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INTRODUCTION

TRANSFORMING GROWTH FACTOR-�3 (TGF�3) is a
member of a superfamily of cell mediators and plays

fundamental roles in the regulation of cell proliferation
and differentiation. In wound healing, TGF�3 has been
demonstrated to attenuate type I collagen synthesis and
reduce scar tissue formation.1–3 TGF�3 has been shown
to regulate the ossification of fibrous tissue in cranial su-
tures in craniosynostosis, a congenital disorder affecting

1 in approximately 2500 live human births and mani-
festing as skull deformities, blindness, mental retardation,
and death.4–6 During development, TGF�3 regulates the
adhesion of epithelial cells and subsequent fusion of the 
two palatal shelves, the failure of which leads to cleft
palate.7,8 During umbilical cord development, TGF�3
downregulation results in the commonly observed ab-
normal structure and mechanical properties of pre-
eclampsia umbilical cords, a leading cause of maternal
and infant death during umbilical cord formation.9
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ABSTRACT

Despite the widespread role of transforming growth factor-�3 (TGF�3) in wound healing and tis-
sue regeneration, its long-term controlled release has not been demonstrated. Here, we report mi-
croencapsulation of TGF�3 in poly-d-l-lactic-co-glycolic acid (PLGA) microspheres and determine
its bioactivity. The release profiles of PLGA-encapsulated TGF�3 with 50:50 and 75:25 PLA:PGA
ratios differed throughout the experimental period. To compare sterilization modalities of micro-
spheres, bFGF was encapsulated in 50:50 PLGA microspheres and subjected to ethylene oxide (EO)
gas, radio-frequency glow discharge (RFGD), or ultraviolet (UV) light. The release of bFGF was
significantly attenuated by UV light, but not significantly altered by either EO or RFGD. To verify
its bioactivity, TGF�3 (1.35 ng/mL) was control-released to the culture of human mesenchymal stem
cells (hMSC) under induced osteogenic differentiation. Alkaline phosphatase staining intensity was
markedly reduced 1 week after exposing hMSC-derived osteogenic cells to TGF�3. This was con-
firmed by lower alkaline phosphatase activity (2.25 � 0.57 mU/mL/ng DNA) than controls (TGF�3-
free) at 5.8 � 0.9 mU/mL/ng DNA (p � 0.05). Control-released TGF�3 bioactivity was further con-
firmed by lack of significant differences in alkaline phosphatase upon direct addition of 1.35 ng/mL
TGF�3 to cell culture (p � 0.05). These findings provide baseline data for potential uses of mi-
croencapsulated TGF�3 in wound healing and tissue-engineering applications.
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TGF�3 mediates the proliferation of corneal stromal fi-
broblasts by activating other endogenous factors, includ-
ing FGF-2.10 The mechanism of fibrosis after glaucoma
surgery is mediated by TGF�3 and its effects on sub-
conjunctival fibroblasts.11

The fundamental roles of TGF�3 in the development
of a wide range of cells and tissues have prompted its re-
cent adoption in tissue repair approaches. Topical appli-
cation of TGF�3 in gels ameliorated wound healing in
patients at a dose of 2.5 �g/cm2 compared to placebo
gels.12 Collagen gels soaked with TGF�3 delivered to the
ossifying cranial suture have been shown to delay pre-
mature fusion.13,14 Bioactive TGF�3 released from PLA
microgrooved surfaces inhibits the proliferation of lung
epithelial cells for up to 24 hours.15 Previous attempts at
controlled release of cytokines include lipid nanoparti-
cles,16 chitosan or gelatin-based particles,17,18 colla-
gen,19,20 ceramics,21,22 and porous glass.23 Although the
short-term bioactivity of TGF�3 has been investigated,
exploration of prolonged release via microencapsulation
is necessary for widespread needs to regulate cellular ac-
tivities in the long term during wound healing and tissue
regeneration. Microencapsulation using biodegradable
polymers offers unique advantages over other delivery
methods, such as controlled hydrolytic degradation and
injectable dimensions.24

