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Abstract

The localized and temporally controlled delivery of growth factors is key to achieving optimal clinical
efficacy. In sophisticated tissue engineering strategies, the biodegradable scaffold is preferred to
serve as both a three-dimensional (3-D) substrate and a growth factor delivery vehicle to promote
cellular activity and enhance tissue neogenesis. This study presents a novel approach to fabricate
tissue engineering scaffolds capable of controlled growth factor delivery whereby growth factor
containing microspheres were incorporated into 3-D scaffolds with good mechanical properties, well-
interconnected macroporous and nano-fibrous structures. The microspheres were uniformly
distributed throughout the nano-fibrous scaffold and their incorporation did not interfere the macro-,
micro-, and nanostructures of the scaffold. The release kinetics of platelet-derived growth factor-BB
(PDGF-BB) from microspheres and scaffolds was investigated using poly(lactic-co-glycolic acid)
(PLGAA50) microspheres with different molecular weights (6.5 and 64kDa, respectively) and
microsphere-incorporated poly(.-lactic acid) (PLLA) nano-fibrous scaffolds. Incorporation of
microspheres into scaffolds significantly reduced the initial burst release. Sustained release from
several days to months was achieved through different microspheres in scaffolds. Released PDGF-
BB was demonstrated to possess biological activity as evidenced by stimulation of human gingival
fibroblast DNA synthesis in vitro. The successful generation of 3-D nano-fibrous scaffold
incorporating controlled-release factors indicates significant potential for more complex tissue
regeneration.
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1. Introduction

A variety of bioactive factors that induce chemotaxis, proliferation, differentiation and matrix
synthesis are essential in natural tissue/organ development and wound healing [1]. Owing to
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the rapid advances in recombinant technology and the availability of large scale manufacturing
of cytokines and growth factors, many recent tissue engineering strategies have turned to the
use of specific growth factors to stimulate cellular activity in vitro and for improved functional
neotissue formation in vivo [2-5]. Importantly, the delivery mode appears to be critical for the
application of these factors in tissue engineering [6-8].

Platelet-derived growth factor (PDGF) has been demonstrated to stimulate the proliferation
and recruitment of both periodontal ligament (PDL) and bone cells in vitro. In vivo study also
showed that PDGF-BB enhances periodontal regeneration in beagle dogs [9] and non-human
primates [10] as well as bone defect fill in a human clinical trial [11,12]. Due to its capability
in promoting wound healing [13] through enhancing the formation of granulation tissues,
recombinant human PDGF-BB has been approved by US Food and Drug Administration
(FDA) for use in diabetic foot ulcers [14]. Despite of its superior functions in enhancing tissue
regeneration, high or repeated doses of PDGF need to be frequently administrated to maintain
sufficient therapeutic concentration with desired duration at soft tissue defects giving that
intravenously injected PDGF is rapidly cleared by the circulation (half-life less than 2min in
vivo) [15,16]. Gene therapy has been used to deliver PDGF to soft tissue and periodontal
wounds, however, safety concerns exist with the use of viral vectors [17-19]. Localized delivery
in a controlled fashion of this potent factor may achieve the optimal function.

Biodegradable polyesters such as poly(lactide) (PLA) and poly(lactide-co-glycolide) (PLGA)
have been widely used for the controlled delivery of polypeptides and proteins in the format
of microspheres or nanospheres [20-25]. The release kinetics can be modulated by adjusting
the factor loading, polymer molecular weight, lactide / glycolide ratio in the copolymer, and
formulation methods [21,23,26,27]. Notably, the biological activity of the released factors can
be largely maintained during the encapsulation process and upon release [5,21]. However, in
terms of tissue engineering applications, it is preferable that a tissue engineering construct
serves as both a factor delivery carrier and as a 3-dimensional (3-D) scaffold for cellular
activities. These two components can coordinately enhance tissue regeneration. Simple
adsorption of growth factors into natural or synthetic polymeric matrices allows local delivery,
but the temporal control over release Kinetics is limited [28-30]. Other approaches including
emulsion incorporation and gas foaming incorporation may achieve some slow release of
growth factors. However, the architecture and mechanical properties of the scaffolds, and the
control over the release kinetics were limited [31-33].

