, advancement of bioink
in the area of printing speed and layer resolution
will allow in situ printing to augment tissue
regeneration endeavors with a short
recovery time.
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3D Bioprinting for Artificial Pancreas
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21.1 Introduction

Type 1 diabetes mellitus (T1DM) results from
autoimmune destruction of insulin-producing
beta cell in the islet of the endocrine pancreas.
The disease constitutes 5–10% of the diagnosed
diabetes that corresponds to approximately
23 million worldwide. Currently, the most com-
mon method is injection of insulin directly. How-
ever, the intensive insulin therapy cannot tightly
control the blood glucose levels in the diabetic
patients due to fluctuation of blood glucose.
Alternatively insulin pump is also used to control
the blood glucose with continuous blood glucose
monitoring (CBGM). Still it is necessary to
develop insulin delivery system according to the
fluctuation of blood glucose level.

The promising ideal strategy is transplantation
of isolated insulin-secreting pancreatic islets.
Flame of islet transplantation was initially ignited

at the University of Alberta in Canada carrying
out human islet transplants. Seven patients were
transplanted more than 800,000 human islets
isolated from recipients two or three through
intrahepatic injection (Shapiro et al. 2000).
These patients maintained blood glucose control
for approximately 1 year when accompanied with
‘Edmonton protocol’ that is administration of
several kinds of immunosuppressive medications.
Then the global and multicenter clinical of the
Edmonton protocol performed by the immune
Tolerance Network showed that 16 of 44 islet
transplants recipients (44%) had no insulin inde-
pendence for 1 year and 10 experienced complete
transplanted islet defects (Shapiro et al. 2006).
Finally, the proportion of short-term grafts was
up to approximately 80%, but less than 20% of
grated recipients remained insulin independent
until 5 years (Desai and Shea 2017). Thus,
although islet transplantation is actually applied
in clinical practice, still it has not been a perfect
treatment. So, there are many challenges
remained. Main issues are donor islet shortage
and immune reaction after islet transplantation.
As mentioned above, two to three donors per
patient are needed. Hence, the efficiency of islet
transplantation is drastically reduced due to the
shortage of donors. Therefore, xenotransplanta-
tion of pancreatic islet has been proposed as a
solution to settle the shortage of donors. In this
case, the xenotransplanted islets are dramatically
rejected due to xenogeneic immune rejection.
Therefore, immunosuppressive medications
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should be administered into the body to immuno-
logically protect allogeneic or xenogeneic islets.

The need for lifelong immunosuppressants
greatly limits the broad availability of this islet
transplantation therapy. However, when immuno-
suppressive medications are administered for a
long time, they show severe adverse effect such
as nephrotoxicity, hepatotoxicity, and other
abnormalities. Therefore, to attenuate the dose
of immunosuppressive medications, pancreatic
islet encapsulation with biocompatible polymers
is developed (Borg and Bonifacio 2011). The
biocompatible polymers are used as an
immunoprotective barrier to protect the
transplanted pancreatic islets. However, the con-
ventional encapsulation strategies have several
disadvantages such as hypoxia issue, degradabil-
ity, reproducibility and retrievability. Recently,
3D bioprinting technology is considered as alter-
native tissue engineering. It can manufacture
capsules capable of accommodating cells for a
transplantable level and inhibit hypoxia by pro-
moting vascularization through structure and
releasing molecules.

In this chapter, therefore, we discuss about the
islet encapsulation technologies with limitation
issues and how the proposed 3D bioprinting
technologies to overcome the limitations of
encapsulation strategies can be applied. In addi-
tion, we address research perspectives for making
commercially available artificial pancreas com-
plementary to 3D bioprinting technology.

21.2 Necessity for Manufacturing
of Artificial Pancreas

21.2.1 Encapsulation of Islet

To attenuate the dose of immunosuppressive
medications, encapsulation of islets with biocom-
patible polymers has been developed, which
provides physical barriers to the transplanted
islets and inhibits the immune response from
their recipients (Desai and Shea 2017). Various
microencapsulation and macroencapsulation
methods have been developed over the past sev-
eral decades with the goal of creating immune-

protected beta cells (Scharp and Marchetti 2014).
The principle of encapsulation is that the cells to
be implanted are contained in compartments
separated by semi-permeable membranes. The
capsule should protect the islets from damage
caused by immune response. Therefore, the cap-
sule is an “immune-isolation capsule”. In addition
to the protective mechanisms provided by the
capsules, islets in the capsule can also regulate
blood glucose levels by releasing insulin, while
small molecules (glucose, oxygen and nutrients)
and external (metabolic waste) can pass through
this membrane. The encapsulation system is,
therefore, also considered a “biological artificial
pancreas”. Immune-isolation capsule or
biological artificial pancreas are generally divided
into two categories: macroencapsulation and
microencapsulation (Qi 2014).

Microcapsules and macrocapsules are classi-
fied by their size (Fig. 21.1). Microencapsulation
use many microscales (100 μm–1 mm) capsules,
containing single cells or islets that maximize
surface-to-volume ratio and promote optimized
nutrient and oxygen exchange (Elliott et al.
2007; Tuch et al. 2009; Desai et al. 2004). How-
ever, this technique has limited control over
membrane thickness and pore size, and limits
the number of capsules required for implantation.
On the other hand, macroencapsulation capsules
(3–8 cm) contain many cells or islets (Tarantal
et al. 2009). These larger capsules provide better
control of membrane parameters such as pore size
and porosity and neovascularization by their
rough surface, but limit nutrient and oxygen dif-
fusion and cell response due to capsule thickness
and large reservoirs (Cornolti et al. 2009; Desai
and Shea 2017; Lembert et al. 2005).

21.2.2 Microencapsulation

As mentioned earlier, microencapsulation is a
method of encapsulating cells on a micro scale
using biocompatible materials. For successful
microencapsulation, studies have been conducted
using a variety of materials and these studies have
now reached the clinical trial stage. Some of the
fundamental limitations of microencapsulation
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prevent this from becoming a complete technol-
ogy. From now on, we will discuss the process by
which microencapsulation has been developed
and the limitations of that strategy.

In 1964, cell microencapsulation technology
was first described Chang (1964), and in 1980,
microcapsules were used to treat diabetes,
demonstrating prolonged survival of isograft
islets using alginate-polylysine-polyethy-
leneimine microcapsules (Lim and Sun 1980).
Non-encapsulated islets without post-transplant
immunosuppression survived for 8 days whereas
encapsulated islets survived to 3 weeks (Lim and
Sun 1980). Thereafter, studies on the materials
were conducted, so microcapsule material was
improved in 1984. The previously used polyeth-
ylene imine component was disappeared and algi-
nate was designed as the outer layer of the
microcapsule (O’Shea et al. 1984). The use of
alginate has considerably improved the

microencapsulation technology because it can be
produced under physiological conditions and
don’t affect to islet function and non-toxic
(Menard et al. 2010). In this experiment, the
microencapsulated islets survived for the
365 day in 1 of 5 animals. The alginate as material
of microcapsule microcapsules was increased the
strength of microcapsules. And decreasing the
impurities and increasing the guluronic acid to
mannuronic acid ratio further improved the bio-
compatibility of alginate microcapsules (Klock
et al. 1994; Otterlei et al. 1991). After this
study, studies on microencapsulation using algi-
nate have been actively conducted, but in addition
to alginate many other polymers such as chitosan,
agarose, methacrylic acid, polyethylene glycol
(PEG), methyl methacrylate and 2-hydroxyethyl
methacrylate (HEMA) have been used success-
fully in islet encapsulation studies with limited
success (de Vos et al. 2010).

Fig. 21.1 Structure and function of microcapsule and
macrocapsule. Microcapsule and macrocapsule are classi-
fied according to their sizes. (a) Microcapsule is typically
prepared in the size of 100 μm–1 mm and contains one or
several cells. (b) Macrocapsule is usually made in 3–8 cm

size and contains multiple cells. Each capsule forms a
semipermeable membrane through biocompetable mate-
rial to protect the inner cells from the immune cell and
the antibody, while relatively small glucose and insulin are
freely diffused
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Over the next few decades, research has been
conducted to develop microcapsules with suffi-
cient durability and biocompatibility. The
experiments was conducted on small animals
and many were successful (Klock et al. 1994;
O’Shea et al. 1984; Sawhney et al. 1993). To
improve the microcapsule, more than 1000
combinations of polyanions and polycations
have been evaluated for relevance to cell encap-
sulation. A polyelectrolyte complex formation
process was identified through the experiments
with five different polymers, which enabled inde-
pendent control over capsule size, wall thickness,
mechanical strength and permeability (Wang
et al. 1997).

And since then, microencapsulation technol-
ogy has proven effective in many experiments on
rodents. Between 2000 and 2010, more than
60 studies of microencapsulation strategies stud-
ies were performed on rodents and the viability of
islets encapsulated with alginate without immu-
nosuppression was the best for 100 days (Desai
and Shea 2017; Souza et al. 2011). And
encapsulated islet allotransplantation clinical
trial, since its inception in 1994, Several clinical
trials were conducted (Soon-Shiong et al. 1994).
These experiments were performed by allo/xeno-
transplantation of the encapsulated islets in
T1DM patients who did not receive immunosup-
pressants and then controlled blood glucose level
normal in the long term. Despite other numerous
clinical trials were conducted by academia and
biotechnology companies, complete encapsulated
islets were not have not been developed (Basta
et al. 2011; Calafiore et al. 2006; Jacobs-
Tulleneers-Thevissen et al. 2013; Valdes-
Gonzalez et al. 2005, 2010). Each trials was
shown to temporarily inhibit diabetes, but in the
long term the therapy failed due to islet apoptosis
and necrosis (Buder et al. 2013).

So, what is the limit of microencapsulation
that causes the failure of these clinical trials?
Process systems that are not standardized due to
the diversity of raw materials in the
manufacturing process and experiments that
have been mainly done on the rodent model are
also one cause, but the major reason is fibrotic
overgrowth by micro-scale of capsules. In the

case of microcapsules, the smaller size, the more
fibrotic overgrowth due to the foreign body
response, which leads to immune rejection in the
transplanted cells, resulting in the failure of trans-
plantation (Veiseh et al. 2015).

To overcome this problem, we need to
increase the size of the capsule, but it which can
make the capsule layer thicker, inhibiting oxygen,
nutrient transport and inducing hypoxia. There-
fore, there is a dilemma between improving the
microencapsulation strategy and suppressing
fibrotic overgrowth. So, when these problems
are solved, can microencapsulation be
commercialized? One of the biggest challenges
faced by the microencapsulation technique is the
scale up of the capsulation process. In the case of
conventional microencapsulation, the process is
usually carried out on a laboratory scale and we
need to scale up these fabrication processes to an
industrial level. However, in microencapsulation,
controlling the formed diameter is important for
proper operation and perturbation of the capsule
and in order to form a micro-level bead, the flow
rate at which the material is injected must be
controlled.

So, there is a significant limitation in scaling
up the microencapsulation process at the labora-
tory level to the industrial level.

21.2.3 Macroencapsulation

As mentioned earlier, islet encapsulation is clas-
sified into two types, depending on their size:
macrocapsule and microcapsule. Moreover,
macrocapsule is also divided in two types, extra-
vascular intravascular types (Fig. 21.2). Although
extravascular and intravascular macroencap-
sulation has been developed with individual
advantages, these strategies also have some
problems that prevent these strategies from
becoming complete biological artificial pancreas.
From now on, we will discuss the process by
which each extravascular and intravascular
macroencapsulation has been developed to the
preclinical stage and limitations of them.

