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Abstract: In the past few years, biomaterials technologies together with significant efforts
on developing biology have revolutionized the process of engineered materials. Three
dimensional (3D) in vitro technology aims to develop set of tools that are simple,
inexpensive, portable and robust that could be commercialized and used in various fields of
biomedical sciences such as drug discovery, diagnostic tools, and therapeutic approaches
in regenerative medicine. The proliferation of cells in the 3D scaffold needs an oxygen and
nutrition supply. 3D scaffold materials should provide such an environment for cells living
in close proximity. 3D scaffolds that are able to regenerate or restore tissue and/or organs
have begun to revolutionize medicine and biomedical science. Scaffolds have been used to
support and promote the regeneration of tissues. Different processing techniques have been
developed to design and fabricate three dimensional scaffolds for tissue engineering
implants. Throughout the chapters we discuss in this review, we inform the reader about
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the potential applications of different 3D in vitro systems that can be applied for fabricating
a wider range of novel biomaterials for use in tissue engineering.
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1. Introduction

Over the past decade, the development of biomaterials and tissue engineering technology has
stimulated great interest in the possibility of creating three dimensional (3D) in vitro models to better
understand the mechanism behind cellular fate. 3D in vitro technology is very interdisciplinary
in nature and brings together the field of polymer chemistry, pharmaceutical science, biology, and
basic and clinical medicines. The elucidation of using 3D in vitro systems will open many doors to
significantly improve the quality of biological tools and lead identification as well as therapeutic
approaches. Especially in the case of human cells, it may be of clinical relevance for future cell-based
therapeutic applications. Also, it will provide attractive combinational strategy of tissue engineering
principles with materials engineering to accelerate and enhance tissue regeneration.

It covers a wide range of applications, including: Drug discovery; micro- and nano-engineering;
cellular microenvironment; biomaterials; and high-throughput technologies. Irrespective of the final
goal for experimental biology and clinical medicine, the first key issue to be dealt is to engineer
cellular microenvironment 3D models as efficiently as possible and to facilitate an in vivo-like
condition. Combinational technology of materials science and engineering with biology is expected to
enhance the quality of valuable biological, pharmaceutical and food products. However, the idea
underlying 3D in vitro models, that cellular microenvironment might be mimicked by combinational
technology of materials science and biology, rather than by conventional technology, has yet to make
its mark in clinical medicine. The concept may appear to be elegantly straightforward and the most
direct application of 3D technology must be in the biological field. Recent researches have indicated
that successful implementation of 3D in vitro models in clinic will require the coordinated
development of a variety of new technologies and the establishment of unique interactions between
investigators from divergent medical and basic science disciplines. Many 3D models that are currently
in practice, however, require expensive equipment, large sample volumes, long incubation times
and/or extensive expertise, and the most disadvantages of them is that they are too far from the nature
of human organs. Because of the above problems, research and development on drug discovery,
regenerative medicine, biotech and pharmaceutical Industries are very costly and take several years to
bring a single drug/product to the marketing. 3D in vitro technology is an interdisciplinary approach to
merge biomaterials and tissue engineering science, nanotechnology, and biological principles to
generate a platform technology, the so-called 3D living systems to mimic organ/tissues in order to
partially reduce the amount of in vitro and in vivo animal testing, clinical trials, and to solve the above

problems (Figure 1).
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Figure 1. Interdisciplinary approach of 3D in vitro technology.
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This review will overview the concept of 3D in vitro technology with different systems and
suggests new areas of investigation that may help to resolve them.

2. Three Dimensional (3D) Engineered Biomaterials
2.1. Microscale Biomaterials

Different processing techniques have been developed to design and fabricate 3D microscale
scaffolding biomaterials for tissue engineering implants. Tissue engineering needs 3D scaffolds to serve
as a substrate for seeding cells and as a physical support in order to guide the formation of the new tissue
The majority of the used techniques utilize 3D polymeric scaffolds, which are composed of natural or
synthetic polymers. Synthetic materials are attractive because their chemical and physical properties
(e.g., porosity, mechanical strength) can be specifically optimized for a particular application. The
polymeric scaffolds structures are endowed with a complex internal architecture, channels and porosity
that provide sites for cell attachment and maintenance of differentiated function without hindering
proliferation. Ideally, a polymeric scaffold for tissue engineering should have the following
characteristics: (1) To have appropriate surface properties promoting cell adhesion, proliferation and
differentiation; (2) To be biocompatible; (3) To be highly porous, with a high surface area/volume
ratio, with an interconnected pore network for cell growth and flow transport of nutrients and
metabolic waste; and (4) To have mechanical properties sufficient to whistand any in vivo stresses [1].
The last requisite is difficult to combine with the high porosity in volume of the material. That is why
it is necessary to use polymeric matrices with special or reinforced properties, especially if the polymer
is a hydrogel. The polymeric scaffold design depends on the regarded applications, but in any case it
must achieve structures with the aforementioned characteristics, which are necessary for their correct
function. To achieve this with success is conditional on two factors: materials used, both the porogen,
and the reticulate polymer, which is infiltrated in the porogen to become a scaffold; and, as a second
factor, the structural architecture, both external and internal, basically shown by its porosity (high
surface area/volume ratio), geometry, size pore and having in mind that the structures must be easily
processed into three-dimensional. On the basis of the extensive range of polymeric materials, different
processing techniques have been developed to design and fabricate 3D scaffolds for tissue engineering [2].
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Hydrogels have attracted great interest as scaffolding materials for 3D in vitro technology
because of their high water content, biocompatibility and mechanical properties, which resemble those
of natural tissues [3—6]. Hydrogels have been used for tissue engineering of bone, cartilage, vascular
and other tissues. By adding cells to a hydrogel precursor prior to the gelling process, cells can be
distributed homogeneously throughout the gel. In addition, hydrogels can be used to deliver soluble or
immobilized signaling molecules to cells, act as support structures for cell growth and function, and
provide space filling for future tissue ingrowth. For example, growth factors, such as transforming
growth factor B (TGF-B) have been tethered to poly(ethylene glycol) (PEG) hydrogels to regulate
smooth muscle cell function and bone morphogenetic protein (BMP-2) has been covalently attached to
alginate to regulate osteoblast migration and calcification into the gels. Also, differentiated cardiac
tissues have been engineered by casting neonatal rat cardiac myocytes into collagen gels and
subsequently subjecting them to cyclic mechanical stretch. Gelatin has been widely used as 3D
hydrogel for several applications in tissue engineering. Gelatin is biodegradable denatured collagen
and has been extensively utilized for pharmaceutical and medical purposes. Its biosafety has been proven
through long clinical applications [7]. In general, hydrogels from natural sources can be derived from
polymers such as collagen, hyaluronic acid (HA), fibrin, alginate, agarose or chitosan. Depending on
their origin and composition, various natural polymers have specific utilities and properties. Many
natural polymers, such as collagen, HA and fibrin, are derived from various components of the
mammalian extracellular matrix (ECM). The advantages of natural polymers include low toxicity and
biocompatibility. Collagen and other mammalian derived protein-based polymers are effective
matrices for cellular growth, as they contain many cell signaling domains present in the in vivo ECM.
Collagen gels can be naturally created without chemical modifications. However, in many cases these
gels are mechanically weak. To synthesize gels with enhanced mechanical properties various methods
have been developed such as chemical crosslinking, UV crosslinking or in mixture with other
polymeric agents. Collagen degradation is mediated naturally by proteins such as collagenase. The most
abundant heteropolysaccharides in the body are the glycosaminoglycans (GAGs). They are long
unbranched polysaccharides containing a repeating disaccharide unit that contains either of two modified
sugars: N-acetylgalactosamine or N-acetylglucosamine and an uronic acid such as glucoronate or
iduronate. GAGs are located primarily on the surface of cells or in the ECM. HA is a GAG which is
particularly prevalent during wound healing and in joints. Covalently crosslinked HA hydrogels can be
formed by multiple chemical modification means. HA can be degraded by cells through release of
enzymes such as hyaluronidase. HA is particularly appealing for tissue engineering as it is naturally
present in great abundance in a variety of tissues. Previously, HA scaffolds have been used for
tissue engineering of various tissues. In addition, composite HA-PEG scaffolds have been used for
tissue engineering.

