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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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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
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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,

L. Noh (ed.), Biomimetic Medical Materials, Advances in Experimental Medicine and Biology 1064,

https://doi.org/10.1007/978-981-13-0445-3_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0445-3_1&domain=pdf
mailto:insup@seoultech.ac.kr

D. Das and I. Noh

= Natural Polymers

= Synthetic Polymers
= Metals
= Ceramics

= Electro-megnetics
= Mechanical Loading
= Extracellular matrix

Physico-
Chemical
Functions

mimetics

Nano/microspheres

Biomimetic Fabrication
(scale up, 3D Bioprinting)

= Genes

= Growth factors
= Biomolecules
= Cells

= Enzymes

Biological
Functions

Nano-Micro Technology
(synthesis/biodegradation)

Biomimetic gel Na

Drug & : : -
protein Biossnsors Medical regenerative Engineered
delivery Devices medicine Tissue/organ

Fig. 1.1 Overview of biomimetic medical materials

(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
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engineering and orthopaedic
(Bhattacharya et al. 2014).

implants

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).

Interface

Fig. 1.2 Schematic representation of interfaces in a pro-
tein cage available for chemical or genetic modification

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/



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.
¢). 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(Il) (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
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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-a (TNF-o) protein bio-
marker was performed by Liu et al., where sharp
cadmium signals were observed with low
concentrations of TNF-a (i.e., from 0.01 to
10 ng/mL) (Scuderi et al. 1986 (Bhattacharya
et al. 2014). The response achieved with a
TNF-a 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 Eu’* 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).
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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 Maedical 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

£
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Fig. 1.3 Schematic representation of potential biomedical
applications of graphene



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 m— =m 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
H,0,, 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 H,O, reduction
compared with graphene (Shao et al. 2010). The
H,0, 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).
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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-5'-triphosphate
(ATP) and guanosine-5'-triphosphate (GTP) in liv-
ing cells, an aptamer-carboxyfluorescein/graphene
oxide nanosheet nano-complex was developed
(Wang et al. 2013a, b, ¢, 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 m?/g) and pres-
ence of large numbers of SP? 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 - stacking interaction.
Zhang et al. described controlled loading of
mixed anticancer drugs (doxorubicin and
camptothecin) onto the folic acid-conjugated
nano-graphene oxide through n—r 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 m—m 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. 201 1a, b, ¢).

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, ¢). 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;
Ramoén-Azcén 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, ¢, 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
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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-, -CONH,,
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).

Nanogel

Oral/pulmonary/
nasal administration

Physiological barriers

\.)Q

Nanogels
in circulation

Degradation

Fig. 1.4 In vivo behaviors of nanogel

Parenteral
administration

Opsonization
spleen/liver uptake

Drug release

Stimuli-
responsive
swelling
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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).

Biomimetic Materials
and Tissue Engineering

1.3

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

Scaffolds
(Biodegradable/biocompatible)

Tissue
Regeneration

Signals
(Biological/
Mechanical)

Cells
(Stem cells/
Specialized cells)

Fig. 1.5 Components for the engineering of tissues

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
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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 hydroxy! 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
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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-
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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
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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).
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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
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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 6-30x 10’ mPa-s
(Ozbolat et al. 2017), and in case of laser-assisted
bioprinting, the bioink viscosity ranges from
1-300 mPa-s (Holzl 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
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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 Miiller et al. (Miiller 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
(Wiist 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 CaCl, 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
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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 Bj-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
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

in vitro
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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)-
f (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

D. Das and I. Noh

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
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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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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; Rosler 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.
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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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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

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.

I
10 nm

Qf (PDB: Iqgbe) (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

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(Il) 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 fB-cyclodextrins (f-CDs) on the sur-
face of ferritin which spontaneously capture
hydrophobic drug molecules and reversibly
release them (Kwon et al. 2012). For the targeted



2 Protein Cage Nanoparticles as Delivery Nanoplatforms

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;
Worsdorfer et al. 2011, 2012). Instead of
Fc-binding peptides, antibody Fc-binding domain
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(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.
RGDA4C- 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-
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loaded CCMV VLPs and were effectively killed
upon red light irradiation (Brasch et al. 2011).

In addition to plant viruses, bacterial viruses,
bacteriophage MS2, Qf, 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
Qp (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 QP VLPs as alternative photodynamic
agent carriers was reported (Rhee et al. 2012).
Alkyne-derivatized Qp VLPs were prepared by
acylation of the wild-type QB VLPs with N-
hydroxysuccinimide ester and subsequently the
zinc tetraaryl porphyrins and glycan, Siaa2-
6Galp1-4GIcNAc, 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 Qpf 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
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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

QP 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 QB VLPs and four out of them were
selected and clinically tested (Jennings and
Bachmann 2009). Clinical studies with AngQp,
which target angiotensin II, reported that three
immunizations with 300 pg of AngQf 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 Qf VLP to form NicQf
and NicQp induced strong antibody responses in
preclinical studies (Maurer et al. 2005).
Vaccinated mice with NicQf 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 NicQf and
all volunteers who received NicQf 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 1gG1
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).
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The effective generation of robust cytotoxic
CDS8" 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-y. 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 1 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 ECL?2 loop of the HIV coreceptor,
CCRS5, 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 HINI1 viruses from 1934 to 2007
protected ferrets from an unmatched 2007 HIN1
virus challenge (Kanekiyo et al. 2013). Further
structure-based development of an H1 HA stem-
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only immunogen was carried out. H1 HA
stabilized  stem  (HI1-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
gpl120 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
VRCOl-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 AaLLS 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 naive 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* Thl and Th2 cells
which produces IFN-y/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
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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 Qf VLPs, or conjugated through
ST/SC ligation to SC-AP205 VLPs. While
chemically-crosslinked Pfs25-Qf 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 Qf VLPs producing more function-
ally relevant monoclonal antibodies (Leneghan
et al. 2017).

24 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 (T;-weighted, brightening) and negative
(T,-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
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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 T,
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.

24.1 Positive (T,) Contrast Agents:
Gd(lll)-Chelating Agent/Protein

Cage Nanoparticle Conjugates

Paramagnetic gadolinium ion (Gd(IIl)) enhances
the image contrast with increased signal intensity
from T,-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(IIl)-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(IIl)-chelating  agent
complexes.

CCMV VLPs were used as a templating
macromolecules to attach Gd(II)-DOTA and
each particle contained 60 Gd(III)-DOTAs on
average. The resulting Gd(III)-DOTA-CCMV
conjugates exhibited ionic and particle T,
relaxivities of 46 and 2806 mM 's~!, 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
T, relaxivities up to 20503 and 7200 mM ~'s ™" 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{I)-chelating  agent  complex, Gd(ID)
hydroxypyridonate (Gd(III)-HOPO), was also
polyvalently attached to MS2 VLPs obtaining
180 Gd(III) ions per nanoparticle and the resulting
Gd(IIT)-HOPO-MS2 exhibited maximum ionic and
particle T, relaxivities of 41 and 7416 mM s,
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(II) 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
QP VLPs by atom transfer radical polymerization
(ATRP) and the resulting surface-grafted Qp
VLPs held 610 Gd(III) ions exhibiting maximum
ionic and particle T, relaxivities of 11.6 and 7092
mM 's™!, respectively, at 60 MHz (Pokorski
et al. 2011). Approximately 1900 Gd(II) 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 T, relaxivities of 21.7 and 41300 mM ~'s
71, respectively, at 28 MHz (Qazi et al. 2013).
Similar polymerization approach was applied to
non-VLP protein cage nanoparticle, sHsp. Gd
(II)-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 T, relaxivities of
25 and 4200 mM_ls_l, respectively, at 31 MHz
(Liepold et al. 2009).
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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 T,
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(II)-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(IIT)-DOTAs on its surface and
the T; relaxivities of Gd(III)-DOTA-AaLS were
30.2 and 16.5 mM 's™" at 60 and 300 MHz,
respectively, making it attractive as a T, 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 T 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).