Previously, our laboratory has developed a new technology to fabricate biodegradable PLLA
nano-fibrous scaffold with well-interconnected macropores and good mechanical properties
[34,35]. Due to its structural similarity to collagen (which is a major extracellular component
of bone, cementum, and periodontal ligament (PDL)), the nano-fibrous structure has been
demonstrated to improve cell attachment [36] and possibly to stimulate cell proliferation and
differentiation as well [37]. In this paper, we incorporate the growth factor (PDGF-BB)
containing microspheres into the nano-fibrous scaffold to develop a microsphere-scaffold
system with the capacity of releasing bioactive PDGF-BB in a well-controlled manner. The
demonstrated bioactivity resulted from locally delivered PDGF-BB, along with the advanced
nano-fibrous scaffold, would make the microsphere-scaffold system a superior candidate for
periodontal tissue regeneration.

2. Materials and methods

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA) with LA/GA ratio of 50:50 (Medisorb®, PLGA50-6.5K,
Mw=6.5kDa; PLGA50-64K, Mw=64kDa) was purchased from Alkermes Inc. (Wilmington,
OH). Poly(.-lactic acid) (PLLA) with inherent viscosity of 1.6dl/g was purchased from

J Control Release. Author manuscript; available in PMC 2008 October 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al.

Page 3

Boehringer Ingelheim (Ingelheim, Germany). Recombinant human platelet-derived growth
factor (rhPDGF-BB) was kindly provided by BioMimetic Pharmaceutics (Franklin, TN).
1125-PDGF-BB and [methyl-3H]thymidine were purchased from Amersham Biosciences Corp.
(Piscataway, NJ). Dulbecco's Modified Eagle Medium (DMEM) and antibiotics were from
Invitrogen Corp. (Carlsbad, CA). Other chemicals used were: poly(vinyl alcohol) (PVA)
(88mol% hydrolyzed, MW=25,000) obtained from Polysciences Inc. (Warrington, PA);
fluorescein isothiocyanate bovine serum albumin (FITC-BSA, 67kDa) from Sigma;
dichloromethane, sodium dodecyl sulfate (SDS), sodium acetate and acetic acid from Aldrich
Chemical Company (Milwaukee, WI).

2.2. PLGA50 microsphere (MS) preparation

PLGA microspheres were fabricated using an established double emulsion technique [21].
Briefly, 100ul FITC-BSA (3mg/ml) aqueous solution or PDGF-BB buffer solution (PDGF-
BB in 20mM sodium acetate buffer with pH=6.3, varying in concentration of 0, 10, 100, 300,
600 and 1000, 3000ug/ml) was emulsified into 1ml of 10% PLGA/dichloromethane (DCM)
solution, using a probe sonicator at 15W (Virsonic 100, Cardiner, NY) for 10s over an ice bath
to form the primary water-in-oil (w/0) emulsion. The w/o emulsion was mixed with 20ml 1%
PVA aqueous solution under sonication to form a water-in-oil-in-water (w/o/w) double
emulsion. The solution was then stirred magnetically at room temperature for at least 3h to
evaporate dichloromethane and centrifuged to collect solid microspheres. The resultant
microspheres were washed with distilled water twice, freeze-dried and stored under vacuum.
1125-PDGF-BB was added during the preparation of PDGF-BB encapsulated microspheres for
the purpose of encapsulation efficiency measurement and study of release kinetics. The
morphology of microspheres was examined using Scanning Electric Microscopy (SEM, Philips
XL30 FEG).

2.3. Fabrication of PLLA nano-fibrous scaffolds

PLLA macroporous nano-fibrous scaffolds were fabricated by the combination of phase
separation and sugar-leaching techniques [35]. Briefly, six hundred pl of 10% PLLA/THF
solution was cast into an assembled sugar template (formed from bound sugar spheres 250—
425um in diameter) under mild vacuum. The polymer/sugar composite was phase separated
at —20°C overnight and then immersed into cyclohexane to exchange THF for 2days. The
resulting composites were freeze-dried and the sugar spheres were leached out in distilled water
and freeze-dried again to obtain highly porous scaffolds. Scaffolds were cut into circular disks
with dimensions of 7.2mm in diameter and 2mm in thickness. The average weight of the porous
scaffold was 2.5-3.0mg.