2.2. Nanoscale Biomaterials

Nanoscale materials may provide a suitable material for tissue engineering since they can be used to
enhance cell adhesion. In particular, the diameters of fibers play an important role in the adhesion of
the cells to the fibers. Takahashi et al., compared the attachment of mesenchymal stem cells on
microscale non-woven polythylene terephalat (PET) fibers prepared with different diameters [8]. Many
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biodegradable synthetic polymers, such as PGA and its copolymers with L-lactic acid, D, L-lactic acid, and
g-caprolactone have been fabricated into 3D nanofibers sheets for tissue engineering applications [8].
Furthermore, it has been demonstrated that polyaniline (PANi) and poly (D,L-lactide-co-glycolide)
(PLGA) fibers that ranged in diameter from 500 to 800 nm enhanced cell adhesion [9]. Also,
poly(e-caprolactone) nanofibers (diameter = 700 nm) were shown to be a suitable carrier for
mesenchymal stem cells transplantation [10]. However, it is not yet clear how the diameter of the
fibers affect tissue engineering scaffolds for skin regeneration.

The design of materials that can regulate cell behavior such as proliferation and differentiation is
a key component for the fabrication of tissue engineering scaffolds. From the viewpoint of immune
system response of the body, the implanted biomaterials should mimic the structure and biological
function of native ECM, both in terms of chemical composition and physical structure as reported
by Ma et al [11]. Therefore, in order to mimic the biological function of ECM proteins, the
scaffold materials used in tissue engineering need to be chemically functionalized to promote tissue
regeneration as ECM does. Collagen and elastin as ECM proteins are made from fibers in dimension
smaller than micrometers. It seems that artificial nanoscaled fibers have great potential application in
the field of biomaterials and tissue engineering.

The initial report showed that nanoscaled features influenced cell behaviors [12]. Nanoscaled
surface topography has been found to promote osteoblast adhesions [11]. It has been demonstrated that
osteoblast adhesion, proliferation, alkaline phosphatase activity, and ECM secretion on carbon
nanofibers increased by decreasing fiber diameter in the range of 60—200 nm, whereas the adhesion of
other kinds of cells such as chondorocytes, fibroblasts, and smooth muscle cells was not influenced [13].
It has been supposed that the nanoscaled surface affects the conformation of adsorbed adhesion proteins
such as vitronectin, thus affecting the cell behaviors [14]. In addition, the nanoscaled dimensions of
cell membrane receptors such as integrins should also be considered. There are three different
approaches toward the formation of nanofibrous materials; phase separation, electrospinning and
self-assembly [15]. Phase separation and self-assembling of biomolecules can generate smaller
diameter nanofibers in the same range of natural ECM, while electrospinning generate large diameter
nanofibers on the upper end of the range of natural ECM [16]. Electrospinning is a common technique
used to fabricate nanofibers sheets to be used as 3D scaffolds for tissue engineering applications. It is
easy technique and cheap and can be applied for many different types of polymers. Recent study
demonstrated that fabricated PGA/collagen nanofibers through electrospinning significantly enhanced
cell adhesion compared with PGA/collagen microfibers [17]. It has been reported that this electrospun
scaffolds can be used to generate aligned nanofibers (300 nm) of poly L-lactic acid (PLLA), which
improve the differentiation of neural stem cells (NSC) and support neuronal outgrowth in comparison
to fibers with larger diameters [18]. Therefore, the availability of aligned nanofibers can be
potentially useful in tissue engineering. The adhesion of NIH-3T3 fibroblasts has been studied on
poly(p-dioxanone-co-L-lactide)-block-poly (ethylene glycol) (PPDO/PLLA-b-PEG) nanofibers [12].
However, there are no studies on the interaction of individual cells and nanofibers in a systematic
manner. To study the mechanism of interaction between cells and nanofibers, it is important to control
the architecture of nanofibers to minimize the interaction of a single cell with the neighboring fibers.
Therefore, aligned micro- and nanofibers in which the adherent cells only interact with individual fibers
is a potentially useful approach for studies that aim to analyze such interactions. However, it is not yet
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clear factors affect on cell adhesion between materials and extracellular matrix (ECM) proteins [19]. To
study the effect of fiber diameter on the adhesion of fibroblast cells, Tian ef al., set up a quantitative
electrospinning model [20]. In their study, they used a number of biomaterials that are commonly used in
tissue engineering and were natural components of the cellular microenvironment. Specifically, they
used poly glycolic acid (PGA) a well-known biomaterial, and collagen which is one of the main
components of the ECM. Electrospun composite nanofibers comprising of various ratios of PGA and
collagen were fabricated with diameters in the range of 3-5, 10 and 500 nm. They analyzed the
properties of NIH-3T3 cells on these fibers as a function of fiber diameter and structure. It was
demonstrated that the fiber composition and diameter had a direct influence on the morphology and
alignment of the fibroblast cells, indicating that fiber properties could be used for engineering scaffolds
that induced specific functional properties on seeded cells.

One of the common approaches to produce fibers similar to ECM proteins such as collagen is
self-assembly [21,22]. Specific peptide containing 16 alternating hydrophobic and hydrophilic amino
acids was fabricated to self-assemble into nanofibers under appropriate pH values [23]. Nanoscaled
fibers produced by self assembly of amphiphilic peptide may be a promising approach in designing the
next generation of biomaterials for drug delivery and tissue engineering [23,24]. It would be beneficial
for biomedical applications if scaffold materials could promote the adhesion and growth of cells on
their surfaces. The sequences of arginine-glycine-aspartic acid (RGD) has been discovered as a cell
attachment sequence in various adhesive proteins present in the ECM, and found in many proteins, such
as fibronectin, collagen type 1, vitronectin, fibrin, and von willebrand factor. It has been recognized that
the sequence of RGD interacts with various types of integrin receptors of mammalian cells. Ever since
the RGD sequence has been discovered as a cell attachment sequence in adhesive proteins of the ECM,
there have been several efforts to synthesize bioactive peptides incorporating RGD for therapeutic
purpose. Micro-and nanopatterned scaffolds have been investigated less well in regard to stem cells,
although two recent studies highlight their attractiveness. It is hypothesized that the density of the
cells-binding ligands to which the cells are exposed indicates clearly the importance of extracellular
matrix in influencing cell function. Recent studies have indicated that when the Isolucine—Lysine—
Valine—Alanine—Valine (IKVAV) mimicking laminin-specific domain was replaced with the amino acid
sequence, arginine-glycine-asparate (RGD), a common cell-binding domain in many extrecellular matrix
proteins, especially collagen, differentiation of dorsal root ganglion (DRG) to neural cells was
significantly enhanced compared with those without this sequence or to two-dimensional controls [25].
The proliferation of cells in the 3D scaffold needs an oxygen and nutrition supply. In this circumstance,
the 3D scaffold materials should provide such an environment for cells. The artificial scaffolds formed
by self-assembling molecules not only provides a suitable support for cell proliferation but also serves as
a medium through which diffusion of soluble factors and migration of cells can occur. The result of the
cell attachment and proliferation revealed that diffusion of nutrients, bioactive factors, and oxygen
through these highly hydrated networks is sufficient for survival of large numbers of cells for extended
periods of time.
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3. 3D Cellular Microenvironment
3.1. Extracellular Matrix

The extracellular matrix (ECM) is the extracellular part of animal tissue that usually provides
structural support to the animal cells in addition to performing various other important functions.
The extracellular matrix is the defining feature of connective tissue in animals. Extracellular matrix
includes the interstitial matrix and the basement membrane. Interstitial matrix is present between
various animal cells (i.e., in the intercellular spaces). Gels of polysaccharides and fibrous proteins fill
the interstitial space and act as a compression buffer against the stress placed on the ECM. Basement
membranes are sheet-like depositions of ECM on which various epithelial cells rest. Due to its diverse
nature and composition, the ECM can serve many functions, such as providing support, segregating
tissues from one another, and regulating intercellular communication. The ECM regulates a cell’s
dynamic behavior. In addition, it sequesters a wide range of cellular growth factors, and acts as a local
depot for them. Changes in physiological conditions can trigger protease activities that cause local
release of such depots. This allows the rapid and local growth factor-mediated activation of cellular
functions, without de novo synthesis. Formation of the extracellular matrix is essential for processes
like growth, wound healing and fibrosis. An understanding of ECM structure and composition also
helps in comprehending the complex dynamics of tumor invasion and metastasis in cancer biology as
metastasis often involves the destruction of extracellular matrix by enzymes such as serine and
threonine proteases and matrix metalloproteinases. Figure 2 shows schematic illustration of ECM. The
main components of ECM are Proteoglycans, Heparan sulfate, Chondroitin sulfate, Keratan sulfate.
Also Non-proteoglycan polysaccharides are involved in ECM. They are included: Collagen, elastin,
fibronectin, and laminin.