24.2 Negative (T,) 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 (Fe,O3;) (Uchida et al.
2006). Recombinant human H chain ferritin
(rtHFn) 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 59 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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T,-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 (T,) of up
to 224 mM 's™! (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-Fe;0,4) (Kitagawa et al. 2017).
RGD-HFn-Fe;O, was taken up more than
HFn-Fe;0, 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
BMYV capsid protein shell (Huang et al. 2011).
The resulting hybrid composites showed T,
relaxivity of 376 mM 's™!, 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
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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.

References

Aljabali AAA, Shukla S, Lomonossoff GP, Steinmetz NF,
Evans DJ (2013) CPMV-DOX delivers. Mol Pharm 10
(1):3-10. https://doi.org/10.1021/mp3002057

Allen TM, Cullis PR (2013) Liposomal drug delivery
systems: from concept to clinical applications. Adv
Drug Deliv Rev 65(1):36—48. https://doi.org/10.1016/
j-addr.2012.09.037

Anand P, O’Neil A, Lin E, Douglas T, Holford M (2015)
Tailored delivery of analgesic ziconotide across a
blood brain barrier model using viral nanocontainers.
Sci Rep 5:12497. https://doi.org/10.1038/srep 12497

Anderson EA, Isaacman S, Peabody DS, Wang EY,
Canary JW, Kirshenbaum K (2006) Viral nanoparticles
Donning a paramagnetic coat: conjugation of MRI
contrast agents to the MS2 capsid. Nano Lett 6
(6):1160-1164. https://doi.org/10.1021/n1060378g

Ashley CE, Carnes EC, Phillips GK, Durfee PN, Buley
MD, Lino CA, Padilla DP, Phillips B, Carter MB,
Willman CL, Brinker CJ, Caldeira JC, Chackerian B,
Wharton W, Peabody DS (2011) Cell-specific delivery
of diverse cargos by bacteriophage MS2 virus-like
particles. ACS Nano 5(7):5729-5745. https://doi.org/
10.1021/nn201397z

Azuma Y, Zschoche R, Hilvert D (2017) The C-terminal
peptide of Aquifex aeolicus riboflavin synthase directs
encapsulation of native and foreign guests by a cage-
forming lumazine synthase. J Biol Chem 292
(25):10321-10327. https://doi.org/10.1074/jbc.C117.
790311

Bachmann MF, Jennings GT (2010) Vaccine delivery: a
matter of size, geometry, kinetics and molecular
patterns. Nat Rev Immunol 10(11):787-796. https://
doi.org/10.1038/nri2868

Beck T, Tetter S, Kiinzle M, Hilvert D (2015) Construc-
tion of Matryoshka-type structures from supercharged
protein nanocages. Angew Chem Int Ed 54
(3):937-940. https://doi.org/10.1002/anie.201408677

Berzofsky JA, Ahlers JD, Belyakov IM (2001) Strategies
for designing and optimizing new generation vaccines.
Nat Rev Immunol 1(3):209-219. https://doi.org/10.
1038/35105075

Bode SA, Minten 1J, Nolte RIM, Cornelissen JJLM (2011)
Reactions inside nanoscale protein cages. Nanoscale 3
(6):2376-2389. https://doi.org/10.1039/CONRO1013H

Brasch M, de la Escosura A, Ma Y, Uetrecht C, Heck AJR,
Torres T, Cornelissen JJLM (2011) Encapsulation of
Phthalocyanine supramolecular stacks into virus-like
particles. J Am Chem Soc 133(18):6878-6881.
https://doi.org/10.1021/jal 10752u

B. Choi et al.

Brigger I, Dubernet C, Couvreur P (2002) Nanoparticles in
cancer therapy and diagnosis. Adv Drug Deliv Rev 54
(5):631-651. https://doi.org/10.1016/S0169-409X(02)
00044-3

Brown SD, Fiedler JD, Finn MG (2009) Assembly of
hybrid bacteriophage QP virus-like particles. Biochem-
istry 48(47):11155-11157. https://doi.org/10.1021/
bi901306p

Brumfield S, Willits D, Tang L, Johnson JE, Douglas T,
Young M (2004) Heterologous expression of the
modified coat protein of Cowpea chlorotic mottle
bromovirus results in the assembly of protein cages
with altered architectures and function. J Gen Virol
85(4):1049-1053. https://doi.org/10.1099/vir.0.
19688-0

Brune KD, Leneghan DB, Brian 1J, Ishizuka AS,
Bachmann MF, Draper SJ, Biswas S, Howarth M
(2016) Plug-and-display: decoration of virus-like
particles via isopeptide bonds for modular immuniza-
tion. Sci Rep 6:19234. https://doi.org/10.1038/
srep19234

Cao C, Wang X, Cai Y, Sun L, Tian L, Wu H, He X,
Lei H, Liu W, Chen G, Zhu R, Pan Y (2014) Targeted
in vivo imaging of microscopic tumors with Ferritin-
based nanoprobes across biological barriers. Adv
Mater 26(16):2566-2571.  https://doi.org/10.1002/
adma.201304544

Caravan P (2006) Strategies for increasing the sensitivity
of gadolinium based MRI contrast agents. Chem Soc
Rev 35(6):512-523. https://doi.org/10.1039/
B510982P

Chackerian B (2007) Virus-like particles: flexible
platforms for vaccine development. Expert Review of
Vaccines  6(3):381-390.  https://doi.org/10.1586/
14760584.6.3.381

Chen Y, Xiong X, Liu X, Li J, Wen Y, Chen Y, Dai Q,
Cao Z, Yu W (2006) Immunoreactivity of HCV/HBV
epitopes displayed in an epitope-presenting system.
Mol Immunol 43(5):436-442. https://doi.org/10.1016/
j-molimm.2005.03.002

Chen W, Cao Y, Liu M, Zhao Q, Huang J, Zhang H,
Deng Z, Dai J, Williams DF, Zhang Z (2012) Rotavirus
capsid  surface  protein  VP4-coated  Fe304
nanoparticles as a theranostic platform for cellular
imaging and drug delivery. Biomaterials 33
(31):7895-7902. https://doi.org/10.1016/j.
biomaterials.2012.07.016

Choi B, Moon H, Hong SJ, Shin C, Do Y, Ryu S, Kang S
(2016) Effective delivery of antigen—encapsulin nano-
particle fusions to dendritic cells leads to antigen-
specific cytotoxic T cell activation and tumor rejection.
ACS Nano 10(8):7339-7350. https://doi.org/10.1021/
acsnano.5b08084