2.4. Incorporation of PLGA microspheres into PLLA nano-fibrous scaffolds

PLGA microspheres with FITC-BSA or PDGF-BB were incorporated into PLLA nano-fibrous
scaffolds using a post-seeding method. Briefly, dry PLGA microspheres were suspended in
hexane with a concentration of 5mg MS/ml. Eighty microliters of the suspension were seeded
onto each scaffold and the scaffold was left in air for 30min to evaporate the solvent. After
that, another 80l of suspension was dropped onto the other side of the scaffold. The whole
procedure was repeated twice, resulting in about 1.6mg of microspheres incorporated into each
scaffold. The scaffold was then subjected to a mixed solvent of hexane /THF (volume ratio of
90/10) to immaobilize the microspheres on the scaffold and was vacuum-dried for 3days to
remove the solvent. Controls used were scaffolds seeded with microspheres without any growth
factors. The total amount of microspheres in a scaffold can be varied by changing the
concentration of microsphere suspension and seeding times. The morphology and distribution
of microspheres in scaffold were examined using SEM and laser scanning confocal microscopy
(LSCM, Bio-Rad, exciting wavelength 488nm for FITC-BSA).
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2.5. Encapsulation efficiency

The encapsulation efficiency (EE) of PDGF-BB in the microspheres was calculated as follows:
EE=Mctal/ Miheoretical” 100%

where Mact,al is the actual PDGF-BB amount in 10mg MS and Mineoretical, the theoretical
loading amount of PDGF-BB encapsulated in 10mg MS. The actual quantity of PDGF-BB was
determined by comparing the radioactivity of the sample to that of a known amount of PDGF-
BB solution using 1125-PDGF-BB as a tracer. The radioactivity of the samples was analyzed
using a gamma counter (Gamma 5500, Beckman).

2.6. In vitro release study

In vitro PDGF-BB release profiles from PLGA microspheres and microsphere-incorporated
PLLA scaffolds were determined as follows. Ten milligrams of microspheres or one MS-
scaffold were suspended in 1ml phosphate buffered saline (PBS, 10mM, pH=7.4) or PBS/SDS
(PBS with 5mM SDS). The microsphere suspension was incubated at 37°C with orbital shaking
at 60rpm. At designated time points, samples were centrifuged to collect supernatant replaced
with equal amounts of fresh medium. The radioactivity of collected supernatant was analyzed
using agamma counter and converted to calculate the quantity of the released PDGF-BB. Blank
microspheres (without any protein) were used as control.

2.7. PDGF-BB bioactivity assay

The bioactivity of the released PDGF-BB was determined through human gingival fibroblast
(HGF) DNA synthesis as measured by [3H]thymidine incorporation. Human gingival
fibroblasts (HGF, passage 8 derived from a healthy patient) were plated at 2x10% cells/well in
24-well plates. These cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100U/ml penicillin, 100pg/ml
streptomycin, and 2mM glutamine for 24h, and then the medium was changed to the serum-
free DMEM. After 24h of culture, the cells were treated with the mixture of the supernatant
containing released PDGF-BB (from microspheres) and serum-free DMEM at the ratio of 1:4
or 3:7 in different groups. In addition, 2x10° cpm (count per minute) [methyl-3H]thymidine
was added to each well. Following a 5-day culture period without medium change, the medium
was removed and each well was washed twice with cold PBS. The DNA in each well was
precipitated with 5% cold trichloroacetic acid at 4°C for 2h, solubilized with 1% SDS solution
at 55°C for 2h, followed by counting the radioactivity of [methyl-3H] thymidine in the solution
with a scintillation counter. PDGF-BB was shown to increase HGF proliferation with the
increase of concentration within 0-100ng/ml range. Therefore, the supernatant from the
microspheres without incorporation of PDGFBB was used as negative control while PDGF-
BB solution with a concentration of 60ng/ml served as positive control. A two-tail Student's
t test was used to determine the significant differences between sample groups.