Since cells produce ECM proteins such as fibronectin and collagen that is commonly found in most
organs and is not present in the brain; therefore, biomaterials should be selected based on the specific
tissue/organ that is engineered [26,27].

Several 3D models are developed without scaffolds as the cells produce their own ECM. When
choosing a scaffolding material, several factors such as scaffold-mimic the cells and native extracellular
matrix, formation of functional multicellular structures, and imaging the cells are considered. It can be
challenging to image cells grown on some scaffolds. Spheroids are self-assembled spherical clusters of
cell colonies. They were first documented in 1944 by Johannes Holtfreter who worked with spherical
aggregates of embryonic cells. Spheroids naturally mimic solid tissues, avascular tumors, and
embryoid bodies, and have found application among researchers in cancer and stem cell research. With
inherent metabolic (oxygen, carbon dioxide, nutrients, wastes) and proliferative gradients, spheroids
serve as excellent physiologic models. Scaffold-free platforms for spheroid growth do not contain
added biomaterials or ECM, and cells grown in them generate and organize their own 3D ECM,
so spheroids closely resemble in vivo tissues. Co-cultures with other cell types (i.e., endothelial,
stromal, epithelial cells) extend the predictive cytotoxicity capabilities of this 3D cell culture system.
Scaffold-free platforms have no support structure or porosity. The overall spheroid size is limited beyond a
critical size of 500—-600 pm in diameter, after which central secondary necrosis develops in most, but
not all, spheroids grown from permanently-transformed cell lines.
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3.2. Cellular Microenvironment (Niche)

The cellular microenvironment/niche plays a significant role in the regulation of a host of
physiological and pathophysiological processes. The ability to control the cellular microenvironment
is key to controlling cell viability, growth, migration, apoptosis, and differentiation. Niche refers to
a microenvironment in which a cell is situated. Thus, a stem cell niche is a microenvironment surrounding
a stem cell. In addition to possible contributors to the stem cell niche, the microenvironments also
comprised of many ECM and signaling molecules. Signaling molecules are molecules that are entrapped
inside the ECM. LaBarge and Bissell et al. found that adult human mammary stem and progenitor cells
exhibit impressive plasticity in response to hundreds of unique combinatorial microenvironments [28].
They also suggested that rational modulation of the micro-environmental milieu can impose specific
differentiation phenotypes on normal stem or progenitor cells, and perhaps even impose phenotypically
normal behavior on malignant cells during tissue genesis. All of this points to the rational manipulation
of adult stem and progenitor cells as a promising pathway for beneficial therapies. The ability of adult
stem cells to self-maintain, as well as to give rise to progenitor cells that are targeted to become a
specific tissue cell, indicates an ability to respond to changing micro-environmental demands, which
would mean that a stem or progenitor cell is receiving instructional information from its surroundings.
Microenvironment microarrays (MEArrays) technology developed by LaBarge and Bissell can expose
stem cells to many different proteins and biological molecules simultaneously. This enables researchers to
mimic in cell culture studies the complex microenvironments that determine the ultimate fate of a stem or

progenitor cell in a living organism.

Figure 2. Cellular microenvironment showing main and specific components of extracellular
matrix (ECM).
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An organ is a group of tissues that perform a function, as well as the associated blood vessels and
extracellular matrix. A group of organs is called a system. For example, the heart, together with all the
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blood vessels in the body, is part of the cardiovascular system. The heart is made up of a main tissue
called the myocardium. It also has connective tissues, nerves, and blood vessels. The bone also
contains several different types of tissues: compact bone, spongy bone, and bone marrow. A tissue is
a group of connected cells that perform the same function. The four main types of tissue are:
Epithelium tissue—Layers of cells that line surfaces in the body. Examples include the skin and the
inner lining of the gut. Connective tissue—It connects other tissues. This is the tissue that contains
the extracellular matrix. Examples include bone and blood. Muscle tissue—Muscles are what cause
our bodies to move: either through the world spatially, such as walking, or in the body internally, like
the beat of your heart or the peristaltic movements of your esophagus. Nervous tissue—Nervous tissue
makes up the brain, spinal cord and nervous system. Within a tissue, the cells may not be identical,
but they still work together. For example, nervous tissue includes neurons, oligodendrocytes,
astrocytes, and even more kinds of cells. The nervous system comprises vital body organs such as the
brain, spinal cord and the supporting network of nerves and nervous tissue. The nervous tissue controls
and regulates body functions. It comprises the neurons or transmitters of impulses and the neuroglia,
the propagators of nerve impulses and providers of neuron nutrients. Nervous tissue comprises various
nerve cells, each characterized by a long stem like part called the axon. In the nervous tissue, neurons
are conducting cells that connect at synapses that act as switches, allowing information storage and
processing. Glia (also called neuroglia) are support cells (functional and structural support) and they
are involved in modulating neuron function. Diseases, like Parkinson’s disease, that affect nervous
tissue functions, have serious consequences on the quality of life. The health of the tissue is affected
adversely by a deficiency of dopamine (a neurotransmitter) and progressive death of brain cells. Health
issues resulting from nervous tissue damage manifest in the form of rigid and unstable posture, and even
death. Table 1 summarizes the dependence of tissue/organ function on tissue/organ microstructure while
Figure 3 illustrates the cell microenvironment (niche) that directs cellular fate and function.

Table 1. Dependence of tissue/organ function on tissue/organ Microstructure.

Nanoscale Microscale Macroscale

support structures (<1 pm) to support structures (1-100 pm) to control support structures
control individual cell behavior  cell—cell interactions and cell-substrate interactions  (>100 pm) for structural support

adhesion, migration proliferation cell-ECM interaction tissue—oran interaction

Figure 3. The cell microenvironment (niche) directs cellular fate and function.
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4. 3D Technology for Development of Tissue Engineering
4.1. 3D in Vitro Technology