Datta A, Hooker JM, Botta M, Francis MB, Aime S,
Raymond KN (2008) High relaxivity gadolinium
hydroxypyridonate-viral capsid conjugates: nanosized


https://doi.org/10.1021/mp3002057
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1038/srep12497
https://doi.org/10.1021/nl060378g
https://doi.org/10.1021/nn201397z
https://doi.org/10.1021/nn201397z
https://doi.org/10.1074/jbc.C117.790311
https://doi.org/10.1074/jbc.C117.790311
https://doi.org/10.1038/nri2868
https://doi.org/10.1038/nri2868
https://doi.org/10.1002/anie.201408677
https://doi.org/10.1038/35105075
https://doi.org/10.1038/35105075
https://doi.org/10.1039/C0NR01013H
https://doi.org/10.1021/ja110752u
https://doi.org/10.1016/S0169-409X(02)00044-3
https://doi.org/10.1016/S0169-409X(02)00044-3
https://doi.org/10.1021/bi901306p
https://doi.org/10.1021/bi901306p
https://doi.org/10.1099/vir.0.19688-0
https://doi.org/10.1099/vir.0.19688-0
https://doi.org/10.1038/srep19234
https://doi.org/10.1038/srep19234
https://doi.org/10.1002/adma.201304544
https://doi.org/10.1002/adma.201304544
https://doi.org/10.1039/B510982P
https://doi.org/10.1039/B510982P
https://doi.org/10.1586/14760584.6.3.381
https://doi.org/10.1586/14760584.6.3.381
https://doi.org/10.1016/j.molimm.2005.03.002
https://doi.org/10.1016/j.molimm.2005.03.002
https://doi.org/10.1016/j.biomaterials.2012.07.016
https://doi.org/10.1016/j.biomaterials.2012.07.016
https://doi.org/10.1021/acsnano.5b08084
https://doi.org/10.1021/acsnano.5b08084

2 Protein Cage Nanoparticles as Delivery Nanoplatforms

MRI contrast agents. J Am Chem Soc 130
(8):2546-2552. https://doi.org/10.1021/Ja0765363
Douglas T, Young M (2006) Viruses: making friends with
Old Foes. Science 312(5775):873. https://doi.org/10.
1126/science.1123223

Enomoto T, Kawano M, Fukuda H, Sawada W, Inoue T,
Haw KC, Kita Y, Sakamoto S, Yamaguchi Y, Imai T,
Hatakeyama M, Saito S, Sandhu A, Matsui M, Aoki I,
Handa H (2013) Viral protein-coating of magnetic
nanoparticles using simian virus 40 VP1. J Biotechnol
167(1):8-15.  https://doi.org/10.1016/j.jbiotec.2013.
06.005

Fan K, Cao C, Pan Y, Lu D, Yang D, Feng J, Song L,
Liang M, Yan X (2012) Magnetoferritin nanoparticles
for targeting and visualizing tumour tissues. Nat Nano
7(7):459-464. https://doi.org/10.1038/nnano.2012.90

Ferreira MF, Mousavi B, Ferreira PM, Martins CIO,
Helm L, Martins JA, Geraldes CFGC (2012) Gold
nanoparticles functionalised with stable, fast water
exchanging Gd3+ chelates as high relaxivity contrast
agents for MRI. Dalton Trans 41(18):5472-5475.
https://doi.org/10.1039/c2dt30388d

Flenniken ML, Uchida M, Liepold LO, Kang S, Young
MIJ, Douglas T (2009) A library of protein cage
architectures as nanomaterials. Curr Top Microbiol
Immunol 327:71-93

Frey R, Hayashi T, Hilvert D (2016) Enzyme-mediated
polymerization inside engineered protein cages. Chem
Commun 52(68):10423-10426. https://doi.org/10.
1039/C6CC05301G

Galaway FA, Stockley PG (2013) MS2 viruslike particles:
a robust, semisynthetic targeted drug delivery plat-
form. Mol Pharm 10(1):59-68. https://doi.org/10.
1021/mp3003368

Garimella PD, Datta A, Romanini DW, Raymond KN,
Francis MB (2011) Multivalent, high-relaxivity MRI
contrast agents using rigid Cysteine-reactive Gadolin-
ium complexes. J Am Chem Soc 133
(37):14704-14709. https://doi.org/10.1021/ja204516p

Giessen ™ (2016) Encapsulins: microbial
nanocompartments with applications in biomedicine,
nanobiotechnology and materials science. Curr Opin
Chem Biol 34:1-10. https://doi.org/10.1016/j.cbpa.
2016.05.013

Grgacic EVL, Anderson DA (2006) Virus-like particles:

passport to immune recognition. Methods 40
(1):60-65.  hittps://doi.org/10.1016/j.ymeth.2006.07.
018

Han J-A, Kang YJ, Shin C, Ra J-S, Shin H-H, Hong SY,
Do Y, Kang S (2014) Ferritin protein cage
nanoparticles as  versatile antigen  delivery
nanoplatforms for dendritic cell (DC)-based vaccine
development. Nanomedicine 10(3):561-569. https://
doi.org/10.1016/j.nano.2013.11.003

Hooker JM, Datta A, Botta M, Raymond KN, Francis MB
(2007) Magnetic resonance contrast agents from viral
capsid shells: a comparison of exterior and Interior
Cargo strategies. Nano Lett 7(8):2207-2210. https:/
doi.org/10.1021/n1070512¢

39

Huang X, Stein BD, Cheng H, Malyutin A, Tsvetkova IB,
Baxter DV, Remmes NB, Verchot J, Kao C, Bronstein
LM, Dragnea B (2011) Magnetic virus-like
nanoparticles in N. benthamiana Plants: a new para-
digm for environmental and agronomic biotechnologi-
cal research. ACS Nano 5(5):4037-4045. https://doi.
org/10.1021/nn200629¢g

Janitzek CM, Matondo S, Thrane S, Nielsen MA,
Kavishe R, Mwakalinga SB, Theander TG, Salanti A,
Sander AF (2016) Bacterial superglue generates a full-
length circumsporozoite protein virus-like particle vac-
cine capable of inducing high and durable antibody
responses. Malar J 15:545. https://doi.org/10.1186/
$12936-016-1574-1

Jardine J, Julien J-P, Menis S, Ota T, Kalyuzhniy O,
McGuire A, Sok D, Huang P-S, MacPherson S,
Jones M, Nieusma T, Mathison J, Baker D, Ward
AB, Burton DR, Stamatatos L, Nemazee D, Wilson
IA, Schief WR (2013) Rational HIV immunogen
design to target specific germline B cell receptors.
Science (New York, NY) 340(6133):711-716. https://
doi.org/10.1126/science.1234150

Jennings GT, Bachmann MF (2009) Immunodrugs: thera-
peutic VLP-based vaccines for chronic diseases. Annu
Rev Pharmacol Toxicol 49(1):303-326. https://doi.
org/10.1146/annurev-pharmtox-061008-103129

Jordan PC, Patterson DP, Saboda KN, Edwards EJ,
Miettinen HM, Basu G, Thielges MC, Douglas T
(2016) Self-assembling biomolecular catalysts for
hydrogen production. Nat Chem 8(2):179-185.
https://doi.org/10.1038/nchem.2416

Kanekiyo M, Wei C-J, Yassine HM, McTamney PM,
Boyington JC, Whittle JRR, Rao SS, Kong W-P,
Wang L, Nabel GJ (2013) Self-assembling influenza
nanoparticle vaccines elicit broadly neutralizing HIN1
antibodies. Nature 499(7456):102—-106. https://doi.org/
10.1038/nature12202

