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Abstract
Tissue engineering and regenerative medicine is an exciting research area that aims at regenerative
alternatives to harvested tissues for transplantation. Biomaterials play a pivotal role as scaffolds to
provide three-dimensional templates and synthetic extracellular-matrix environments for tissue
regeneration. It is often beneficial for the scaffolds to mimic certain advantageous characteristics of
the natural extracellular matrix, or developmental or would healing programs. This article reviews
current biomimetic materials approaches in tissue engineering. These include synthesis to achieve
certain compositions or properties similar to those of the extracellular matrix, novel processing
technologies to achieve structural features mimicking the extracellular matrix on various levels,
approaches to emulate cell-extracellular matrix interactions, and biologic delivery strategies to
recapitulate a signaling cascade or developmental/would-healing program. The article also provides
examples of enhanced cellular/tissue functions and regenerative outcomes, demonstrating the
excitement and significance of the biomimetic materials for tissue engineering and regeneration.
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1. Introduction
Tissue engineering is an interdisciplinary and multidisciplinary field that aims at the
development of biological substitutes that restore, maintain, or improve tissue function [1-4].
In a typical tissue engineering approach, to control tissue formation in three dimensions (3D),
a highly porous scaffold is critical. In addition to defining the 3D geometry for the tissue to be
engineered, the scaffold provides the microenvironment (synthetic temporary extracellular
matrix) for regenerative cells, supporting cell attachment, proliferation, differentiation, and
neo tissue genesis [2,3,5,6]. Therefore, the chemical composition, physical structure, and
biologically functional moieties are all important attributes to biomaterials for tissue
engineering.
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To fulfill the diverse needs in tissue engineering, various materials have been exploited as
scaffolds for tissue regeneration. Although certain metals are excellent choice for medical
implants due to their superior mechanical properties [7], they are disadvantageous for scaffold
applications because of the lack of degradability in a biological environment [5]. Certain
inorganic/ceramic materials such as hydroxyapatite (HAP) or calcium phosphates, having good
osteoconductivity and being studied for mineralized tissue engineering, are also limited due to
poor processability into highly porous structures and brittleness. In contrast, polymers have
great design flexibility because the composition and structure can be tailored to the specific
needs, and therefore have been extensively studied in various tissue engineering applications,
including bone tissue engineering [4,5,8,9].

To serve as the temporary extracellular matrix (ECM) for regenerative cells, it may be
beneficial for the scaffold to emulate certain advantageous features of the natural ECM.
However, because the neo tissue genesis in tissue engineering process is not exactly the same
as a developmental or wound healing program it is likely unnecessary and impractical for a
scaffold to entirely duplicate the ECM. A natural ECM or its derivatives may actually not be
the ideal scaffold for tissue engineering applications because tissue engineering should be an
accelerated regeneration process compared to the natural development program. Mature tissue
matrix often does not possess the highly interconnected macro- or micro-pore structures to
allow for quick and uniform cell population throughout, which is essential for a tissue
engineering/repair process. Therefore certain artificially designed scaffold features (such as
porosity, pore size, interpore connectivity, etc.) are necessary for optimal tissue engineering
applications (accelerated tissue regeneration). In addition, there are always concerns over the
possible immune rejection and pathogen transmission when a natural ECM is used.

Based on the above discussion, a biomimetic scaffold for tissue engineering should be an
artificially designed scaffold that mimics certain advantageous features of the natural ECM to
facilitate cell recruiting/seeding, adhesion, proliferation, differentiation and neo tissue genesis.

2. Biomimetic Materials Synthesis
A biomimetic biomaterial for tissue engineering can be any scaffolding material that mimics
one or multiple characteristics of the natural ECM. This section is intended to illustrate the
biomimetic concept intentionally applied to the materials synthesis using a few examples, but
not to exhaustively list all those belonging to this category.

2.1. Biomimetic Biodegradability
Biodegradability is generally required for a tissue engineering scaffold material, and the
degradation rate also needs to match the neo tissue formation rate to ideally serve the template
purpose [3]. For example, linear aliphatic polyesters such as poly(lactic acid) (PLA), poly
(glycolic acid) (PGA), and their copolymers poly(lactic acid-co-glycolic acid) (PLGA) are
frequently used as polymers for scaffold fabrication because of their wide range of
biodegradability in addition to their well accepted biocompatibility [10-13]. In contrast, poly
(ethylene glycol) (PEG) does not have the needed biodegradability, but is a biocompatible
hydrogel material that has similar mechanical characteristics to certain soft tissues such as
cartilage [14,15]. One way to overcome this deficiency is to synthesize copolymers of PEG
with PLA, PGA or PLGA [16].

Another way to impart biodegradability, i.e. a biomimetic way, is to synthesize a PEG-based
polymeric biomaterial exhibiting degradation by specific enzymes, i.e., matrix
metalloproteases (MMPs). This approach mimics the enzymatic biodegradability of collagen
and other natural ECM components [17]. These materials are often telechelic BAB block
copolymers of PEG (the A block) and short oligopeptides that are cleavage sequences for
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targeted enzymes (the B block). These copolymers capped at each end with reactive groups
are polymerized to form crosslinked hydrogel networks. Such hydrogels can be specifically
degraded by the cell secreted MMPs (such as collagenase).