Despite previous meritorious efforts to investigate the
therapeutic potential of TGF�3, its effective use is lim-
ited by a number of common shortcomings, such as short
half-life, in vivo instability, and relative inaccuracy of the
delivery system.24 Long-term delivery via controlled re-
lease offers a potential to circumvent previous limitations
associated with instantaneous application of TGF�3, for
example, in collagen scaffolds. A common approach of
controlled release is by encapsulating peptides and pro-
teins in microspheres.25 Poly-d-l-lactic-co-glycolic acid
(PLGA) is degraded by hydrolysis into biocompatible
byproducts, including lactic and glycolic acid monomers.
Lactic and glycolic acids are eliminated in vivo as CO2

and H2O via the Krebs cycle, eliciting minimal immune
response.26,27 PLGA microspheres can be readily fabri-
cated using the double-emulsion solvent-extraction tech-
nique, which allows the control of sphere diameter and
degradation kinetics, while maintaining the stability and
bioactivity of the encapsulated growth factors. The en-
capsulation and release kinetics of several growth fac-
tors, such as BMPs, TGF�1 and 2, neurotrophic growth
factors, VEGF, and IGFs, have been established.25,28–36

However, microencapsulation of TGF�3 and its release
kinetics is unknown. TGF�3 has been shown to inhibit
cranial suture ossification.13 Accordingly, we hypothe-
size that TGF�3 regulates osteogenic differentiation of
mesenchymal stem cells. The other two mammalian iso-
forms, TGF�1 and 2, promote cranial suture fusion and
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osteogenesis.34,37 TGF�1 has been shown to enhance the
proliferation and osteoblastic differentiation of marrow
stromal cells cultured on poly(propylene fumarate) sub-
strates. TGF�1 and 2 are continuously present during the
osseous obliteration of the frontonasal suture of the rat.
TGF�3, in contrast, is associated with the maintenance
of the rat coronal suture unossified state.38 In this work,
we encapsulated TGF�3 in PLGA microspheres, deter-
mined its release kinetics, and investigated the bioactiv-
ity of control-released TGF�3 on osteogenic differentia-
tion of human mesenchymal stem cells (hMSC). On the
practical end, we also studied the effects of several com-
monly used sterilization methods on the morphology of
PLGA microspheres and the release kinetics of encapsu-
lated growth factor. These include ultraviolet light, eth-
ylene oxide gas, and radio-frequency glow discharge, and
were designed to aid in the choice of sterilization mo-
dality in subsequent in vivo studies using PLGA micros-
pheres encapsulating various growth factors.

MATERIALS AND METHODS

Preparation of PLGA microspheres and
encapsulation of TGF�3

Microspheres of poly(d-l-lactic-co-glycolic acid)
(PLGA, Sigma, St. Louis, MO) of 50:50 and 75:25 PLA/
PGA ratios (Sigma) were prepared using double-emul-
sion technique ([water-in-oil]-in-water).25,39,40 A total of
250 mg PLGA was dissolved into 1 mL dichloromethane,
and 2.5 �g of recombinant human TGF�3 with molecu-
lar weight of 25 kDa (R&D Systems, Minneapolis, MN)
was diluted in 50 �L of reconstituting solution per man-
ufacturer protocol and added to the PLGA solution, form-
ing a mixture (primary emulsion) that was emulsified for
1 min (water-in-oil). The primary emulsion was then
added to 2 mL of 1% polyvinyl alcohol (PVA, 30,000–
70,000 MW), followed by 1 min mixing ([water-in-oil]-
in-water). Upon adding 100 mL PVA solution, the mix-
ture was stirred for 1 min. A total of 100 mL of 2%
isopropanol was added to the final emulsion and contin-
uously stirred for 2 h under chemical hood to remove 
the solvent. Control microspheres (empty and without
TGF�3) were fabricated using the same procedures, with
the exception of using 50 �L distilled water instead of
the TGF�3 solution.41 Empty microspheres containing
only water as controls were implemented to subtract the
possible effects of degradation byproducts of PLGA
alone. PLGA microspheres containing TGF�3 or distilled
water were isolated using filtration (2 �m filter) and
washed with distilled water. Microspheres were frozen in
liquid nitrogen for 30 min and lyophilized for 48 h.
Freeze-dried PLGA microspheres were stored at �20°C
prior to use.
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Sterilization of PLGA microspheres

