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Temporally and spatially controlled delivery of growth factors in polymeric scaffolds is crucial for engineering
composite tissue structures, such as osteochondral constructs. In the present study, microsphere-mediated
growth factor delivery in polymer scaffolds and its impact on osteochondral differentiation of human bone
marrow-derived mesenchymal stem cells (hMSCs) was evaluated. Two growth factors, bone morphogenetic
protein 2 (rhBMP-2) and insulin-like growth factor I (rhIGF-I), were incorporated as a single concentration

K.ey words: gradient or reverse gradient combining two factors in the scaffolds. To assess the gradient making system and
Silk . . . . . . . . . .
Fibroin the delivery efficiency of polylactic-co-glycolic acid (PLGA) and silk fibroin microspheres, initially an alginate
Alginate gel was fabricated into a cylinder shape with microspheres incorporated as gradients. Compared to PLGA
Polylactic-co-glycolic acid microspheres, silk microspheres were more efficient in delivering rhBMP-2, probably due to sustained
rhBMP-2 release of the growth factor, while less efficient in delivering rhIGF-I, likely due to loading efficiency. The
rhIGF-1 growth factor gradients formed were shallow, inducing non-gradient trends in hMSC osteochondral
Gradient differentiation. Aqueous-derived silk porous scaffolds were used to incorporate silk microspheres using the
Scaffold

same gradient process. Both growth factors formed deep and linear concentration gradients in the scaffold, as
shown by enzyme-linked immunosorbent assay (ELISA). After seeding with hMSCs and culturing for 5 weeks
in a medium containing osteogenic and chondrogenic components, hMSCs exhibited osteogenic and
chondrogenic differentiation along the concentration gradients of rhBMP-2 in the single gradient of rhBMP-2
and reverse gradient of rhBMP-2/rhIGF-I, but not the rhIGF-I gradient system, confirming that silk
microspheres were more efficient in delivering rhBMP-2 than rhIGF-I for hMSCs osteochondrogenesis. This
novel silk microsphere/scaffold system offers a new option for the delivery of multiple growth factors with
spatial control in a 3D culture environment for both understanding natural tissue growth process and in vitro
engineering complex tissue constructs.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction size, slow tissue penetration, and potential toxicity at the systemic level

have hindered many applications for these bioactive compounds [3].

Growth factors are polypeptides that can either stimulate or inhibit
cellular proliferation, differentiation, migration, adhesion, and gene
expression. Growth factor effects are concentration-dependent, often in
a complex non-monotonic way [1]. Due to their control of many
biological processes, growth factors are finding wide-spread use in the
regeneration of many tissue types, such as musculoskeletal, neural,
hepatic, and vascular systems [1,2]. Typically, recombinant types of
growth factors are delivered in the culture medium to regulate cellular
processes in the field of tissue engineering. For clinical therapies, these
factors are administered either systemically or via direct injection into
the tissue site of interest. However, the short half-lives, relatively large
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One option to enhance the in vitro and in vivo efficacy of growth
factors is to incorporate them into polymeric biomaterials in order to
maintain their stability and control their release kinetics. Growth
factors can be incorporated directly into a polymeric scaffold to be
used for tissue formation either during or after scaffold fabrication
[4-6]. The release of these factors is then controlled by diffusion and/
or scaffold erosion or degradation mechanisms. Growth factor de-
livery can also be accomplished in the form of microparticles, nano-
particles or related material formats incorporated into the scaffold
[7-9], or via growth factor-secreting natural or genetically engi-
neered cells harbored within the scaffolds [10,11].

One important application for growth factor delivery is in bone and
cartilage tissue engineering. Degenerative diseases such as osteoar-
thritis, and traumatic injuries, are both prominent causes of cartilage
defects. Due to the avascular nature, adult human cartilage has a
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limited capacity for regeneration. Therapies such as osteochondral
grafting, chondroplasty, and prosthetic joint replacement have found
only partial or temporary success due to inadequate donor tissue
availability, donor site morbidity, the risk of infection, abrasion of the
cartilage surface, loosening of implants, and limited durability of
prosthetics [12]. Tissue engineering provides a promising alternative
therapy, such as through engineering an osteochondral tissue that has
the same structural and mechanical properties as a native cartilage-
bone plug for subsequent implantation in vivo.

However, the fabrication of such a scaffold to control the formation of
a composite bone and cartilage architecture remains a significant
challenge. Since human mesenchymal stem cells (hMSCs) can differ-
entiate into multiple tissue-forming cell lineages, such as osteoblasts,
chondrocytes, adipocytes, tenocytes, and myocytes, under the stimula-
tion of growth factors, a useful strategy is to immobilize specific growth
factors in the scaffold such that the hMSCs are guided toward different
tissue types with spatial control or patterning [13,14]. To date, the most
commonly used strategy to engineer osteochondral construct is to
fabricate a polymer scaffold consisting of two layers of materials with
distinct properties, such as porosity, mechanical strength and material
microstructure to mimic the natural ECM environment for bone and
cartilage development. The scaffolds seeded with either hMSCs or pre-
differentiated chondrocytes and osteoblasts can then be used for in vitro
or in vivo studies [15-18]. Growth factors were added to the medium if
the constructs were cultured in vitro. In some studies, growth factors
have been incorporated into polymer scaffolds and the sustained release
of growth factors facilitated bone and cartilage regeneration in vitro and
invivo [4-9,19-21]. However, the dose and spatial distribution of growth
factors in these scaffold systems was not controlled.