Kanekiyo M, Bu W, Joyce MG, Meng G, Whittle JRR,
Baxa U, Yamamoto T, Narpala S, Todd J-P, Rao SS,
McDermott AB, Koup RA, Rossmann MG, Mascola
JR, Graham BS, Cohen JI, Nabel GJ (2015) Rational
design of an Epstein-Barr Virus vaccine targeting the
receptor-binding site. Cell 162(5):1090-1100. https://
doi.org/10.1016/j.cell.2015.07.043

Kang S, Douglas T (2010) Some enzymes just need a
space of their own. Science 327(5961):42—43. https://
doi.org/10.1126/science.1184318

Kang S, Lander GC, Johnson JE, Prevelige PE (2008a)
Development of bacteriophage P22 as a platform for
molecular display: genetic and chemical modifications
of the procapsid exterior surface. Chembiochem 9
(4):514-518. https://doi.org/10.1002/cbic.200700555

Kang S, Oltrogge LM, Broomell CC, Liepold LO,
Prevelige PE, Young M, Douglas T (2008b) Con-
trolled assembly of bifunctional chimeric protein
cages and composition analysis using noncovalent
Mass spectrometry. J Am Chem Soc 130
(49):16527-16529. https://doi.org/10.1021/ja807655t


https://doi.org/10.1021/Ja0765363
https://doi.org/10.1126/science.1123223
https://doi.org/10.1126/science.1123223
https://doi.org/10.1016/j.jbiotec.2013.06.005
https://doi.org/10.1016/j.jbiotec.2013.06.005
https://doi.org/10.1038/nnano.2012.90
https://doi.org/10.1039/c2dt30388d
https://doi.org/10.1039/C6CC05301G
https://doi.org/10.1039/C6CC05301G
https://doi.org/10.1021/mp3003368
https://doi.org/10.1021/mp3003368
https://doi.org/10.1021/ja204516p
https://doi.org/10.1016/j.cbpa.2016.05.013
https://doi.org/10.1016/j.cbpa.2016.05.013
https://doi.org/10.1016/j.ymeth.2006.07.018
https://doi.org/10.1016/j.ymeth.2006.07.018
https://doi.org/10.1016/j.nano.2013.11.003
https://doi.org/10.1016/j.nano.2013.11.003
https://doi.org/10.1021/nl070512c
https://doi.org/10.1021/nl070512c
https://doi.org/10.1021/nn200629g
https://doi.org/10.1021/nn200629g
https://doi.org/10.1186/s12936-016-1574-1
https://doi.org/10.1186/s12936-016-1574-1
https://doi.org/10.1126/science.1234150
https://doi.org/10.1126/science.1234150
https://doi.org/10.1146/annurev-pharmtox-061008-103129
https://doi.org/10.1146/annurev-pharmtox-061008-103129
https://doi.org/10.1038/nchem.2416
https://doi.org/10.1038/nature12202
https://doi.org/10.1038/nature12202
https://doi.org/10.1016/j.cell.2015.07.043
https://doi.org/10.1016/j.cell.2015.07.043
https://doi.org/10.1126/science.1184318
https://doi.org/10.1126/science.1184318
https://doi.org/10.1002/cbic.200700555
https://doi.org/10.1021/ja807655t

40

Kang S, Suci PA, Broomell CC, Iwahori K, Kobayashi M,
Yamashita I, Young M, Douglas T (2009) janus-like
protein cages. Spatially controlled dual-functional sur-
face modifications of protein cages. Nano Lett 9
(6):2360-2366. https://doi.org/10.1021/n19009028

Kang HJ, Kang YJ, Lee Y-M, Shin H-H, Chung SJ, Kang
S (2012) Developing an antibody-binding protein cage
as a molecular recognition drug modular nanoplatform.
Biomaterials 33:5423-5430. https://doi.org/10.1016/].
biomaterials.2012.03.055

Kang YJ, Yang HJ, Jeon S, Kang Y-S, Do Y, Hong SY,
Kang S (2014) Polyvalent display of monosaccharides
on Ferritin protein cage nanoparticles for the recogni-
tion and binding of cell-surface lectins. Macromol
Biosci 14(5):619-625. https://doi.org/10.1002/mabi.
201300528

Kim H, Kang YJ, Min J, Choi H, Kang S (2016) Develop-
ment of an antibody-binding modular nanoplatform for
antibody-guided targeted cell imaging and delivery.
RSC Adv 6(23):19208-19213. https://doi.org/10.
1039/C6RA00233A

Kitagawa T, Kosuge H, Uchida M, Iida Y, Dalman RL,
Douglas T, McConnell MV (2017) RGD targeting of
human ferritin iron oxide nanoparticles enhances
in vivo MRI of vascular inflammation and angiogene-
sis in experimental carotid disease and abdominal aor-
tic aneurysm. J Magn Reson Imaging 45
(4):1144-1153. https://doi.org/10.1002/jmri.25459

Kushnir N, Streatfield SJ, Yusibov V (2012) Virus-like
particles as a highly efficient vaccine platform: diver-
sity of targets and production systems and advances in
clinical development. Vaccine 31(1):58-83. https://
doi.org/10.1016/j.vaccine.2012.10.083

Kwon C, Kang YJ, Jeon S, Jung S, Hong SY, Kang S
(2012) Development of protein-cage-based delivery
Nanoplatforms by Polyvalently displaying
B-Cyclodextrins on the surface of Ferritins through
Copper(I)-catalyzed  Azide/Alkyne cycloaddition.
Macromol Biosci 12(11):1452—-1458. https://doi.org/
10.1002/mabi.201200178

Lauffer RB (1987) Paramagnetic metal complexes as
water proton relaxation agents for NMR imaging: the-
ory and design. Chem Rev 87(5):901-927. https://doi.
org/10.1021/cr00081a003

Lee EJ, Lee NK, Kim I-S (2016) Bioengineered protein-
based nanocage for drug delivery. Adv Drug Deliv Rev
106:157-171. https://doi.org/10.1016/j.addr.2016.03.
002

Leneghan DB, Miura K, Taylor 1J, Li Y, Jin J, Brune KD,
Bachmann MF, Howarth M, Long CA, Biswas S
(2017) Nanoassembly routes stimulate conflicting anti-
body quantity and quality for transmission-blocking
malaria vaccines. Sci Rep 7:3811. https://doi.org/10.
1038/s41598-017-03798-3

Leong HS, Steinmetz NF, Ablack A, Destito G, Zijlstra A,
Stuhlmann H, Manchester M, Lewis JD (2010) Intra-
vital imaging of embryonic and tumor neovasculature
using viral nanoparticles. Nat Protoc 5(8):1406-1417.
https://doi.org/10.1038/nprot.2010.103

B. Choi et al.

Lewis JD, Destito G, Zijlstra A, Gonzalez MJ, Quigley JP,
Manchester M, Stuhlmann H (2006) Viral
nanoparticles as tools for intravital vascular imaging.
Nat Med 12(3):354-360. https://doi.org/10.1038/
nm1368

Liepold L, Anderson S, Willits D, Oltrogge L, Frank JA,
Douglas T, Young M (2007) Viral capsids as MRI
contrast agents. Magn Reson Med 58(5):871-879.
https://doi.org/10.1002/mrm.21307