2.2. Biomimetic Mechanical Properties
Many tissues such as cardiac muscle, heart valves, and blood vessels have distinct elastomeric
properties. Engineering these tissues has been a continuous effort in the tissue engineering
community [18-22]. To achieve the needed elastomeric properties, various elastomeric
materials have been evaluated as the scaffolds to engineer these tissues. In addition to elastic
materials derived from the natural ECM [22], poly(ε-cprolactone) (PCL) and polyurethanes
(PU) are some of the typical synthetic polymers. PCL is a semicrystalline polymer, has a very
low glass-transition temperature (around −62°C), and thus is highly elastic at room or body
temperature. Although PCL degrades by various mechanisms under physiological conditions
[23,24], the degradation rate is too slow, making it less attractive [3]. Segmented PU allow for
structural variations to achieve elastomeric properties [25]. A major limitation of PU for
biomedical applications is the involvement of toxic precursors (such as toluene diisocyanates)
in the synthesis. Progress has been made in the development of biodegradable PU or urethane-
based polymers using less toxic diisocyanates [26]. These polymers have been explored for
vascular and other tissue engineering applications [27-29].

In addition to using existing polymer technologies to achieve needed elastomeric properties of
various tissues, there are biomimetic approaches to develop elastomeric materials. Elastin is
an insoluble, polymeric, ECM protein that provides various tissues in the body with the
properties of extensibility and elastic recoil. Elastin is synthesized as tropoelastin (~70kDa), a
soluble precursor to insoluble elastin [30]. Tropoelastin has a repeating domain structure,
alternating between hydrophobic and crosslinking regions. Tropoelastin and elastin-derived
repeating peptides are capable of self-assembling (coacervation) to form insoluble forms of
aggregates at an elevated temperature. Utilizing recombinant technologies, Dan Urry pioneered
the research on elastin-like polypeptides (ELPs). The artificial polypeptides are derived from
the pentapeptide repeat Val-Pro-Gly-Xaa-Gly (VPGXG) found in the hydrophobic domain of
tropoelastin as reviewed elsewhere [31,32]. Certain elastin-mimetic triblock (hydrophobic-
hydrophylic-hydrophobic) copolymers have also been developed to self-assemble into
thermoreversible hydrogels [33]. ELPs are promising scaffolding materials for certain tissue
engineering applications [34]. Inspired by the natural elastomeric proteins, a small non-
mechanical protein GB1 (the streptococcal B1 immunoglobulin-binding domain of protein G)
was recently engineered into a polyprotein (GB1)8 and was found to have excellent elastomeric
properties [35], which could be a candidate material for tissue engineering scaffolds.

For certain tissues such as tendons and ligaments, tensile modulus and strength are critically
important. Silk from silkworm cocoon is a natural fibrous protein material, and has been used
for textile production and surgical sutures for centuries because of its excellent tensile
mechanical properties. It could be an excellent scaffolding material for tendon and ligament
tissue engineering [36]. Silk in its natural form is composed of a filament core protein, silk
fibroin, and a glue-like coating consisting of a family of sericin proteins. There is some concern
over the toxicity of natural silk [37]. Sericin in the natural silk materials has been found to
cause adverse immune responses and is disadvantageous for tissue engineering applications
[38]. Upon sericin removal, regenerated silk fibroin has shown improved biocompatibility
[39]. Silk fibroins are characterized as natural block copolymers composed of hydrophobic
blocks and hydrophilic blocks of amino acids. The hydrophobic blocks tend to form β-sheets
or crystals through hydrogen bonding and hydrophobilc interactions, resulting in the tensile
strength of silk fibroins [39]. Genetic engineering techniques have been utilized to synthesize
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recombinant spider silk fibroin-mimetic polymers, possessing excellent mechanical properties
[40] and improved cell adhesion capacity [41].

3. Nano-fibrous Materials
Many extracellular proteins have a fibrous structure with diameters on the nano-meter or sub-
micrometer scales. For example, collagen (the most abundant ECM protein in the human body)
possesses a fibrous structure with fiber bundle diameter varying from 50 to 500 nm [42,43].
To engineer materials mimicking the nano-fibrous ECM proteins, a few technologies have
been developed with varying degrees of success.

3.1. Electrospinning
Electrospinning has existed in the literature for more than 100 years [44]. It was utilized to
fabricate industrial and household nonwoven fabric products in the early 1930s [45]. The
technique has been rejuvenated recently as a very active research area because of its ability to
produce fibers with diameters down to the sub-micron or nanometer range, significantly
smaller than that can be achieved by other textile technologies such as melt spinning. The basic
equipment setup includes a polymer solution (or melt) reservoir with a spinneret, an electric
field (at a high voltage), and a grounded target collector. Under the electric field, the pulling
force overcomes the surface tension of the polymer solution (or melt) and generates a charged
jet that travels in a straight line for a certain distance. It then bends due to electrical instability
to follow a whipping and spiraling path, reducing the jet diameter. The solvent evaporates on
the way and the jet solidifies to form a non-woven fibrous mat on the grounded collector [46,
47]. An electrically grounded rotating drum can be used as the collector to achieve preferred
orientation if desired [48,49].