It has been widely reported in the literature that bone morphoge-
netic protein 2 (BMP-2) and insulin-like growth factor (IGF-I) can induce
hMSC osteogenic and chondrogenic differentiation, although the role of
rhIGF-I in chondrogenesis still remains controversial [4,6,8,10,20-30]. In
the present study, rhBMP-2 and rhIGF-I were microencapsulated in
PLGA and silk microsphere systems which were further incorporated as
a single or reverse gradient in a biopolymer scaffold comprising of either
alginate or silk fibroin. With different combinations of growth factors in
different carrier systems, we expected to induce hMSC osteogenic and
chondrogenic differentiation in one scaffold matrix with spatial control
of growth factors distribution and temporal control of their release. The
finding will be useful for the future fabrication of osteochondral
constructs for bone repair applications. For the polymer scaffold system
incorporating microspheres and supporting tissue formation, alginate
gel was used for the initial scoping studies due to its long history of use
for cell encapsulation [31-33], and the ease with which gels can be
formed to generate microsphere/growth factor gradients. Silk porous
sponge-like scaffolds were used due to their excellent biocompatible,
biodegradable, and mechanical properties for tissue engineering
applications [34-40]. For the microsphere systems carrying growth
factors, PLGA microspheres were selected as they have been used for
encapsulating growth factors, including rhBMP-2 and rhIGF-I [41-43].
Recently, silk fibroin protein was also formed into microspheres using a
novel method suitable for protein encapsulation and controlled release
[44]. In the present study, in parallel with PLGA microspheres, silk
microspheres were also used to encapsulate rhBMP-2 and rhIGF-I. The
loading and release of growth factors from the two microsphere
systems, as well as the impacts of growth factor release on hMSC
differentiation in different scaffold matrices were compared.

2. Materials and methods
2.1. Materials
Cocoons of B. mori silkworm silk were kindly supplied by

M. Tsukada (Institute of Sericulture, Tsukuba, Japan). 1,2-Dioleoyl-sn-
glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar

Lipids (Alabaster, AL). rhBMP-2 was supplied by Medtronic Inc
(Minneapolis, MN) and recombinant human insulin like growth factor
1 (rhIGF-I) by Tercica (Brisbane, CA). Pysiogel® (80 mg/ml of
succinylated gelatin) was from Braun Medical (Emmenbrucke, Swit-
zerland). 3,3’5,5’ Tetramethylbenzidine (TMB) solution was purchased
from BioFX laboratories (Owing Mills, MD). Horseradish peroxidase
(type VI-A), low viscosity alginate, 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) and other chemicals were from Sigma-Aldrich (St. Louis, MO).

2.2. Purification of silk fibroin

Silk fibroin aqueous stock solutions were prepared as previously
described [45]. The final concentration of silk fibroin aqueous solution
was approximately 8% (w/v).

2.3. Silk microspheres encapsulating HRP, rhBMP-2 and rhIGF-I

Two hundred mg of DOPC was dissolved in 1 ml chloroform in a glass
tube and dried into a film under a flow of nitrogen gas. One ml of 8% (w/v)
silk fibroin solution was mixed with (1) 125 pl of 2 mg/ml HRP, rhBMP-2
or thIGF-I (3.125 pg growth factor per milligram silk) in the alginate
gel scaffold experiment; (2) 125 pl of 2 mg/ml rhBMP-2 and 375 pl of
2 mg/ml rhIGF-I (9.375 pg growth factor per milligram silk) in the silk
scaffold experiment. The mixture was added to hydrate the lipid film. The
mixture of DOPC, silk and rhBMP-2 was diluted to 4 ml with water and
moved to a plastic tube. The sample was frozen in liquid nitrogen for
15 min and then thawed at 37 °C for 15 min. The freeze-thaw step helped
form smaller vesicles with homogeneous size distributions as well as
increased the protein loading [44]. This freeze-thaw cycle was repeated 3
times and then the thawed solution was slowly pipetted into a glass
beaker containing 50 ml water with fast stirring. The resulting solution
was lyophilized for 3 days and stored at 4 °C. To prepare silk micro-
spheres, the lyophilized material was suspended in 40 ml of pure
methanol (MeOH) in a 50 ml plastic tube and the suspension was
incubated for 15 min at room temperature followed by centrifugation at
9000 rpm for 20 min at 4 °C (Sorvall RC-5B centrifuge). MeOH was used
in this case to remove the lipid templates and induce silk self-assembly
(B-sheet structure) to form silk microspheres with an average diameter
of about 1.6 pm [44]. The pellet obtained was dried in air and stored at
4 °C before use (Supplementary data).

2.4. PLGA microspheres encapsulating HRP, rhBMP-2 and rhIGF-I

PLGA microspheres were prepared by solvent evaporation from a
water-in-oil-in-water (W/O/W,) dispersion [46]. Details are provided
in the Supplementary data.

2.5. Determination of loading and release of rhBMP-2 and rhIGF-I from
silk microspheres

Silk microspheres loaded with rhBMP-2 or rhIGF-I (initial loading
of 3.125 pg/ mg silk for both) were suspended in phosphate buffer, pH
7.2 to a concentration of 20 mg/ml of microspheres. The microspheres
were dispersed by ultrasonication. One ml of suspension (20 mg/ml)
was used for growth factor loading and release study. To determine
loading, 1 ml of suspension was lyophilized and the dried material was
treated with hexafluoroisopropanol (HFIP), and dissolved in 1 ml
phosphate buffer at pH 7.2. rhBMP-2 or rhIGF-I content was de-
termined using an BMP-2 or IGF-I ELISA kit (R&D systems, Minnea-
polis, MN). To determine rhBMP-2 or rhIGF-I release, a 1 ml silk
microsphere suspension was incubated at 37 °C. At desired time
points, the suspensions were centrifuged at 10,000 rpm for 2 min. The
supernatant was moved to another tube and the pellet was re-
suspended in 1 ml fresh buffer. rhBMP-2 or rhIGF-I content in the
supernatant was determined by ELISA. The actual loading was then
obtained by comparing growth factor content with the initial loading
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(3.125 pg/mg silk), and the percentage of release was obtained by
comparing with loading. All experiments were performed in triplicate.