Materials design for cell proliferation and differentiation is one of the key technologies for
development of 3D in vitro culture systems. In conventional cell culture such as static tissue culture
dish (2D), the initial rate of cell growth is higher, but the proliferation stop once the cells reached
confluence. 3D structures have been investigated for the cell culture because they have larger surface
for cell attachment and proliferation than 2D tissue culture dish and are preferable to assist the
formation of 3D cell constructs which may resemble the structure and function of body tissues. In
addition, 3D culture systems also play an important role in the substrate for in vitro cell culture to
increase the number of cells as high as clinically applicable [29]. 3D materials that are able to
regenerate or restore tissue and/or organs have begun to revolutionize medicine and biomedical science
and have been used to support and promote the regeneration of tissues. The proliferation of cells in the
3D structures need an oxygen and nutrition supply. In this circumstance, the 3D materials should
provide such an environment for cells living in close proximity. Diffusion of nutrients, bioactive
factors, and oxygen through 3D materials is sufficient for the survival of large numbers of cells for
extended periods of time. A major constraint of biodegradable polymeric materials for vascular tissue
engineering is poor cell adhesion and lack of signals for new tissue generation. The presence of ECM
within 3D structure is desirable for growth of stem cells and in vitro formation of remodeled vascular
conduit [30]. In a study developed by Gingras M. et al., axonal migration on a two-dimensional petri
dish did not reflect the 3D environment in vivo [31]. A unique in vitro 3D model of motor nerve
regeneration was developed to study motor neuron axonal migration and myelination. They explained
that primary motor neurons were difficult to study in conventional culture systems because of their
short-term survival without trophic support from glia. Therefore, mouse spinal cord motor neurons were
seeded on a collagen sponge populated with Schwann cells and fibroblasts. This fibroblast-populated
sponge was intended to mimic the connective tissue through which motor axons have to elongate in vivo.
Addition of conventional neurotrophic supplements was not required for motor neuron survival but
was necessary to promote deep neurite outgrowth. Additional works developed by the same authors
have proved that a unique tissue-engineered model of peripheral nerve regeneration could be
developed in vitro to study neurite outgrowth [32]. Mouse dorsal root ganglia neurons were seeded on
a collagen sponge populated with human endothelial cells and/or human fibroblasts. Addition of nerve
growth factor (NGF; 10 ng/mL) was not required for sensory neurons survival but was necessary to
promote neurite outgrowth, as assessed by immunostaining of the 150 kDa neurofilament. A vigorous
neurite elongation was detected inside the reconstructed tissue after 14 and 31 days of neurons culture,
reaching up to 770 um from day 14. Axons were often observed closely associated with the capillary-like
tubes reconstructed in the model, in a similar pattern as in the human dermis. The presence of endothelial
cells induced a significant increase of the neurite elongation after 14 days of culture. Besides the
addition of NGF, axonal growth did not necessitate B27 supplement or glial cell co-culture to be
promoted and stabilized for long-term culture. This indicates that the model might be a valuable tool to
study the effect of various cells and/or attractive or repulsive molecules on neurite outgrowth in vitro.
Horst et al., developed new strategies in functional tissue engineering and drug delivery systems that
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involve rational design of biomimetic surfaces and 3D-hydrogel matrices [33]. They explained that
their approach is to use modified 2D-surfaces or 3D-hydrogel matrices (native or synthetic polymers)
to locally induce specific tissue regeneration especially in cases of impaired wound healing and nerve
regeneration. The surfaces or matrices try to mimic key features of the native extracellular matrix and
provide support for cell adhesion and growth, and are covalently modified by adhesion sequences or
growth factors that target cell-type specific responses. Moreover, surface and matrices can be modified
to release DNA-containing nanoparticles that transfect surrounding cells and induce specific protein
production. In combination with shape giving (polymer-) surfaces, fibers or 3D-fibrous scaffolds, these
matrices provide biological information combined with growth factor- or drug release inducing an
endogenous healing response ideally resulting in the recovery of a diseased tissue. Table 2 compares
2D and 3D in vitro culture systems. Material design of scaffold for cell proliferation and differentiation
is one of the key technologies for tissue engineering. Porous materials with 3D structures have been
investigated for the cell scaffold because they have larger surface for cell attachment and proliferation
than 2D culture dish and are preferable to assist the formation of 3D cell constructs which may
resemble the structure and function of body tissues. In addition, the 3D scaffold also plays an
important role in the substrate for in vitro cell culture to increase the number of cells as high as
clinically applicable. In addition to the cell scaffold design, it is key for the cell culture in the 3D
materials to develop the culture method suitable for cells proliferation and the control of their
phenotype and biological functions. In the design of culture method, it is important to create a local
environment suitable for cells cultured, such as oxygen, nutrient, and the metabolic environment as
closely as possible to natural ones. The conventional static culture method does not always satisfy the
requirement. The static medium cannot sufficiently supply oxygen and nutrition to cells in the 3D
scaffold and exclude cell wastes for their proliferation and differentiation.

Table 2. Comparison between 2D and 3D in vitro culture systems.

2D Culture (Tissue Culture Dish) 3D Culture (Biomaterials)
Provides larger surface area available for cell attachment and
The initial rate of cell growth is spreading than that of 2D culture and can affect cell adhesion,
higher, but the proliferation stops spreading, and proliferation. Differentiation, cell viability and

once the cells reached confluence morphology of cultured cells in 3D biomaterials are significantly
different with cells cultured in 2D tissue culture plate

4.2. Bioreactor Technology

The bioreactors for 3D tissues systems could be an advantageous alternative in terms of low
contamination risk, easiness of handling and scaling-up. This equipment is specifically designed
in order to provide a better control of the process as well as a safe and reproducible production of
tissue construct. They can offer the technical means to perform controlled studies aimed at
understanding the specific biological, chemical or physical effects. An important problem that has to
be solved is the bioreactors scaling-up from laboratory scale to industrial level. This transposition
requires the bioreactors to be specialized and adapted for a standardized production process.

Since a perfusion culture method facilitates the continuous exchange of medium and the constant
removal of metabolic wastes, it has been used for several of cells [34-39]. Perfusion culture methods
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enhanced the viability and functions of murine osteosarcoma cells and bone marrow cells while it
promoted matrix synthesis by chondrocytes cultured in a 3D collagen sponge and gave the cells better
physiological conditions [40,41], resulting in their enhanced ability for secretion [42]. All the results
suggest feasibility of the perfusion method in the cell attachment in the 3D scaffold. The property of
scaffold material for cell attachment is one of the major factors contributing their morphology,
proliferation, functions, and the subsequent tissue organization [43]. At first, cells attach to the
material surface of a polymer scaffold, then spread, and proliferate. The 3D scaffold can provide larger
surface area available for cell attachment and spreading than 2D tissue culture plate. Xie et al.,
reported that the initial rate of cells grown was higher for the 2D culture, but once the cells reached
confluent, their proliferation stopped [44]. However, the cells growth in the 3D scaffold was continued
for longer time periods than that of 2D tissue culture plate. Other reports have demonstrated that cell
proliferation was superior in the 3D scaffold than the 2D one [45,46]. When cells proliferate in a 3D
scaffold by the conventional static method, the culture conditions often become worse with time in
terms of oxygen and nutrition supply and wastes exclusion. In this circumstance, the perfusion of
culture medium is one of the strategies to overcome the problem and to provide the culture conditions
suitable for cell proliferation. As an advantage of the perfusion culture method, cells can receive the
constant supply of nutrition and oxygen, while harmful metabolic products can be excluded from inside
the 3D scaffold [47]. Since for the perfusion culture, the culture medium is continuously perfused to allow
a continuous and optimal exchange of gases, the Oz partial pressure in the medium is considerably
higher than for the conventional culture static method, and the desired pH value can be constantly
stabilized over the entire culture period [48]. Besides, during the proliferation and differentiation of
cells, metabolically active cells produce lactate into the medium, which would be harmful for cells due
to the pH decrease. Although in most 2D culture methods, the lactate concentration is negligibly small,
this is not the case in the 3D culture because of the high cell density. [49] By the perfusion method, the
medium is recycled and permanently renewed. Since the level of lactate is kept at a physiological
concentration, the cell damage is diminished. In this study, a higher level of osteogenic activity of stem
cells in the collagen sponge reinforced with PGA fiber was observed by the perfusion method. This
result can be explained by these features of perfusion culture. The enhanced viability and biosynthetic
activity of cells by the perfusion method are consistent with other research results [50].

It is possible that slow perfusion does not improve the condition of mass transport throughout the
sponge scaffold, resulting in suppression of MSC proliferation at the low flow rate. On the other hand,
the higher perfusion rate results in an increase in the shear stress. This high shear stress may negatively
affect the cells to suppress their proliferation. Cartmell ef al., revealed that the level of cell death
within a scaffold increased with an increase in the perfusion rate [51]. As a result, the maximum
proliferation would be observed at a middle flow rate of medium. Cartmell et al. reported that low
medium perfusion flow rate (0.01 mL/min) promoted the proliferation of MC3T3-E1 osteoblast-like
cells seeded on cylindrical human trabecular bone scaffolds, whereas a higher perfusion rate (0.2 mL/min)
may have accelerated the differentiation of cells [51]. The flow rates used in this study (0.2—1.0 mL/min)
are lower than those reported in other 3D perfusion methods (1.3—1.8 mL/min). It has been shown
that a higher extent of differentiation in the perfusion bioreactor might be due to the suppressed
cell proliferation. The lower medium perfusion flow rate (0.2 mL/min) did not induce MSC
proliferation, whereas it accelerated the differentiation of MSC within the construct toward an
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osteoblast phenotype [52,53]. The medium perfusion flow rate showed a great effect on the MSC
proliferation. Even if the flow rates had been matched, however, differences in the various perfusion
experiments would result in different shear stresses applied to cells present in the scaffold. Although
modeling the flow of medium through 3D porous scaffolds with complex microarchitecture to estimate
local shear stresses is a challenging computational problem, such analyses are necessary to compare
results between different perfusion experiments. Cell morphology and cell cycle may affect the extent
of differentiation. Ma et al., reported the effect of trophoblast differentiation on the non-woven fabrics
with different porosities [54]. The differentiation depended on the cell morphology and the cell cycle.
Other reports showed that there was a relation between the cell aggregation and the cell function [55].
The proposed technique of cell culture in 3D cell-scaffold constructs is based on the use of 3D fibrous
scaffold to guide cell organization. In comparison with conventional culture, cells maintained in 3D
culture more closely resemble the in vivo situation with regard to cell shape and cellular environment
that can influence the behavior of cells [56].