The extravascular macrocapsule has a diffu-
sion chamber structure and is not connected to
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blood vessels, etc. Therefore, it can be implanted
intraperitonally or subcutaneously, which has
advantage in that the process of implantation
and removal is somewhat simple (Sakata et al.
2012; Schweicher et al. 2014).

The first macroencapsulation used this extra-
vascular macrocapsule developed in the 1950s
(Algire et al. 1954; Prehn et al. 1954). During
the 1970s, Millipore Corporation developed and
produced commercially available extravascular
macrocapsules for implantation (Scharp and

Marchetti 2014). Their macrocapsules had a
pore size of about 450 nm and could inhibit
direct cell-cell immunity, which enabled
immunoprotection at allotransplantation available
level. A series of studies at the time demonstrated
that encapsulation through these macrocapsules
can improve cell viability (Algire and Legallais
1949; Gates et al. 1972; Strautz 1970).

Although many studies at this time were
performed through syngenic cells, transplantation
failure occurred because of the fibrotic

Fig. 21.2 Two types of macroencapsulation; Extravascu-
lar (a) and Intravascular (b). (a) The cell-laden
macrocapsule is located on an external blood vessel

where it is implanted intraperitonally or subcutaneously.
(b) Arteries and veins are besieged with the macrocapsule,
which directly borders the vessels
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overgrowth caused by the lack of proper
biocompetability of the materials used (Desai
and Shea 2017). And it was also due to the
limitations of extravascular microencapsulation
that nutrient and oxygen transport depend only
on diffusion through thick layers. This restriction
induces hypoxia and apoptosis/necrosis in the
encapsulated cells, leading to graft failure
(Schweicher et al. 2014).

To overcome these limitations, intravascular
macrocapsulation has been studied since the
1970s (Chick et al. 1975). The intravascular
macrocapsule has a perfusion chamber structure
and is directly connected to the arteries and veins
of the host (Monaco et al. 1991). The islets are
supplied nutrients and oxygen through the blood
flowing through the hollow fibers inside the
chamber and releases the insulin. Because there
is a semi-permeable membrane between the
chamber and the hollow fibers, the islets are
immunoprotected.

The islet containing intravascular
microcapsules chamber made from diverse
materials whereas tested on a diabetic rat, mon-
key model, which could be expected to replace
the previously advanced extravascular
capsulation (Chick et al. 1977; Orsetti et al.
1978; Sun et al. 1977; Tze et al. 1976, 1980;
Sun et al. 1980). However, blood coagulation
and hemorrhage occurred in these experiments
to confirm the possibility of intravascular micro-
capsule (Sun et al. 1980; Tze et al. 1980). This is
because thrombosis is induced by the blood flow
somewhat suppressed at the interface between the
blood vessel and the capsule, and blood coagula-
tion is caused by the limited biocompetibility of
macrocapsule itself. Unfortunately, systemic
anticoagulation agents cannot be used for T1DM
patients, and therefore a method to replace intra-
vascular macrocapsules is needed.

Studies have been conducted to overcome
these limitations, and several studies have been
carried out showing that the induction of host
neovascularization can solve the problem of
extravascular capsules have been carried out.
These attempts to allow blood vessels to form
inside the capsule have allowed the host cell to
penetrate into the capsule through pore size

control. One study in the 1990s (Brauker et al.
1995, 1996) compared the extent of host
neovascularization with membrane pore size
differences and found that about 100 times more
neovascularization was formed in the membrane
with the appropriate pore size (Brauker et al.
1995, 1996). And the vascularization was further
accelerated when large pore layers were
laminated to capsules carrying immune protection
through a small pore, confirming that this signifi-
cantly higher level of vascularization was retained
for 1 year. However, the subcutaneous tissue is a
low blood-flow tissue, and more research was
needed to confirm whether accelerated vasculari-
zation is adequate for islet survival. However, the
subcutaneous tissue originally had a low blood
flow, resulting in a somewhat exaggerated vascu-
larization effect, so more research was needed to
confirm whether vascularization is sufficiently
accelerated in other tissues and it can improve
the survival of islets (Clark et al. 2000; Fumimoto
et al. 2009; Ryan et al. 2001).

Another study showed that allograft transplan-
tation of macroencapsulated islets into the epidid-
ymal fat pad of streptozotocin-induced diabetic
mice yielded normal glucose tolerance for
12 weeks (Suzuki et al. 1998). However, in this
experiment too, there was a problem caused by
hypoxia caused by the encapsulation of large
mass of islets into one capsule. In addition, failure
of transplantation due to fibrotic overgrowth
around the capsule was also observed. Since
then, the biocompetability of the material has
gradually improved and macroencapsulation
capsules have demonstrated some success in
large animals, although the results have not been
consistent. In nonhuman primates (NHPs), por-
cine islets placed within an alginate macrocapsule
transplanted subcutaneously were found to pro-
vide normoglycaemia for up to 6 months
(Dufrane et al. 2006).

And other macrocapsule studies using alginate
sheet structures showed significant results in pre-
clinical trials, but at the same time showed
limitations in maintaining sheet planarity (Storrs
et al. 2001). The thickness of the sheet was
determined by considering the maximum distance
of oxygen and nutrient diffusion (250 μm). The
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prepared islet containing alginate sheet was
implanted to the omentum of pancreas resected
dog. As a result of the experiment, fasting
euglycemia was confirmed for 84 days. After that,
the islet in macrocapule was collected again and it
was confirmed that it was alive. This confirms that
fasting blood glucose lowering is due to
macroencapsulation-induced immunoprotection.

However, despite the success of this large
animal, macroencapsulation capsules have yet to
enter the human clinical trial (Scharp and March-
etti 2014). For xenotransplantation in humans,
about 5000–20,000 IEq/kg is needed (Ekser
et al. 2016), There is not yet a way to overcome
the increased threat of core hypoxia as these islet
masses are encapsulated in one capsule. In addi-
tion, currently used macrocapsule production
techniques are limited in that there is little way
to induce vascularization other than controlling
pore size. So, if these hypoxia problems cannot be
solved, macroencapsulation cannot be presented
as a treatment for T1DM.

So if macroencapsules are improved to solve
the core hypoxia problem, is it likely to be suc-
cessfully commercialized? So, if the problem of
hypoxia after transplantation is solved, can
macroencapsulation capsules be commercialized?
In macroencapsulation, the capsule is formed in a
single mass, so hypoxia can occur in the cells of
the inner core during manufacturing process too.
Also, because it is made of a single mass, it is
difficult to distribute the cells properly in capsule.
These points limit the scale up of the
macrocapsule capsule manufacturing process
and bring it up to the industrial level.

21.3 3D Bioprinting

21.3.1 Introduction of 3D Bioprinting

3D bioprinting is a technique for positioning bio-
chemical materials and alive cells in a stacking
layer by layer at a desired location. Using this
techique, a 3D structure can be fabricated by
controlling the space of the positioned
components (Murphy and Atala 2014).

Therefore, 3D bioprinting is emerging as a new
technology for encapsulation of cell due to posi-
tioning alive cells in a specific location (Billiet
et al. 2012; Wust et al. 2011). Furthermore,
depending on the applied biochemical materials
and types of cells being encapsulated, a variety of
functional tissue or organs can be created (Mur-
phy and Atala 2014; Zadpoor and Malda 2017).
In this respect, organ transplantation is focused on
3D bioprinting as a solution to manufacture an
alternative organ. Consequently, the desired
organs are manufactured that what kinds of
materials or cells are applied to 3D bioprinting.

Therefore, in the field of 3D bioprinting, it is
essential to find suitable cells and materials for
finally fabricated organs. Additionally, the
materials have sufficient mechanical properties
to allow 3D structures to manufacture through
the stacking layer by layer method.

Generally, the 3D bioprinting can be classified
into two systems depending on the materials, the
first is a scaffolding system. A synthetic polymer
is mainly applied to the system. It is liquefied
through a thermal process and the molten poly-
mer is extruded. Then, the extruded polymer is
cooled to produce the scaffold. In general,
polylacitc acid (PLA), poly(Lactide-co-glycolic
acid) (PLGA), and polycaprolactone (PCL)
approved by FDA are mainly used as synthetic
polymers applied in 3D bioprinting due to a supe-
rior biocompatibility and biodegradability to
regenerate tissues and organs (Gunatillake and
Adhikari 2003; Shim et al. 2011). Herein, the
scaffold composed of the synthetic polymer is
mainly used for scaffoling purpose. In addition,
cells are seeded in these scaffolds. Finally, the 3D
structure containing the cells is completed. Pati
et al. (2016). In fact, the scaffold composed of
blending PLA and PLGA was made by 3D
bioprinting (Shim et al. 2011). Then, rat primary
hepatocytes and a mouse pre-osteoblast MC3T3-
E1 cell encapsulated hydrogels were injected in
the printed scaffold. After 7 days of injection, the
encapsulated cells were observed to be
proliferated felicitously. Furthermore, a viability
was also maintained until 10 days. Additionally,
dual cell laden 3D structure composed of PLA
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containing both osteoblast and chondrocyte was
successfully constructed (Shim et al. 2012). This
dual cell laden system maintained a viability and
proliferation of cells for 1 week appropriately. In
addition, the surface of a scaffold made of PCL
may be modified to improve the affinity with cells
(Domingos et al. 2013). The second is a scaffold-
ing free system. A hydrogel is mostly used for this
system. The hydrogel contains a large amount of
water and can provide the optimal environment
for cells (Melchels et al. 2012). Unlike the scaf-
folding system previously described, the hydrogel
containing alive cells is positioned in a specific
location directly; this hydrogel is called a bio-ink.
The bio-ink is applied not only to cells but also to
various drugs or biomolecules together (Kaigler
et al. 2013; Wust et al. 2014). Additionally, the
hydrogel is solidified by physical or chemical
crosslinking to stack layer by layer to complete
the 3D structure (Nichol et al. 2010; Pescosolido
et al. 2011; Wang et al. 2006; Yan et al. 2005). In
fact, gelatin metacrylamide containing alive cells
was printed and crosslinked by a photo-initator to
solidify immediately after printing. The viability
of printed cells right after printing was maintained
at over 97%. Consequently, cell-laden hydrogel
was successfully manufactured (Billiet et al.
2014). In addition, an Extra-cellular matrix
(ECM) based hydrogel was used to increase the
viability and bio-functionality of encapsulated
cells (Yeo et al. 2016). To protect cells
encapsulated in the ECM based hydrogel, a shell
of alginate was formed on the outside to form a
core-sheath structure. Later, the core-sheath 3D
structure containing human adipose stem cells
(hASCs) maintained viability for approximately
1 weeks. It also effectively differentiated in
hepatogenic cultures. Likewise 3D bioprinting is
an innovative field that can mimic human tissues
or organs by selecting appropriate materials and
cells according to a function of the finally
fabricated 3D structure.