2.6. Culture of human bone marrow-derived mesenchymal stem cells
(hMSCs)

hMSCs were isolated from fresh whole bone marrow aspirates
from consenting donors (Clonetic-Poietics, Walkersville, MD) as
described previously [47]. Passage 3-4 cells were used for encapsula-
tion studies. All cell cultures were maintained at 37 °C in an incubator
with 95% air and 5% CO,. The cultures were replenished with fresh
medium at 37 °C twice a week.

2.7. Gradient incorporation of PLGA or silk microspheres and hMSCs in
an alginate gel scaffold

PLGA and silk microspheres loaded with either rhBMP-2 or rhIGF-I
were suspended in 2.5% (w/v) alginate solution to a concentration of
20 mg/ml. The clustered microspheres were dispersed by ultrasonica-
tion for 10 s at 30% amplitude (approximately 20 W) using a Branson
450 ultrasonicator (Branson Ultrasonics Co., Danbury, CN). hMSCs
were trypsinized and suspended with 2.5% (w/v) alginate solution
containing or not containing microspheres to a final density of
1.5x 10° cells/ml. The suspensions were used immediately to make gel
scaffolds using a modified gradient maker with two connected
chambers (CBS Scientific, Temecula CA). To obtain a linear concentra-
tion gradient, the two chambers should contain two solutions of equal
volume (minimal volume of 0.5 ml), each of which contained a
different concentration of silk microspheres but the same concentra-
tion of hMSCs. The center valve was closed prior to mixing. Alginate
sodium salt was dissolved in distilled water to a final concentration of
2.5% (w/v) and sterilized by filtration through a 0.22 pm membrane. To
prepare rthBMP-2 gradient gels, 0.5 ml of 2.5% (w/v) alginate solution
containing hMSCs (1.5%10° cells/ml) was added to chamber A, and
0.5 ml of 2.5% (w/v) alginate solution containing 6 mg rhBMP-2-silk
microspheres and hMSCs was added to chamber B. The stir bar in
chamber B was then activated, the center valve opened, and the
peristaltic pump started. As the solution in chamber A was drawn
through the conduit it mixed completely with the solution in chamber
B, and the volumes of chamber A and B were simultaneously depleted.
A linear rhBMP-2-silk microsphere gradient was formed because the
0 mg/ml microsphere suspension in chamber A was mixed with an
increasingly lower volume of microsphere suspension in chamber B.
The mixed solution was eluted through a glass pipette (diameter=
2 mm) into a glass tube containing 25 mM CaCl, solution. The glass
pipette was positioned at the bottom of the tube at the beginning, and
it was lifted slowly while the solution was eluted to allow the gel to
form and to keep the cylindrical shape in the tube. The gel scaffolds
formed were approximately 10 cm in length and 2-3 mm in diameter.
After incubation for about 10 min in the CaCl, solution, the completely
formed gel scaffold was washed with PBS and moved to a 6-well plate
containing 4 ml of growth medium. To prepare rhIGF-I gradient
scaffolds, rhIGF-I encapsulated PLGA or silk microspheres were used in
chamber B and the rest of the system was the same as described above.
To prepare a control scaffold, empty PLGA or silk microspheres were
used in chamber B and the rest was the same as above. To prepare
rhIGF-I/rhBMP-2 reverse gradient scaffolds, rhIGF-I encapsulated
PLGA or silk microspheres were used in chamber A and rhBMP-2
encapsulated microspheres were used in chamber B, and the rest was
the same as described above.

2.8. HRP gradient determination in alginate scaffolds
HRP-encapsulated PLGA or silk microspheres were incorporated in

alginate gel scaffolds as described above (please see Supplementary
data for details).

2.9. Gradient incorporation of silk microspheres in a silk porous 3D
scaffold

Silk scaffolds with gradients of rhBMP-2 and rhIiGF-1 were obtained
using the same experimental set up but 0.5 ml 6% (w/v) silk solution
with or without 20 mg of silk microspheres. The mixed solution from
the gradient maker was eluted through a needle into a glass mold
(inner diameter=10 mm; height=30 mm). Sieved sodium chloride
particles with sizes between 500 to 600 pm were slowly added to the
glass mold with a speed matching the eluting silk solution. Three
different scaffolds, rhBMP-2 gradients, rhIGF-I gradients and rhBMP-
2/rhIGF-I inverse gradients, as well as the control scaffold containing
empty microspheres were prepared. The glass molds were covered
and stored at room temperature for 24 h to permit the silk to undergo
a structural transition to a beta sheet, forming physical crosslinks to
stabilize the 3D matrix as we have previously reported [37]. To leach
out the NaCl particles and obtain the porous scaffold, the glass molds
were immersed in 1 litter of ultrapure (MilliQ) water with stirring, and
the scaffold was removed from the mold after about 30 min and
washed for 8 h by changing the water three times. Each scaffold was
cut into 4 parts along the gradient direction, and the small scaffolds
(length=2.5 cm; diameter=2 mm) were immediately used for cell
culture or lyophilized and used for SEM and ELISA analysis.