3. Results

3.1. Characterization of microspheres, nano-fibrous scaffolds and microsphere-
incorporated scaffolds

PDGF-BB encapsulated PLGA microspheres were fabricated utilizing a double emulsion
technique. Two different PLGA formulations, PLGA50-6.5K and PLGA50-64K, with the
same lactide / glycolide ratio of 50/50 but different molecular weights (6.5 and 64kDa,
respectively) were used. The microspheres were spherical with smooth and non-porous
surfaces (Fig. 1 (A)). The average diameter of the microspheres was less than 1um based on
SEM observation. High PDGF-BB encapsulation efficiency (77%~93%) was achieved
regardless of varying loading amount of PDGF-BB from 10 to 3000ng/mg MS (Fig. 1 (B)).
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The encapsulation efficiency was not significantly different between the different dose levels.
The encapsulation efficiency for FITC-BSA was 84%. Based on these results, the encapsulation
efficiency was not correlated to the molecular weight and concentration of the targeting protein
encapsulated.

Using a new fabrication technique, we have developed macroporous PLLA nano-fibrous
scaffolds with high porosity of 98%. The scaffolds are characterized of multi-level porous
structures with regular spherical macropores 250-425um in diameter, micro-interpore
openings of ~100um, and nano-fibers in diameter of 50-500nm (similar size range to native
collagen fibers) (Fig. 2). The macropores were well connected and the well-interconnected
multi-level pore structures (from macro-, micro- to nanometers) not only were potentially
important for the cellular activity within the scaffold, but also made subsequent incorporation
of microspheres or nanospheres feasible and efficient.

Fig. 3 shows the cross section of a nano-fibrous PLLA scaffold after post-seeding of
PLGAbL0-6.5K microspheres. Although the weight percentage of microspheres in the scaffolds
reached 35%, the macropores and interpore openings of the scaffolds were well-maintained
and the microspheres distributed uniformly throughout the nano-fibrous pore walls. The
uniform distribution of FITC-BSA-microspheres throughout the scaffold was also confirmed
by LSCM (Fig. 4).

3.2. In vitro PDGF-BB release kinetics

Cumulative PDGF-BB release from PLGA50-6.5K microspheres in PBS with different
loadings is shown in Fig. 5(A). All sample groups had low burst release less than 12% after
the first day. Subsequent to that, the release profiles were fairly constant with a sustained release
of 0.75-0.92% per day for up to 42days. Depending on the loading amount of PDGF-BB in
microspheres, the released amount of PDGF-BB could vary from 0.7 to 65ng/day. However,
about 50% of PDGF-BB remained in the polymer residues for all sample groups despite the
fact that 92% weight loss of PLGA50-6.5K microspheres was observed after 6-week incubation
in PBS (degradation data not shown). The PDGF-BB release profile was very different from
the degradation rate of microspheres. To address concerns with adherence of PDGF-BB to
sample collection vessels or possible polymer degradation residues, further release experiments
were conducted in PBS with 5mM SDS which is a strong surfactant to reduce the adsorption.
The release profiles were dramatically different from those in PBS. Almost all PDGF-BB was
released within 1week (Fig. 5(B)). The results demonstrated that a significant amount of
released PDGF-BB was adsorbed on the surface of degraded microspheres or test tubes.

To study the release kinetics of growth factors from scaffold, PLGA50-6.5K (1000, 3000ng/
mg MS) and PLGA50-64K (3000ng/mg MS) microspheres were incorporated into PLLA nano-
fibrous scaffold using a newly developed post-seeding method. The release from the scaffolds
showed a significantly decreased initial burst release when compared to the release from the
microspheres alone (Fig. 6). The PLGA50-6.5K-MS-scaffold presented a fast release of 54%
in first 3 days followed by a relative slow release of 40% in the following 40 days. The release
pattern of PDGF-BB from PLGA50-64K-MS-scaffold was similar to that of release directly
from microspheres, both showing an accelerated release at day 35 (Fig. 6(B)). However, very
little initial burst release (only 3%) was observed for PDGF-BB release from PLGA50-64K
microsphere-incorporated scaffolds.