In wound healing and regenerative medicine, micro-
spheres must be sterilized prior to in vivo use. In order
to determine the efficacy of several commonly used
sterilization techniques, basic fibroblast growth factor
(bFGF) was encapsulated in PLGA microspheres with
50:50 PLA/PGA ratio using the same technique described
above. The rationale for using bFGF instead of TGF�3
was that bFGF is more cost efficient than TGF�3 and
has similar structural properties. Although the solubility
properties of bFGF may differ from TGF�3, resulting in
different encapsulation efficiencies and release kinetics,
the effects of sterilization on polymer structural changes
following sterilization may be comparable. The fabri-
cated bFGF-encapsulating PLGA microspheres were ran-
domly divided into three groups: 1) placed under ultra-
violet light (UV) for 30 min (n � 3); 2) exposed to
ethylene oxide gas (EO) for 24 h (n � 3); or 3) exposed
to radio-frequency glow discharge (RFGD) for 4 min at
100 W (n � 3). Four hours following the three steriliza-
tion modalities, scanning electron microscopy (SEM)
was used to determine the surface morphology of bFGF-
encapsulating PLGA microspheres. In addition, immedi-
ately after all three sterilization modalities, 10 mg bFGF-
encapsulating PLGA microspheres were separately
weighed and immersed in 1 mL of 1% BSA solution in
water bath at 60 rpm and 37°C to determine bFGF re-
lease kinetics. Supernatants were fully collected on days
7, 14, 21, and 28 after centrifuging at 5000 rpm for 10
min. After each collection, fresh 1 mL of 1% BSA was
added to microspheres. Release kinetics was measured
using a bFGF enzyme-linked immunosorbent assay kit
(bFGF ELISA, R&D Systems).

In vitro TGF�3 release kinetics

After freeze-drying, the actual amount of encapsulated
TGF�3 per mL in units of mg of PLGA microspheres
was detected using an enzyme-linked immunosorbent as-
say kit (TGF�3 ELISA, R&D Systems) in the hydrophilic
extraction of the dissolved PLGA microspheres. TGF�3-
encapsulating PLGA microspheres (10 mg) were dis-
persed in 1 mL of 1% BSA solution and continuously ag-
itated in water bath at 60 rpm and 37°C (n � 3). The
entire amount of supernatants was collected periodically,
and the amount of TGF�3 was quantitatively measured
using the TGF�3 ELISA kit for each sample. The TGF�3
release rate was expressed as a percentage of the total
TGF�3/mg PLGA microspheres. Entrapment yield was
determined by dissolving 10 mg of TGF�3-encapsulat-
ing PLGA microspheres in 1mL of chloroform and
adding 1 mL of 1% BSA solution (n � 3). Mixtures were
allowed to settle for 6 h, and TGF�3-rich solution was
collected for quantification of amount encapsulated us-
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ing ELISA. PLGA microspheres encapsulating TGF�3
were imaged with SEM on day 4 of exposure to aqueous
solution to observe surface morphology.