Liepold LO, Abedin MJ, Buckhouse ED, Frank JA, Young
MJ, Douglas T (2009) supramolecular protein cage
composite MR contrast agents with extremely efficient
relaxivity properties. Nano Lett 9(12):4520-4526.
https://doi.org/10.1021/N1902884p

Ma Y, Nolte RIM, Cornelissen JJLM (2012) Virus-based
nanocarriers for drug delivery. Adv Drug Deliv Rev 64
(9):811-825.  https://doi.org/10.1016/j.addr.2012.01.
005

Maham A, Tang Z, Wu H, Wang J, Lin Y (2009) Protein-
based nanomedicine platforms for drug delivery. Small
5(15):1706-1721. https://doi.org/10.1002/smll.
200801602

Manayani DJ, Thomas D, Dryden KA, Reddy V, Siladi
ME, Marlett JM, Rainey GJA, Pique ME, Scobie HM,
Yeager M, Young JAT, Manchester M, Schneemann A
(2007) A viral nanoparticle with dual function as an
Anthrax Antitoxin and vaccine. PLoS Pathog 3(10):
el42. https://doi.org/10.1371/journal.ppat.0030142

Maurer P, Jennings GT, Willers J, Rohner F, Lindman Y,
Roubicek K, Renner WA, Miiller P, Bachmann MF
(2005) A therapeutic vaccine for nicotine dependence:
preclinical efficacy, and phase I safety and immunoge-
nicity. Eur J Immunol 35(7):2031-2040. https://doi.
org/10.1002/eji.200526285

Min J, Jung H, Shin H-H, Cho G, Cho H, Kang S (2013)
Implementation of P22 viral capsids as intravascular
magnetic resonance T1 contrast Conjugates via site-
selective attachment of Gd(IlI)-chelating agents.
Biomacromolecules 14(7):2332-2339. https://doi.org/
10.1021/bm400461j

Min J, Kim S, Lee J, Kang S (2014a) Lumazine synthase
protein cage nanoparticles as modular delivery
platforms for targeted drug delivery. RSC Adv 4

(89):48596—48600. https://doi.org/10.1039/
C4RA10187A

Min J, Moon H, Yang HJ, Shin H-H, Hong SY, Kang S
(2014b) Development of P22 viral capsid

nanocomposites as anti-cancer drug, Bortezomib
(BTZ), delivery nanoplatforms. Macromol Biosci 14
(4):557-564. https://doi.org/10.1002/mabi.201300401

Molino NM, Anderson AKL, Nelson EL, Wang S-W
(2013) biomimetic protein nanoparticles facilitate
enhanced dendritic cell activation and cross-
presentation. ACS Nano 7(11):9743-9752. https:/
doi.org/10.1021/nn403085w

Moon H, Kim WG, Lim S, Kang YJ, Shin H-H, Ko H,
Hong SY, Kang S (2013) Fabrication of uniform layer-
by-layer assemblies with complementary protein cage
nanobuilding blocks via simple His-tag/metal


https://doi.org/10.1021/nl9009028
https://doi.org/10.1016/j.biomaterials.2012.03.055
https://doi.org/10.1016/j.biomaterials.2012.03.055
https://doi.org/10.1002/mabi.201300528
https://doi.org/10.1002/mabi.201300528
https://doi.org/10.1039/C6RA00233A
https://doi.org/10.1039/C6RA00233A
https://doi.org/10.1002/jmri.25459
https://doi.org/10.1016/j.vaccine.2012.10.083
https://doi.org/10.1016/j.vaccine.2012.10.083
https://doi.org/10.1002/mabi.201200178
https://doi.org/10.1002/mabi.201200178
https://doi.org/10.1021/cr00081a003
https://doi.org/10.1021/cr00081a003
https://doi.org/10.1016/j.addr.2016.03.002
https://doi.org/10.1016/j.addr.2016.03.002
https://doi.org/10.1038/s41598-017-03798-3
https://doi.org/10.1038/s41598-017-03798-3
https://doi.org/10.1038/nprot.2010.103
https://doi.org/10.1038/nm1368
https://doi.org/10.1038/nm1368
https://doi.org/10.1002/mrm.21307
https://doi.org/10.1021/Nl902884p
https://doi.org/10.1016/j.addr.2012.01.005
https://doi.org/10.1016/j.addr.2012.01.005
https://doi.org/10.1002/smll.200801602
https://doi.org/10.1002/smll.200801602
https://doi.org/10.1371/journal.ppat.0030142
https://doi.org/10.1002/eji.200526285
https://doi.org/10.1002/eji.200526285
https://doi.org/10.1021/bm400461j
https://doi.org/10.1021/bm400461j
https://doi.org/10.1039/C4RA10187A
https://doi.org/10.1039/C4RA10187A
https://doi.org/10.1002/mabi.201300401
https://doi.org/10.1021/nn403085w
https://doi.org/10.1021/nn403085w

2 Protein Cage Nanoparticles as Delivery Nanoplatforms

recognition. J Mater Chem B 1(35):4504—4510. https://
doi.org/10.1039/C3TB20554A

Moon H, Lee J, Kim H, Heo S, Min J, Kang S (2014a)
Genetically engineering encapsulin protein cage nano-
particle as a SCC-7 Cell targeting optical nanoprobe.
Biomaterials research 18:21. https://doi.org/10.1186/
2055-7124-18-21

Moon H, Lee J, Min J, Kang S (2014b) Developing genet-
ically engineered encapsulin protein cage nanoparticles
as a targeted delivery nanoplatform. Biomacro-
molecules  15:3794-3801. https://doi.org/10.1021/
bm501066m

Moon H, Bae Y, Kim H, Kang S (2016) Plug-and-playable
fluorescent cell imaging modular toolkits using the

bacterial superglue, SpyTag/SpyCatcher. Chem
Commun  52(97):14051-14054.  https://doi.org/10.
1039/C6CC07363H

O’Neil A, Prevelige PE, Basu G, Douglas T (2012)
coconfinement of fluorescent proteins: spatially
enforced communication of GFP and mCherry
encapsulated within the P22 capsid. Biomacro-
molecules 13(12):3902-3907. https://doi.org/10.1021/
bm301347x

Ochoa WF, Chatterji A, Lin T, Johnson JE (2006) Gener-
ation and structural analysis of reactive empty particles
derived from an icosahedral virus. Chem Biol 13
(7):771-778. https://doi.org/10.1016/j.chembiol.2006.
05.014

Pan Y, Jia T, Zhang Y, Zhang K, Zhang R, Li J, Wang L
(2012a) MS2 VLP-based delivery of microRNA-146a
inhibits autoantibody production in lupus-prone mice.
Int J Nanomedicine 7:5957-5967. https://doi.org/10.
2147/1IN.S37990

Pan Y, Zhang Y, Jia T, Zhang K, Li J, Wang L (2012b)
Development of a microRNA delivery system based on
bacteriophage MS2 virus-like particles. FEBS J 279
(7):1198-1208.  https://doi.org/10.1111/j.1742-4658.
2012.08512.x

Patterson DP, Prevelige PE, Douglas T (2012)
Nanoreactors by programmed enzyme encapsulation
inside the capsid of the bacteriophage P22. ACS
Nano  6(6):5000-5009.  https://doi.org/10.1021/
nn300545z