2.10. Enzyme-linked immunosorbent assay (ELISA)

rhBMP-2 and rhIGF-I content in the 3D porous silk scaffolds was
quantified by ELISA (kit from R&D systems, Minneapolis, MN). Briefly,
a 30 mm long scaffold after salt leaching was cut into 7 pieces along
the long axis, and each piece was placed in an Eppendorf tube and
lyophilized. The dried material was suspended in 250 pl of HFIP which
functioned to solubilize the silk and release the contained growth
factors [45]. The tube was closed and incubated overnight at room
temperature. HFIP was then evaporated by a flow of nitrogen gas and
the dried protein was dissolved in 1 ml phosphate buffer, pH 7.2.
rhIGF-I content in the solution was detected by ELISA. The solution
was diluted 5, 50, and 500 fold with the same buffer, and the three
solutions, as well as the diluted standards for rhBMP-2 and rhIGF-I,
were subjected to ELISA following the supplier's instructions. All
experiments were performed in triplicate.

2.11. hMSC seeding and culture in alginate and silk scaffolds

For the alginate gel scaffolds, hMSCs were encapsulated in the gel
during gel formation as described above. After preparation, the
scaffolds were cultured in growth medium overnight and then moved
and cultured in the osteochondral medium containing 90% DMEM,
10% fetal bovine serum (FBS), 0.1 mM non-essential amino acids, ITS*!
(10 pg/ml insulin, 5.5 pg/ml transferrin, 5 ng/ml selenium, 0.5 mg/ml
bovine serum albumin, 4.7 pg/ml linoleic acid, Sigma), 50 pg/ml
ascorbic acid, 10 nM dexamethasone, 10 mM [-glycerolphosphate,
100 U/mL penicillin, 1000 U/mL streptomycin, and 0.2% fungizone
antimycoticin for 3 weeks. The medium was replenished twice a week.
After culture, each scaffold was washed with PBS, cut into 11 segments
along the long axis, and either immersed in 10% neutral buffered
formalin for histology, immediately subjected to RNA extraction, or
stored at —80 °C for calcium assay. For the 3D porous silk, the scaffolds
were immersed in 2 ml of 70% ethanol for 30 min in a 12-well plate for
sterilization, and this process was repeated three times. The scaffolds
were then washed three times with phosphate buffer at pH 7.2
followed by incubation in 2 ml of growth medium at 37 °C overnight.
Before use, the medium was aspirated from the scaffolds, and hMSCs
suspension (5% 10° in 100 pL growth medium) was evenly seeded onto
each scaffold. The constructs were kept in a 37 °C incubator for 2 h to
allow the cells to diffuse into and attach to the scaffolds before 2 mL of
fresh medium was added. One milliliter DMEM was added in empty
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wells in the seeding plates to maintain moisture. Twenty-four hours
later, each construct was transferred to a blank well in a different plate
and replenished with osteochondral medium as mentioned earlier.
The constructs were cultured at 37 °C for 5 weeks by the replenish-
ment of fresh medium twice a week. After culture, each construct was
washed with PBS, cut into 7 segments along the long axis, and
immersed in 10% neutral buffered formalin for histology, immediately
subjected to RNA extraction, or stored at —80 °C for calcium assay. At
least 3 scaffolds were used in each group.

2.12. Phase contrast and Scanning Electron Microscopy (SEM)

The alginate scaffolds with encapsulated hMSCs and microspheres
were transparent enough for microscopic imaging during culture. A
phase contrast light and fluorescence microscope (Carl Zeiss, Jena,
Germany) equipped with a Sony Exwave HAD 3CCD color video
camera was used. SEM was used to determine the distribution of silk
microspheres in the silk scaffolds and the tissue formation at the end
of culture. Various silk scaffolds were washed with phosphate buffer
at pH 7.2 and lyophilized for 3 days, quickly frozen in liquid nitrogen,
and cross-sectioned into thin pieces with a razor. The pieces of scaffold
were fixed on sample mounts, sputter-coated with Au using a Ploaron
SC502 Sputter Coater (Fison Instruments, UK), and examined using a
JEOL JSM 840 Scanning Electron Microscope (Peabody, MA) at 15 KV.

2.13. Total RNA extraction, cDNA synthesis, and real-time RT-PCR
analysis

Total RNA was extracted from cells using an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) following the supplier's instructions.
Please see Supplementary data for additional details.

2.14. Calcium and glycosaminoglycans (GAG) assay

After culture, the constructs were cut into small segments which
were quickly dried on tissue paper and weighed. For calcium de-
termination, samples were then extracted with 0.5 ml of 5% tri-
chloroacetic acid for 30 min at room temperature, centrifuged at
12,000 rpm for 5 min at room temperature (Eppendorf 5417R
centrifuge), and the calcium content in the supernatant was deter-
mined spectrophotometrically at 575 nm, following reaction with o-
cresolphtalein complexone according to the manufacter's instructions
(Sigma). The calcium content was normalized by sample wet weight
(%w/|w). For GAG determination, samples were digested in 0.14 mg/ml
papainase in a buffer containing 100 mM phosphate, 10 mM ethyl-
enediaminetetraacetate (EDTA), and 10 mM cysteine for 15 h at 60 °C.
GAG content was determined spectrophotometrically at 656 nm
following reaction with dimethylmethylene blue dye, according to the
manufacturer's protocol (Blyscan™ Biocolor Ltd., Newtownabbey,
Northern Ireland). All experiments were performed in triplicate.