3.3. In vitro bioactivity via [3H]thymidine uptake

In vitro bioactivity was tested for PDGF-BB samples released from PLGA50-6.5K
microspheres (in PBS with 0.1% BSA) at time periods of day 1, day 7-10, and day 10-14. All
tested samples were diluted to the same PDGF-BB concentration of 60ng/ml (determined using
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1125 radioactivity measurement) as positive controls (PDGF-BB solution). Results showed that
the released PDGF-BB was biologically active compared to negative controls devoid of any
PDGF-BB (p<0.05) (Table 1). No significant loss of biological activity was observed for day
1 samples (p=0.67) as compared to positive controls.

4. Discussion

One of the challenges in tissue engineering is to induce rapid cell penetration and vascular
invasion throughout 3-dimensional scaffolds to support tissue neogenesis and function. We
report here an engineered scaffold system that can potentially solve the problems of cell
penetration and vascularization. First, a scaffold with good mechanical properties, well-
interconnected macropores, high surface area/volume ratio and nano-fibrous networks was
developed. The highly porous nano-fibrous structure, upon implantation, not only offers a
beneficial 3-D substrate to promote cell attachment [36], migration, replication, differentiation
as well as matrix deposition, but also facilitates mass transfer between cells within the scaffold
and the surrounding host tissues. Second, we have successfully incorporated PDGF-BB, an
angiogenic co-factor [32,38] into the scaffolds without interfering with the macro-and
microstructures of the scaffold. Bioactive PDGF-BB was released from the scaffolds in a well-
controlled fashion. The release amounts of PDGF-BB from scaffolds can be modulated either
by the encapsulated amount of PDGF-BB in microspheres or the amount of microspheres
incorporated into the scaffolds. It can be anticipated that the local and controlled delivery of
biological active PDGF-BB would be potent to further regulate cellular activity in the scaffold.
To develop such a microsphere-scaffold system with microspheres uniformly distributed
throughout the scaffold, both the well-interconnected porous structure and the suitable small
size of microspheres are essential.

Incorporation of PDGF-BB containing microspheres into the 3-D scaffold significantly
reduced the initial burst release and resulted in a sustained release of PDGF-BB from the
scaffolds. However, the release of PDGF-BB from the scaffolds was mainly controlled by the
degradation of the incorporated microspheres. One important reason for the consideration of
PLGA microspheres as a protein delivery system is its excellent ability to modulate the release
kinetics by adjusting the molecular weight and composition of the copolymer [21,39].
Therefore, the successful incorporation of protein containing PLGA microspheres into PLLA
scaffold offers an excellent opportunity to control the release kinetics of proteins from
scaffolding matrices. In this study, we are able to achieve different release profiles from
scaffold by adjusting the molecular weights of the PLGA50 microspheres incorporated in the
scaffolds. A much faster release was observed for scaffold incorporated with PLGA50-6.5K
microspheres than that with PLGA50-64K microspheres. Microsphere incorporation also
protects bioactive growth factors from denaturing as compared to direct adsorption of growth
factors onto the biodegradable scaffolds/implants, which results in complete degradation of
growth factors such as rhVEGF, BMP-4 and bFGF during a very short release time of 3days
[40]. Our in vitro bioactivity assay indicated that no significant bioactivity loss was found for
PDGF-BB during encapsulation into PLGA microspheres using double emulsion technique
and upon initial in vitro release in PBS. Encapsulation of proteins into microspheres which are
then incorporated into the scaffolds, therefore, is a promising strategy to achieve controlled
release of growth factors from scaffold and to maintain their biological activity.