There are other techniques used to generate 3D models, such as hanging drops/gravity culture
plates, rotation culturing (e.g., spinner flasks) and spontaneous formed 3D cultures. Spinner-flask
bioreactors have been used for the production of 3D tissue engineered biomaterials in vitro (Figure 4).
The dynamic environment within bioreactors is known to significantly affect the growth and
development of the tissue. Figure 5 shows principal of in vitro cell culture on 3D scaffolds in static,
spinner-flask and perfusion culture.

Figure 4. Schematic illustration of spinner bioreactor.
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Figure 5. Principal of in vitro cell culture on 3D scaffolds in static, spinner-flask and
perfusion culture.
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4.3. 3D Printing Technology

3D tissue printing is the approach to print biological constructs in a small range from several
millimeters to a centimeter, including several cell types and biomaterials at the same time. The latest
technologies are trying to use 3D biomaterials printing and with cell patterning for constructing 3D
scaffolds with living cells embedded in hydrogels. This technology may provide a better starting point
for the cells by printing them directly on hydrogels and thus are faster to form functional tissue as
compared to classical tissue engineering methods. To establish novel cell patterning techniques to
control spatial location as well as cell-cell interactions, generating arrays of cells using biodegradable
materials such as polyethylene glycol (PEG) or hyaluronic acid (HA) are very promising strategy to
combine the cell patterning and microfluidics approaches to pattern cells in microfluidic channels.
When it comes to patterning PEG hydrogels, typically two techniques are used, photolithography and
capillary force lithography (CFL). In photolithography, a mask is used to selectively crosslink an
underlying UV crosslinkable hydrogel. The unreacted part is easily washed with water and finally we
can get successful patterns after developing. On the other hand, in CFL, a prepatterned
polydimethylsiloxane (PDMS) stamp is placed on top of polymer surface directly after spin coating or
spin casting. To provide mobility of the polymer, we can increase the temperature above glass
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transition temperature or if the polymer is mobile itself, it can spontaneously fills into the void space of
the stamp. In usual organic polymers, organic solvents are used such as toluene or ethanol so that the
contact angle is normally less than 90 degrees. In this case, the polymer takes up the void space
according to the well known Young’s equation. In contrast, in most biological systems, the polymer is
only soluble in water or PBS, or sometimes methanol or ethanol such that the contact angle is probably
larger than 90 degrees. In this case, the polymer cannot rise into the void and recedes towards the
bottom, which can be termed capillary depression. Figure 6 shows application of 3D printing in
tissue engineering.

Figure 6. 3D printing technology for tissue engineering applications.
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5. Development of Tissue Engineering in 3D Models
5.1. Potential of Biomaterials in Tissue Engineering

Tissue engineering is an interdisciplinary field that applies principles and methods of engineering
toward the development of biological substitutes to improve the function of damaged tissue and organs
(Figure 7). Its fundamental aim is the creation of natural tissue with the ability to restore missing organ
or tissue function, which the organism has not been able to regenerate in physiological conditions.
With that, it aspires to improve the health and quality of life for millions of people worldwide and
to provide a solution to the present limitations: rejections, low quantity of donors, efc. The term
regenerative medicine is often used synonymously with tissue engineering, although those involved in
regenerative medicine place more emphasis on the use of stem cells to produce tissues. The motivation
of using of tissue engineering in regenerative medicine is due to: (i) Since the 1970s, organ
transplantation has become a common therapeutic approach for end-stage organ failure patients;
(i1) Demand >> Supply (UNOS National Patient Waiting List); for example: 19,095 patients (1989),
80,766 patients (December 2002); (iii) Cost of organ replacement therapy: $305 billion (US, 2000).
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The interdisciplinary approach of tissue engineering is combinational technology of using molecular
biology, materials engineering and reconstructive surgery. Tissue engineering needs scaffolds to serve
as a substrate for seeding cells and as a physical support in order to guide the formation of the new
tissue and is designed to regenerate natural tissues or to create biological substitutes for defective or
lost organs by using cells [57-59]. There is no doubt that a sufficient supply of nutrients and oxygen to
the transplanted cells is vital for their survival and functional maintenance. Mesenchymal stem cells
(MSCs) have been known as one of the most used cells in tissue engineering and rapidly improved by
several researches to evaluate their therapeutic applications. Every day, thousands of people of all ages
are admitted to hospitals because of the malfunction of some vital organ. Because of a dearth of
transplantable organs, many of these people will die. In short, the need for organs cannot be met by
traditional methods of transplantation. Tissue engineering may change that. Tissue regeneration can be
achieved by the following three key steps: Cell proliferation, cell seeding in a suitable scaffold, and the
maintenance of the differentiation phenotype of the engineered tissues [1,60]. The property of 3D
scaffolding biomaterials for cell attachment is one of the major factors contributing their morphology,
proliferation, functions, and the subsequent tissue organization [45,54,61-66]. The last requisite is
difficult to combine with the high porosity in volume of the material. Thus, it is necessary to use
polymeric matrices with special or reinforced properties, especially if the polymer is a hydrogel.

Figure 7. Schematic illustration of tissue engineering technology.
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Biomaterials technology is one newly emerging biomedical form to create new device and
induce the regeneration of detective and injured body tissues and organs as well as to substitute the
biological functions of damaged organs. To this end, the cells of high proliferation and differentiation
potentials are being combined with some cell scaffolds and the biological signals of growth factors
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and genes to regenerate tissue. Figure 8 illustrates the potential of biomaterials in tissue engineering
applications. Since there are some cases in which cells are genetically innovated to produce the growth
factors inducible angiogenesis and tissue regeneration, the technology of gene delivery is also
necessary for tissue engineering. Current developments in the technological fields of biomedical and
tissue engineering, bioengineering, biomechanics, microfabrication and microfluidics have led to
highly complex and pertinent new tools for in vitro and in vivo applications. The purpose of
biomaterials technology is to mimic organ tissues in vitro in order to partially reduce the amount of
in vivo testing. These types of systems can enhance functionality of cells by mimicking the tissue
architecture complexities when compared to in vitro analysis but at the same time present a more rapid
and simple process when compared to in vivo testing procedures. The development of new technology
for analysis of engineered tissues can be achieved through the combination of these research domains.
Combining these advanced research domains, we then present a new area of technology that allows
analysis in vitro on engineered tissues. An extension of the biomaterials technology has also allowed
tissue and organ development, which can be considered as a first step towards the replacement of
animal testing using a combined organ model. Recent advances have been in exploring materials
which are not passive and walled off by the body but actively participate in the body’s efforts to repair
itself. Such biomimetic and bioactive materials are designed to more accurately mimic the body’s
natural structures and functions from macro to micro- to nano-levels. Materials capable of exhibiting
biorecognition events have begun to revolutionize medicine and biomedical sciences by providing
tools for inducing or probing biomolecular and cellular interactions. Biomedical materials may mimic
properties of the biological milieu and in particular, are promising for creating bioactive materials for a
variety of applications ranging from tissue engineering to microdevices. The most common strategy to
produce bioactive materials has been to bind peptides, proteins, nucleic acids, or other biological
molecules directly to a synthetic or inert surface, structure, or polymeric molecule. However, simple
and robust methods of functionalizing these materials with multiple biomolecules would be a critical
advance for widespread application of these materials. Therefore, it is necessary to synthesize and
characterize robust multifunctional materials containing immobilized biomolecules that can be used to
functionalize materials with a variety of biological molecules. Specifically, it is important to utilize the
high binding affinity and specificity of the biomolecules bonding to conjugate functionally active
biomolecules to biomaterials. The conjugation of biomolecules to materials can be used to generate
multi-functional biomaterials that can, with high specificity, bind or “capture” a plethora of biotinylated
biomolecules. In addition, it is important to test the utility of these materials by generating gradients of
biomolecules within materials and analyze their ability to influence cell function. Biomedical materials
are useful for many biomedical applications such as high throughput drug screening and biosensing
assays, as thin films for coating medical devices, or as scaffolds for tissue engineering. In medical
diagnostics and therapeutics there is a continuous effort to enhance methods, materials, and devices to
improve patient care. In recent years, the development of novel biomaterials and their application to
medical problems have dramatically enhanced the treatment of many diseases [67,68]. Biomaterials
such as polymers, ceramics and metals have been used for several decades for medical applications. In
addition to the over 40,000 pharmaceutical preparations in use, it is estimated that currently there are
over 8000 medical devices and 2500 diagnostic products that employ biomaterials. Despite the
widespread use of materials in medicine, many biomaterials lack the desired functional properties for
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stimulating a specific biological response and have not been engineered for optimized performance.
Therefore, there is an increasing need to develop new materials to address such problems in medicine
and biology.