A variety of natural macromolecules (e.g. collagen, silk fibroin, and fibrinogen) and synthetic
polymers (e.g. PGA, PLLA, PLGA, and PCL) have been processed into fine nonwoven fabrics
for tissue engineering research [48,50-60]. Various cells have been reported to attach,
proliferate, and differentiate into or maintain their functional phenotypes on these electrospun
nano-fibrous materials [48,54,58,59,61,62]. However, significant challenges still exist in using
this technique to fabricate complex 3D scaffold shapes or to generate designed internal pore
structures. In addition, the electrospun fibers using FDA approved biodegradable polymers
(e.g. PLLA and PLGA) often have diameters in the micrometer range.

3.2. Self-assembly
Self-assembly is loosely defined as the autonomous organization of components into patterns
or structures without human intervention [63]. Such patterns or structures are typically formed
and maintained by non-covalent bonds [64]. Although non-covalent bonds such as hydrogen
bonds, ionic bonds, and hydrophobic interactions are rather weak in isolation, when in concert
they govern the self-assembly of biological macromolecules. One example of molecules that
readily self-assemble into higher order structures in the nature is phospholipids, which are the
principal component of the plasma membrane in cells. In aqueous solution, phospholipids
readily self-assemble to form vesicles, micelles, and tubules. Schnur et al. studied the molecular
self-assembly using lipid tubules [65]. Various other molecules have also been utilized in
molecular self-assembly.

To emulate the triple helical structure of collagen, peptide-amphiphiles (PAs) have been
synthesized by Fields, Tirrell and coworkers [66-68]. A PA consists of a collagen sequence
Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro connected to a long-chain
mono- or di-alkyl ester lipid. The collagen sequence peptide head group forms the triple helical
structure, while the lipophilic tail region will associate by hydrophobic interactions to induce
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and/or stabilize the three-dimensional structure of the collagen sequence peptide head group
[68]. Melanoma cells were cultured on this PA in order to determine its biological activity in
relation to adhesion, spreading and signal transduction. Neither the peptide nor the tail alone
produced significant adhesion; however, the self-assembled triple helical structure of the PA
significantly promoted cell adhesion [69]. However, such lipids were not demonstrated to form
supramolecular fibers.

Beyond above-discussed simple units, PA molecules are known to self assemble into sheets,
spheres, rods, disks or channels depending on the shape, charge, and environment in which
they are placed [70,71]. Stupp and coworkers have developed nano-fiber forming PAs, having
five structural features [72]. They include: a long alkyl tail that conveys hydrophobic
characteristics to drive the self assembly; four consecutive cysteine residues that form disulfide
bonds to stabilize the structure; a linker region containing three glycine residues to provide the
hydrophilic head group the flexibility from the rigid cross-linked regions; a phosphorylated
serine residue that interacts strongly with calcium ions intended to enhance mineralization; and
an Arg-Gly-Asp (RGD) peptide to aid in cell adhesion. The PAs can form cylindrical micelle
tubes (“nano-fibers”) with dimensions of approximately 5-8 nm in diameter and over 1 μm in
length. The PA molecules are perpendicular to the nano-fibers with the hydrophobic portion
in the interior and the hydrophilic portion on the surface. This is different from the natural
collagen fibers, in which collagen molecular helices are aligned parallel to the fiber axis. Such
nano-fibers can be formed through treating PAs with dithiothreitol at a pH of 8 and then
reducing the pH to 4. As the solution is acidified the PAs quickly become insoluble and form
nano-fibers of a gel. Some of the self-assembled hydrogels are being explored for cell
entrapment utilizing polyvalent metal ions in the media, and one of them has been shown to
allow for MC3T3-E1 osteoblastic cells to survive for 3 weeks [73].

Zhang and coworkers have created self-assembled structures using ionic self-complementary
oligopeptides [74]. These oligopeptides contain alternating blocks of hydrophobic and
hydrophilic amino acids. In water, they freely organize themselves into stable β-sheet
structures. When exposed to monovalent alkaline cations or physiological conditions, the
oligopeptides can assemble into hydrogels with interwoven nano-fibers with a diameter of
10-20 nm [74,75]. Self-assembly has also been shown by molecules other than peptides or PAs
[76]. For example, Liu et al. reported the self-assembly of polyphenylene dendrimers into
micrometer-long nano-fibers [77,78]. Perutz demonstrated the formation of nanotubes from
polyglutamines [79-81].

Tissue engineering scaffolds should ideally have sufficiently large pores to allow for cell
incorporation, migration, and proliferation. One of the limitations of the current self-assembled
scaffolds is their inability to controllably form macro sized pores. Another may be the limitation
to form mechanically stable 3D geometry. Their degradation also needs to be addressed.
Nevertheless, self-assembled materials are often hydrogels, which are convenient for injection.

