K 4 Shangwu Chen
=2 VAON - i+ (T5)
N i FOE s M % 7680
AL B AEH A Rk 2848 34 25 H
AL G OB PRI ASTE 1 LY
#® A O % B B E R AR
A wm X E H Development of Natural Polymer Scaffolds with Controlled
Microstructures

(VA7 gL I L7 R IR & 50 F /R B D B 38 )
* N R INE =G E it () [ ES R
il = B R H% T Ry 325K
il = R INE S C b T =K —H]
il N BN ANE S G Ry IR Ew
il N SN ANE S G (%) mA &

i X D i Ej

Severe disease or loss of body structures are usually treated with drugs, artificial prosthesis or
transplantation of tissues or organs. However, drugs neither fully heal the tissue with major damage nor
achieve its long-term recovery. Artificial prosthesis can only restore partial function of a tissue and cannot
sufficiently integrate with host tissue and need to be replaced when they are worn out. Organ
transplantation has constraints such as shortage of donor tissues and organs for transplantation and chronic
rejection produced by the immune system. Tissue engineering has emerged to overcome these constraints.
In essence, cells are isolated from a fraction of human tissue and cultured in vitro to expand cell number.
Then the cells are harvested and cultured with bioactive molecules in a three-dimensional (3D) scaffold
material in vitro. During the in vitro culture, cells grow and produce extracellular matrix (ECM) within the
3D scaffold which turn into an engineered tissue. The engineered tissue is transplanted into human body to
treat the diseased body structure. The 3D scaffolds support the cell adhesion, proliferation and ECM
synthesis in a 3D environment and control the shape of engineered tissue or organs.

Porous scaffolds can be fabricated from biodegradable synthetic polymers or natural polymers. While
synthetic polymer scaffolds often cause unwanted inflammatory responses, natural polymer scaffolds are
more compatible with cells and tissues due to their natural origin. Therefore, in this study natural polymers
were chosen to develop porous scaffolds. However, natural polymer scaffolds often have uncontrolled
microstructures, which limits their application in tissue engineering. Scaffolds with homogenous, open-pore
structure are necessary to facilitate cell infiltration, homogeneous distribution of cells and formation of
tissue in the 3D material. Scaffolds with micropatterned structure such as the aligned pores can guide the



assembly and growth of cells into ordered tissues such as muscle and peripheral nerve. In the present study,
porous scaffolds of natural polymers with controlled microstructures were designed and prepared for tissue
engineering.
1. Preparation of highly active porous scaffolds of collagen and hyaluronic acid by suppression of

polyion complex formation

Collagen-hyaluronic acid scaffolds with homogeneous pore structure, good mechanical property and
high bioactivity are desirable for their applications in tissue engineering. However, in aqueous condition
collagen and hyaluronic acid form polyion complex (PIC), which results in heterogeneous structures and
poor mechanical properties of the scaffolds. In this part, we used low molecular weight salts to suppress
PIC formation in collagen-hyaluronic acid suspensions during scaffold preparation. The suppression of PIC
formation was studied by using turbidimetry, viscosity measurement and infrared analysis. The effects of
PIC formation suppression on the morphology and mechanical properties of the scaffolds were examined
with scanning electron microscopy and compression tests. PIC formation was found to be dependent on the
ionic strength of the suspension. The suppression of PIC formation resulted in collagen-hyaluronic acid
scaffolds with homogeneous pore structure and enhanced mechanical property. Collagen-hyaluronic acid
scaffolds prepared under suppression of PIC formation promoted proliferation of dermal fibroblasts and
upregulated the expression of genes encoding EGF, VEGF and IGF-1. Using low molecular weight salts to
suppress PIC formation could aid in the design of collagen-glycosaminoglycan scaffolds for tissue
engineering.
2. Effect of high molecular weight hyaluronic acid on chondrocytes cultured in collagen/hyaluronic