The development of an artificial pancreas
containing pancreatic islets using 3D bioprinting
is still an introductory stage. Nowdays, as the
shortage of islet donors, the production of

biological artificial pancreas is urgent. Fortu-
nately, 3D bioprinting is a revolutionary system
that can be mass-produced through a rapid
automated system (Bak 2003). However, conven-
tional micro/macroencapsulation is difficult for
mass production of artificial pancreas. The pro-
cess of conventional encapsulation is usually car-
ried out on a laboratory scale. In fact, in the case
of microencapsulation, controlling the formed
diameter is important for proper stability and
durability of the capsule. The flow rate through
which the material is injected must be adjusted to
produce an appropriate size of bead. However,
that is a significant limitation in scaling up the
microencapsulation process at the laboratory
level to the industrial level. In macroencap-
sulation, the cell enclosed form is a single mass.
In other words unlike the case of microencapsula-
tion, hypoxia can occur in the cells of the inner
core. This hypoxia can also occur when
macrocapsule is implanted (O’Sullivan et al.
2010). Also, proper cell distribution in the
macroencapsulation becomes difficult. As a
result, that is also a limit to scale up to the indus-
trial level. However, 3D bioprinting can over-
come the limitations of these conventional
encapsulation technology. As mentioned earlier,
3D bioprinting can position biochemical
materials and alive cells where desired. There-
fore, the printed cells are properly distributed in
the 3D structure. In addition, 3D bioprinting has
the potential to improve the hypoxia of cells in the
3D structure by vascularization and locally distri-
bution of the printed cells (Novosel et al. 2011).
The 3D structure with a special shape can also be
regarded as a building block. Then, the building
blocks can be made into a larger structure. And
3D bioprinting can create complex shaped artifi-
cial structures. Therefore, the disadvantages of
conventional encapsulation could overcome the
limitation of scaling up (Ozbolat 2015; Ozbolat
and Yu 2013; Pati et al. 2016). In the next
sections, we will look at the development of the
current artificial pancreas through 3D bioprinting,
and discuss possibiliy of improvement in scaling
up and hypoxia aspects in the artificial pancreas.
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21.3.2 Scalling Up of Artificial
Pancreas

The artificial pancreas developed so far was pro-
duced through the scaffolding system. Various
cells from primary cells to beta cell like stem
cells were planted in a framework based on
FDA approved biocompatible synthesis
polymers. These approaches have introduced the
production of artificial pancreas. Initially devel-
oped artificial pancreas was scaffolded with
PLGA (Daoud et al. 2011). The final 3D structure
was constructed by seeding the ECM based
hydrogel containing human pancreatic islet into
the PLGA scaffold. Generally, ECM components
are critical factors for participations in cellular
adhesion, matrix for supporting cells, and various
signaling pathways with cells (Hamamoto et al.
2003; Jiang et al. 2002; Kaido et al. 2004). Fur-
thermore, pancreatic islets also showed better
survival when cultured in a matrix containing
ECM components (Thomas et al. 1999). Thus,
human pancreatic islets were encapsulated via
an ECM supplemented gels composed of
collagen I, fibronectin and collagen IV. In addi-
tion, the porosity and pore size of the scaffold
were controlled by varying the shape of the
PLGA scaffold. Therefore, it had a synergism to
seeded cells in the ECM based hydrogel. There-
fore, human pancreatic islets in the 3D structure
were 1.8-fold more effective insulin release than
islets in normal suspension culture. Additionally,
an expression of insulin secreting genes in the 3D
structure was increased by 50-fold compared to a
normal culture. That is because the PLGA scaf-
fold provided a proper environment through an
improved oxygen and mass transfer. In conclu-
sion, 3D bioprinting has informed a start of the
artificial pancreas development through the
proper combination of the scaffold and ECM
based hydrogel.

Mesenchymal stem cells (MSCs)
differentiated into islet like cell aggregates
(ILCA) applied to the manufacture of the artificial
pancreas using 3D bioprinting instead of a pri-
mary cell (Sabek et al. 2016). Indeed, MSCs were

used as a cell source for islet transplantation to
T1DM (Chao et al. 2008). It also induced engraft-
ment and vascularization of transplanted islets
through co-transplantation with pancreatic islets
(Figliuzzi et al. 2009; Ito et al. 2010). Thus,
MSCs are applied to islet transplantation directly
and also involved in differentiation to islet like
cells (Chen et al. 2004). To apply ILCA to 3D
bioprinting, a PLA scaffold was prepared. The
scaffold was discoidal shape and had a diameter
of 13 mm and thickness of 4.5 mm. Additionally,
the scaffold was obtained to the surface charge
and hydrophilicity to improve suitability with the
encapsulated cells. A poly-L-lysine (PLL) coated
on the surface of the PLA to give a charge. Addi-
tionally, the surface of the PLA was etched
through argon (Ar) or oxygen (O2) plasma to
improve hydrophilicity. In addition, an endothe-
lial cell attachment factor (ECAF) was coated on
the surface of the PLA to promote vascularization
around the scaffold. Indeed, a surface modifica-
tion of a material changed a cell behavior and
gene expression of adjacent cells (Mrksich
2000; Stevens and George 2005). Therefore, the
surface modification of the PLA scaffold
expected a synergism with the seeded cells In
addition, a platelet lysate (PL) gel was used to
encapsulate the ILCA into PLA scaffold. In gen-
eral, the PL gel was an ECM component obtained
from animal platelet. It was often used to encap-
sulate an endothelial cell for vascular capillary
formation (Fortunato et al. 2016). In this way,
the ILCA was encapsulated in PL gel. Then, the
PL was seeded into the PLA scaffold which is
only modified surface by etching N2 or O2

plasma. Interestingly, the duration of insulin
secretion maintained in ILCA in the PLA scaffold
longer than in ILCA that was in a normal suspen-
sion culture. That resulted in the accumulation of
insulin secreted from ILCA in the PL gel. In
addition, a larger PLA disk (diameter 20 mm,
thickness 1 mm) treated with Ar plasma, PLL,
and ECAF. A cytotoxicity of human unbilical
vein endothelial cells (HUVECs) with the PLA
disk were observed. Certainly, in the case of the
PLA disk treated with Ar and PLL, a toxicity of
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HUVECs was observed. In conclusion, although
the cytotoxicity of PLA scaffold occurred, the
approach of modifying a surface of the scaffold
may assist on the development of a new artificial
pancreas.

With the introduction of this scaffolding sys-
tem, the size of the scaffold can be adjusted
according to the size and design of the scaffold
to be printed. In other word, the scaffold can be
made in sizes that are possible to apply to real
human organs. In fact, there was a case that the
scaffolding system using 3D bioprinting. It was
used to manufacture a size similar to an actual
human ear (Lee et al. 2014a, b). The main part of
the scaffold was composed of PCL. Then, the
cell-laden hydrogel was seeded in the PCL scaf-
fold. Furthermore, the final human scale ear was
printed by using polyethyleneglycol (PEG) with a
sacrificial part. The sacrificial part additionally
supports the main PCL scaffold with a complex
shape during the process of 3D bioprinting. It is
widely applied to print complex shapes in the 3D
bioprinting (King and Tansey 2003). In the print-
ing process, PEG could support the main part of
PCL, but it was easily removed through aqueous
solution or culture medium. In order to create an
element similar to the human ear, chondrocytes
and adipocytes that were differentiated from adi-
pose derived stromal cells (ASCs) were
encapsulated in alginate hydrogel. Chondrogenic
and adipogenic expression was higher when the
cells were co-encapsulated than enclosed sepa-
rately. Indeed, because of a synergism associated
with an treatment of fat tissue for cartilage forma-
tion, an injection of the fat tissue may be used to
regenerate a septal cartilage formation (Nakakita
et al. 1999). Unfortunately, the alginate hydrogel
containing these cells was applied to the artificial
ear shaped scaffold. However, the ability of these
cells to differentiate properly could be
demonstrated by using another shape of a scaffold
composed of PCL. In conclusion, it was
suggested that the ear-shaped structure containing
with multi-cells could be sufficiently possible for
regeneration of the auricular cartilage.

Unfortunately, there has been no report on the
production of human scale pancreas as using 3D
bioprinting. However, in order to perform

pancreatic cancer surgery, a patient-specific pan-
creas and peripancreatic region were
manufactured by using 3D printing technology.
Then, a plan of the surgery was made based on the
printed anatomical pancreas. Therefore, it has not
reported that the human scale pancreas was not
used to treat T1DM. Indeed, for performance of
islet transplantation in the clinical trial, the num-
ber of transplanted islets was 5000–20,000
IEq/kg, which was a very large amount (Ekser
et al. 2016). A capsule containing cells must have
a sufficient volume. In conclusion, the new
approach of developing the artificial pancreas
indicates that the scaffolding system of 3D
bioprinting can be used to make a large size of
the main scaffold, and the hydrogel containing
various cell types as well as pancreatic islets can
be seeded into the scaffold.

A case of developing the artificial pancreas
with the scaffolding free system has been reported
(Marchioli et al. 2015). To make the artificial
pancreas composed solely of a hydrogel, compos-
ite hydrogels were prepared by alginate hydrogel.
Additionally, various materials such as gelatin,
hyaluronic acid or Matrigel were mixed with algi-
nate. To make the artificial pancreas through
these various hydrogel mixtures, the main mate-
rial, alginate, was pre-crosslinked by a low con-
centration of calcium ion. Because of the
pre-crosslinked alginate, the viscosity of the algi-
nate hydrogel was increased. Therefore, lamina-
tion was possible to make the 3D structure
temporarily. In addition, when the temporary 3D
structure was printed completely, a post-
crosslinking was performed by a high concentra-
tion of calcium ion to strengthen the mechanical
properties. There is a lack of mechanical
properties to stack layer by layer if a hydrogel
precusor is only used to print the 3D structure.
Therefore, the mechanical properties must be suf-
ficiently strengthened through physical or chemi-
cal crosslinking. In fact, using pre-crosslinked
alginate could improve the resolution of the
printed 3D structure if complex structures are
printed (Tabriz et al. 2015). In addition, INS1E-
beta cell that derived from rat insulinoma was
encapsulated in various hydrogel mixtures to
make the artificial pancreas. Then, a viability of
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the cell was monitored depending on the
components of the hydrogel mixtures. As a result,
the viability of the cells in the alginate/gelatin
mixture was maintained at 95% to 21 days after
printing. The structure was also preserved
soundly. Using the only hydrogel to make the
artificial pancreas has indicated that a new
approach can create an environment similar to
the mechanical properties of the real pancreas.
Indeed, the pancreas has a significantly lower
modulus than other organs, skin, muscles and
skeletons (Liu et al. 2015). In conclusion, the
development of the artificial pancreas as using
the scaffolding free system can be an approach
to mimic the proper environment of the actual
pancreas.

The scaffolding system produces the based
scaffold composed of synthetic polymers non
containing cells to print human scale organs. On
the other hands, the scaffolding free system
requires only the use of the cell-laden hydrogel
to make human scale organs. However, because
of the prolonged printing process in order to
produce the large scale structure, a viability of
the cells encapsulated in the hydrogel may be
drastically reduced (Ozbolat and Yu 2013).
Instead of printing tissues or organs of the
human scale at once, there is a new approach to
assemble building blocks or mini-tissues com-
posed of only hydrogels to complete the final
human scale organs (Ozbolat 2015; Ozbolat and
Yu 2013). In fact, to construct a vascular tissue
through the scaffolding free system, agarose rods
were prepared by 3D bioprinting to use as build-
ing blocks to assemble a desired shape of molding
template (Norotte et al. 2009). Then, uniform
multicellular spheroids were printed into patterns
designed at the template. Thereafter, the printed
spheroids were self-assembled to a large vascular
tissue depending on the patterns in the template.
Additionally, the formed large vascular tissues
could be assembled together to make one new
larger vascular tissue. Thus, building blocks can
be used to create a new large-scale structure
consisting entirely of hydrogel without scaffolds.
In conclusion, in order to create the original envi-
ronment of pancreas, it is also necessary to pro-
duce the artificial pancreas with only hydrogel

without the scaffold. For introduction the artificial
pancreas through introducing the concept of
advanced assembly system, it is possible to
develop a new human scale pancreas capable of
proper vascularization.