2.15. Histology

Scaffolds seeded with cells were washed in PBS and fixed in 10%
neutral buffered formalin for 2 days before histological analysis.
Samples were dehydrated through a series of graded ethanol, em-
bedded in paraffin and sectioned at 5 mm thickness. For histological
evaluation, sections were deparaffinized, rehydrated through a series
of graded ethanols, and stained with hematoxylin and Eosin (H&E),
Alcian blue (pH 2.5) and von Kossa with a fast red counterstaining.

2.16. Statistics
All experiments were performed with a minimum of N=3 for each

data point. Statistical analysis was performed by one-way analysis of
variance (ANOVA) and Student-Newman-Keuls Multiple Compari-

sons Test. Differences were considered significant when p<0.05, very
significant when p<0.01, and extremely significant when p<0.001.

3. Results
3.1. Gradient delivery study using alginate gel scaffolds

3.1.1. PLGA and silk microsphere preparation and sustained growth factor
release

Growth factors, i.e., thBMP-2 and rhIGF-I, and a model protein
drug, horseradish peroxidase (HRP), were encapsulated in either PLGA
or silk microspheres (Supplementary data). The loading of rhBMP-2
and rhIGF-I in silk microspheres was 0.3 and 0.45 pg/mg silk
microspheres, respectively, corresponding to 41% and 14% loading
efficiency (Supplementary data). The cumulative release profiles of
the two growth factors were different. rhIGF-I showed a burst release
with approximately 40% of total rhIGF-I released in the first 2 days.
The release then decreased, with approximately 70% of total rhIGF-I
released after 14 days (Supplementary data). rhBMP-2, however,
showed almost no burst release, and the overall release was slow and
sustained. Less than 15% of total rhBMP-2 was released within 14 days.
This is similar to the release of horseradish peroxidase (HRP) from silk
microsphere in our previous studies [44].

3.1.2. Gradient incorporation of microspheres in alginate scaffolds
PLGA or silk microspheres encapsulating HRP were incorporated in
a cylinder-shaped alginate gel scaffold using a gradient gel maker
(supplementary data). The HRP concentration in the scaffold was
determined by sectioning of the scaffold along its longitudinal
direction and measuring enzyme activity in each fragment. When
alginate concentration of 2.5% (w/v) was used, linear gradient
distribution of HRP was observed in both PLGA and silk micro-
sphere-incorporated scaffolds (Fig. 1A, B). The gradient was shallow
(approximately 2-fold increase of HRP content through the scaffold),
with relatively low R? (0.75) after fitting the data with least-squares
linear regression (Fig. 1A, B). Scaffolds prepared at lower alginate
concentration (1.2% (w/v)) did not show satisfying HRP gradients,
especially for PLGA-microsphere incorporation (data not shown).

3.1.3. hMSCs encapsulation and differentiation in alginate scaffolds

hMSCs at passage 3 were trypsinized and mixed with alginate/
microsphere suspension. The mixture was used to prepare cylinder-
shapped gels as described above. Under microscope, the gels were
opaque when silk microspheres (about 6 mg) were incorporated,
while transparent when the same amount of PLGA microspheres were
incorporated (Fig. 1C). The PLGA microspheres and hMSCs were
distinguishable and appeared uniformly distributed in the gels
(Fig. 1C). hMSCs remained rounded throughout the culture period,
similar to the control sample of hMSCs encapsulated in the alginate
gel in the absence of microspheres (data not shown).

In response to the release of growth factors from microspheres,
hMSCs conducted osteogenic and chondrogenic differentiation during
3 weeks culture time and the levels were examined along the scaffold.
Comparing PLGA and silk microsphere delivery system, the later is more
efficient in delivering rhBMP-2 to induce hMSCs osteogenesis. The Col I,
BSP and Col X transcript level in the single BMP-2-silk microsphere
gradient and BMP-2/IGF-I-silk microsphere reverse gradient scaffold
was significantly higher (p<0.001) than that in the corresponding PLGA
microsphere-incorporated scaffolds (Fig. 2A, B, C). The rhIGF-I-PLGA
microsphere system, however, induced about 10 fold increase of BSP
transcript level, higher than that in the rhIGF-I-silk microsphere system,
which showed almost no increase (p<0.001, Fig. 2B). Therefore, both
rhBMP-2 and rhIGF-I induced hMSC osteogenesis, and their efficacies
were dependent on the encapsulation microsphere system used.
Similarly, hMSC chondrogenesis was also induced by rhBMP-2 and
rhIGF-1, as determined by Col II gene expression (Fig. 2D). PLGA
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Fig. 1. Characterization of alginate gel scaffolds. A,B, gradient distribution of alginate and silk microspheres in alginate scaffolds, respectively, as determined by measuring
encapsulated HRP activities. The scaffolds were cut into 9 segments after preparation, and each gel segment was dissolved in 20 mM EDTA and HRP content in the released
microspheres was determined. Data represent the Ave. SD (n=3). Data were fit linear with least-squares linear regression, R*=0.75 for both A and B. C, photomicrographs of alginate
gel scaffold incorporated with silk (a) and PLGA microspheres (b,c) as well as hMSCs. The scaffolds were cultured in a growth medium for three days before imaging. Arrows indicate
PLGA microspheres and circles indicate round shaped hMSCs. Bar=500 pm in a,b 200 um in c.

microsphere system is more efficient than silk microsphere system
in this case in delivering rhBMP-2 or rhIGF-I for chondrogenesis
(p<0.001, Fig. 2D). Silk microspheres, however, were better than PLGA
microspheres for exhibiting the reverse dual gradient of rhBMP-2 and
rhIGF-1, as seen by upregulated Col Il gene expression (p<0.001, Fig. 2D).
For both PLGA and silk delivery systems, the levels of hMSC differentia-
tion did not follow the gradient trend of rhBMP-2 and/or rhIGF-I; they
were more randomly distributed in the scaffolds (Fig. 2A-D). This might
be due to the shallow gradient distribution of microspheres and/or the
fast diffusion of released growth factors in the aqueous alginate gel
environment.