3.3. Phase Separation
Phase separation occurs when a homogeneous multi-component system becomes
thermodynamically unstable under certain conditions and tends to separate into a multi-phase
system in order to lower the system free energy [3]. The phase separation of polymer solutions
has been explored in our laboratory and others to generate porous structures as tissue
engineering scaffolds [11,82-88]. When phase separation occurs, a polymer solution separates
into two phases, a polymer-rich phase (with a high polymer concentration) and a polymer-lean
phase (with a low polymer concentration). After the solvent is removed, the polymer-rich phase
solidifies. Depending upon the system and phase separation conditions the resulting materials
are different in physical form: powder, closed-pore foam, or open-pore foam [3]. Only the
open-pore foam materials are suitable for tissue engineering applications.
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A novel phase separation technique has been developed in our laboratory to fabricate nano
fibrous matrices from synthetic biodegradable polymers [89,90]. For example, PLLA solutions
are thermally induced following a series of processes to phase separate. The solvent is directly
sublimated or first exchanged with a different solvent and then sublimated to fabricate the
desired nano-fibrous matrices (Figure 1) [89]. However, these matrices themselves have similar
limitations to those of a collagen matrix, self-assembled PA gel, or electrospun mat, lacking
of inter-connected macro-pores.

To improve the 3D structure of nano-fibrous scaffolds for cell seeding and distribution, mass
transport, vascular invasion, and tissue organization, techniques have been developed in our
laboratory to build pre-designed macro-/micro-pore networks in nano-fibrous matrices [91].
For example, larger water-soluble fibers (diameter from 100 μm to 1 mm) are prepared from
sugar as a geometrical porogen (pore-generating material) element, and are assembled into
various 3D structures (such as helicoidal network). PLLA solution is then cast into this 3D
assembly and is thermally induced to phase separate for nano-fibrous matrix formation. After
the solvent removal, the sugar fiber assembly is dissolved away using water to achieve nano-
fibrous scaffolds with predesigned helicoidal tubular pore network (Figure 2 A&B). Similarly,
we have combined a technique to generate inter-connected spherical pore network [92] with
the nano-fiber techniques to fabricate nano-fibrous scaffolds with interconnected spherical
macro pores (Figure 2 C&D) [93,94].

One of the common shortcomings of the many scaffold fabrication techniques is the lack of
control over 3D shapes. To tackle this problem, computer-assisted-design and computer-
assisted-manufacture (CAD/CAM) techniques, a.k.a. solid freeform fabrication (SFF) or rapid
prototyping, that have been widely used in modern manufacture industry, are adopted by the
field of tissue engineering [3,95-98]. However, the existing SFF techniques also have their
limitations such as limited material selections, inadequate resolution, and structural
heterogeneity due to the “pixel assembly” nature of these fabrication processes [2]. To
overcome these shortcomings, a reverse SFF fabrication technique, integrating phase-
separation methodology, has been recently developed in our laboratory to fabricate nano-
fibrous scaffolds based on reversed images of CT scans or histological sections of human
anatomical parts (Figure 3). This technique allows us to fabricate nano-fibrous scaffolds with
patient defect specific shapes and designed macro/micro pore networks. Such scaffolds mimic
the body parts at several size levels – from nano-fibrous ECM architecture, to macro/micro
pores, and to the patient anatomical shapes.

3.4. Biological Effects of Nano-fibrous Architecture
Using the macro-porous and nano-fibrous scaffolds, we investigated the biological effects of
the nano-fibrous scaffold architecture. The nano-fibrous scaffolds were found to adsorb 4.2-
fold more human serum proteins than solid-walled scaffolds (control scaffolds with smooth
pore wall morphology) [99]. Moreover, the profile of serum proteins adsorbed to the nano-
fibrous scaffold was different from that adsorbed to the solid-walled scaffolds (Figure 4). While
the amount of one protein (arrow) absorbed to both types of scaffolds similarly, some other
proteins (arrow heads) exclusively adsorbed onto the nano-fibrous scaffold. Furthermore,
Western blot analysis showed that the nano-fibrous scaffolds adsorbed significant levels of
fibronectin and vitronectin from serum, while these cell-adhesion proteins were barely
detectable on the solid-walled scaffolds [99].

The new nano-fibrous scaffolds were evaluated using osteoblastic progenitor cells (MC3T3-
E1). Cells attached on nano-fibrous scaffolds at a level of 70% higher than that on solid-walled
scaffolds [99]. The nano-fibrous architecture also enhanced the osteoblastic marker genes’
expression (Figure 5), indicating increased differentiation of the osteoblastic cells [100]. To
further examine the effect of the synthetic nano-fibrous matrix on the osteoblastic phenotype,
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collagen fiber formation was inhibited using dehydroproline. It is known that the interaction
of type I collagen with α2β1 integrin signals the expression of genes associated with the
osteoblast phenotype, such as OCN and BSP [101,102]. Expression of α2 integrin was reduced
to less than 10% by dehydroproline in the cells cultured on the solid-walled (SW) scaffolds,
whereas mRNA levels for α2 integrin were not altered in cells cultured on nano-fibrous
scaffolds (Figure 6). These results suggested that the signals, from α2-containing integrin
dimers for expression of OCN and BSP on cells, could be partially sustained in cells seeded
on nano-fibrous scaffolds in the absence of cell-secreted collagen fibers.

