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Growth factors are powerful therapeutics that control cell function by modulating cellular activities such
as cell proliferation, migration and gene expression. In tissue engineering, it is important to keep the
bioactivity of these labile molecules for an optimal duration in 3D microenvironment. Porous scaffolds can
provide structural support as well as a functional platform for release of these drugs in a controlled and
regulated manner. Controlled and local release of these cell inductive molecules from porous scaffolds can
provide an efficient strategy to control the complex and dynamic regulation of cellular processes in 3D
microenvironment and can improve the regeneration potential of engineered scaffolds.

Technology involving spatial localization of these drugs via carrier based system such as drug delivery
devices (DDS) made from natural and synthetic polymers is considered as one of the effective tools to
develop appropriate porous scaffolds with controlled release function. Growth factor loaded biodegradable
microbeads prepared from synthetic and natural polymers can be promising in the area of tissue
engineering. The use of biodegradable microbeads can be expected to protect the biological activity of
these labile molecules and thus can be able to avoid the rapid clearance. The technology can also be useful
to release the molecule exactly at the local microenvironment in a controlled and regulated manner in a
therapeutic limit.

The objective of this research is to prepare a few kinds of such bioactive porous scaffolds with controlled
release function for application in cartilage, skin and bone tissue engineering. Porous scaffolds were
prepared by freeze drying method and pore structure was introduced and controlled using ice particulates or
ice-collagen particulates of controlled diameters. Controlled release function was introduced via
biodegradable microbeads of synthetic polymer, poly lactic-co-glycolic acid (PLGA), or natural polymer,
collagen. In 1%t and 2™ parts of the work, insulin loaded PLGA microbead functionalized collagen porous



scaffolds with controlled pore structures were prepared and investigated for their application in cartilage
and skin tissue engineering. In 3™ part of the work, dexamethasone loaded collagen microbead
functionalized poly(L-lactide) (PLLA)-Collagen hybrid scaffolds with controlled pore structures were
prepared as an osteoinductive platform for bone tissue engineering.

1. Preparation of collagen scaffolds with controlled insulin release for cartilage tissue regeneration

Scaffolds for cartilage tissue engineering require well controlled pore structures and controlled release of
growth factors. Appropriate pore structures are important for spatial homogeneous cell seeding and
distribution while controlled release of growth factors allows spatiotemporal provision of growth factors to
control cell proliferation and differentiation. For example, during long term in vitro chondrocyte culture,
internal necrosis is quite a common problem. To solve the problem, incorporation of insulin in porous
scaffolds with a controlled release manner has been proposed because insulin is one of the growth factors
applicable for survival of chondrocytes. And collagen has been frequently used to prepared porous
scaffolds for cartilage tissue engineering. Therefore, in this part, collagen scaffolds with a controlled pore
structure and controlled insulin releasing function were prepared and used for cartilage tissue regeneration.
Insulin loaded PLGA microbeads were incorporated in collagen porous scaffolds to construct
collagen-microbead hybrid scaffold by a freeze-drying technique. The pore structures of the hybrid
scaffolds were controlled by using pre-prepared ice particulates having a diameter range of 150-250 pm as
a porogen material. At first, insulin incorporated PLGA microbeads were prepared by using an emulsion
solvent evaporation technique and ice particulates with a diameter 150 pum - 250 um were prepared by
spraying pure water in liquid nitrogen and sieving. Subsequently, the microbeads and ice particulates were
homogeneously mixed with 2% (w/v) collagen solution. Finally, the mixture was freeze-dried and
cross-linked to form collagen-microbead hybrid porous scaffolds. In vitro insulin release from hybrid
scaffolds was studied by incubation in phosphate-buffered solution at 37 °C under shaking condition. The
hybrid scaffolds were used to culture bovine articular chondrocytes. After 1 week culture, cell viability and
proliferation were evaluated.

The results indicated that collagen-microbead hybrid scaffolds had a controlled pore structure and
interconnected pores. The microbeads showed an even spatial distribution throughout the pore walls of
hybrid scaffolds. In vitro insulin release profile from the hybrid scaffolds suggested a zero order release
kinetics up to period of 4 weeks without the appearance of a significant initial burst. The controlled insulin
release from hybrid scaffolds was useful for survival of cells at inner pores of porous scaffold. Furthermore
the hybrid scaffolds were useful to maintain higher cell proliferation potential than control groups. The
collagen-microbead hybrid porous scaffolds with controlled pore structure and controlled insulin release
should be useful as a candidate scaffolding material for cartilage regeneration.