3.2. Osteochondral tissue engineering using silk gradient scaffolds

3.2.1. Gradient distribution of silk microspheres and growth factors in silk
scaffold

The same gradient making system as described above was used to
prepare elongated silk scaffolds with silk microspheres incorporated
as concentration gradients. The scaffolds were white and soft, with a
diameter about 2-3 mm and length about 25 mm. When rhBMP-2 and
rhIGF-I encapsulated silk microspheres were used, both growth fac-
tors were immobilized as concentration gradients in the scaffolds as
the result of gradient incorporation of microspheres, as determined by
ELISA on scaffold segments (Fig. 3A, B). The growth factor gradients
formed were deeper and more linear, with R>=0.92 and 0.95 for

rhBMP-2 and rhIGF-I, respectively, as compared with those in the
alginate gel system. Furthermore, microspheres were evenly distrib-
uted in the scaffold with no aggregates or big clusters formed, as
determined by SEM (please see Supplementary data). Apparently, silk
sponge-like scaffold is superior to alginate gel scaffold for incorporat-
ing microspheres and forming growth factor gradients, probably due
to its unique encapsulation and diffusion-limited property based on
crystalline B-sheet structure formation.

3.2.2. Gradient bone and cartilage formation in silk scaffolds

hMSCs were seeded in the silk scaffolds containing growth factor-
encapsulated microspheres or empty microspheres that severed as a
control, and the constructs were cultured in an osteochondrogenic
medium for 5 weeks. Compared to the scaffolds prior to cell seeding,
the scaffolds after culture were completely filled with new extra-
celullar matrix based on SEM imaging (Supplementary data). The
formation of bone and cartilage tissue in the sectioned segments was
evaluated at transcript and biochemical levels. From segment 1 to 7
(rhBMP-2 concentration increased and/or rhIGF-I concentration
decreased), osteogenic markers Col I and BSP showed a corresponding
increase of transcript level along the rhBMP-2 gradient (Fig. 4A, B).
Calcium deposition in the same segments showed a similar trend
along the gradient increase (Fig. 4C). Similarly, the trend along the
gradient was found for hypertrophic chondrogenic marker Col X and
chondrogenic marker Col II (Fig. 4D, E), and GAG production (Fig. 4F).
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For all the gene markers being tested, the transcript levels in the
rhBMP-2/rhIGF-I reverse gradient scaffold were significantly higher
than those in the single rhBMP-2 gradient (p<0.01, Fig. 4A-F). Ap-
parently, the presence of rhIGF-I enhanced the effect of rhBMP-2 in
inducing hMSC osteogenesis and chondrogenesis, a phenomenon that
was not observed in alginate gel scaffold. rhIGF-I alone did not induce
significant osteogenesis in the scaffold at either the transcript or
biochemical level; no trend along the gradient was observed (data not
shown), similar to that was observed in alginate gel scaffold. The
tissue construct with the maximal outcomes (rhBMP-2/rhIGF-I
inverse gradient) was subjected to histological analysis. Hematoxylin
and eosin (H&E) staining revealed heterogeneous cell morphologies,
e.g., osteoblast-like (cuboidal) and chondrocyte-like (spherical) cells,
in the region with the highest rhBMP-2 concentration (segment 7),
while most cells in the region with the lowest rhBMP-2 concentration
(segment 1) retained hMSCs morphology (spindle) (Fig. 5). Alcian Blue
staining revealed deposition of cartilage-specific proteoglycan, form-
ing lacunae-like ECM around chondrocyte-like cells, in segment 7. Von
Kossa staining revealed bone-specific calcium deposition in the same
region. Both stainings were weaker in segment 1. Therefore, the his-
tological analysis confirmed gradient bone and cartilage formation in
silk scaffold.

4. Discussion
rhBMP-2 and rhIGF-I have been encapsulated in 50:50 PLGA

microspheres using W/O/W-double emulsion-solvent evaporation
method, and their in vitro release has been characterized [26,41-

43,46]. In the absence of co-encapsulated excipients, the loading
efficiency of rhBMP-2 and rhIGF-1 were about 50 and 23%, respectively,
and the release of latter was more than 2 times faster than that of the
former. Co-encapsulation with excipients largely improved loading
and retarded release [43,46] (Supplementary data). In our study, we
used 25% Physiogel® as co-encapsulation excipient for rhBMP-2 and
rhIGF-I encapsulation in PLGA microspheres, the same condition as
used in the literature [46]. No excipient was used for silk microsphere
encapsulation. The loading and loading efficiency of rhBMP-2 in silk
microspheres were higher than those of rhIGF-I (Supplementary data).
This is similar to the results of PLGA microsphere encapsulation when
no co-encapsulation excipient was used (Supplementary data),
suggesting that the two microsphere systems might have a similar
encapsulation mechanism for rhBMP-2. It has been reported in the
literature that rhBMP-2 has high binding affinity to the carboxylic acid
group at the end of each PLGA polymer chain; a greater acid number of
the PLGA polymer may result in a greater amount of “bound” rhBMP-2
[48]. Since there are more than 60 carboxylic acid groups in each silk
fibroin molecule, rhBMP-2 might have bound to silk fibroin based on
the same binding mechanism. This hypothesis, however, will need
further investigation in future studies. The release of rhBMP-2 from
silk microspheres as determined in the present study is more
sustained than that from PLGA microspheres as reported in the
literature (Supplementary data). Except for the aforementioned
charge-based binding mechanism, extensive crystalline B-sheet
structure network formed in silk microspheres might have also
limited rhBMP-2 diffusion out of the microspheres, as we have
previously reported [44].