Culture and osteogenic differentiation of 
human mesenchymal stem cells

Human mesenchymal stem cells (hMSCs) were iso-
lated from the bone marrow of an anonymous healthy
donor (AllCells, Berkeley, CA), culture-expanded in 6-
well plates at a density of 30,000 cell/well.42,43 Mono-
layer hMSC cultures were maintained at 37°C, 95% hu-
midity, and 5% CO2, using Dulbecco’s Modified Eagle’s
Medium (DMEM-c, Sigma) supplemented with 10% fe-
tal bovine serum (FBS, Atlanta Biologicals, Norcross,
GA) and 1% antibiotics and antimycotics (10,000 U/mL
penicillin [base], 10,000 �g/mL streptomycin [base], 25
�g/mL amphotericin B) (Atlanta Biologicals). Media
were changed every 3 to 4 days. Human MSCs were dif-
ferentiated into osteogenic cells with osteogenic supple-
ments containing 100 nM dexamethasone, 50 �g/mL
ascorbic acid, and 100 mM �-glycerophosphate.42,43 Per
our prior experience, MSCs treated with the osteogenic
supplements begin to differentiate into osteoblast-like
cells that express multiple osteoblast markers.42–44 The
early osteogenic potential of hMSC-derived cells was
evaluated by alkaline phosphatase (ALP) staining and
quantification using enzyme reagent.42,43

Bioactivity of control-released TGF�3 on
osteogenic differentiation of hMSCs

Ethylene oxide gas sterilized 50:50 co-polymer ratio
TGF�3-encapsulating PLGA microspheres (20 mg yield-
ing 1.35 ng/2 mL of medium in 7 days, estimated from
release kinetics) (Fig. 4) were placed in transwell inserts
(0.4 �m pore size) (Becton Dickinson Labware, Franklin
Lakes, NJ).25 The transwell inserts with microspheres
were placed in cell culture wells, approximately 0.9 mm
above the monolayer culture of undifferentiated hMSCs,
exposing the cells to released TGF�3 without direct 
contact with PLGA microspheres. At this time, os-
teogenic-supplemented DMEM was added (n � 3). In 
the control group, 0 or 1.35 ng/mL TGF�3 solution 
without microsphere encapsulation was added along 
with osteogenic-supplemented medium to monolayer 
culture of hMSCs (n � 3). Osteogenic-supplemented
medium was changed at day 3. Fresh TGF�3 in solution
was added to the control group at medium changes. ALP
activity of hMSC-derived osteogenic cells exposed to
TGF�3 in solution (without microsphere encapsulation)
was measured after 7 days and compared to the ALP ac-
tivity of hMSC-derived osteogenic cells exposed to the
same-dosed TGF�3 (1.35 ng/mL) released from PLGA
microspheres (n � 3). The TGF�3 release amount ob-
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tained above was estimated from the amount of TGF�3
released from 20 mg PLGA microspheres over the initial
7 days. Alkaline phosphatase activity was measured us-
ing ALP Reagent (Raichem, San Diego, CA) and nor-
malized to DNA content of hMSC-derived osteogenic
cells. DNA content was measured using a fluorescent
DNA quantification kit (Bio-Rad Laboratories, Hercules,
CA).42

Statistical analysis

Student’s t tests and ANOVA were used to compare
the release rates of bFGF-encapsulating PLGA micro-
spheres after different sterilization modalities, TGF�3 re-
lease rates between 50:50 and 75:25 PLA/PGA ratios,
and ALP activity of hMSC-derived osteogenic cells be-
tween control group (TGF�3-free) and two experimen-
tal groups (release from PLGA microspheres or directly
added to cell culture medium). All statistical analyses
were performed with an � level of 0.05 using Minitab 14
software (State College, PA).

RESULTS

TGF�3 encapsulated in PLGA microspheres

TGF�3-encapsulating PLGA microspheres prepared
by double-emulsion solvent-extraction technique pro-
duced a spherical shape and smooth surface for the two
compositions of PLGA (Fig. 1A). The average diameter
of TGF� -encapsulating PLGA microspheres was 108 �
62 �m (Fig. 1A). Upon emersion in aqueous solution for
4 days, PLGA microspheres apparently began surface
degradation (Fig. 1B).
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Sterilization of PLGA microspheres and 
bFGF release kinetics

Different sterilization methods for PLGA microspheres
had different effects on their surface degradation by SEM.
PLGA microspheres sterilized with UV light showed
marked surface deleterious effects (Fig. 2B) in compari-
son with non-sterilized PLGA microspheres (Fig. 2A). In
contrast, EO gas and RFGD appeared to induce minimal
morphological changes on the surface degradation of
PLGA microspheres (Fig. 2C and D).