21.3.3 Prevention of Hypoxia through
Vascularization

Hypoxia is the most decisive factor of the effi-
ciency of islet transplantation (Pedraza et al.
2012). And this is a big problem in the case of
the technique of forming immunoprotective layer,
such as encapsulation. In the 3D bioprinting,
mainly macro scale capsules are manufactured
and therefore, the problem of extravascular
macroencapsulation mentioned above such as
core hypoxia is maintained. Macro scale capsules
are mainly implanted in subcutaneous tissue, and
the viability of the transplanted islets in the sub-
cutaneous site is drastically reduced because the
cells isolated from the surrounding blood vessels.
As has been mentioned, islets have highly rate of
consumption of oxygen and nutrients relative to
their proportion in the pancreas because insulin
secretion in islets requires a lot of mitochondrial
respiration (Sato et al. 2011). Therefore, the oxy-
gen supply to the transplanted islets is
tremendously critical.

So, how do we solve this hypoxia problem?
Currently, 3D bioprinting based technologies use
vascularization to solve these hypoxia problems
(Lee et al. 2014a, b). A blood vessel system is
formed to form a homogeneous blood flow inside
the 3d bioprinting based transplantation capsule.
This technique is also being studied in the above-
mentioned macroencapsulation, so it may ques-
tion whether 3D bioprinting is necessary to solve
hypoxia. As mentioned above, because this tech-
nique is also being studied in the macro encapsu-
lation, 3D bio-printing can be asked if it is a
necessary technique to solve hypoxia. However,
the development of 3D bioprinting based trans-
plantation capsules offers a variety of strategies to
promote vascularization and therefore, 3D
bioprinting has utility value as a tool to solve
the problems of existing technique.
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Currently, there are two types of vasculariza-
tion techniques applied in the field of 3D
bioprinting: cell based strategy and hydrogel/
scaffold based strategy (Novosel et al. 2011). In
cell based strategy, activation of endothelial cells
through growth factors, adhesion peptides, and
co-culture with other cells leads to neovascu-
larization in the capsule and this method proceeds
through prevascularization of the capsule
followed by transplantation or by inducing
neoangiogenesis after transplantation.

21.3.3.1 Cell Based Prevascularization
Prevascularization is a method of forming a vas-
cular network through vasculogenesis or angio-
genesis using endothelial cells in the capsule, and
this method proceeds either in vitro prevascu-
larization or in vivo prevascularization.

In ‘in vitro prevascularization’, endothelial
cells with other cells such as myoblast or fibro-
blast are seeded to capsule and they are. The
structure is cultured in vitro for the purpose of
constructing a three dimensional
(3D) prevascularized structure (Rivron et al.
2008). This method has the advantage that the
manufacturing process of the capsule is simpler,
but it takes time to connect the vascular network
of the host to the network of which the
manufactured capsule to be implanted to the net-
work of the manufactured. Oxygen and nutrient
diffusion is possible only from 100 to 200 μm
from the blood vessel (Rouwkema et al. 2008),
Therefore, to survive transplanted cells, the vas-
cular network in the capsule must be activated
immediately after transplantation, so whether or
not these drawbacks can be overcome will deter-
mine the success or failure of transplantation.

In contrast to the method of vascularization
through a pre – seeded capsule, ‘in vivo prevascu-
larization’ uses a nonvascularized construct. Dur-
ing the preliminary implantation, the de novo
vascularization of the construct proceeds at the
recipient’s implant site. First, when a
macroporous capsule is implanted, blood vessels
infiltrate and vascular networks are formed. Since
then, several studies have demonstrated that host

cells can establish a perfusion network of vessels
in appropriate artificial capsules (Chen et al.
2009; Laschke et al. 2008; Tremblay et al.
2005). The main disadvantage of this method is
that at least three operations are required during
the procedure: the implantation for vasculariza-
tion, the removal of the prevascularized capsule
and secondary implantation (Rouwkema et al.
2008). Vascular networks produced in an
in vivo environment allow oxygen and nutrient
delivery to transplanted cells immediately when
the capsule is implanted, but the complex
manufacturing process of this method lowers the
commercial applicability of this method.

21.3.3.2 Cell Based Neoangiogenesis
So, how about the recipient host makes vasculari-
zation by himself? So, how about letting vascu-
larization take the capsule to the recipient host? If
host-induced vascularization can occurs in the
implanted capsule quickly and appropriately, the
process of manufacturing the capsule will be
much simpler since the process of vascularization
in the capsule is omitted. If host-induced vascu-
larization occurs in the implanted capsule, the
process of manufacturing the capsule will be
much simpler since the process of vascularization
in the capsule is omitted. However, the vasculari-
zation naturally occurred by the implant is slow
and transplanted cells in the capsules are exposed
to damage by hypoxia during vascularization. To
prevent it, vascularization should be promoted as
much as possible. In current researches, various
methods of seeding endothelial cells in the cap-
sule and promoting vascularization through
angiogenic growth factors or immobilized
molecules are used.

Angiogenic growth factors activate endothelial
(progenitor) cells and induce migration by gradi-
ent to promote neovascularization. In addition,
they stimulate blood vessel formation and matu-
ration by inducing cell assembly (Nomi et al.
2006). The major growth factors that promote
the angiogenesis process are the basic fibroblast
growth factor (bFGF), the vascular endothelial
growth factor (VEGF) and the hepatocyte growth
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factor (HGF). In addition, the interaction of
cytokines such as platelet-derived growth factor
(PDGF), angiopoietin and transforming growth
factor beta (TGF beta) act as an indirect angio-
genic factor and promote the regeneration of
endothelial tubes. These growth factors and
cytokines promote the vascularization process of
endothelial cells seeded in the capsule, which
increases the feasibility of host-induced
vascularization.

However, this method of using growth factors
needs to solve one big problem in order to pro-
duce successful results. The rapid degradation
rate of the growth factor can prevent the vascular
network from being formed sufficiently, which
can lead to hypoxia in transplanted cells, resulting
in failure of transplantation. To solve this prob-
lem, the growth factor must be continuously con-
trolled released around the capsule (Santos and
Reis 2010). For controlled release of these growth
factors, studies on capsules degradable or
containing preencapsulated microspheres have
been made. For controlled release of these growth
factors, studies have been made on capsules
degradable or contain preencapsulated
microspheres (Borselli et al. 2010; Demirdogen
et al. 2010; Ko et al. 1995). In conclusion, in
order for cell-based neoangiogenesis to be suc-
cessful, an appropriate controlled release of the
growth factors and thus rapid vascularization are
important.

So, we have discussed how to perform cell-
based vascularization through each in vitro/
in vivo prevascularization and neoangiogenesis.
Although these methods have advantages and
disadvantages, they are efficient methods for vas-
cularization of capsules based on 3D bioprinting
technology.

However, it is necessary to think again
whether the methods discussed above are efficient
for islet transplantation. To manufacture artificial
pancreas, we need a capsule to immunoprotect the
transplanted islets from the immune response of
the host. However, it is difficult to fabricate
biological artificial pancreas because of the hyp-
oxia induced by the capsule manufactured for this
purpose. To overcome this limitation, research

using 3D bioprinting has been conducted on a
capsule that does not induce hypoxia. Therefore,
it is important to solve the hypoxia problem
through vascularization, but it suppresses the
immunoprotection function, which is originally
intended for the capsule. In the case of cell-
based vascularization, a vascular network is
formed in the capsule, which means that
transplanted islets may become more vulnerable
to the host immune response. Then, can
vascularization-based methods be applied to islet
transplantation? Fortunately, we can do cell dis-
tribution properly within the capsule via 3D
bioprinting. Therefore, we can manufacture a cap-
sule suitable for artificial pancreas by controlling
the density of the formed vascular network to
such an extent that immune protection can be
sustained without causing cell hypoxia.

21.3.3.3 Hydrogel/Scaffold – Based
Strategy

So how can we control the density of these vas-
cular networks? Of course, it can regulate itself
and it is more efficient. The proper 3D design of
the capsule has the effect of promoting proper
vascularization (Liu and Chen 2005). And this
means that the degree of vascularization can be
controlled according to how we fabricate the 3D
design of capsule is done. We can manufacture
capsules suitable for islet transplantation by
controlling vascularization through capsule mate-
rial, porosity, pore size, capsule material and
channel designing.

Then, how are these factors considered and
determined when designing a real capsule? First,
the porosity and pore size of the capsule, which is
one of the most important factors in determining
vascularization, capsule is determined by the den-
sity of the material and the length of the polymer
chain, which is one of the most important factors
in determining vascularization (Keskar et al.
2009). And we can consider a variety of materials
that we will use to make 3D printing based
capsules, using scaffolds and hydrogels made
primarily from synthetic peeolymers (Novosel
et al. 2011). Since the polymer chain length of
each material is different from biocompatibility
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and stability, it is important to select the appropri-
ate material for capsule design.

And In addition, the 3D bioplotting method
using hydrogel is mainly used for manufacturing
artificial pancreas compared to other organs and
pancreas because porosity can be controlled by
the density of network formed during bioplotting.
Of course, creating a capillary network in the
capsule more directly through 3D bioprinting
can also be considered. However, forming a com-
plete capillary network is difficult because there is
a problem of maximum resolution and production
time on current 3D bioprinting technology.
Therefore, in the current 3D bioprinting field,
researchers we use microchannel in capsule to
induce formation of vascular network (Lee et al.
2014a, b). A study conducted until 2014 has
shown that 3D bioprinting produces a fluidic vas-
cular channel, and that the angiogenic channel
that extends from this vascular channel andis is
connected to the vascular network that is sepa-
rately formed in the capsule. In this channeled
capsule made by 3D bioprinting, the capsule
entry of endothelial cells and other supporting
cells and soluble factors is much easier, which
promotes the vascularization process. Through
this vascular channel, we can induce vasculariza-
tion at the desired position, thereby inducing oxy-
gen and nutrient transport efficiently while
immunoprotecting the cell (Lee et al. 2014a, b).

21.3.3.4 Conclusion
So far, we have discussed cell-based and
hydrogel/scaffold-based vascularization
techniques that can be used to produce artificial
pancreas via 3D bioprinting. Although each
method has been described separately, proper
vascularization through 3D bioprinting is more
effective when using the above methods together.
If we resolve hypoxia, one of the biggest
problems of artificial pancreas, through vascular-
ization, we will be able to step closer to commer-
cialization of artificial pancreas.

21.4 Vision of the Artificial Pancreas
Future Research

As previously mentioned, islets require a lot of
oxygen, so when islets are isolated, they can get
hypoxic damage. Especially, because size of
islets is large (50~350 μm), so the core region of
them can get this hypoxia damage easily
(Ramachandran et al. 2015). And vascularization
takes a few days. To solve this problem, forming
islet cell spheroid (ICS) can be is another strategy
to prevent hypoxia because of smaller size than
intact islet. Islet spheroids can be obtained by
clustering single cells obtained by breaking
down intact islet cells or β-cell lines. And it is
efficient to use the spheroids because they main-
tain the function despite the small size compared
to the intact islet. Moreover, smaller size of islets
is more suitable than larger when transplanted
(MacGregor et al. 2005).

There are several spheroid formation methods;
hanging drop, centrifugation, non-adherent
surfaces, etc. (Mehta et al. 2012; Sutherland
et al. 1981). For example, hanging drop method
is using the cell suspended droplets and allows
cell aggregation at the bottom of the droplets by
gravity Foty (2011). Centrifugation can also form
spheroids, centrifugal force improves cell aggre-
gation (Handschel et al. 2007). Non-adherent sur-
face is using molecules such as chitosan to avoid
from cells adhering to culture dish, so cells can
aggregate easily (Huang et al. 2011).

Since the islet spheroids produced by the
above methods are highly resistant to hypoxia
and have high functional efficiency, they can
reduce the size of the capsules produced when
used in a 3D bioprinting based transplantation
capsule and as a result, it is possible to scale up
the manufacture process. Also, they can make the
manufacturing process more efficient by reducing
the possibility of core hypoxia that can occur
during 3D printing. In addition, the small size of
the islet spheroid improves resolution by allowing
smaller nozzles to be used in 3D printing. This
allows the making of more detailed vasculariza-
tion induction structures.
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These advantages of spheroids increase the
likelihood that 3D bioprinting based artificial
pancreas can be commercialized.