X. Wang et al. / Journal of Controlled Release 134 (2009) 81-90 87

0.5 1

*

0.4 1

0.3 1

0.2 4

0.1 4

BMP-2 (ug/mg of dry scaffold)
*

o
(=]
[
=
=]
= ]
(L]
N
o
N
o
W]
o

Length (mm)
0.5 1

0.4 1

0.3 1

0.2 4

IGF-l (ug/mg dry scaffold)

0.1 4

0 5 10 15 20 25 30
Length (mm)

{o1]
o

Fig. 3. Growth factor gradient in silk microsphere-incorporated silk scaffolds. The
scaffold was sectioned into segments and the rhBMP-2 and rhIGF-I content in each
segment was quantified by ELISA. Data were fit with least-squares linear regression,
R?*=0.92 and 0.97 for A and B, respectively. A, rhBMP-2 gradient. B, rhIGF-I gradient.
Data represent the Average+SD (n=3-4).

Col I transcript level

24

BSP transcript level
* %

A gradient gel maker was used to prepare alginate gel scaffolds
with gradient distributions of microspheres but even distribution of
hMSCs. The gel prepared had a cylindrical shape with a length about
10 cm and diameter about 2 mm. The small diameter facilitated
transport of nutrients and metabolic products through the gel. The
size of microspheres and the concentration of alginate solution
(related to viscosity) were found to be important in forming a good
microsphere gradient. PLGA microspheres (50-80 pm) used in the
study are much bigger than silk microspheres (<2 pm), so that they
were more rapidly precipitating in a alginate solution during the
gelation in the calcium chloride solution. Silk microspheres could
form linear gradient in the gel scaffold when an alginate concentration
of 1.2% w|v was used, while PLGA microspheres could only form
gradients at higher alginate concentrations (above 2.5% w/v). We
therefore used 2.5% alginate solution for all the preparations.

To encapsulate cells, hMSCs at passage 3 were trypsinized and
added to alginate solution containing or not containing microspheres
to reach a cell density of 1.5x10° cells/ml, and the mixtures were
immediately used for making gradient gel scaffold. The scaffolds
prepared were then moved to a medium containing osteogenic and
chondrogenic components, and cultured for 3 weeks. hMSCs
remained round shape during the whole culture period. Apparently,
the alginate gel environment restricted any hMSC morphology
changes, a phenomenon previously reported and believed to be a
pre-requisite for the initiation of hMSCs differentiation process
[49,50]. Further study showed that hMSCs osteogenic differentiation
occurred mainly in rhBMP-2 or rhBMP-2/rhIGF-I silk microsphere gel
system but very little in the corresponding PLGA microsphere gel
system (Fig. 2A-C). This might be due to: (1) silk microspheres
released rhBMP-2 in a sustained manner and the released rhBMP-2
can reach the cells more quickly and homogeneously than that
released from PLGA microspheres. (2) rhBMP-2 lost its bioactivity after
being released from PLGA microspheres because of the acidic
microenvironment caused by PLGA degradation. In contrast, rhiGF-I
alone only induced BSP gene expression in PLGA microsphere system
but not in silk microsphere system. This can be explained by different
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Fig. 5. Histological analysis on silk scaffolds with rhBMP-2/rhIGF-I reverse gradient. A-F, the first scaffold segment (lowest rhBMP-2 and highest rhIGF-I). G-L, the seventh scaffold
segment (highest rhBMP-2 and lowest rhIGF-I). A, D, G, ], Hematoxylin and eosin (H and E) staining. B, E, H, K, Alcian blue staining for proteoglycan formation. C, F, I, L, Von Kossa

staining for calcium deposition. Scale bars=200 pm (A-C, G-I) or 50 pm (D-F, J-L).

loading levels of rhIGF-I in the two microsphere systems. The loading
efficiency of rhIGF-I (in the presence of 25% Physiogel® as co-
encapsulated excipient) was about 77% in PLGA microspheres whereas
it was only about 14% in silk microspheres (Supplementary data).
Since rhIGF-I was added in the same amount during microsphere
fabrications, the rhIGF-I loading in PLGA microspheres should be more
than 5 times higher than that in silk microspheres. Therefore, the
amount of rhIGF-I released from silk microspheres during the culture
might be below the threshold to induce hMSCs osteogenesis. For
hMSC chondrogenesis, the PLGA microsphere system encapsulating
rhBMP-2 or rhIGF-I was more efficient than the corresponding silk
microsphere system, while the silk microsphere system was more
efficient for the combination of the two growth factors (Fig. 2D). All
these results suggest that besides growth factors themselves, different
carrier matrices that exhibit distinguished growth factor loading and
release properties are also important in determining hMSC differ-
entiation. In the alginate gel scaffold system, the level of osteochon-
drogenic differentiation did not follow the gradient trend of rhBMP-2

or rhIGF-I in either of the cases (Fig. 2A-D). Either the gradient was too
shallow or the gradient of growth factors could not be retained after
release due to fast diffusion of molecules in aqueous alginate gel
environment. This was improved in the following study when silk
sponge porous scaffolds were used and culture time was extended to
5 weeks.