The bFGF release rate was significantly reduced after
UV light sterilization in comparison with each of the non-
sterilized PLGA microspheres, EO or RFGD sterilization
modalities (Fig. 3). This reduction in bFGF release rate
upon UV treatment corroborated with the SEM observa-
tion of degrading surface structures of PLGA micros-
pheres after UV sterilization (Fig. 2B). No statistically
significant difference was found in the bFGF release rates
of either EO- or RFGD-sterilized PLGA microsphere
from non-sterilized controls (Fig. 3). Accordingly, EO
gas was chosen as the sterilization technique for TGF�3-
encapsulated PLGA microspheres in subsequent experi-
ments because of lower cost and less damage to micro-
sphere morphology.

TGF�3 release kinetics

TGF�3 from PLGA microspheres was released up to
the tested 36 and 42 days in vitro for both 50:50 and
75:25 co-polymer ratios of PLA/PGA, respectively (Fig.
4). The TGF�3 entrapment yield was 0.68 ng/mL per mg
of 75:25 PLGA microspheres and 0.84 ng/mL per mg of
50:50 PLGA microspheres. A burst-like release was ob-
served for PLGA microspheres with either 50:50 or 75:25
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FIG. 1. Fabrication and degradation of PLGA microspheres. (A) Representative SEM image of microspheres fabricated from
poly-d-l-lactic-co-glycolic acid (PLGA) with 50:50 PLA/PGA ratio with encapsulated TGF�3. The average diameter of TGF�3-
encapsulating PLGA microspheres was 108 � 62 �m. (B) Representative SEM image of anticipated degradation of TGF�3-en-
capsulating PLGA microspheres in PBS solution after 4 days.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.2006.12.537&iName=master.img-000.jpg&w=454&h=167


co-polymer ratios during the first week, followed by more
gradual increases in release rate for the 75:25 polymer
ratio (Fig. 4). More rapid release of TGF�3 was obtained
for the 50:50 co-polymer ratio of PLA/PGA than for the
75:25 PLA/PGA (Fig. 4), likely due to the more rapid
degradation rate of 50:50 PLGA. Approximately 8% of
the encapsulated TGF�3 by 75:25 PLGA was released
within the first week versus nearly 16% TGF�3 release
from 50:50 PLGA for the same time period. After 35
days, approximately 14 and 34% TGF�3 were released
from 75:25 and 50:50 co-polymer ratios of PLGA, re-
spectively.

Inhibition of osteogenic differentiation of hMSCs

Human MSCs expressed a relatively high average al-
kaline phosphatase by day 7 culture in osteogenic-sup-
plemented medium in vitro, as evidenced by both ALP
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staining (red) and quantification using enzyme reagent
(Fig. 5A and C). ALP activity of hMSC cells exposed to
TGF�3 (1.35 ng/mL) released from PLGA microspheres
by day 7 culture in osteogenic-supplemented medium
was significantly inhibited, as evidenced by not only re-
duced ALP staining (Fig. 5B) but also quantitative
amount of ALP (Fig. 5C). The same-dose TGF�3 (1.35
ng/mL) added directly to culture medium of hMSC (with-
out microencapsulation) also yielded significantly less
ALP activity than hMSC without exposure to exoge-
nously delivered TGF�3 (Fig. 5C). Moreover, the lack
of statistically significant differences in ALP reductions
between TGF�3 added to cell culture medium and the
same-dosed TGF�3 released from PLGA microspheres
(Fig. 5C) indicated that bioactive TGF�3 was released
from PLGA microspheres after microencapsulation and
subsequent EO sterilization.