Patterson DP, Rynda-Apple A, Harmsen AL, Harmsen
AG, Douglas T (2013) Biomimetic antigenic
nanoparticles elicit controlled protective immune
response to influenza. ACS Nano 7(4):3036-3044.
https://doi.org/10.1021/nn4006544

Patterson DP, Schwarz B, Waters RS, Gedeon T, Douglas
T (2014) Encapsulation of an enzyme cascade within
the bacteriophage P22 virus-like particle. ACS Chem
Biol 9(2):359-365. https://doi.org/10.1021/cb4006529

Peabody DS (2003) A viral platform for chemical modification
and multivalent display. Journal of Nanobiotechnology 1
(1):5. https://doi.org/10.1186/1477-3155-1-5

Peabody DS, Manifold-Wheeler B, Medford A, Jordan
SK, Caldeira JC, Chackerian B (2008) Immunogenic

41

display of diverse peptides on virus-like particles of
RNA phage MS2. J Mol Biol 380(1):252-263. https://
doi.org/10.1016/j.jmb.2008.04.049

Plummer EM, Manchester M (2011) Viral nanoparticles
and virus-like particles: platforms for contemporary
vaccine design. Wiley Interdiscip Rev Nanomed
Nanobiotechnol ~ 3(2):174-196.  https://doi.org/10.
1002/wnan.119

Pokorski JK, Breitenkamp K, Finn MG (2011) Functional
virus-based polymer-protein nanoparticles by atom
transfer radical polymerization. J Am Chem Soc 133
(24):9242-9245. https://doi.org/10.1021/ja203286n

Prasuhn JDE, Yeh RM, Obenaus A, Manchester M, Finn
MG (2007) Viral MRI contrast agents: coordination of
Gd by native virions and attachment of Gd complexes
by azide-alkyne cycloaddition. Chem Commun
12:1269-1271. https://doi.org/10.1039/B615084E

Prevelige PE, Thomas D, King J (1988) Scaffolding pro-
tein regulates the polymerization of P22 coat subunits
into icosahedral shells in vitro. J Mol Biol 202
(4):743-757.  https://doi.org/10.1016/0022-2836(88)
90555-4

Qazi S, Liepold LO, Abedin MJ, Johnson B, Prevelige P,
Frank JA, Douglas T (2013) P22 viral capsids as
nanocomposite high-relaxivity MRI contrast agents. Mol
Pharm 10(1):11-17. https://doi.org/10.1021/mp300208g

Qazi S, Miettinen HM, Wilkinson RA, McCoy K,
Douglas T, Wiedenheft B (2016) Programmed self-
assembly of an active P22-Cas9 nanocarrier system.
Mol Pharm 13(3):1191-1196. https://doi.org/10.1021/
acs.molpharmaceut.5b00822

Ra J-S, Shin H-H, Kang S, Do Y (2014) Lumazine
synthase protein cage nanoparticles as antigen delivery
nanoplatforms for dendritic cell-based vaccine devel-
opment. Clin Exp Vaccine Res 3(2):227-234. https://
doi.org/10.7774/cevr.2014.3.2.227

Rhee J-K, Baksh M, Nycholat C, Paulson JC, Kitagishi H,
Finn MG (2012) Glycan-targeted  virus-like
nanoparticles for photodynamic therapy. Biomacro-
molecules 13(8):2333-2338. https://doi.org/10.1021/
bm300578p

Richert LE, Servid AE, Harmsen AL, Rynda-Apple A,
Han S, Wiley JA, Douglas T, Harmsen AG (2012) A
virus-like particle vaccine platform elicits heightened
and hastened local lung mucosal antibody production
after a single dose. Vaccine 30(24):3653—-3665. https://
doi.org/10.1016/j.vaccine.2012.03.035

Rosler A, Vandermeulen GWM, Klok H-A (2001)
Advanced drug delivery devices via self-assembly of
amphiphilic block copolymers. Adv Drug Deliv Rev
53(1):95-108.  https://doi.org/10.1016/S0169-409X(
01)00222-8

Schwarz B, Douglas T (2015) Development of virus-like
particles for diagnostic and prophylactic biomedical
applications. Wiley Interdiscip Rev Nanomed
Nanobiotechnol ~ 7(5):722-735.  https://doi.org/10.
1002/wnan.1336


https://doi.org/10.1039/C3TB20554A
https://doi.org/10.1039/C3TB20554A
https://doi.org/10.1186/2055-7124-18-21
https://doi.org/10.1186/2055-7124-18-21
https://doi.org/10.1021/bm501066m
https://doi.org/10.1021/bm501066m
https://doi.org/10.1039/C6CC07363H
https://doi.org/10.1039/C6CC07363H
https://doi.org/10.1021/bm301347x
https://doi.org/10.1021/bm301347x
https://doi.org/10.1016/j.chembiol.2006.05.014
https://doi.org/10.1016/j.chembiol.2006.05.014
https://doi.org/10.2147/IJN.S37990
https://doi.org/10.2147/IJN.S37990
https://doi.org/10.1111/j.1742-4658.2012.08512.x
https://doi.org/10.1111/j.1742-4658.2012.08512.x
https://doi.org/10.1021/nn300545z
https://doi.org/10.1021/nn300545z
https://doi.org/10.1021/nn4006544
https://doi.org/10.1021/cb4006529
https://doi.org/10.1186/1477-3155-1-5
https://doi.org/10.1016/j.jmb.2008.04.049
https://doi.org/10.1016/j.jmb.2008.04.049
https://doi.org/10.1002/wnan.119
https://doi.org/10.1002/wnan.119
https://doi.org/10.1021/ja203286n
https://doi.org/10.1039/B615084E
https://doi.org/10.1016/0022-2836(88)90555-4
https://doi.org/10.1016/0022-2836(88)90555-4
https://doi.org/10.1021/mp300208g
https://doi.org/10.1021/acs.molpharmaceut.5b00822
https://doi.org/10.1021/acs.molpharmaceut.5b00822
https://doi.org/10.7774/cevr.2014.3.2.227
https://doi.org/10.7774/cevr.2014.3.2.227
https://doi.org/10.1021/bm300578p
https://doi.org/10.1021/bm300578p
https://doi.org/10.1016/j.vaccine.2012.03.035
https://doi.org/10.1016/j.vaccine.2012.03.035
https://doi.org/10.1016/S0169-409X(01)00222-8
https://doi.org/10.1016/S0169-409X(01)00222-8
https://doi.org/10.1002/wnan.1336
https://doi.org/10.1002/wnan.1336

42

Scodeller EA, Tisminetzky SG, Porro F, Schiappacassi M,
De Rossi A, Chiecco-Bianchi L, Baralle FE (1995) A
new epitope presenting system displays a HIV-1 V3
loop sequence and induces neutralizing antibodies.
Vaccine 13(13):1233-1239. https://doi.org/10.1016/
0264-410X(95)00058-9

Seebeck FP, Woycechowsky KJ, Zhuang W, Rabe JP,
Hilvert D (2006) A simple tagging system for protein
encapsulation. ] Am Chem Soc 128(14):4516-4517.
https://doi.org/10.1021/ja058363s

Sharma J, Uchida M, Miettinen HM, Douglas T (2017)
Modular interior loading and exterior decoration of a
virus-like particle. Nano 9(29):10420-10430. https://
doi.org/10.1039/C7NR0O3018E