Significantly more mineral deposition was observed in the nano-fibrous scaffolds than in the
control (solid-walled) scaffolds. Calcium assay revealed 13-fold greater amount of mineral
deposition in the nano-fibrous scaffolds than in the control scaffolds [103]. In a rat calvarial
bone defect regeneration model, the amount of new bone formation was a few times greater in
the nano-fibrous scaffolds than in the solid-walled scaffolds (data to be published). We also
found that the nano-fibrous architecture facilitated the differentiation of both adult and
embryonic stem cells (data to be published). These data demonstrate that the nano-fibrous
polymer scaffolds advantageously mimicked the natural ECM to enhance tissue regeneration
while circumventing the potentially adverse immune response and pathogen transmission when
using natural ECM materials.

4. Composite and Nano-composite Materials
Although most materials used in tissue engineering scaffolds this far are in their pure form
(single component), one polymer often does not meet all the needs for various tissue
engineering applications. Natural bone matrix is a typical example of organic/inorganic
composite material consisting of collagen and mineral (apatites). This natural composite
material has an excellent balance between strength and toughness, superior to either of its
individual components. As an example of biomimetic scaffolds, polymer/inorganic composite
scaffolds will be reviewed below as advantageous scaffolds for bone tissue engineering.

Being similar to the major inorganic component of natural bone, the inorganic compound such
as hydroxyapatite (HAP) or a calcium phosphate in a composite scaffold provides good
osteoconductivity while the polymer provides the continuous structure and design flexibility
to achieve the high porosity and high surface area, which are necessary for anchorage-
dependent cells such as osteoblasts to survive and differentiate [5]. By blending and phase
separation techniques, polymer/inorganic composite (PLLA/HAP and PLGA/HAP) scaffolds
have been developed (Figure 7 A&B) with improved mechanical properties and
osteoconductivity [11,86]. The HAP-containing scaffolds improve osteoblastic cell seeding
uniformity and show significantly enhanced expression of mature bone marker genes such as
osteocalcin and bone sialoprotein over plain polymer scaffolds. Bone tissue formation
throughout the scaffold has been demonstrated [86]. Several other groups fabricated PLGA/
HAP or PLGA/PCL/HAP composite scaffolds using a salt-leaching technique [104-107].
Although the salt-leaching technique has limitations in generating highly porous and well-
connected pore structures, they also consistently demonstrated the improved osteoconductivity
over the PLGA scaffolds. Our recent data indicate that HAP in the composite scaffolds
significantly improves the protein adsorption capacity, suppresses apoptotic cell death, and
provides a more favorable microenvironment for bone tissue regeneration [108].

In addition to mimicking the organic/inorganic nature of the bone matrix, polymer/nano-HAP
scaffolds have also been developed to mimic the nano-sized features of the natural bone mineral
(Figure 7 C&D) [109]. The nano-HAP/polymer composite scaffolds not only improved the
mechanical properties, but also significantly enhanced protein absorption over micro-sized
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HAP/polymer scaffolds [109]. The enhanced protein adsorption improves cell adhesion and
function [99, 108].

Considering that protein-scaffold and cell-scaffold interactions occur at the scaffold pore
surfaces, a biomimetic approach has been developed to grow bone-like apatite nano particles
on pre-fabricated porous polymer scaffolds in a simulated body fluid (SBF) to efficiently
modify the internal pore wall surfaces with bone-like apatite without altering the bulk structures
and properties of the scaffolds (Figure 8 A&B) [82, 110, 111]. The apatite generated via the
biomimetic process in an SBF is partially carbonated HAP more similar to the natural bone
apatite (calcium deficient Ca/P~1.5) than the stoichiometric HAP crystals (Ca/P=1.67). The
partially carbonated apatites should degrade faster than the stoichiometric HAP crystals and
serve as a better scaffold component in terms of new bone tissue modeling and remodeling.
The growth of apatite crystals is significantly affected by the polymer materials, porous
structure, ionic concentration of the SBF as well as the pH value [112].

To further mimic the nano-fibrous organic component (collagen) and the partially carbonated
nano apatite of the bone matrix, macroporous nano-fibrous scaffolds were investigated for
bone-like apatite deposition. A large number of nano apatite particles were formed, and even
an uniform and dense layer of nano apatite were found to cover the entire internal pore wall
surfaces without clogging the macro pores after a reasonably long time of incubation in an SBF
(Figure 8 C&D) [94].

5. Surface Modification
The surface of scaffolding materials is important in tissue engineering because the surface can
directly affect cellular response and ultimately the tissue regeneration [2,5]. An ideal tissue
engineering scaffolds should mimic ECM and positively interact with cells, including enhanced
cell adhesion, growth, migration, and differentiated function. Although a variety of synthetic
biodegradable polymers have been used as tissue engineering scaffolding materials, they often
lack biological recognition. The use of composite materials such as growing bone-like apatite
on scaffold pore surfaces as discussed above is one of the effective ways to improve cellular
interactions.