Figure 8. Schematic illustration of tissue engineering based on 3D biomaterials technology.
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5.2. Advanced Technology behind 3D Biomaterials

Biomaterials and the use of new materials underpin the race for tissue-engineered products because
of the strong biological activity that current researches appear to indicate for these materials. There is
no doubt that tissue engineering using biomaterials will be the novel innovation of the future.
Remarkably, the recent identification of nanotechnology with enhanced ability to mimic natural ECM
proteins such as collagen structure has led to the discovery of a class of biomaterials with specific
properties for tissue engineering applications and regenerative medicine therapy. The design of
materials that can regulate cell behavior such as proliferation and differentiation is a key component
for the fabrication of 3D tissue-engineered scaffolds. From the viewpoint of immune system response
of the body, the implanted biomaterials should mimic the structure and biological function of native
extracellular matrix (ECM), both in terms of chemical composition and physical properties. Therefore,
in order to mimic the biological function of ECM proteins, the scaffold materials used in tissue
engineering need to be chemically functionalized to provide appropriate niches for cell proliferation
and differentiation and ultimately tissue regeneration as ECM does. Nano-engineering of molecular
templates and supra-molecular structures has been used to engineer new structure of 3D biomaterials [69].
On the other hand, self-assembling amphiphilic peptide and protein systems that self-assemble to form
various nanostructures like nanofibers, nanotubes, vesicles, helical ribbons and fibrous scaffolds [70,71].
These artificial proteins can form hydrogels in response to pH and environmental changes. Protein
hydrogels can be used for advanced wound closure and tissue repair in regenerative medicine and
tissue engineering [59]. Targeted tissue engineering using ligand-receptors biomaterials are very attractive
technology that are based chemically modified biomaterials to mimic ECM to direct stem cells
differentiation [61]. Controlled release technology of growth factors and gene therapy technology from
implanted 3D biomaterials are also alternative methods to regenerate new tissues [72—74]. Table 3
summarizes advances in 3D biomaterials for tissue engineering applications.
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Table 3. Advances in 3D biomaterials for tissue engineering applications.

Nano-engineering of molecular templates and supra-molecular
structures to engineer new structure of 3D biomaterials [69].

Self-assembling amphiphilic peptide and protein systems that
self-assemble to form various nanostructures like nanofibers,
nanotubes, vesicles, helical ribbons and fibrous scaffolds [72].

Artificial proteins that self-assemble to form hydrogels in response to pH and
environmental changes. Protein hydrogels can be used for advanced wound closure
and tissue repair in regenerative medicine and tissue engineering [28].

Used as scaffolds to fabricate nanowires, templates for metallization

Advances in (Ex: Histidine-rich peptide nanotubes were metallized with gold nanocrystals and the
biomaterials for tissue organic peptide scaffold was removed to make a conducting gold nanowires [66].
engineering applications. Targeted tissue engineering using ligand-receptors biomaterials that are

chemically modified to mimic ECM to direct stem cells differentiation [30].
Combinational technology of micro- and nano-fabrication to mimic
mechanical properties of ECM to accelerate tissue regeneration [65].
Controlled release technology of growth factors from
implanted 3D biomaterials to regenerate new tissues [25].
Gene therapy technology in combination with 3D
biomaterials for tissue engineering applications [65]
Enhancement of angiogenesis by using 3D biomaterials
to enhance survival of transplanted stem cells [4].

6. Future Prospects

The increasing interest in 3D in vitro technology has stimulated researchers to scrutinize biological
elements and learn from nature. The topic discussed above regarding materials technology give us
a wide knowledge about the basic principle underlying 3D in vitro systems. It gives a general overview
of different kinds of culture systems. The elucidation of the above goals will open many doors and
lead to significant improvements in biological tools, drug discovery process, lead identification as well
as therapeutic approaches. The miniaturization of this approach allows one to perform many more
experiments than previously possible in a simpler manner. 3D in vitro technology aim to develop a set
of tools that are simple, inexpensive, portable and robust that could be commercialized and used in
various fields of biomedical sciences such as drug discovery, diagnostic tools, and therapeutic
approaches in regenerative medicine. Throughout the chapters discussed above, we inform the reader
about the potential applications of different 3D in vitro systems that can be applied for fabricating
wider range of novel biomaterials for the use in biotechnology. With appropriate references and
examples, we aim to open up the reader’s mind, incorporating a wider range of knowledge about 3D
in vitro systems. These specific structures have inspired the researchers to use them in various areas
of science like biotechnology, nanotechnology and medicine. In this article, a few applications of
biomaterials in regenerative medicine are discussed. Biotechnology promises numerous micro- and
nano-scale 3D systems which can act as bio-mimicking systems. Research conducted worldwide will
result in the discovery of newer and smarter biomaterials to treat various kinds of diseases. Even
though there are certain technological hurdles, these can be overcome by understanding the drawbacks
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of the individual technology and finding an alternative to overcome these drawbacks. Thus, 3D systems
and their versatile applications have kindled the interests of numerous scientists and researchers to find
newer ways to apply it in the field tissue engineering. Biomaterials are evolving rapidly with much
more potential impacts in treatment of diseases like cancer, diabetes, respiratory diseases like asthma,
ocular diseases, to mention a few.

Numerous studies are being conducted worldwide to discover newer solutions that can be
effectively applied to treat these diseases using stem cells technology. Results obtained in
biotechnology are inspiring the scientific community to discover new innovative non-invasive tools at
the micro- and nano-scale level for such purposes.

Acknowledgments

This study was funded by the National Science Council of Taiwan through research grant
NSC 103-2221-E-011-032-.

Author Contributions

Keng-Liang Ou and Hossein Hosseinkhani contributed extensively to the work presented in this paper.
Conflicts of Interest

The authors declare no conflict of interest.
References

1.  Taboas, J.; Maddox, R.; Krebsbach, P.; Hollister, S. Indirect solid free form fabrication of local and
global porous, biomimetic and composite 3D polymer-ceramic scaffolds. Biomaterials 2003, 24,
181-194.

2. Ma, P.X.; Choi, J.-W. Biodegradable polymer scaffolds with well-defined interconnected
spherical pore network. Tissue Eng. 2001, 7, 23-33.

3.  Hosseinkhani, H.; Hosseinkhani, M.; Hattori, S.; Matsuoka, R.; Kawaguchi, N. Micro and
nano- scale in vitro 3D culture system for cardiac stem cells. J. Biomed. Mater. Res. Part A 2010,
94, 1-8.

4.  Hosseinkhani, H.; Hosseinkhani, M.; Kobayashi, H. Design of tissue-engineered nanoscaffold
through self-assembly of peptide amphiphile. J. Bioact. Compat. Polym. 2006, 21, 277-296.

5. Kalhor, H.R.; Shahin V.F.; Fouani, M.H.; Hosseinkhani, H. Self-assembly of tissue
transglutaminase into amyloid-like fibrils using physiological concentration of Ca*". Langmuir
2011, 27, 10776-10784.

6. Mohajeri, S.; Hosseinkhani, H.; Golshan Ebrahimi, N.; Nikfarjam, L.; Soleimani, M.;
Kajbafzadeh, A.-M. Proliferation and differentiation of mesenchymal stem cell on collagen
sponge reinforced with polypropylene/polyethylene terephthalate blend fibers. Tissue Eng. Part A
2010, 76, 3821-3830.



Int. J. Mol. Sci. 2014, 15 17958

10.

1.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hosseinkhani, H.; Aoyama, T.; Ogawa, O.; Tabata, Y. In vitro transfection of plasmid DNA by
different-cationized gelatin with or without ultrasound irradiation. Proc. Jpn. Acad. Ser. B 2001,
77, 161-166.

Yang, F.; Murugan, R.; Wang, S.; Ramakrishna, S. Electrospinning of nano/micro scale poly
(L-lactic acid) aligned fibers and their potential in neural tissue engineering. Biomaterials 2005,
26, 2603-2610.

Yang, F.; Xu, C.; Kotaki, M.; Wang, S.; Ramakrishna, S. Characterization of neural stem cells on
electrospun poly (L-lactic acid) nanofibrous scaffold. J. Biomater. Sci. Polym. Ed. 2004, 15,
1483-1497.