Shukla S, Steinmetz NF (2015) Virus-based nanomaterials
as PET and MR contrast agents: from technology
development to translational medicine. Wiley
Interdiscip Rev  Nanomed Nanobiotechnol 7
(5):708-721. https://doi.org/10.1002/wnan.1335

Song Y, Kang YJ, Jung H, Kim H, Kang S, Cho H (2015)
Lumazine synthase protein nanoparticle-Gd(IIl)-
DOTA conjugate as a T1 contrast agent for high-field

MRI. Sci Rep 5:15656. https://doi.org/10.1038/
srep15656
Steinmetz NF, Hong V, Spoerke ED, Lu P,

Breitenkamp K, Finn MG, Manchester M (2009)
Buckyballs meet viral nanoparticles: candidates for
biomedicine. ] Am Chem Soc 131(47):17093-17095.
https://doi.org/10.1021/ja902293w

Stephanopoulos N, Tong GJ, Hsiao SC, Francis MB
(2010) Dual-surface modified virus capsids for
targeted delivery of photodynamic agents to cancer
cells. ACS Nano 4(10):6014-6020. https://doi.org/10.
1021/nn1014769

Suci P, Kang S, Gmur R, Douglas T, Young M (2010)
Targeted delivery of a photosensitizer to
aggregatibacter  actinomycetemcomitans  biofilm.
Antimicrob Agents Chemother 54(6):2489-2496.
https://doi.org/10.1128/aac.00059-10

Sutter M, Boehringer D, Gutmann S, Gunther S,
Prangishvili D, Loessner MJ, Stetter KO, Weber-
Ban E, Ban N (2008) Structural basis of enzyme encap-
sulation into a bacterial nanocompartment. Nat Struct
Mol Biol 15(9):939-947. https://doi.org/10.1038/
nsmb.1473

Terashima M, Uchida M, Kosuge H, Tsao PS, Young MJ,
Conolly SM, Douglas T, McConnell MV (2011)
Human Ferritin cages for imaging vascular
macrophages. Biomaterials 32(5):1430-1437. https:/
doi.org/10.1016/j.biomaterials.2010.09.029

Theil EC, Behera RK, Tosha T (2013) Ferritins for Chem-
istry and for life. Coord Chem Rev 257(2):579-586.
https://doi.org/10.1016/j.ccr.2012.05.013

Thrane S, Janitzek CM, Matondo S, Resende M,
Gustavsson T, de Jongh WA, Clemmensen S,
Roeffen W, van de Vegte-Bolmer M, van Gemert GJ,
Sauerwein R, Schiller JT, Nielsen MA, Theander TG,
Salanti A, Sander AF (2016) Bacterial superglue
enables easy development of efficient virus-like

B. Choi et al.

particle based vaccines. J Nanobiotechnol 14:30.
https://doi.org/10.1186/s12951-016-0181-1

Tissot AC, Maurer P, Nussberger J, Sabat R, Pfister T,
Ignatenko S, Volk H-D, Stocker H, Miiller P, Jennings
GT, Wagner F, Bachmann MF (2008) Effect of
immunisation against angiotensin II with CYTO006-
AngQb on ambulatory blood pressure: a double-
blind, randomised, placebo-controlled phase Ila
study. Lancet 371(9615):821-827. https://doi.org/10.
1016/S0140-6736(08)60381-5

Tissot AC, Renhofa R, Schmitz N, Cielens I, Meijerink E,
Ose V, Jennings GT, Saudan P, Pumpens P, Bachmann
MF (2010) Versatile virus-like particle carrier for epi-
tope based vaccines. PLoS One 5(3):¢9809. https://doi.
org/10.1371/journal.pone.0009809

Uchida M, Flenniken ML, Allen M, Willits DA, Crowley
BE, Brumfield S, Willis AF, Jackiw L, Jutila M, Young
M1, Douglas T (2006) Targeting of cancer cells with
ferrimagnetic ferritin cage nanoparticles. J Am Chem
Soc  128(51):16626-16633. https://doi.org/10.1021/
ja0655690

Uchida M, Terashima M, Cunningham CH, Suzuki Y,
Willits DA, Willis AF, Yang PC, Tsao PS, McConnell
MYV, Young MJ, Douglas T (2008) A human ferritin
iron oxide nano-composite magnetic resonance con-
trast agent. Magn Reson Med 60(5):1073-1081.
https://doi.org/10.1002/mrm.21761

Uchida M, Kang S, Reichhardt C, Harlen K, Douglas T
(2010) The ferritin superfamily: supramolecular
templates for materials synthesis. Biochim Biophys
Acta Gen Subj 1800:834-845. https://doi.org/10.
1016/j.bbagen.2009.12.005

Wang AZ, Langer R, Farokhzad OC (2012) Nanoparticle
delivery of cancer drugs. Annu Rev Med 63
(1):185-198.  https://doi.org/10.1146/annurev-med-
040210-162544

Worsdorfer B, Woycechowsky KIJ, Hilvert D (2011)
Directed evolution of a protein container. Science 331
(6017):589-592. https://doi.org/10.1126/science.
1199081

Worsdorfer B, Pianowski Z, Hilvert D (2012) Efficient
in vitro encapsulation of protein cargo by an
engineered protein container. J Am Chem Soc 134
(2):909-911. https://doi.org/10.1021/ja211011k

Wu M, Sherwin T, Brown WL, Stockley PG (2005) Deliv-
ery of antisense oligonucleotides to leukemia cells by
RNA  bacteriophage capsids. Nanomedicine 1
(1):67-76. https://doi.org/10.1016/j.nan0.2004.11.011

Zakeri B, Fierer JO, Celik E, Chittock EC, Schwarz-Linek-
U, Moy VT, Howarth M (2012) Peptide tag forming a
rapid covalent bond to a protein, through engineering a
bacterial adhesin. Proc Natl Acad Sci U S A 109(12):
E690-E697. https://doi.org/10.1073/pnas. 1115485109

Zhang X, Meining W, Fischer M, Bacher A, Ladenstein R
(2001) X-ray structure analysis and crystallographic
refinement of lumazine synthase from the hyperther-
mophile Aquifex aeolicus at 1.6 A resolution:
determinants of thermostability revealed from


https://doi.org/10.1016/0264-410X(95)00058-9
https://doi.org/10.1016/0264-410X(95)00058-9
https://doi.org/10.1021/ja058363s
https://doi.org/10.1039/C7NR03018E
https://doi.org/10.1039/C7NR03018E
https://doi.org/10.1002/wnan.1335
https://doi.org/10.1038/srep15656
https://doi.org/10.1038/srep15656
https://doi.org/10.1021/ja902293w
https://doi.org/10.1021/nn1014769
https://doi.org/10.1021/nn1014769
https://doi.org/10.1128/aac.00059-10
https://doi.org/10.1038/nsmb.1473
https://doi.org/10.1038/nsmb.1473
https://doi.org/10.1016/j.biomaterials.2010.09.029
https://doi.org/10.1016/j.biomaterials.2010.09.029
https://doi.org/10.1016/j.ccr.2012.05.013
https://doi.org/10.1186/s12951-016-0181-1
https://doi.org/10.1016/S0140-6736(08)60381-5
https://doi.org/10.1016/S0140-6736(08)60381-5
https://doi.org/10.1371/journal.pone.0009809
https://doi.org/10.1371/journal.pone.0009809
https://doi.org/10.1021/ja0655690
https://doi.org/10.1021/ja0655690
https://doi.org/10.1002/mrm.21761
https://doi.org/10.1016/j.bbagen.2009.12.005
https://doi.org/10.1016/j.bbagen.2009.12.005
https://doi.org/10.1146/annurev-med-040210-162544
https://doi.org/10.1146/annurev-med-040210-162544
https://doi.org/10.1126/science.1199081
https://doi.org/10.1126/science.1199081
https://doi.org/10.1021/ja211011k
https://doi.org/10.1016/j.nano.2004.11.011
https://doi.org/10.1073/pnas.1115485109