In general, either bulk or surface modification can be employed to achieve the desired positive
cellular interactions of a polymer scaffold. Bulk modification is typically realized by
copolymerization or functional group attachment to the polymer chain before scaffold
fabrication. For example, Langer’s group synthesized poly(L-lactic acid-co-L-lysine) and
chemically attached RGD peptide to the lysine residue of the copolymer to enhance cell
adhesion [113,114]. However, bulk chemical modification usually changes the processing and
mechanical properties of the polymers, which often is a disadvantage.

Different from bulk modification, surface modification can be carried out after a porous
scaffold has been fabricated. It therefore does not usually affect the scaffold structure and
mechanical properties significantly. Nitschke et al. utilized low pressure ammonia plasma
treatment for the modification of poly(3-hydroxybutyrate) (PHB) thin films [115]. The
introduction of amine function was used for subsequent protein immobilization. The plasma
treatment of PHB induced a durable conversion from a hydrophobic into a hydrophilic surface
without significantly altering the morphology. Hollinger’s group proposed a surface
modification method using ammonia plasma treatment, followed by the attachment of poly(L-
lysine) and RGD peptide [116]. The surface-modified polymer films enhanced osteoprogenitor
cell attachment. Because of the limited plasma penetration, this method can only be used for
thin films or very thin 3D structures.
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Most of the surface modification work in the literature has been focusing on the modification
of device surfaces or thin films [117-120]. Our group recently developed a few techniques to
effectively modify the internal pore surfaces of 3D porous polymer scaffolds. For example, a
pre-fabricated 3D PLLA scaffold was immersed in a gelatin solution in a solvent mixture (e.g.,
dioxane and water) [121]. Then the scaffold was moved to a non-solvent of the scaffold material
(water in this case). The gelatin molecules were successfully immobilized (entrapped) on the
pore surfaces of the scaffolds. Presumably, the immersion of the scaffold in the gelatin solution
in the solvent mixture swelled the pore surfaces to a certain degree, allowing the gelatin
molecules to at least partially penetrate into the swelled pore surfaces. The immersion in the
non-solvent afterwards solidified the pore surfaces, resulting in the entrapment of the gelatin
molecules. This is a facile and permanent surface modification technique for complex 3D
porous scaffolds. The entrapped gelatin (or other molecules if desired) can not be washed off
in water or in an aqueous tissue culture medium [121].

A porogen-induced surface modification technique has also been developed in our lab recently
[122]. In this technique, the modifying agent is prepared as the porogen. The surface
modification is accomplished during the scaffold fabrication, again using gelatin as an example
of surface modifying agent. First, the gelatin spheres were fabricated and assembled into a 3D
negative replica of the scaffold to be fabricated. A polymer solution in a solvent mixture (e.g.,
PLLA in water/THF mixture) was then cast on such a porogen template. After phase separation
and porogen removal, a nano-fibrous PLLA scaffold was generated with an interconnected
spherical pore network. The PLLA nanofibers in this scaffold was modified with a layer of
gelatin molecules, which effectively enhanced the cell spreading, proliferation, and ECM
secretion [122]. Presumably, the solvent mixture (water/THF) of the PLLA solution ensured
the entrapment of the gelatin molecules during the casting and phase-separation because of the
solubility of gelatin in water.

An electrostatic layer-by-layer self-assembly process has also been utilized to modify 3D nano-
fibrous scaffolds [123]. A macro-porous and nano-fibrous polymer scaffold was first
fabricated. The scaffold was then activated in an aqueous poly(diallyldimethylammonium
chloride) (PDAC) solution to obtain positively charged pore surfaces. The scaffold was
subsequently immersed in a solution of negatively charged macromolecules (e.g. gelatin). Then
the scaffold was alternately immersed in the solutions of the positively charged molecules (e.g.,
PDAC) and negatively charged molecules (e.g., gelatin). This technique not only allow for
surface modification but also provide a controlled way to regulate the surface charge type and
the thickness of the surface modification layer [123]. Such surface modification improved the
hydrophilicity (lowered the contact angle) and enhanced cell adhesion and proliferation.

For convenience, less expensive molecules such as gelatin or collagen have been used as model
biomolecules to demonstrate the surface modification techniques. However these techniques
are not limited to gelatin or collagen, other biologically functional molecules (such as proteins,
peptides, growth factors, and so forth) can be readily employed to modify polymer scaffold
pore surfaces using these technologies.

Although this review paper focuses on bioimimetic scaffold fabrication and modification, it
should be pointed out that the recent development in the area of genetic engineering may
provide excellent peptide molecules to be used in scaffold surface modification. Sarikaya’s
group uses combinatorial biology protocols to display peptide libraries either on the cell surface
or on phages, to select short peptides specific to a variety of materials [124,125]. The selected
peptides are further engineered into multiple repeats or variations to tailor their function. The
engineered peptides and their derivatives via such a molecular biomimetic approach has high
potentials to be used for scaffold surface modification. Similarly, findings in the interactions
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between cell surface receptors and ECM ligands will continue to provide inspirations for
biomimetic surface modification of scaffolds.