The adsorption of PDGF-BB during release phase of the study played an important role in
determining the release profiles (Fig. 5). The released PDGF-BB can either non-specifically
adsorb onto the polypropane (PP) test tubes or onto the surface of the degraded PLGA
microsphere residues. Furthermore, because PDGF-BB is a cationic protein with an isoelectric
point of 9.8 and while degraded PLGASO0 carried a large number of anions (—COO™ groups),
there is strong static ionic interaction between PDGF-BB and degraded PLGAS50 residues in
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addition to non-specific adsorption, which would substantially affect the release rate. The
addition of 0.1% BSA or 0.1% BSA/Tween80 in PBS solved the problem of adsorption onto
the test tubes and greater than 95% of the proteins remained in the solution (data not shown).
However, the release rate was still much slower than the degradation rate of the polymer, even
though there was a modest increase in initial burst release (Fig. 7(A)). Therefore, the adsorption
onto the degraded microsphere residues was the determinant factor to the PDGF-BB release
kinetics due to the large surface area of microspheres (due to small size) and the static ionic
interaction between degraded polymer and PDGF-BB. The application of sodium dodecyl
sulfate (SDS), a much stronger anionic surfactant, was able to dissociate both the non-specific
and ionic interactions between PDGF-BB and degraded polymer microspheres and largely
recover the release of PDGF-BB delivered from the microspheres (Fig. 7(A)) and microsphere-
incorporated scaffolds (Fig. 7(B)). The adsorption may also contribute to the reduced burst
release from nano-fibrous scaffolds because nano-fibrous scaffolds have very high surface
areas (~100m?2/g). The significant effect of adsorption on in vitro protein release was also
observed for other proteins encapsulated in microspheres [41,42]. Surfactants such as SDS
were also used to reduce adsorption and improve release kinetics. SDS, while can be used to
more accurately determine in vitro release profiles, may not be a good choice in a bioactivity
assay because it can cause protein denaturing. However, in vivo adsorption might be low or
non-existent because many other proteins present in the body fluid may act as surfactants and/
or compete for adsorption. lons from a salt solution (sodium salicylate) have been reported to
increase the solubility of poorly water-soluble drugs [43]. The ions present in the body fluid
may also change the ionic interactions between growth factors and degraded polymer residues.
Therefore, a combination of plasma proteins and ions may provide surfactant-like function in
vivo similar to SDS in vitro to reduce adsorption without denaturing the bioactive proteins.

5. Conclusions

A microsphere-based scaffold release system has been developed. PDGF-BB encapsulated
PLGA microspheres were incorporated into a biodegradable PLLA scaffold with well-
interconnected macroporous and nano-fibrous structures. The MS-scaffold system is capable
of releasing bioactive PDGF-BB in a temporally controlled fashion with prolonged duration.
Release kinetics from the scaffolds were found to be governed by degradation of incorporated
microspheres and the incorporation into scaffolds significantly reduced the burst effect. The
MS-scaffold system can be used to deliver both cells and bioactive factors for a variety of tissue
engineering applications.
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Fig. 1.

Characterization of PLGA50-6.5K microspheres (MS). (A) Scanning electron micrograph of
FITC-BSA containing PLGA50-6.5K microspheres; (B) encapsulation efficiency of PDGF-
BB in PLGA50-6.5K microspheres with varying loading amount from 10 to 3000ng/mg MS.
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Fig. 2.
Scanning electron micrographs of PLLA nano-fibrous scaffolds before microsphere

incorporation. (A) Low magnification at 200x; and (B) high magnification at 10000x.
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Fig. 3.

Scanning electron micrographs of PLLA nano-fibrous scaffolds after PLGA50-6.5K
microsphere incorporation using post-seeding method. (A) Low magnification at 200x; and
(B) high magnification at 5000x.
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Fig. 4.

Laser scanning confocal microscopy (LSCM) of cross section through PLLA nano-fibrous
scaffold containing FITC-BSA microspheres incorporated, revealing uniform microsphere
distribution throughout the scaffold. Original magnification is (A) 100x%; and (B) 200x.
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Fig. 5.

In vitro release kinetics of PDGF-BB from microspheres. (A) In 10mM PBS with varying
PDGF-BB loadings of 10, 100, 300, 600, 1000ng/mg MS; and (B) in PBS/SDS (5mM) with
varying PDGF-BB loadings of 300, 1000, and 3000ng/mg MS. Each data point represents an
averagezstandard deviation (n=3). The experiment was repeated twice.
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Fig. 6.

In vitro release kinetics of PDGF-BB from microsphere-incorporated PLLA scaffolds in PBS/
SDS. (A) PLGA50-6.5K-MS-scaffold; and (B) PLGA50-64K-MS-scaffold. Each data point
represents an averagezstandard deviation (n=3). The experiment was repeated twice.
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Fig. 7.

The effect of release medium on the release profiles of PDGF-BB from (A) PLGA50-6.5K
microspheres and (B) PLGA50-6.5K microsphere-incorporated scaffolds. Each data point
represents an averagexstandard deviation (n=3).
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