Katta, P.; Alessandro, M.; Ramsier, R.; Chase, G. Continuous electrospinning of aligned polymer
nanofibers onto a wire drum collector. Nano Lett. 2004, 4, 2215-2218.

Rosenberg, M.D. Cell guidance by alterations in monomolecular films. Science 1963, 139, 411.
Ma, Z.; Kotaki, M.; Inai, R.; Ramakrishna, S. Potential of nanofiber matrix as tissue-engineering
scaffolds. Tissue Eng. 2005, 11, 101-109.

Price, R.L.; Waid, M.C.; Haberstroh, K.M.; Webster, T.J. Selective bone cell adhesion on
formulations containing carbon nanofibers. Biomaterials 2003, 24, 1877-1887.

Elias, K.L.; Price, R.L.; Webster, T.J. Enhanced functions of osteoblasts on nanometer diameter
carbon fibers. Biomaterials 2002, 23, 3279-3287.

Webster, T.J.; Schadler, L.S.; Siegel, R.W.; Bizios, R. Mechanisms of enhanced osteoblast
adhesion on nanophase alumina involve vitronectin. 7issue Eng. 2001, 7, 291-301.

Smith, L.; Ma, P. Nano-fibrous scaffolds for tissue engineering. Colloids Surf. B 2004, 39, 125-131.
Kameoka, J.; Verbridge, S.S.; Liu, H.; Czaplewski, D.A.; Craighead, H. Fabrication of suspended
silica glass nanofibers from polymeric materials using a scanned electrospinning source. Nano Lett.
2004, 4,2105-2108.

Baker, S.C.; Atkin, N.; Gunning, P.A.; Granville, N.; Wilson, K.; Wilson, D.; Southgate, J.
Characterisation of electrospun polystyrene scaffolds for three-dimensional in vitro biological
studies. Biomaterials 2006, 27, 3136-3146.

Tian, F.; Cui, D.; Schwarz, H.; Estrada, G.G.; Kobayashi, H. Cytotoxicity of single-wall carbon
nanotubes on human fibroblasts. Toxicol. In Vitro 2006, 20, 1202—-1212.

Tian, F.; Hosseinkhani, H.; Hosseinkhani, M.; Khademhosseini, A.; Yokoyama, Y.; Estrada, G.G.;
Kobayashi, H. Quantitative analysis of cell adhesion on aligned micro- and nanofibers. J. Biomed.
Mater. Res. Part A 2008, 84, 291-299.

Hosseinkhani, H.; Hosseinkhani, M. Suppression effect of basic fibroblast growth factor on
mesenchymal stem cell proliferation activity. Part I Release characteristics. Chimica Oggi 2008, 26,
10-13.

Hosseinkhani, H.; Hosseinkhani, M. Suppression effect of basic fibroblast growth factor on
mesenchymal stem cell proliferation activity. Part I Biological characteristics. Chimica Oggi
2008, 26, 64—66.

Hong, Y.; Legge, R.L.; Zhang, S.; Chen, P. Effect of amino acid sequence and pH on nanofiber
formation of self-assembling peptides EAK16-1I and EAK16-1V. Biomacromolecules 2003, 4,
1433-1442.



Int. J. Mol. Sci. 2014, 15 17959

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mahmoudi, M.; Hosseinkhani, H.; Hosseinkhani, M.; Boutry, S.; Simchi, A.; Journeay, W.S.;
Subramani, K.; Laurent, S. Magnetic resonance imaging tracking of stem cells in vivo using iron
oxide nanoparticles as a tool for the advancement of clinical regenerative medicine. Chem. Rev.
2010, 711, 253-280.

Hosseinkhani, H.; Hong, P.-D.; Yu, D.-S. Self-assembled proteins and peptides for regenerative
medicine. Chem. Rev. 2013, 113, 4837-4861.

Bandtlow, C.E.; Zimmermann, D.R. Proteoglycans in the developing brain: New conceptual for
old proteins. Physiol. Rev. 2000, 80, 1267-1290.

Yamaguchi, Y. Lecticans: Organizers of the brain extracellular matrix. Cell. Mol. Life Sci. 2000,
57,276-289.

Bissell, M.J.; LaBarge, M.A. Context, tissue plasticity, and cancer: Are tumor stem cells also
regulated by the microenvironment? Cancer Cell 2005, 7, 17.

Hosseinkhani, H.; Hong, P.-D.; Yu, D.-S.; Chen, Y.-R.; Ickowicz, D.; Farber, [.-Y.; Domb, A.J.
Development of 3D in vitro platform technology to engineer mesenchymal stem cells.
Int. J. Nanomed. 2012, 7, 3035.

Hosseinkhani, H.; Hosseinkhani, M. Tissue engineered Scaffolds for stem cells and regenerative
medicine. In Trends in Stem Cell Biology and Technology; Springer: Berlin, Germany, 2009;
pp. 367-387.

Gingras, M.; Beaulieu, M.M.; Gagnon, V.; Durham, H.D.; Berthod, F. In vitro study of axonal
migration and myelination of motor neurons in a three-dimensional tissue-engineered model.
Glia 2008, 56, 354-364.

Gingras, M.; Bergeron, J.; Déry, J.; Durham, H.D.; Berthod, F. In vitro development of a
tissue-engineered model of peripheral nerve regeneration to study neurite growth. FASEB J.
2003, /7,2124-2126.

Horst, M.; Madduri, S.; Gobet, R.; Sulser, T.; Hall, H.; Eberli, D. Scaffold characteristics for
functional hollow organ regeneration. Materials 2010, 3, 241-263.

Ghodsizadeh, A.; Hosseinkhani, H.; Piryaei, A.; Pournasr, B.; Najarasl, M.; Hiraoka, Y.
Baharvand, H. Galactosylated collagen matrix enhanced in vitro maturation of human embryonic
stem cell-derived hepatocyte-like cells. Biotechnol. Lett. 2014, 36, 1095—-1106.

Griffith, M.; Osborne, R.; Munger, R.; Xiong, X.; Doillon, C.J.; Laycock, N.L.; Hakim, M.;
Song, Y.; Watsky, M.A. Functional human corneal equivalents constructed from cell lines.
Science 1999, 286, 2169-2172.

Kloth, S.; Ebenbeck, C.; Kubitza, M.; Schmidbauer, A.; Rockl, W.; Minuth, W. Stimulation of renal
microvascular development under organotypic culture conditions. FASEB J. 1995, 9, 963-967.
Kloth, S.; Eckert, E.; Klein, S.J.; Monzer, J.; Wanke, C.; Minuth, W.W. Gastric epithelium under
organotypic perfusion culture. /n Vitro Cell. Dev. Biol.-Anim. 1998, 34, 515-517.

Minuth, W.W.; Dermietzel, R.; Kloth, S.; Hennerkes, B. A new method culturing renal cells
under permanent superfusion and producing a luminal-basal medium gradient. Kidney Int. 1992,
41,215-2109.

Schwartz, R.M.; Palsson, B.O.; Emerson, S.G. Rapid medium perfusion rate significantly
increases the productivity and longevity of human bone marrow cultures. Proc. Natl. Acad.
Sci. USA 1991, 88, 6760—6764.



Int. J. Mol. Sci. 2014, 15 17960

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Glowacki, J.; Mizuno, S.; Greenberger, J.S. Perfusion enhances functions of bone marrow
stromal cells in three-dimensional culture. Cell Transplant. 1998, 7, 319-326.

Mueller, S.M.; Mizuno, S.; Gerstenfeld, L.C.; Glowacki, J. Medium perfusion enhances osteogenesis
by murine osteosarcoma cells in three-dimensional collagen sponges. J. Bone Miner. Res. 1999, 14,
2118-2126.

Castilho, L.R.; Medronho, R.A. Cell retention devices for suspended-cell perfusion cultures.
In Tools and Applications of Biochemical Engineering Science; Springer: Berlin, Germany,
2002; pp. 129-169.

Ingber, D.E.; Prusty, D.; Sun, Z.; Betensky, H.; Wang, N. Cell shape, cytoskeletal mechanics,
and cell cycle control in angiogenesis. J. Biomech. 1995, 28, 1471-1484.

Xie, Y.; Yang, S.; Kniss, D.A. Three-dimensional cell-scaffold constructs promote efficient gene
transfection: Implications for cell-based gene therapy. Tissue Eng. 2001, 7, 585-598.