6. Bioactive Molecule Delivery
In addition to scaffolds, biological signaling is a key component for cell function and tissue
regeneration. Endogenous signaling molecules are often not sufficient in type and/or quantity
for the repair of defects of a large size, where the addition of exogenous signaling molecules
is required. Because of the sensitivity of cells to the concentration of biological molecules and
the short half-lives of these molecules, the successful application of biological factors in tissue
engineering critically depends on the delivery technologies.

Controlled release using microspheres has been shown to be effective in retaining the
bioactivities of various therapeutic agents [126-128]. However, microspheres, when used
alone, often coalesce or migrate, which may not allow the controlled spatial delivery. In tissue
engineering, it is desirable to controlled release biological molecules within the scaffold [2,3,
129-134]. Biological factors have been directly added into a polymer solution or emulsion to
fabricate scaffolds [135,136]. There also have been attempts to modify a scaffold with
biological factors using certain coating techniques [137]. These methods can achieve certain
slow release characteristics, but the control over release kinetics is limited. The gas foaming
process can entrap PLGA microspheres in a porous scaffold [138,139]. In addition to the lack
of control over pore size and shape, the release kinetics of imbedded microspheres in the matrix
walls are uncontrollably changed from that by the microspheres.

We have recently developed technologies to immobilize nano-spheres onto the pore surface
of scaffolds, such as the macro-porous and nano-fibrous scaffolds [140,141]. Single or multiple
biological factors can be released in a spatially and temporally controlled fashion (Figure 9).
The release kinetics of each factor can be individually controlled using a specific nanosphere
formulation (Figure 10).

A rat subcutaneous implantation model has been successfully used for bone regeneration with
BMP7 loaded nanospheres (BMP7-NS) incorporated in a nano-fibrous PLLA scaffold. Four
scaffolds (without cells) were implanted subcutaneously onto the dorsum of each rat. After 6
weeks, H & E staining indicates that there was significant bone formation in the BMP7-NS
containing scaffold (Figure 11 A), but only fibrous tissue in the scaffold without BMP7 (Figure
11 B), or in the same scaffold pre-soaked in a BMP7 solution (Figure 11 C) [140]. This result
was also supported by von Kossa staining and radiographic measurements [140]. The results
indicated that incorporation of BMP7 into nanospheres, which were then immobilized onto a
scaffold, preserved the biological activity of BMP7 and could prolong the duration to induce
ectopic bone formation.

Similarly, platelet-derived growth factor (PDGF) incorporated in PLGA nanospheres was
released in a controlled fashion [141]. The released PDGF was demonstrated to be biologically
active in vitro [141]. After implanted in Spague-Dawley rats, angiogenesis was evaluated using
Factor VIII staining and hematoxylin counterstaining. Angiogenesis and corresponding
pericyte formation occurred in a PDGF-dose dependent manner. In the control group (scaffolds
with empty NS), there was negligible new blood vessel formation. In the scaffolds containing
PDGF-NS, there was appreciable new blood vessel formation, increasing with PDGF dose
(unpublished data).

Although protein delivery was used as an example in this section, these approaches can also
be taken to deliver other biological molecules such as DNA or siRNA etc.
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7. Conclusions
Tissue engineering experienced an exponential growth during the last decade from an
immerging conceptual stage into a fast developing and multifaceted field. Due to the intrinsic
interdisciplinary and multidisciplinary nature of this field, the fast evolution and development
of the field of tissue engineering have benefited from the convergence of the progresses in each
and every area of the field. On the one hand, the explosively growing life sciences (including
stem cell biology, genomics, proteomics and so forth) have substantially expanded the
knowledge base of tissue regeneration. The line between tissue engineering and regenerative
biology are becoming blurring and a comprehensive field of regenerative medicine is
developing. The new discoveries and understandings in life sciences become the inspirations
for biomaterials scientists to learn from the nature and to advantageously mimic the biological
systems on multiple levels. On the other hand, the exciting nanoscience and nanotechnology
are driving the revolution of materials science and engineering. These new and emerging
technologies are enabling the materials scientists and engineers to design and fabricate novel
scaffolds incorporating various biomimetic characteristics often at the genetic, molecular, and
nanometer scales. The author envisions a continuous expansion of biomimetic approaches in
the scaffolding materials design in the decades to come, which will substantially advance the
field of tissue engineering and regenerative medicine.