21.5 Conclusion

The ideal strategy for treating T1DM is islet
transplantation. However, transplanted islets are
rejected from host immune cells. To protect the
immune response, islets are encapsulated with a
biocompatible polymer for an immune-barrier.
The thickness and pore size of polymer mem-
brane surrounding islets can be controlled. There-
fore, it protects attack from the immune cells and
provide interchange of small molecules; oxygen,
nutrients, insulin, metabolic wastes, etc.

However, the conventional encapsulation
technology has a significant limitation. First, the
hypoxia occurs in islets encapsulated at the core
of capsule. That reduces viability of islets. Con-
sequently, the efficiency of the transplantation is
dramatically decreased. Second, it is difficult to
scale up the capsule. In order to be applied to
clinical trial, capsule must be possible to contain
a large amount of islets. Therefore, scaling up the
capsule is essential.

In this chapter, 3D bioprinting is suggested
that a new approach can overcome the conven-
tional limitation in islet encapsulation. The
printed cells are properly distributed in the 3D
structure by the desired positioning system. Addi-
tionally, forming the vascularization through 3D
bioprinting can overcome the hypoxia. In addi-
tion, scaling up of the 3D structures can be possi-
ble for two systems depending on the used
materials; scaffolding system, scaffolding free
system. However, the development of the artifi-
cial pancreas via 3D bioprinting is actually initial
stage. As donors of islets are shortage, develop-
ment of the artificial pancreas is urgently
required.
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22.1 Biomimetic Medical Materials

22.1.1 Introduction

Biomimetic medical materials are the materials
which mimic the important characteristic features
of natural material structures or architectures
either physically, chemically or biologically and
which are mainly used in biomedical applications
(Chen et al. 2016). As our knowledge related to
cell biology, tissue pathology and homeostasis
increases by technical support of accumulated
experiences and information technology, the
importance of developing such biomimetic medi-
cal materials is evolving to a new level. These
materials may be prepared from natural sources
such as either naturally obtained polysaccharides,
proteins, nucleic acids or certain kinds of natural
monomers/oligomers/polymers or may be
entirely synthetic materials (Patterson et al.
2010). As the chosen materials have many
similarities with the native biological structures
either at the physical, chemical or structural level,

these biomimetic medical materials are predicted
to possibly outclass many presently existing
biomaterials. The chemical similarities of the bio-
mimetic medical materials with the naturally
available materials contribute in developing
materials with high biochemical and biomechani-
cal specificities, tunable biodegradation, with
superior cell adhesion sites, cell differentiations
and diminished cytotoxicity (Park et al. 2016a, b,
c). Further modifications at the chemical level
resulted in various self-assembled structures like
liposomes which mimic the naturally available
cytoplasmic membranes, polymeric nanofibrous
mats and hydrogels with tunable x-linking
which mimics our extracellular matrix (ECM)
(Walters and Gentleman 2015), etc. Such
hydrogels biomaterials have been produced to
mimic the biological and physiological features
of ECM which includes the presentation of adhe-
sion sites with engineered proteins (Yang et al.
2017), peptides (Hauser and Seow 2017), mor-
phological patterns (Bang et al. 2017; Sari et al.
2016), or polysaccharides and growth factors
(Yayon et al. 2017). These kinds of biomimetic
medical materials show immense potentials to
produce numerous tissue engineering products
for the future. Apart from the understanding and
mimicking the structural properties of the native
tissues, it is important to focus on the other
aspects like biochemistry, molecular biology of
the tissues and organs to create more advanced
biomimetic materials for tissue engineering
applications. Likewise, looking at the tissues
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and organs at the nano- and micro-scale level will
further improve the understanding of the tissues
and will aid us in developing better biomaterials
with more precise and functional properties. Even
though recent knowledge related to biomaterial
and microstructure of the tissue scaffolds has
increased considerably, however, more in-depth
understanding and comprehensive approaches are
required to meet the precise and functional
requirements to develop such biomimetic medical
materials for the tissue engineering applications
(Jonelle et al. 2017). Furthermore, scientists are
looking to inculcate multidisciplinary and conver-
gence approaches to develop such biomimetic med-
ical materials by utilizing new technologies,
e.g. information technology, 3D bioprinting and
nanobiotechnology. This can be evidently observed
from the number of papers and patents filed recently
in this area of research. The novel materials,
methods, different development strategies and the
intellectual property rights related to biomimetic
medical materials are discussed in this chapter.

22.2 Fabrications of Biomimetic
Medical Materials

Figure 22.1 shows divers factors and processing
for synthesizing the bioinspired materials such as
material source, physical and chemical properties,
biochemistry, molecular biology, nano/micro
technological cues. Also, the different methods
and its various applications have been applied in
the biomedical fields. Different forms of biomi-
metic medical materials have been fabricated by
various scientists such as membranes, meshes,
nanoparticle, modified hydrogels, 3D (bio)print-
ing products and other novel structures which
may serve as a tissue model for drug testing and
studies, as well as tissue engineering scaffolds or
which may act as templates for regenerative med-
icine. (Pina et al. 2016; Islam et al. 2015; Demirel
et al. 2015; Naleway et al. 2015). Levy reported
an interpenetrating network of poly(ethylene gly-
col) (PEG) and poly(acrylic acid) (PAA) which
has the similar ability to swell like human tissues,
as well as it has the ability to resist both protein
adsorption and inflammation, as examples (Levy

2006). Duoptix, a hydrogel like material for
developing artificial cornea, was prepared using
a patterned structure with the ability to permit
nutrient intrusion and waste removal showed
increased corneal epithelial and fibroblast cell
growth in a designed keratoprothesis model
(Jabbari et al. 2014). Bioinspiration was obtained
by coating of biological materials on medical
devices. As an example, antimicrobial coatings
on biomedical devices based on furanone are
inspired from the Delisea pulchra, a marine
alga. This macro alga produces a biofilm with
natural furanones which helps in self-defense
against bacterial infections (Busetti et al. 2017).

Another naturally inspired biomimetic medical
device is miniaturized directional microphone
which has the ability to detect sounds and exclude
background noises. This fly-ear mimetic design
and engineering of the microphone is being
developed by the scientists of the University of
Strathclyde and the MRC/CSO Institute for
Hearing Research (IHR)-Scottish Section at the
Glasgow Royal Infirmary (Whitmer et al. 2014).
In robotics, to develop high performance devices,
natural manipulators (snakes, octopus arms, ele-
phant trunks, squid tentacles, etc) are seen as
model materials for locomotion and grasping.
One such robotic material is the flexible manipu-
lator designed for minimal invasive surgery,
which has the ability to reach surgical site as
well as can interact with biological structures at
the same time (Ranzani et al. 2015).
Nanocomposites based on poly(dimethyl
siloxane)-graphene have been demonstrated to
have the ability to be used in implantable surgery
robotics which is soft, light driven and has quick
response (Jiang et al. 2014). Different biological
elements such as proteins and DNAs are tested as
bio-nanorobots for employing them as
nanomotors, nanosensors, joints, etc. These
bio-nanorobots are capable of performing various
activities at nanoscales with precise control over
the actions. Many such biomimetic sensors are
being developed for biomedical applications (Yan
et al. 2016). These kinds of biomimetic devices
and materials are highly investigated by many
key research institutes and companies like
Biomimicry Guild (USA), BIONIS (UK),
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Biomimicry Institute, BIOKON (Germany), the
Century Centre of Excellence (Japan), etc, which
show the increasing significance of these biomi-
metic materials in various biomedical
applications (Matsumoto et al. 2012).

The current biomimetic medical materials
research related to tissue engineering and regen-
eration shows promising results in solving many
serious challenges that are associated with human
diseases. Tissue engineering approaches also deal
with biologically mimicking the native structures
chemically or physically or morphologically
(Green and Elisseeff 2016). For structurally mim-
icking native materials, shape-changing polymers
are investigated more, considering their numer-
ous advantages than other polymers (Chan et al.
2016). Predominantly, thermo- and
pH-responsive polymers attract more attention
mainly due to their ability to control surface cell
attachment and detachment in cell culture
(Gandhi et al. 2015; Das et al. 2017a, b). This
cell culture substrate allows the polymers to be
reused for subsequent cell cultures (Higashi et al.
2017). These thermo-responsive polymers are

also used in situ as injectable gels for cell adhe-
sion and proliferation (Sala et al. 2017). By using
such advantages of thermos-responsive polymers,
several micro and nano fabrication methods have
been developed for various tissue engineering
applications (Mandrycky et al. 2016; Laing et al.
2016). One of the important areas where these cell
substrates are highly preferred is cell sheet engi-
neering, which has the ability to produce func-
tional tissues without using scaffolding materials.
This method also reduces the immune responses
like inflammation and rejection (Uhlig et al. 2016;
da Silva et al. 2007). A number of tissue types
were developed using this technology, which
includes cardiac tissues (Akintewe et al. 2017;
Roshanbinfar et al. 2017; Kawamura et al. 2017;
Tekin et al. 2011), bone tissues (Pirraco et al.
2011; Long et al. 2014), kidney tissues (Matsuura
et al. 2014), skin (Frueh et al. 2017), nerve tissues
(Hsu et al. 2017), hepatic tissues (Kobayashi et al.
2016; Fujii et al. 2017) and corneal tissues (Syed-
Picard et al. 2016; Teichmann et al. 2015). One
more important application of thermo-responsive
polymers includes the use of live cells along with
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the polymers for tissue regeneration. In this
method, known quantity of live cells is mixed
with polymer solutions at room temperature and
injected in vivo, where it changes the conforma-
tion to form physical gels having live cells
entrapped in it. This conformational change pri-
marily occurs when the temperature of the body
increases above the lower critical solution tem-
perature (LCST) of the thermo-responsive poly-
mer (Xue et al. 2017). Among different thermo-
responsive materials used in tissue engineering
applications, hydrogels are the most attractive
and smart materials considering their advantages
and as it can be easily injected in vivo. These
injectable hydrogels are reported for various tissue
repairs such as vascular tissue (Wang et al. 2014),
nerve tissue (Tonda-Turo et al. 2017; Rose et al.
2017), corneal tissue (Soiberman et al. 2017),
adipose tissue (Jaikumar et al. 2015; Bidarra
et al. 2014), muscle (Kwee and Mooney 2017),
bone (Vo et al. 2017; Seo et al. 2017), and cardiac
tissue (Bao et al. 2017; Saludas et al. 2017).

The other important material used in biomi-
metic medical devices development and applica-
tion includes the piezoelectric materials. The
piezoelectric materials are promising candidates
for tissue engineering, mainly because of its abil-
ity to conduct electrical signals to the live cells
(Marino et al. 2017). The signals are applied to
cells via mechano-electrical transduction method.
This approach is vastly used in neural (Uz and
Mallapragada 2017; Delaviz et al. 2011), bone
(Gorodzha et al. 2017; Bodhak et al. 2016), and
muscle regeneration (Sahara et al. 2016; Ribeiro
et al. 2015; Martins et al. 2013). Also, different
electrically conducting nanocomposite polymers
are used to culture cartilage, nerve, and bone cells
in vitro (Gopinathan et al. 2016a, b, 2017). Fur-
thermore, these different materials are used in
various forms for tissue engineering applications
such as films (Gopinathan et al. 2016a, b), fibers
(Damaraju et al. 2017; Mota et al. 2017;
Gopinathan et al. 2015), porous membranes
(Correia et al. 2016; Nunes-Pereira et al. 2015;
Cardoso et al. 2015), spheres (Correia et al.
2014), and 3D scaffolds (Correia et al. 2016;
Das et al. 2017a, b). These polymers with differ-
ent properties like piezoelectric, thermo-
responsive, pH-sensitive, electrically conductive,

thiol-ene reaction, Michael type reaction and
time-dependent may be used to address the vari-
ous drawbacks associated in mimicking the
biological tissues.