2. Preparation of collagen porous scaffolds with sustained release of insulin for skin tissue
regeneration

Based on the results from Part 1, we further hypothesized that introduction of an appropriate size
microbead to a collagen porous scaffold could generate long term insulin releasing collagen-microbead



hybrid scaffolds. The development of bioactive collagen-microbead hybrid porous scaffolds with a long
term insulin releasing ability could be useful for regeneration of ulcer skin in insulin dependent diabetes
patients. To demonstrate the hypothesis, insulin loaded PLGA microbeads of two distinct sizes, 4.4 + 0.9
um and 19.4 + 1.6 um, were prepared using the emulsion solvent evaporation technique. Microbead size
was controlled by controlling the homogenization speed of double emulsion. Microbeads were tested for
their release feature from collagen porous scaffold of controlled pore structure prepared from 2% (w/v)
collagen using similar method as described in Part 1. The hybrid scaffolds were used for culture of human
dermal fibroblasts for 2 weeks. The prepared hybrid scaffolds had controlled pore structures and
interconnected pores. The hybrid scaffolds demonstrated a controlled and sustained release of insulin. DNA
guantification results showed that the released insulin from the hybrid scaffolds promoted proliferation of
fibroblasts. The hybrid scaffolds prepared with 19.4+1.6 um microbeads showed a more stable and higher
sustained release of insulin and had higher promotion effect on cell proliferation than did the others.
Incorporation of the microbeads of a size of 19.4 + 1.6 um in collagen porous scaffolds was found to be
ideal for development of long term insulin releasing collagen scaffolds. The prepared scaffold should be
useful for regeneration of ulcer skin of diabetes patients.

3. Preparation of a dexamethasone loaded collagen microbead functionalized PLLA-collagen hybrid
scaffold for osteogenic differentiation of mesenchymal stem cells.

Direct differentiation of stem cell after proliferation in porous scaffolds capable of releasing bioactive
instructive cues is important for development of osteoinductive porous scaffolds for functional bone
regeneration. In this part, we prepared long term dexamethasone (Dex) releasing PLLA-collagen hybrid
scaffolds of controlled pore structures as an osteoinductive platform for human bone marrow-derived
mesenchymal stem cells (MSCs).

PLLA-collagen-Dex hybrid scaffolds were prepared by incorporating Dex loaded collagen microbeads in
PLLA-collagen porous scaffolds by combining emulsion freeze drying method and porogen leaching
method. Pre-prepared ice-collagen particulates (425 um-500 pm) were used as a porogen material to
control the pore structures and deposit collagen thin layers on the pore surface for easy cell seeding and
adhesion. The amount of Dex in the hybrid scaffolds was controlled as 0.0, 2.5 and 5.0 weight % to the
total dry weight of PLLA. The results indicated that hybrid scaffolds had controlled pore structures and
interconnected pores deposited with collagen thin layers. The deposition of collagen thin layers in scaffold
micropores facilitated homogeneous cell seeding. The spatial localization of collagen microbeads in the
hybrid scaffolds provided spatiotemporal sustained release of Dex. The released Dex concentration from
the hybrid scaffolds prepared with 2.5% of Dex was found to be the most effective formulation condition
for induction of osteogenic differentiation in MSCs, which was confirmed from the elevated expression
level of specific osteogenic marker genes after 1 and 3 week cell culture. Incorporation of 2.5% of Dex
should be ideal for preparation of long term Dex releasing osteoinductive PLLA-collagen hybrid scaffold of
controlled pore structure for application in bone tissue engineering.

In summary, the present research has introduced the design and preparation of three bioactive porous



scaffolds with controlled pore structures and controlled release function for tissue engineering. The
scaffolds were prepared by freeze drying which is a simple and cost effective method. The pore structure
was created and controlled using pre-prepared ice or ice-collagen particulates of selective diameters as a
porogen material. Controlled release function was introduced using precise integration of drug delivery
devices carrying specific bioactive molecules applicable for tissue regeneration. The bioactive molecule
carrying drug delivery devices were spatially distributed in all the three dimensions of the porous scaffolds
and facilitated a sustained and stable release of the cell inductive molecules in a bioactive form for quite a
longer duration. The released bioactive molecules were useful for promotion of cell function such as
viability, proliferation and differentiation. These hybrid scaffolds should be useful for tissue engineering of
various tissues such as dermal tissue, cartilage and bone.
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