Because of space and time limitations, the author did not try to provide a complete or exhaustive
review. The author would also like to acknowledge the fact that the figures and examples are
frequently selected from the author’s own research because of availability and convenience. It
is hoped that the contents reviewed in this article illustrate the importance of biomimetic
approaches in tissue engineering materials and that the readers will be able to find more
information from the cited references and related publications.
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Figure 1.
SEM micrographs of a PLLA nano-fibrous matrix prepared from 2.5% (wt/v) PLLA/THF
solution at a phase separation temperature of 8°C: A) 500x; B) 20,000x. From Ma and Zhang
[89], Copyright © 1999 by John Wiley & Sons. Reprinted by permission of John Wiley &
Sons.
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Figure 2.
PLLA nano-fibrous scaffolds with designed macro-pore network. A-C) PLLA nano-fibrous
scaffolds with helicoidal tubular macropore network prepared from PLLA/THF solution and
a helicoidal sugar fiber assembly: A) SEM micrograph at an original magnification of 35x, and
B) Original magnification of 250x; C&D) PLLA nano-fibrous scaffolds with interconnected
spherical pore network prepared from PLLA/THF solution and a sugar sphere assembly: C)
SEM micrograph at an original magnification of 50x, and D) Original magnification of
10,000x. (A&B) From Zhang and Ma [91], Copyright © 2000 by John Wiley & Sons. (C&D)
From Wei and Ma [94], Copyright © 2006 by John Wiley & Sons. Reprinted by permission
of John Wiley & Sons.
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Figure 3.
Scaffolds created from 3D reconstructions of CT-scans or histological sections. (a) Human
mandible reconstruction from CT-scans (The purple segment shows the reversed image of the
bone fragment to be engineered); (b) Resulting nano-fibrous scaffold of the mandible segment
(scale bar; 10 mm); (c) Human ear reconstruction from histological sections; (d) Resulting
nano-fibrous scaffold of the human ear (scale bar; 10 mm); (e) The nano-fibrous pore wall
morphology (scale bar; 5 μm). From Chen, Smith and Ma [100], Copyright © 2006 by Elsevier.
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Figure 4.
Protein adsorption profile on nano-fibrous and solid-walled scaffolds. Polyacrylamide gels
stained with coomassie blue, lane C – bovine serum proteins, lane S – adsorbed bovine serum
proteins on the solid-walled scaffold, lane N – adsorbed bovine serum proteins on the nano-
fibrous scaffold. From Woo, Chen and Ma [99], Copyright © 2003 by John Wiley & Sons.
Reprinted by permission of John Wiley & Sons.

Ma Page 22

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Relative levels of bone marker gene expression on NF and SW scaffolds after 2 and 6 weeks
of culture under differentiation conditions. (A) Osteocalcin (OCN) expression. (B) Bone
sialoprotein (BSP) expression. From Chen, Smith and Ma [100], Copyright © 2006 by Elsevier.
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Figure 6.
Effect of dehydroproline, an inhibitor of collagen fiber formation, on gene expression in
neonatal mouse calvarial osteoblasts grown on the scaffolds. From Woo, Jun, Chen, Seo, Baek,
Ryoo, Kim, Somerman and Ma [103], Copyright © 2006 by Elsevier.
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Figure 7.
SEM micrographs of PLLA/mHAP (A, B) and PLLA/nHAP (C, D) composite scaffolds
fabricated using phase separation. (A, B) From Zhang and Ma [11], Copyright © 1999 by John
Wiley & Sons. Reprinted with permission of John Wiley & Sons; (C, D) From Wei and Ma
[109], Copyright © 2004 by Elsevier.
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Figure 8.
SEM micrographs of PLLA/apatite composite scaffold prepared by a biomimetic process in a
simulated body fluid (SBF). (A, B) PLLA scaffolds phase separated in dioxane; (C, D) PLLA
nano-fibrous scaffolds prepared by sugar template leaching and phase separation in THF.
Scaffolds were incubated in 1.5x SBF at 37 °C for 30 days. (A, B) From Zhang and Ma [82],
Copyright © 1999 by John Wiley & Sons; (C, D) From Wei and Ma [94], Copyright © 2006
by John Wiley & Sons. Reprinted with permission of John Wiley & Sons.

Ma Page 26

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Scanning electron micrographs of nanosphere (NS) incorporated PLLA nano-fibrous scaffolds:
(A, B) PLLA nano-fibrous scaffolds before nanosphere incorporation at 100x (A) and 10,000x
(B); (C, D) PLLA nano-fibrous scaffolds after nanosphere incorporation at 100x (C) and
10,000x (D). From Wei, Jin, Giannobile and Ma [140], Copyright © 2007 by Elsevier.
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Figure 10.
In vitro release kinetics of rhBMP-7 from nanospheres immobilized on nano-fibrous scaffolds:
In 10 mM PBS with a BMP-7 loading of 200 ng/scaffold. Each data point represents a mean
± standard deviation (n=3). From Wei, Jin, Giannobile and Ma [140], Copyright © 2007 by
Elsevier.

Ma Page 28

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.
BMP7-NS incorporated nano-fibrous PLLA scaffolds were implanted subcutaneously onto the
dorsa of rats for 6 weeks: (A) Significant bone formation in the BMP7-NS containing scaffolds
(H & E staining); (B) Fibrous tissue in the scaffolds without BMP7 (H & E); (C) Fibrous tissue
in scaffolds pre-soaked in a BMP7 solution (H & E). From Wei, Jin, Giannobile and Ma
[140], Copyright © 2007 by Elsevier.
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