2 Protein Cage Nanoparticles as Delivery Nanoplatforms 43

structural comparisons. J Mol Biol 306(5):1099-1114.  Zhen Z, Tang W, Chen H, Lin X, Todd T, Wang G,

https://doi.org/10.1006/jmbi.2000.4435 Cowger T, Chen X, Xie J (2013) RGD-modified

Zhang X, Meining W, Cushman M, Haase I, Fischer M, Apoferritin nanoparticles for efficient drug delivery to
Bacher A, Ladenstein R (2003) A structure-based tumors. ACS Nano 7(6):4830-4837. https://doi.org/10.
model of the reaction catalyzed by Lumazine synthase 1021/nn305791q

from Aquifex aeolicus. J Mol Biol 328(1):167-182.
https://doi.org/10.1016/S0022-2836(03)00186-4


https://doi.org/10.1006/jmbi.2000.4435
https://doi.org/10.1016/S0022-2836(03)00186-4
https://doi.org/10.1021/nn305791q
https://doi.org/10.1021/nn305791q

t')

Check for
updates

Veena Vijayan, Saji Uthaman, and In-Kyu Park

Cell Membrane Coated
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3.1

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.
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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
etal. 2015; Huetal. 2011, 2013; Rao et al. 2017a,
b, ¢, 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 can modify 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
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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 x 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. 20164, 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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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

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).

34 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
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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.

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
nanoparticles with 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

3.4.1.2

surface and reduce accelerated blood clearance.
RBC membrane 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 a4 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
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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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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. 20164, 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
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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).

Characterizations of Cell
Membrane-Coated
Nanoparticles

3.5

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



54

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.
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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 (Zrg cluster) in which the porphy-
rin- NMOF with high photosensitizer loading has
O, 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 PCDX 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.

Conclusion and Future
Perspective

3.7

Nanoparticles coated with different types of cell
membranes could be employed for a variety of
biological applications including drug delivery,
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Table 3.1 Applications of different types of membrane coated NPs

Type of NPs Membrane derivation Core particle Application References
RBClerythrocyte | Hypotonic treatment 1. HSA NPs with ICG and Enhanced Ren et al.
coated NPs followed by extrusion PFTBA phototherapy (2017)
Sonication approach 2. Magnetic NPs Toxin nanosponge Ren et al.
(2016)
Hypotonic treatment and | 3. PLGA NPs Drug delivery to Hu et al.
sonication treat solid tumors (2013)
Microfluidic 4. PLGA NPs coloaded with Combinational Luk et al.
electroporation DOX chemotherapy (2016)
5. Magnetic O-carboxymethyl- | enhanced Fu et al.
chitosan nanoparticles Radiotherapy (2015)
coloaded with PTX and DOX
6. PLGA core with PFC Enhanced tumor Gao et al.
imaging (2017b)
7. DSPE-PEG functionalized Rao et al.
UCNPs (2017b)
Hu et al.
(2011)
Leucocyte coated | Coincubation 1. Janus particles Photothermal He et al.
NPs cancer treatment (20164, b)
2. Nanoporous Silicon NPs Drug delivery Parodi
et al.
(2013a, b)
Neutrophil Percoll gradient 1. PLGA NPs loaded with Targeting CTCs in | Kang et al.
coated NPs separation followed by carfilzomib circulation and (2017)
emulsion/solvent premetastatic niche
evaporation
Platelet coated Repeated freeze-thaw 1. PLGA NPs with Docetaxel Disease-targeted Hu et al.
NPs process followed by and Vancomycin delivery (2015b)
sonication 2. Si NPs, TRAIL conjugation Lietal.
(2016)
3. TRAIL-DOX NPs Wei et al.
(2016)
Hu et al.
(2015a)
Cancer cell Extrusion 1. PLGA core with DOX and Oxygen interfered Tian et al.
membrane coated Hb chemotherapy (2017)
NPs 2. PLGA core with ICG Photothermal Chen et al.
therapy, (2016)
Photoacoustic
imaging
3. PLGA with adjuvants Phosphorescence Fang et al.
image-guided (2014)
photodynamic
therapy
4. Fe304 and DOX Anticancer Li et al.
vaccination and (2017a, b)

drug delivery

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

MRI

(continued)
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Table 3.1 (continued)

Type of NPs Membrane derivation Core particle Application References
Macrophage Hypotonic lysis and 1. UCNPs Effective cancer Rao et al.
membrane coated | extrusion imaging (2017c)
NPs 2. Au nanoshells coated Enhanced cancer Xuan et al.
mesoporous silica NPs photothermal (2016)
therapy
3. Liposomes with emtansine Specific metastasis | Cao et al.
targeting (2016)
Cytotoxic T Hypotonic lysis and 1. PLGA with PTX Enhanced tumor Zhang
lymphocyte extrusion accumulation and et al.
membrane coated drug delivery (2017a)
NPs
Stem cell coated Gelatin nanogels efficient tumor Gao et al.
NPs targeting and drug (2016)
delivery

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 x 10° cm® V' s7' (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 ™" (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
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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.
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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 (Ayax) at 234 nm and
299 nm. The shorter Ay\ax is attributed to m-w*
transition in the aromatic C=C bonds while the
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longer Ayviax 1s caused by n- m* transition in C=0
bonds. In the case of rGO, Ayax appears at
269 nm which corresponds to n-w* transition in
the aromatic C=C bonds. The red shift of n-n*
transition in the aromatic C=C 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 ™",
which is caused by the in-plane vibration in the sp
% carbons. When graphite is oxidized, the G peak
shits to 1589 cm ™" in somewhat broadened mode
and disordered structural pattern of GO, which
has been caused by oxidation, produces a D
band at 1352 cm™! (Wang et al. 2009a, b, c).
When GO is reduced to rGO, the G peak blue-
shifts to 1582 cm ™' 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 C=O (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 C=0.
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 (SOCl,) 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 SOCI,
to generate —COCI group which is labile to vari-
ous types of nucleophiles. Indeed, alkylamine
(RNH;) was reacted with —COCI 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 (CCly) 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*,-
C4H4-NO,) was reacted on graphene to produce
nirophenyl group. The addition reaction turned
out to affect conductivity of graphene by
transforming sp” carbons to sp” 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 (C,H,,NH,) were used to
ad alkyl groups on GO (Bourlinos et al. 2003).
When the alkyl chain was relatively short (n = 2,
4, 8, 12) the reaction was able to proceed at room
temperature. However, when the alkyl chain was
long (n = 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
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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 & —
¥ 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(NHz)s>*/**, Fe(CN)g
371 Fe’*?* 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)e>*"2*, Fe(CN)e> .

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 tGO/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-
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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 H,O, 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 m