Noshi, T.; Yoshikawa, T.; Ikeuchi, M.; Dohi, Y.; Ohgushi, H.; Horiuchi, K.; Sugimura, M.; Ichijima,
K.; Yonemasu, K. Enhancement of the in vivo osteogenic potential of marrow/hydroxyapatite
composites by bovine bone morphogenetic protein. J. Biomed. Mater. Res. 2000, 52, 621-630.
Yoshikawa, T.; Ohgushi, H.; Akahane, M.; Tamai, S.; Ichijima, K. Analysis of gene expression
in osteogenic cultured marrow/hydroxyapatite construct implanted at ectopic sites: A comparison
with the osteogenic ability of cancellous bone. J. Biomed. Mater. Res. 1998, 41, 568—-573.

Koller, M.R.; Bender, J.G.; Papoutsakis, E.T.; Miller, W.M. Beneficial effects of reduced oxygen
tension and perfusion in long-term hematopoietic culturesa. Ann. N. Y. Acad. Sci. 1992, 665,
105-116.

Chesler, N.C.; Thompson-Figueroa, J.; Millburne, K. Measurements of mouse pulmonary artery
biomechanics. J. Biomech. Eng. 2004, 126, 309-313.

Sittinger, M.; Schultz, O.; Keyszer, G.; Minuth, W.; Burmester, G. Artificial tissues in perfusion
culture. Int. J. Artif. Organs 1997, 20, 57-62.

Bancroft, G.N.; Sikavitsas, V.I.; van den Dolder, J.; Sheffield, T.L.; Ambrose, C.G.; Jansen, J.A.;
Mikos, A.G. Fluid flow increases mineralized matrix deposition in 3D perfusion culture of marrow
stromal osteoblasts in a dose-dependent manner. Proc. Natl Acad. Sci. USA 2002, 99, 12600—12605.
Cartmell, S.H.; Porter, B.D.; Garcia, A.J.; Guldberg, R.E. Effects of medium perfusion rate on
cell-seeded three-dimensional bone constructs in vitro. Tissue Eng. 2003, 9, 1197-1203.
Hosseinkhani, H.; Inatsugu, Y.; Hiraoka, Y.; Inoue, S.; Shimokawa, H.; Tabata, Y. Impregnation
of plasmid DNA into three-dimensional scaffolds and medium perfusion enhance in vitro DNA
expression of mesenchymal stem cells. Tissue Eng. 2005, 11, 1459-1475.

Hosseinkhani, H.; Inatsugu, Y.; Hiraoka, Y.; Inoue, S.; Tabata, Y. Perfusion culture enhances
osteogenic differentiation of rat mesenchymal stem cells in collagen sponge reinforced with poly
(glycolic acid) fiber. Tissue Eng. 2005, 11, 1476—1488.

Ma, T.; Li, Y.; Yang, S.T.; Kniss, D.A. Effects of pore size in 3-D fibrous matrix on human
trophoblast tissue development. Biotechnol. Bioeng. 2000, 70, 606—618.

Goldstein, A.S.; Juarez, T.M.; Helmke, C.D.; Gustin, M.C.; Mikos, A.G. Effect of convection on
osteoblastic cell growth and function in biodegradable polymer foam scaffolds. Biomaterials
2001, 22, 1279-1288.



Int. J. Mol. Sci. 2014, 15 17961

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Mueller-Klieser, W. Three-dimensional cell cultures: From molecular mechanisms to clinical
applications. Am. J. Physiol-Cell Physiol. 1997, 273, C1109-C1123.

Hosseinkhani, H.; Hosseinkhani, M.; Tian, F.; Kobayashi, H.; Tabata, Y. Ectopic bone formation
in collagen sponge self-assembled peptide—amphiphile nanofibers hybrid scaffold in a perfusion
culture bioreactor. Biomaterials 2006, 27, 5089—5098.

Liu, L.S.; Won, Y.J.; Cooke, P.H.; Coffin, D.R.; Fishman, M.L.; Hicks, K.B.,; Ma, P.X.;
Pectin/poly(lactide-co-glycolide) composite matrices for biomedical applications. Biomaterials
2004, 25, 3201-3210.

Wintermantel, E.; Mayer, J.; Blum, J.; Eckert, K.-L.; Liischer, P.; Mathey, M. Tissue engineering
scaffolds using superstructures. Biomaterials 1996, 17, 83-91.

Ma, P.X.; Langer, R.; Morphology and mechanical function of long-term in vitro engineered
cartilage, J. Biomed. Mater. Res. 1999, 44, 217-221.

Alibolandi, M.; Abnous, K.; Ramezani, M.; Hosseinkhani, H.; Hadizadeh, F. Synthesis of
AS1411-Aptamer-Conjugated CdTe quantum dots with high fluorescence strength for probe
labeling tumor cells. J. Fluoresc. 2014, 24, 1519-15209.

Gomes, M.E.; Ribeiro, A.; Malafaya, P.; Reis, R.; Cunha, A. A new approach based on injection
moulding to produce biodegradable starch-based polymeric scaffolds: Morphology, mechanical
and degradation behaviour. Biomaterials 2001, 22, 883—889.

Hosseinkhani, H.; Azzam, T.; Kobayashi, H.; Hiraoka, Y.; Shimokawa, H.; Domb, A.J.; Tabata, Y.
Combination of 3D tissue engineered scaffold and non-viral gene carrier enhance in vitro DNA
expression of mesenchymal stem cells. Biomaterials 2006, 27, 4269-4278.

Pachenari, M.; Seyedpour, S.; Janmaleki, M.; Shayan, S.B.; Taranejoo, S.; Hosseinkhani, H.
Mechanical properties of cancer cytoskeleton depend on actin filaments to microtubules content:
Investigating different grades of colon cancer cell lines. J. Biomech. 2014, 47, 373-379.
Rahbarghazi, R.; Nassiri, S.M.; Ahmadi, S.H.; Mohammadi, E.; Rabbani, S.; Araghi, A.;
Hosseinkhani, H. Dynamic induction of pro-angiogenic milieu after transplantation of
marrow-derived mesenchymal stem cells in experimental myocardial infarction. /nt. J. Cardiol.
2014, 173, 453-466.

Shi, D.; Tatu, R.; Liu, Q.; Hosseinkhani, H. Stem cell-based tissue engineering for regenerative
medicine. Nano LIFE 2014, 4, 1430001.

Langer, R.; Biomaterials in drug delivery and tissue engineering: One laboratory’s experience.
Acc. Chem. Res. 2000, 33, 94-101.

Yeo, W.W.Y.; Hosseinkhani, H.; Rahman, S.A.; Rosli, R.; Domb, A.J.; Abdullah, S. Safety
profile of dextran-spermine gene delivery vector in mouse lungs. J. Nanosci. Nanotechnol. 2014,
14, 3328-3336.

Chung, W.-J.; Oh, J.-W.; Kwak, K.; Lee, B.Y.; Meyer, J.; Wang, E.; Hexemer, A.; Lee, S.-W.
Biomimetic self-templating supramolecular structures. Nature 2011, 478, 364-368.

Hartgerink, J.D.; Beniash, E.; Stupp, S.I. Self-assembly and mineralization of peptide-amphiphile
nanofibers. Science 2001, 294, 1684—1688.

Zhang, S.; Marini, D.M.; Hwang, W.; Santoso, S. Design of nanostructured biological materials
through self-assembly of peptides and proteins. Curr. Opin. Chem. Biol. 2002, 6, 865-871.



Int. J. Mol. Sci. 2014, 15 17962

72. Hosseinkhani, H.; Hosseinkhani M.; Khademhosseini, A. Tissue regeneration through self-assembled
peptide amphiphile nanofibers. Yakhte Med. J. 2006, 6, 204-209.

73. Hosseinkhani, H.; Yamamoto, M.; Inatsugu, Y.; Hiraoka, Y.; Inoue, S.; Shimokawa, H.; Tabata, Y.
Enhanced ectopic bone formation using combination of impregnation of plasmid DNA into 3-D
scaffold and bioreactor perfusion culture. Biomaterials 2006, 27, 1387—1398.

74. Hosseinkhani, H.; Hosseinkhani, M.; Khademhosseini, A.; Kobayashi, H. Bone regeneration through
controlled release of bone morphogenetic protein-2 from 3-D tissue engineered nano-scaffold.
J. Control. Release 2007, 117, 380-386.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