22.3 Techniques and Methods
for Developing Biomimetic
Medical Materials

Various techniques have been used to develop
biomimetic medical materials for tissue engineer-
ing application. Electrospinning technique is used
for producing different nanofibrous membranes,
which mimics the structural sizes of extracellular
matrices in tissues (Fu et al. 2016; Gopinathan
et al. 2015). Self-assembly techniques are used to
develop biomimetic scaffolds for various tissue
engineering approaches using interactive peptides
(Li et al. 2017b; Halperin-Sternfeld et al. 2017),
liposomes (Wagle and Arce 2017), etc. 3D (bio)
printing of polymers using additive
manufacturing or direct inkjet, or laser-based
printing have also been used to develop biomi-
metic medical materials and devices (He et al.
2016). Recently, a new type of 3D printing was
reported by Gao et al. (2017), where they have
used multiphoton-excited 3D printing to produce
ECM scaffolds. They achieved submicron resolu-
tion for the printing of these materials,
demonstrating the ability of the printed materials
by seeding three different cells together to form a
functional cardiac muscle patch using induced
pluripotent stem cells (iPSCs) differentiation in
a murine model.

Bioinks with polymeric biomaterials and live
cells are used to develop spatially controlled spe-
cific patterns, subsequently leading to the forma-
tion of living tissues (Rutz et al. 2015). The
bioink is the raw biomaterial for the 3D
bioprinting which consists of soft biomaterials
and live cells or live cell aggregates alone without
any polymer (Hospodiuk et al. 2017; Kim et al.
2016; Park et al. 2016a, b, c). The desired 3D
structure can be created using computer aided
design (CAD) software from the images obtained
from computed tomography (CT) scanning, mag-
netic resonance imaging (MRI), and various other
techniques (Ratheesh et al. 2017; Zhang et al.
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2017a, b). Among the different approaches
reported for developing such biomaterials, 3D
bioprinting is more promising and it has the abil-
ity to create the most difficult and complexest
structures with various morphologies and also
with live cells (Atala and Richardson 2016; Jung
et al. 2017). Also, it has high repeatability and
accuracy compared to other methods for develop-
ing biomimetic materials (Walker et al. 2017).
The Fig. 22.2 depicts the steps and important
factors involved in developing 3D printed biomi-
metic medical materials and its tissue engineering
application, among many other techniques.

A recent review on 3D bioprinting using key
structural proteins such as collagen, silk, fibrin
explains the growing importance of mimicking
natural structures using such proteins and their
various applications in tissue engineering

(Włodarczyk-Biegun and Campo 2017). They
suggest that these proteins can mimic the
compositions of biochemical and biophysical
properties and their hierarchical structures more effi-
ciently than synthetic materials. The usage of such
different materials for biomimetic medical material
application also extends to dental and medical tis-
sue engineering through 3D bioprinting (Bertassoni
2017; Yang et al. 2015).

Self-supporting hydrogels were developed
using laponite nanoclay as additive in 3D
bioprinting technology (Jin et al. 2017; Zhai
et al. 2017; Gladman et al. 2016; DeVolder
et al. 2017). The authors have demonstrated that
the self-supporting hydrogels can be used to
develop structures with better mechanical
properties and can retain their printed structure
even before crosslinking procedure. Two
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different hydrogels were tested in the experiment,
namely alginate and gelatin. The distinct crystal
structure of the laponite having positive and neg-
ative charges makes it an ideal internal biomate-
rial to be used in different hydrogel structures (Jin
et al. 2017; Zhai et al. 2017). Li et al reported a
combination of alginate and methylcellulose as a
3D bioprinted material with superior printability
and high stackability, mainly by increasing the
adhesion between the printed layers. They
demonstrated the ability of these materials to
form stable structures with high cell viability
above 95% (Li et al. 2017a).

Lee et al. used 3D bioprinting technique for
the regeneration of in vivo human skin tissues.
They used collagen as dermal matrix; whereas
keratinocytes and fibroblasts were used as the
epidermis and dermis layer of the skin, respec-
tively. Thus, the developed 3D bioprinted tissues
were morphologically and biologically similar to
that of in vivo skin of humans (Lee et al. 2013).
The additional advantage of using this bioprinting
technique is the ability to regenerate functional
skin tissue in vivo. Hence, for the treatment of full
thickness wounds of mice, this bioprinting tech-
nique was preferred by Skardal et al. (2012).
These researchers printed the wound site directly
with fibrin-collagen gel alone and also, with a gel
containing cells suspension of mesenchymal stem
cells (MSC) isolated from amniotic fluids and
bone, separately. The results from the treated
wound site showed that the gels containing
MSC cells were significantly better in terms of
wound closure and reepithelialization than the
gels without cells. Further, the gels containing
cells induced more angiogenesis with higher
microvessel thicknesses and capillaries on the
wound site than the gels without cells.

These studies clearly indicate that the 3D
bioprinting techniques give advancement in pro-
ducing vast materials with various different
combinations for in vivo skin regeneration. Their
combinations include polymers, live cells, and
biological elements which show a massive poten-
tial in creating new strategies to mimic in vivo
skin with respect to angiogenesis, cell coloniza-
tion and differentiation (Pourchet et al. 2017).
Especially for this skin regeneration application,

many new methods can be inculcated to develop
such type of materials with the help of different
biofunctional polymers which have remarkable
properties related this application (Mondschein
et al. 2017). One such biomaterial is the bacterial
cellulose synthesized by various bacterial strains
and these produced materials have high purity,
desired shapes and by using less expensive
methods (Henriksson et al. 2017; Lin and
Dufresne 2014). The bacterial cellulose with
nanofibrous structures possess more advantages
like hydrophilicity, large surface to volume ratio
and with the ability to retain more amount of
water which warrants to act as a hydrogel having
superior mechanical properties also (Abitbol et al.
2016). Additional properties of bacterial cellulose
include hemocompatibility and non-genotoxicity
with any gene mutation induction such as chro-
mosome variation or nucleic acid changes (Anil
et al. 2016; Andrade et al. 2010, 2011). Also, it
can be combined with various biological or syn-
thetic materials to develop numerous scaffolds
required for different 3D bioprinting applications
(Favi et al. 2016; Goncalves et al. 2016).

Several scaffolds such as polymeric random
nanofibrous matrices (Wang et al. 2017), aligned
nanofibrous matrices (Wu et al. 2017; Kharaziha
et al. 2013), decellulairized cell matrices (Perea-
Gil et al. 2015), ECM derived hydrogel matrices
(Saldin et al. 2017) and polymeric scaffolds with
cells (Liu et al. 2017) were reported by various
researchers to address the problems in mimicking
the architecture of cardiac tissues. Even though
these methods showed promising results, they
failed to completely regenerate functional cardiac
tissue mimicking its native structure. The 3D
bioprinting technique is a promising method for
the regeneration of cardiac tissue, especially con-
sidering its ability to mimic the architecture,
geometry and heterogeneous structures of myo-
cardium, heart valves and coronary arteries with
desired material properties (Duan 2017;
Mosadegh et al. 2015). Human microvascular
endothelial cells were bioprinted with fibrin gel
to form microvasculature formation by Cui and
Boland 2009. This simultaneous production of
the printed structures with both cells and gel
induced the cells to self-align and proliferate
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inside the channels resulting in confluent linings
(Cui and Boland 2009). In another study, two
different cells, namely aortic root sinus smooth
muscle cells (SMCs) in the root and aortic valve
leaflet interstitial cells (VICs) in leaflet were used
for 3D bioprinting of the heart valve. The cell
viabilities were retained even after 7 days of
culture and also, hydrogel with cells maintained
the required tensile properties (Duan et al. 2013).
Further, in a related work, Duan et al. used
methacrylate-gelatin and methacrylate-
hyaluronic acid based hydrogels to bioprint the
human trileaflet valve. They demonstrated higher
human aortic valvular interstitial cell viability and
ECM secretion in the 3D bioprinted valves (Duan
et al. 2014). Many such heart valves, vascularized
constructs and myocardium are printed using 3D
printing technology (Duan 2017; Dasi et al.
2017). Among the different techniques reported
for developing biomimetic medical materials, 3D
bioprinting technique stands out as an ideal
method for producing such high-quality materials
with high precision and resolution for tissue engi-
neering applications.

The three main strategies for development
of biomimetic medical materials in terms of
ECMs are (1) material patterning at nano- to
macroscales, (2) integration and release of active
biomolecules and (3) modification of biomaterial
surfaces using either ECM macromolecules or
specific binding motifs. These strategies are
used either in combination or alone to obtain the
desired properties (Cha et al. 2017; Yuan et al.
2017; Theocharis et al. 2016). ECM is highly
tissue-specific and heterogeneous in nature
(Yuan et al. 2017). Many soluble factors regulate
the cell behavior during cell-cell and cell-ECM
interactions. There are other insoluble
macromolecules that are used for such
applications include structural proteins (collagen,
elastin, etc.), fibrous glycoproteins (vitronectin,
fibronectin, etc.) and glycosaminoglycans
(GAGs) (chondroitin sulfate, hyaluronic acid,
etc.) (Theocharis et al. 2016). Each of these
proteins and macromolecules are capable of pro-
ducing a viable environment for the specific cells
by providing binding, attachment and signaling
factors to form the functional tissue structures

(Frantz et al. 2010). But recently, scientists are
focusing on physical cues at nanoscale level to
regulate cell behaviors. Cells usually respond to
similar cellular nanoscale features on the
biomaterials. These features are also shown to
have the ability to influence the cellular
characteristics such as morphology, gene expres-
sion, etc. These modifications at nanoscale level
using nanofabrication methods are a massively
growing area of research (Donnelly et al. 2017).
To mimic the structure of the original tissue at the
nano- and micro-level, Minardi et al. (2014)
developed a multi-compartment collagen
scaffolds. The prepared scaffolds had different
types of nanostructured composite microspheres
with the proteins inside. They reported that the
scaffolds were able to preserve the structural cues
at the nano and micro level without affecting its
macroscopic features. Also, the spatially arranged
microspheres allowed the reporter proteins to be
released at different layers of the scaffolds. This
approach shows the versatility of the methods to
yield better mimicking biomaterials at the nano
and micro level and capable of releasing active
biomolecules for tissue engineering applications.

The mimicking of ECM macromolecules is
one of the promising approaches among the
three methods. The biomaterials with specific
proteins on their surface can improve the cell
adhesion, signaling and differentiations (Alas
et al. 2017). The unavailability of similar host
proteins or macromolecules on the surface of the
biomaterial may initiate foreign body response
and may lead to faster rejection of the biomaterial
when implanted (Morris et al. 2017). The initial
foreign body reaction can be avoided by using
ECM peptides or macromolecules on the surface
of the biomaterials (Morris et al. 2017). Highly
ordered ECM structures provide the vital physical
and chemical clues to the normal cells and usually
act as a template for biomineralization and thus
helping in controlling the formation of soft and
hard tissues (Corradetti et al. 2016). Chung et al.
(2011) developed structurally highly ordered
biomaterials and tested their ability to guide
directions of cell growth. They initially modified
the phages to present either cell adhesive
Arg-Gly-Asp(RGD) tripeptide domain or
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glutamine (E) EEEE tetrapeptides. Integrin
facilitated cell adhesion was promoted by RGD
peptides and the bone mineral formation can be
further improved by the other negatively charged
motifs. They reported the ability of the cells to
recognize the microstructures on the self-
templated film surface and align themselves
according to the surface either longitudinally or
perpendicularly. The films, also guided the cells
in multiple directions in an ordered way,
according to the microstructures clues. Further-
more, they demonstrated the biomineralization of
calcium phosphate on the developed films.