acid porous scaffolds

Engineering cartilage tissue by culturing chondrocytes in porous scaffolds is one promising method to
repair or restore the functions of diseased cartilage. Hyaluronic acid (HA) is used in porous scaffolds or
hydrogels to promote the proliferation of chondrocytes and synthesis of cartilage extracellular matrix
(ECM). However, whether HA in porous scaffolds has a beneficial effect on chondrocytes remains
uncertain, possibly due to the uncontrolled pore structure and inhomogeneous HA in scaffolds. In this part,
homogeneous collagen/HA scaffolds with well-controlled and interconnected pore structure were prepared
by suppression of polyion complex formation between collagen and HA and using ice particulates as
porogen. The pore structure and mechanical property of collagen/HA scaffolds and collagen scaffolds could
be well controlled. High molecular weight HA in collagen/HA scaffolds inhibited the cellular proliferation,
synthesis of sulfated glycosaminoglycan (sGAG) and cartilage ECM, compared with the results of collagen
scaffolds. The results should provide additional information on the effects of HA in porous scaffolds on the
chondrocyte behaviour in 3D culture.
3. Gelatin scaffolds with controlled pore structure and mechanical property for cartilage tissue

engineering

For engineering of cartilage tissue with porous scaffolds, nonuniform cell distribution, heterogeneous
tissue formation and weak mechanical property of in vitro engineered cartilage limit their clinical



applications. Porous scaffolds with desirable pore structures and mechanical property should be designed to
solve these problems. In this part, gelatin porous scaffolds with homogeneous and open pores were
prepared by using ice particulates and freeze-drying. The scaffolds were used to culture bovine articular
chondrocytes to investigate the influence of the gelatin porous scaffolds on the functions of chondrocytes.
The pore structure and mechanical property of gelatin scaffolds could be well controlled by using different
ratios of ice particulates to gelatin solution and different concentrations of gelatin. Gelatin scaffolds
prepared from > 70% ice particulates enabled homogeneous seeding of bovine articular chondrocytes
throughout the scaffolds and formation of homogeneous cartilage ECM. While soft scaffolds underwent
cellular contraction, stiff scaffolds resisted cellular contraction and had significantly higher cell
proliferation and synthesis of sulfated glycosaminoglycan. Compared with the gelatin scaffolds prepared
without ice particulates, the gelatin scaffolds prepared with ice particulates facilitated formation of
homogeneous cartilage tissue with significantly higher compressive modulus. The gelatin scaffolds with
highly open-pore structure and good mechanical property can be used to promote chondrocytes functions
for in vitro tissue-engineered cartilage.
4. Preparation of 3D microgrooved collagen scaffolds for multi-layered skeletal muscle tissue

engineering

Preparation of 3D micropatterned porous scaffolds remains a great challenge for engineering of highly
organized tissues such as skeletal muscle tissue and cardiac tissue. Two-dimensional (2D) micropatterned
surfaces with periodic features (several nanometers to less than 100 um) are commonly used to guide the
alignment of muscle myoblasts and myotubes and lead to formation of pre-patterned cell sheets. However,
cell sheets from 2D patterned surfaces have limited thickness, and harvesting the cell sheets for
implantation is inconvenient and can lead to less alignment of myotubes. 3D micropatterned scaffolds can
promote cell alignment and muscle tissue formation. In this part, we developed a novel type of 3D porous
collagen scaffolds with concave microgrooves that mimic muscle basement membrane to engineer skeletal
muscle tissue. Highly aligned and multi-layered muscle bundle tissues were engineered by controlling the
size of microgrooves and cell seeding concentration. Myoblasts in the engineered muscle tissue were
well-aligned and had high expression of myosin heavy chain and synthesis of muscle extracellular matrix.
The microgrooved collagen scaffolds could be used to engineer organized multi-layered muscle tissue for
implantation to repair/restore the function of diseased tissues or be used to investigate the cell-cell
interaction in microscale 3D topography.
5. Biomimetic assembly of HUVECs and muscle cells in the microgrooved collagen scaffolds

Engineering 3D thick tissues and maintaining their viability in vivo necessitate the vascularization of
engineered tissues. Vascularization of engineered tissue can enable the delivery of nutrients and oxygen and
removal of waste matter from living tissue. In addition, many types of tissues such as skeletal muscle and
limb bones have well ordered tissue structures and vasculatures to maintain the viability of the tissues.
Engineering vascularized 3D tissue with well ordered structure remains a challenge in tissue engineering.
In this part, the microgrooved collagen scaffolds with parallel, concave microgrooves were used for



coculture of skeletal muscle myoblasts and vascular endothelial cells. When the cells were seeded at a
proper ratio and concentration, the unique microstructure of microgrooved scaffolds triggered the
spontaneous assembly of cells into vascularized, well-ordered muscle tissue that mimicked the normal
muscle tissue organization.
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