In our previous studies, water-based silk porous scaffolds were
prepared by adding sodium chloride particles to silk solution to
quickly induce self-assembly and gelation of silk fibroin protein [37].
After leaching out the salt, sponge-like silk scaffolds formed with the
pore sizes defined by the sodium chloride particle size. The method
was used in this study to prepare microsphere-gradient silk scaffold as
shown in Supplementary data. Only silk microspheres were used in
this study. Due to fast immobilization of silk microspheres in the
scaffold, suitable growth factor (rhBMP-2 and rhIGF-I) gradients could
be formed along the scaffold, as determined by ELISA. After seeding
hMSCs in the porous scaffold, sustained local release of growth factors
effectively induced hMSC differentiation. As expected, the level of
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hMSC osteogenic and chondrogenic differentiation was controlled by
the presence of rhBMP-2, forming a gradient. The presence of rhIGF-I
enhanced the effect of rhBMP-2 in the reverse dual gradient scaffold, a
phenomenon not observed in the alginate gel scaffold. This might be
due to higher retention of rhIGF-I in silk crystalline B-sheet matrix
than in alginate gel matrix. The rhIGF-I alone, however, did not induce
osteochondral differentiation, consistent with the alginate scaffold
study. As discussed above, limited loading and relatively fast release of
rhIGF-I from silk microspheres might account for the result.

The present study has demonstrated that bioactive growth factors
can be delivered efficiently in a polymer scaffold via microsphere
encapsulation, inducing and controlling the differentiation of seeded
hMSCs. In previous studies, ThBMP-2 was added to the culture
medium (1 pg/ml) to stimulate osteogenic differentiation of hMSCs
that were seeded on silk 3D porous scaffolds [51]. The calcium content
was approximately 2 wt.% of (wet) scaffold after 5 weeks culture,
similar to that formed in the rhBMP-2-incorporated scaffold and less
than that in the rhBMP-2/rhIGF-I-incorporated scaffold in the present
study (Fig. 4C). However, the amount of rhBMP-2 used in the previous
study was at least 10 times higher than that used in the present study
(approximately 4 pg/scaffold). Therefore, growth factors can be
delivered much more efficiently via microsphere incorporation in
the scaffolds than supplemented in a soluble form in the culture
medium. In two other studies, rhBMP-2 was either directly incorpo-
rated into silk scaffolds or released from genetically modified hMSCs
that were seeded on silk scaffolds [25,52]. In both cases, the release of
rhBMP-2 in the culture medium dropped to undetectable levels within
2-3 weeks, resulting in a lower level of calcium deposition in the
scaffolds (0.4 wt.% and 0.8 wt.%, respectively). Furthermore, the
present study showed that growth factors can be immobilized as
concentration gradients in the scaffold via microsphere incorporation.
Due to its aqueous gel property, alginate might not be an ideal
material to retain growth factor gradients after release. Self-
assembled silk material, however, is composed of extensive crystalline
3-sheet structure networks which are effective physical barriers to
restrict molecular diffusion [44], so that the growth factors released
from microspheres could be entrapped and gradients retained in the
scaffolds. Based on the present silk scaffolding system, multiple
growth factors can be studied simultaneously in a 3D environment in
order to screen for optimal doses and combinations. Depending on the
growth factor properties, the loading and release profiles can be
controlled by using various microencapsulation systems, e.g., PLGA
and silk microspheres. Such growth factor delivery scaffold systems
will be useful not only for understanding natural tissue growth and
regeneration processes, but also for in vitro engineering composite
tissue constructs, such as osteochondral plugs. For this, the system
should be further optimized by: (a) increase in the amount of growth
factors incorporated in the scaffold. The highest concentration of
rhBMP-2 and rhIGF-I immobilized in the silk scaffolds was about
0.45 pg/mg dry scaffold (30 pg/ml wet scaffold), similar to the doses
used in the literature for bone and cartilage repair [26-28,53]. This
concentration, however, did not induce the highest hMSCs osteogen-
esis and chondrogenesis because the increase of transcript and
biochemical levels did not reach plateaus (Fig. 4). Either more
microspheres could be incorporated in the scaffolds or the loading
of growth factors in microspheres increased. (b) The release kinetics of
rhBMP-2 and rhIGF-I in the silk delivery system will need to be
optimized. It has been reported that sequential delivery of BMP-2 and
IGF-I in a two-layered gelatin delivery system resulted in better bone
formation than the simultaneous release of the two growth factors
[54]. Different outcomes may be obtained if silk microspheres with
distinct release properties are used in the scaffolds [44]. (c) The
medium composition will need to be optimized. The osteochondro-
genic medium used in the present study contained both osteogneic
and chondrogenic components. Some osteogenic components, e.g.,
p-glycerolphosphate, may inhibit hMSC chondrogenesis.

5. Conclusions

Growth factors, rhBMP-2 and rhIGF-I, can be functionally encap-
sulated in either PLGA or silk microspheres and further incorporated
in alginate and silk scaffolds to form concentration gradients.
Depending on the nature of carrier matrices and the microencapsula-
tion process, the two microsphere systems had distinguished growth
factor loading and release properties, which impact differently on
hMSC osteochondral differentiation. Silk sponge-like scaffolds were
superior to alginate gel scaffolds in forming deep linear grow factor
gradients. The osteogenic and chondrogenic differentiation of hMSCs
seeded in these silk scaffolds corresponded to the gradient distribu-
tion of rhBMP-2 and reverse distribution of rhBMP-2/rhIGF-I, showing
a trend of gradient increase. rhIGF-I enhanced the effect of rhBMP-2
but it alone did not induce hMSC differentiation, probably due to its
limited loading and fast release. Therefore, control of specific tissue
formation can be achieved by controlling spatial distribution of
growth factors in a polymer scaffold via microsphere incorporation.
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