Previous work has shown that TGF�3 induces chon-
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FIG. 2. Morphological changes of sterilized PLGA microspheres under SEM. (A) Un-sterilized PLGA microspheres. (B) Ul-
traviolet (UV) light-sterilized PLGA microspheres (30 min) showing severe detrimental effect of UV sterilization. (C) Ethylene
oxide (EO) gas-sterilized PLGA microspheres for 24 h. (D) Radio-frequency glow discharge (RFGD)-sterilized PLGA micros-
pheres (4 min, 100 W). In contrast to severe surface degradation changes induced by UV light, EO gas and RFGD did not yield
marked surface degradation of PLGA microspheres.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.2006.12.537&iName=master.img-001.jpg&w=456&h=352


drogenic differentiation of MSCs at a much greater con-
centration (10 ng/mL) than in the present study (1.35
ng/mL).42 To rule out chondrogenesis by the present
TGF�3 dose of up to 1.35 ng/mL, we found negative
safranin-O staining of hMSC monolayer cultured with
TGF�3-loaded PLGA microspheres (data not shown).

DISCUSSION

The present findings of sustained release of TGF�3 
in PLGA microspheres may be useful in wound healing
and tissue regeneration models. Long-term delivery of
TGF�3 via controlled release approach may regulate cell
recruitment, proliferation, and differentiation.45 TGF�3
acts on cell metabolism via the Smad pathways to target
gene transcription.46 The type I and II dimeric TGF� re-
ceptors capture TGF�3 at cell surface and activate a cas-
cade of Smad events, relaying the signal to the cell nu-
cleus.47,48 Sustained release enables prolonged delivery
of cytokines in contrast to diffusion, inactivation, and loss
of bioactivity associated with injection or soaking cy-
tokines in biomaterials.25,28–31 The presently identified
TGF�3 sustained release profiles from PLGA micro-
spheres using 50:50 and 75:25 PLA/PGA ratios suggest
that the release rates of TGF�3 from PLGA microspheres
can be readily tailored to specific degradation needs by
modifying the PLA/PGA ratio. The methyl group in PLA
is responsible for its hydrophobic and slow degradation.
PGA is crystalline and increases degradation times.49

Therefore, different ratios of PGA and PLA are likely
necessary for various applications in wound healing and
tissue engineering to accommodate specific growth fac-
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tor release rates. The present study, despite its novelty in
showing sustained release of TGF�3 and its inhibitory
effects on osteogenic differentiation of hMSCs, did not
explore additional variables in PLGA microsphere fabri-
cation capable of altering the release kinetics. This pro-
file was expected as previously shown release of TGF�1
followed a similar curve.25 Although the initial burst re-
lease was lower than expected, the preparation of PLGA
microspheres did not include techniques to prevent the
burst. The encapsulation of TGF�3 in PLGA micro-
spheres is a novel approach, and relatively lower initial
burst release may be attributed to specific growth factor-
polymer interactions. The TGF�3 release rates from
PLGA microspheres appear to be consistent with previ-
ous demonstration of hydrolysis of PLGA microspheres
in aqueous environment and subsequent release of other
encapsulated growth factors.26,27,50 Short-term release of
TGF�3 from bio-polymer surfaces presents the potential
for immediate delivery.15 The present delivery system for
TGF�3 via PLGA microspheres provides a mechanism
for sustained long-term release.

The application of PLGA microspheres in drug deliv-
ery and regenerative medicine requires adequate prepa-
ration methods, including appropriate sterilization tech-
niques. The optimal sterilization technique should
maintain the bioactivity and the predefined release ki-
netics of the encapsulated growth factors. The present
demonstration that UV light induced surface damage of
bFGF-encapsulated PLGA microspheres and reduced the
rate of growth factor release significantly more than both
EO gas and RFGD, if sustained by additional work, such
as sterilization-caused growth factor degradation studies,
appears to caution the use of UV light for PLGA mi-
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FIG. 3. Release kinetics of bFGF from PLGA microspheres.
UV light significantly altered the release rate of bFGF from
PLGA microspheres up to 21 days (n � 3, *p � 0.05). No sig-
nificant changes in release kinetics were observed after EO gas
or RFGD sterilizations. Ethylene oxide seemed to be the most
economically efficient and safe sterilization method for cyto-
kine-encapsulating PLGA microspheres.