Growth factors are another vital biological
signals which can control the cell attachment,
proliferation and stem cell differentiation
(Mitchell et al. 2016). In regenerative medicine,
they play major roles by coordinating the cell
differentiation and tissue organization in develop-
mental biology. Thus, many researchers devel-
oped biomimetic materials with the combination
of ECM, growth factors and cell nanointerface as
seen in native cells. Also, scientists tried
incorporating the growth factors in cell culture
medium and in other possible ways to improve
the biofunctions of biomaterials. However,
growth factors which are covalently bonded or
attached were more effective than their soluble
administration in regulating the cell behavior at
nanoscale interface. Researchers also reported the
dual approach where they used both integrins and
growth factors for such applications to mimic the
native ECM (Llopis-Hernández et al. 2016;
Ngandu Mpoyi et al. 2016).

Other approaches include the incorporation of
different physical responsive characteristics in the
biomaterials for the development of biomimetic
materials. Tam et al. (2017) developed biomi-
metic photo- and enzymatically responsive 3D
hydrogels. These hydrogels were made of photo-
sensitive agarose and hyaluronic acid, which can
be activated using irradiation. They also x-linked
the hydrogels with biodegradable peptides from
matrix metalloproteinases (MMPs). These
hydrogels with peptides starts degrading when
in contact with the targeted cells which releases
matrix metalloproteinases. This process allows
the cells to remodel the local environment and

protrudes inside the hydrogels containing the
peptides. Meng et al. (2017) reported a dual-
responsive biomimetic materials with poly(L-glu-
tamate)s copolymerized with both the oligo(eth-
ylene glycol) (OEG) moiety and glutamic acid
residues. They demonstrated the ability of these
materials to respond for pH and temperature
simultaneously, using different experiments.
These kinds of physical or chemical responsive
biomimetic medical materials may be potential
contenders for the future development of such
smart biomimetic materials for different tissue
engineering applications.

Table 22.1 shows the representative biomi-
metic medical materials reported recently for tis-
sue engineering applications. The table also
explains the various key points, limitations of
the biomaterials and methods used and their spe-
cific applications in tissue engineering. The
diverse biomaterials used includes the
ECM-derived hydrogels, alginate and gelatin
composite, gelatins with different synthetic
polymers, gellan, cellulose-based biomaterials
and other synthetic biomaterials like PLGA,
PCL, etc. The different 3D printing machines
used for the development of such biomimetic
medical materials are described in the table also.
The various applications of these biomimetic med-
ical materials includes tissue engineering of blood
vessels, nerve, patient cartilages, bone and skins,
etc.

22.4 Intellectual Properties
(IP) Related to Biomimetic
Medical Materials: Perspectives
and Area of Scope

Among the different technologies used to produce
biomimetic medical materials, the 3D bioprinting
technology has been recently considered as most
promising and widely researched in the area of
tissue engineering, regenerative medicine and
drug delivery. The scientists are collaborating
with different pharma companies, to develop
functional 3D tissue models which may help in
testing the new drugs and formulations in
advance, instead of testing it in a human body
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Table 22.1 Recent biomimetic medical materials and its application

S. no Biomaterials Method & machine Key points Application References

1 ECM-derived
gelatin-MA

Direct-write printing.
NovoGen MMX
bioprinter TM
(Organovo) modified

Different
concentrations of gel
and cells, complex
structures with
hepatocyte- (HepG2)
and fibroblast
(NIH3T3) cells
separately.

3D microarchitectures
of pre-polymerized
cell-laden gels while
preserving high cell
viability.

Bertassoni
et al. (2014).

Limitations:
Dispensing of
continuous fibers
may not be possible
for longer time

2 Alginate-gelatin gel
composite

Filament-based
deposition,
Fab@Home printer
Model 2 (2-syringe)
(The Nextfab)

Complex channel
systems (horizontal
and vertical) with
human mesenchymal
stem cells.

Nerve generation or
vasculature in 3D
constructs

Wüst
et al. (2015).

Limitation: Slight
material
accumulation, shape
deformation at
intersections such as
the S and X-shape

3 Gelatin, gelatin
methacrylate,
fibrinogen,
PEG-amine, homo-
bifunctional PEG
succinimidyl
valerate

Direct-write printing.
EnvisionTEC
3D-bioplotter with
EnvisionTEC printer
cartridges.

Bioink with soft,
printable gels
obtained from amine-
containing polymers
and polymer blends.
Mixed with human
dermal fibroblasts and
human umbilical vein
endothelial cells.
Human mesenchymal
stem cells after
printing. Rheological
studies of the bioink
were performed.

Customized and
biomimetic
3D-printed constructs
and study in cell–cell
signaling and tissue
morphogenesis in 3D.

Rutz
et al. (2015).

Limitation: Gel
cohesiveness needs
further
quantification.

(continued)
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Table 22.1 (continued)

S. no Biomaterials Method & machine Key points Application References

4 Gellan, alginate and
BioCartilage
(cartilage ECM
particles)/hydroxy
apatite particles

Extrusion printer
biofactory
(RegenHu,
Switzerland). Dual
extruder.

Cartilaginous grafts
like nose, meniscus
and intervertebral
disks were made.
Bovine chondrocytes
from articular
cartilage. Good cell
viability and
production of ECM.
Rheological studies of
the bioink were
performed. High
swelling properties.

Patient-specific
cartilage grafts,
tissue-specific and
bioactive scaffolds

Kesti
et al. (2015).

Limitation:
Reduced mechanical
properties (tensile).

5 PLGA-PEG-PLGA
triblock copolymer,
carboxymethyl
cellulose (CMC)

Direct-write printing.
Fab@Home platform
(Model 2) with 16 G
tapered dispensing
tips

Protein activity up to
9 days and sustained
release up to 15 days.
Improved mechanical
properties.
Immortalized
human MSCs.

Patterning biological
constituents with
various architectures,
and prevention of
issues related to post-
fabrication cell
seeding and other
factors. Bone tissue
engineering

Sawkins
et al. (2015).

Limitations:
Significant reduction
in cell viability

6 Poly
(ε-caprolactone)
(PCL), poly
(lactide-co-
caprolactone)
(PLCL), fibrinogen,
gelatin and
hyaluronic acid

Integrated organ
printing (IOP) system
(custom-made 3D
bioprinter). Multiple
nozzle system

Rabbit bladder
urothelial cells and
smooth muscle cells
were separately
printed. PCL and
PLCL helped to
improve mechanical
properties, whereas
fibrin, gelatin, HA to
improve the
biological activity of
the cells.

3D bioprinting for
development of
urethral constructs

Zhang et al.
(2017a).

Limitation: Difficult
to achieve the spatial
arrangements of
multiple cell types
when using hybrid
polymers. Reduced
cell viability after
7 days of culture

(continued)
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Table 22.1 (continued)

S. no Biomaterials Method & machine Key points Application References

7 Gelatin/alginate/
collagen hydrogel
with sodium citrate/
sodium alginate

Extrusion-based 3D
cell-printing machine
(built in house)

Degradation
controllable
hydrogels with human
corneal epithelial
cells. Collagen was
incorporated and
printed via extruder
which mimics ECM.

3D-printed hydrogel
system with
interconnected
channels and a
macroporous
structure with
relatively high cell
viability for tissue
engineering
applications.

Wu
et al. (2016).

Limitation: Due to
the presence of
alginate in bioprinted
hydrogels, cell-cell
or cell-matrix
interactions may not
be achieved
completely

8 Gelatin
methacrylamide
(GelMA) and
bioactive graphene
nanoplatelets

Stereolithography
based 3D bioprinter

Neural stem cells
were encapsulated,
and cell viability was
tested. Increased
compressive modulus
with increase in
GelMA.

Developing complex
structures with a
neural cell laden
scaffold for neural
tissue engineering

Zhu
et al. (2016).

Limitation: Neural
stem cells
encapsulated in
hydrogels resulted in
lower proliferation
compared to 2D
surface culture

9 Nanofibrillated
cellulose (NFC)
composite with
alginate (NFC/A) or
hyaluronic acid
(NFC/HA)

3D discovery
(regenHu,
Switzerland) 3D
bioprinter (300-μm
nozzle)

Human-derived
induced pluripotent
stem cells (iPSCs)
were differentiated
using various growth
factors and modified
medium.

Stable structures with
high NFC content in
alginate based bioink.
iPSCs cells
differentiated into
chondrocyte cells.
Cartilage tissue
engineering.

Nguyen
et al. (2017).

Limitation: When
the concentration of
the NFC was
increased, cell
viability decreased;
whereas higher
alginate resulted in
less stable and
inhomogeneous
structures.

10 Gelatin
methacrylate
(GelMa)

Computer-aided
photopolymerization-
based 3D bioprinting
system using (DLP)

Human umbilical vein
endothelial cells and
mesenchymal stem
cells were cultured.

Complex 3D
microarchitectures
using a rapid DLP
bioprinting method
vascular tissue
engineering

Zhu
et al. (2017).

Limitation:
Advanced
instrumentation is
needed
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directly. Because of such multidisciplinary
approaches and enormous investments towards
the 3D bioprinting, it has allowed this technology
to reach a new level. Mainly, the innovations
related to 3D bioprinting machines, their software
and different methods, as well as the novel
materials combining nanotechnology are speed-
ing up such modern technologies to grow faster.
Such enhancements and inventions by the
researchers and inventors will surely benefit the
human society in the near future. However, the
companies and investors who spend their valu-
able time and funds in developing such
technologies, may perhaps also get benefited
from the successful inventions by protecting
their intellectual properties. This might help
them to invest more in the future research and
innovations technologies. Further, their claims
are secured and protected by the IP law services
(Minssen and Mimler 2017). This IP is generally
defined as “creations of the mind, such as
inventions; literary and artistic works; designs;
and symbols, names and images used in com-
merce (World IP Organization 2017)”. Even
though, IP rights provide the assurance of not
exploiting the patents, copyrights, trademarks, or
trade secrets, there should be an even balance
between the life enrichment of the common peo-
ple and inventors’ individual benefits. Both the
people and the inventors should get benefitted
equally, as the invented product should be afford-
able by the common people and at the same time,
it should be rewarding to the actual inventors.
This section mainly discusses about the different
IP rights related to 3D bioprinting technology and
its applications.

The inventors and researchers around the
world are mostly relying on the patents to protect
their innovations from the risks and exploitations.
This is evident from the elevation in the number
of applications filed each year in this area of 3D
bioprinting research and development (Yoo
2015). In another study conducted by Hornick
and Rajan, also indicated the worldwide increase
in the patent applications related to 3D
bioprinting (Hornick and Rajan 2015). During
the period from April 2015 to June 2016, it has
increased from 700 to 900 respectively, including

pending applications. Their study also indicated
that more than 100 organizations around the
world are currently involved in the 3D bioprinting
patent activity and filing (Hornick and Rajan
2016).

Organovo is the leading organization which
tops the Hornick and Rajan’s list of 3D
bioprinting companies among the group and
followed by Wake Forest University and Philips
(Hornick and Rajan 2016). Although, more
applications are received from different parts of
the world, US tops the list with the most number
of patents filed, as per a study conducted by
Robert W. Esmond (Esmond 2016).

Even though, 3D bioprinting technologies
show tremendous potential to create biomimetic
devices and materials, still the IP rights related to
3D bioprinting are not clearly defined. However,
as per the previous reports, there are three stages
of patent claims available related to 3D
bioprinting (Pashkov and Harkusha 2017).
Namely, they are design, production and post
printing stage. The design stage includes the
machines, different techniques, methods used
during the initial designing of the material or the
device using bioimaging and computer aided
design (CAD), mainly related to research and
development (Pashkov and Harkusha 2017). For
example, in a US patent No. 8579620 filed by
Andy Wu, claims the methods for developing the
3D models from 3D image sets. This method
involves the conversion of digital images to geo-
metrical dimensions which can be used directly in
commercially available 3D printers. This technol-
ogy can represent complex geometries and data
conversion methods which enables the user to
develop 3D models faster and easier (Wu 2014).
In another patent, which was filed by Vellinger
et al. (2016), claimed the system, method and an
apparatus for 3D bioprinting of tissues under
reduced gravity. This method can be used for
manufacturing complex structures with different
cell lines and materials. Similarly, many such
patents are filed related to the designing of the
3D bioprinting.

The production stages include the actual prep-
aration of different source biomaterials such as
bioink, hydrogels, etc, and conditions used to
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develop such source materials or bioink
(US patent No. 8143055). The patent claims the
development of structures and methods for pat-
terning a number of multicellular bodies compris-
ing living cells to create an engineered tissue
construct. The assembly includes filler bodies
like biocompatible materials which do not allow
cells to migrate or adhere from the site. In this
method, 3D tissue constructs can be arranged
either by printing or generally stacking the multi-
cellular and filler bodies to such an extent, that
there is immediate contact between adjacent mul-
ticellular bodies; reasonably with a contact zone
that has a considerable length. This direct contact
between the multicellular bodies will promote
more efficient and stable fusions among them.
Various methods for developing multicellular
bodies with features that can assist in the forma-
tion of 3D tissue construct were also
demonstrated (Forgacs et al. 2017). The same
patent was filed in different places such as
Europe, Australia, Canada, China, Japan and
Republic of Korea. But it was initially assigned
to The Curators of the university of Missouri
which expires on 2029. However, the University
had signed an MOU with the 3D bioprinting
pioneer company Organovo and it now has the
license for the patents filed related to the same
application (Press release 2012).

The different patents related to the second
category i.e. production stages are given as
follows. A method for preparing a self-
assembling hydrogel, comprising of hydrophobic
peptide and/or peptidomimetic in an aqueous
solution was filed by Hauser and Loo (2014).
This patent appealed to have applications in
regenerative medicine and tissue engineering
and can act as 2D and 3D synthetic cell culture
substrate, biofunctionalized surfaces and also, can
be used in biofabrication such as bio-printing.
Isolation of cellulose (composition) from differ-
ent sources and methods for fabrication of 2D or
3D conductive materials was filed by Abidi and
Hu (2016). Cellulose biomaterial obtained from
various sources were printed in different forms
with conductive nanofillers like CNT, GO and
which were stabilized by any enhancers such as
alginate, gelatin, poly(vinyl alcohol), or

polylactide. The applications of this technology
may include photovoltaic, biomedical sensors,
biological signal delivery, electrical paper, con-
ductive fabrics, etc. In a patent filed titled
“Ready-to-print cells and integrated devices” by
Rowley and Lock (2015), development of car-
tridge for 3D bioprinting with live cells was
demonstrated. This patent was related to the
stem cell-based technologies and medical
devices, tissue engineering, biomedical research
and development. hMSCs were printed with algi-
nate and tested for various secretions and activity.
Cartridges with preserved MSC for direct 3D
printing was introduced and they demonstrated
the ability of the method to maintain the viability
of the biopreserved cells. Chavarria and Aguilar
filed a patent which reported a new method for
developing the biomimetic 3D scaffolds which
uses the electric field and insulating biomaterials
to create patterns with different molecules on 3D
hydrogels which were polymerized earlier. This
invention allows the molecules/macromolecules
to be positioned on the surface of a 3D matrix
with high accuracy and reproducibility. Ideal cells
that can be employed are the ECM forming cells
like fibroblasts, chondrocytes and osteoblasts;
however, any cell may be used. This technique
has the potential to be used in various tissue
engineering applications where as to create 3D
biomimetic framework or environments to guide
cells and make tissues in vitro (Chavarria and
Aguilar 2017). Varanasi et al. (2016) filed a pat-
ent titled “In vivo live 3D printing of regenerative
bone healing scaffolds for rapid fracture healing”.
They used gelatin-MA or chitosan-MA, a silicate-
based nanoparticles and sucrose particles to
develop the bioink. They demonstrated the direct
printing of biodegradable biomaterial (bioink) in
the defect site of an animal using a 3D printer
extruder and they used UV light for crosslinking.
After 4 weeks, the scaffolds seeded with perios-
teum derived progenitor cells regenerated tissue.
In another patent which is initially filed to British
patent GB2478801 related to “Multilayered Vas-
cular Tubes” have an expiry date up to March
16, 2031. The same patent was also filed in dif-
ferent other countries (Khatiwala et al. 2011a).
This patent also is owned by the Organovo Inc.
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This patent is related to the development of
engineered multilayered vascular tube consisting
of fibroblast, smooth muscle cells and adult endo-
thelial cells in different layers with appropriate
features as claimed by them in the patent using a
3D bioprinter (Khatiwala et al. 2011b).

The third category, i.e. final post printing
stages include the different methods or techniques
used to enhance the maturation of the developed
tissue either using biochemical or biophysical
principles or related to organ production
(US patent No. 8747880). It may be a bioreactor,
or other technologies which can provide essential
nutrients and oxygen to the cells to survive and
grow to form tissues (da Silva Bartolo 2011;
Ozbolat 2016). Device and method for 3D
bioprinting of tissue/organ avoiding direct expo-
sure to UV radiation with high printing resolution
was reported by Mironov et al. (2015). This
comprised of different units, namely printing
unit with bioink printing module, gel forming
composition, printing module, displacing the
nozzles relative to the platform and a control
unit with operating panel. 3D printing of
biological tissues and whole organs can be possi-
ble. Another example, which explains the post
production stage IP related to 3D printing is the
“Engineered biological nerve graft, fabrication
and application thereof”. This patent claims the
development of 3D nerve graft material printed
using a 3D bioprinter (Forgacs et al. 2014). There
are different patents which cover the claims
related to the development of fully grown organs
or which enhances the maturation of the cells to
form tissues (Kupecz et al. 2015).

22.4.1 The Method Claims vs Product
Claims Related to 3D
Bioprinting

The success of the patent application will be
possibly higher when the claim is related to the
novel 3D bioprinting processes, rather than the
actual products. Further, the process claims may
not depend merely on the bioprinted products or
the ineligible products that are not stated in the
explanation of the process claim (Tran 2015).

Recently, the United States Supreme court issued
a notice in a case related to different eligibility
criteria for method claims related to 3D
bioprinting technology. The judges said that the
“laws of nature, natural phenomena, and abstract
ideas” are exceptions and cannot be claimed for
patent eligibility in any manner (Minssen and
Mimler 2017). Also, related to the 3D bioprinting
software and its patent eligibility, there are two
step processes for accessing it. First step is to
check the claim reliability of the abstract idea
related to the process. In that case, whether the
ability of the process claim appears to transform
into an eligible patent innovation is also consid-
ered. Further, they added that more than a mere
abstract idea, it should contribute “significantly
more” as an “inventive concept”. In the second
step, they made it clear that the “the mere recita-
tion of a generic computer cannot transform a
patent-ineligible abstract idea into a patent-
eligible invention.” Similarly, the claims related
to well established, regular and traditional
features may not be appropriate to be claimed as
an “inventive concept” (Minssen and Mimler
2017). However, there are possibilities to file
patents related to 3D bioprinting software as
they mainly work with the help of electronic
blue prints (CAD files) of the organs or tissues.
Because, these 3D bioprinting still requires more
advanced software technologies and tools to
develop biomimetic medical materials for the tis-
sue engineering applications (Pashkov and
Harkusha 2017; Leckart 2013). Remarkably, in
Europe the patent eligible criteria are more flexi-
ble than in the US, related to 3D bioprinting.
Except the claims of products, diagnostic and
few others, many patent eligibility criteria related
to bioinformatic programs/software are more eas-
ily fileable in Europe than in the US. However,
the software and related claims should be
promising and novel, as well as it should be an
inventive step to create better products and it
should have industrial applications.

The steps involved in the biomimetic research
to the commercialization of the biomimetic medi-
cal products are shown in Fig. 22.3. Most
scientists used 3D bioprinting technique for
developing the biomimetic medical materials or
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devices as it is evident from the recent patents.
Among these materials reported, hydrogels
showed more promising results. High cell viabil-
ity, mechanical properties and structural integrity
of the hydrogels are the most important
parameters considered in the different patents
filed. Even though each reported biomaterial had
its limitations, these biomaterials or medical
devices are promising considering the currently
available biomaterials. Most of the researchers
used their own custom built 3D bioprinters (Lee
et al. 2017) or modified version of the commercial
3D printers for developing such novel biomimetic
materials or devices. Either, they have used live
cells during printing or after printing the biomate-
rial. Alginate hydrogel has been the most predom-
inant material preferred by many of the scientists
for 3D bioprinting. Apart from alginate, various
other biomaterials also showed promising results
such as gelatin-MA or chitosan-MA, cellulose,
peptides, collagen gel, etc. The major applications
of these biomimetic medical materials include

tissue regeneration, drug delivery, medical
devices and surgery, etc. The actual applications
of this technology may increase the life span and
even avoid mortality; however, the ethical aspects
of the technology should be clearly regulated
(Varkey and Atala 2015). Also, the transparencies
in regulation and societal awareness should be
taken care to make the 3D bioprinted tissue/
organ products acceptable by all religions and
cultures around the world (Mimler and Minssen
2017). As discussed earlier, it should be afford-
able and easily accessible. This modern technol-
ogy shows promising results which may deliver
personalized medicine with more benefits to the
mankind in the near future (Varkey and Atala
2015).

22.5 Conclusions and Future Scope

The biomimetic medical materials have been
investigated for their applications mainly in tissue

Biomimetic Medical 
Materials Research

Technology 
Development

Intellectual PropertiesIntellectual Properties

Technology Technology TransferTransfer
& Protection& Protection

Intellectual Properties

Technology Transfer
& Protection

CommercializationCommercialization

IndustrializationIndustrialization

Commercialization

Industrialization

Research-Commercialization
&

Intellectual Properties

Fig. 22.3 Steps involved in research to commercialization of biomimetic medical materials
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engineering, drug delivery systems, medical
devices, sensors and various other biomedical
applications. These materials mimicked native
biological structures and morphology in detailed
and controlled ways, thus showing much more
biofunctional capabilities. These biomimetic
medical materials can be precisely controlled
either physiologically or using different stimuli,
and transformed into functional medical products
and biomaterials. Among them, functional
hydrogels seems to have an edge considering all
other polymeric biomaterials in the research area
such as nanotechnology, 3D bioprinting, tissue
engineering. Also, the 3D bioprinting technology
and products with live cells have been considered
as very promising and was evidently judged by
the recent patents and research papers. Further
improvements in production of modern biomi-
metic medical materials will surely enhance the
success rate of the clinical application of such
biomaterials through development of advanced
biomaterials and technologies, as well as a multi-
disciplinary approach by the scientists. Integra-
tion of new approaches from nanotechnology and
tissue engineering through synthesis and devel-
opment of biomimetic medical materials will fur-
ther increase the safeness and effectiveness of
these biomaterials in clinical applications. These
biomimetic medical materials are foreseen as
future materials for biomedical applications.
Their patents and intellectual propety rights with
academic advancement will lead the solid way to
the future biomedical industry in the aging
society.
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