FIG. 4. Release kinetics of TGF�3 from PLGA microspheres
in 1% BSA solution. TGF�3 was released in a sustained fash-
ion up to 36 and 42 days from 50:50 or 75:25 co-polymer ra-
tios of PLGA microspheres, respectively, as detected by ELISA.
Initial burst-like release was observed for both co-polymer ra-
tios, although the 50:50 PLA/PGA ratio yielded a more rapid
release rate than the 75:25 PLA/PGA ratio did.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.2006.12.537&iName=master.img-002.png&w=230&h=158
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crosphere sterilization. The reduced release rate may be
attributed to polymer surface and/or bulk degradation
during sterilization and consequent decreases in the
amount of bFGF. Also, direct growth factor degradation
due to light, as previously postulated, may explain the
decreases in bFGF release rate from UV-sterilized PLGA
microspheres.51,52 Nonetheless, surface degradation is
observed subsequent to incubation in aqueous environ-
ment, suggestive of hydrolysis of the polymer structure.

Neither EO gas nor RFGD significantly alters the 
release kinetics of bFGF from PLGA microspheres. Al-
though sterilization using gamma irradiation is well doc-
umented,53,54 the equipment for gamma-irradiation ster-
ilization may not be widely available in most laboratories.
Accordingly, ethylene oxide appears to be the logical
choice for the sterilization of growth factor-encapsulat-
ing PLGA microspheres.

The bioactivity of TGF�3 released from PLGA mi-
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crospheres is verified by a lack of statistically significant
differences in ALP activity of osteogenic cells derived
from hMSCs between microsphere-released TGF�3 and
the same-dose TGF�3 added directly to cell culture. The
small discrepancy observed between ALP activity levels
in the two TGF�3 delivery methods could be accounted
for by the potentially different rates of TGF�3 binding
to cell surface receptors. In the non-encapsulated TGF�3
group, the entire experimental TGF�3 dose was added
initially, whereas the full dose of TGF�3 from PLGA mi-
crospheres was released in a sustained fashion through-
out the experiment.

The inhibitory effects of TGF�3 on osteogenic differ-
entiation of hMSCs are potentially useful in several tis-
sue-engineering models. For example, undesirable ec-
topic bone formation occurs in approximately 28% of
tissue-engineered rabbit tendon repairs from mesenchy-
mal stem cells.55 Sustained release of TGF�3 from PLGA
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FIG. 5. Alkaline phosphatase (ALP) activity of human mesenchymal stem cells (hMSCs) cultured with osteogenic-supple-
mented medium for 7 days. (A) ALP staining (red) upon exposure to TGF�3-free PLGA microspheres. (B) ALP staining (red)
upon exposure to TGF�3 released from PLGA microspheres. Red stain was limited to isolated regions, as shown by white ar-
rowhead. (C) ALP activity of hMSCs cultured in osteogenic-supplemented medium quantified by ALP reagent. Significant de-
crease in staining was observed for hMSCs cultured in osteogenic-supplemented medium in PLGA microsphere-delivered TGF�3,
suggesting that TGF�3 at 1.35 ng/mL inhibits early osteogenic differentiation of hMSCs in vitro (n � 3, p � 0.05). magnifica-
tion � 10 (Color images available online at <www.liebertpub.com/ten>.)



microspheres, as demonstrated here, may help reduce the
incidence of ectopic bone formation. Unintended os-
teogenic differentiation of MSCs may occur in articular
cartilage tissue engineering and can potentially be dealt
with by the delivery of TGF�3 in microspheres. At higher
doses, TGF�3 or TGF�1 (typically 10 ng/mL) induces
chondrogenic differentiation of MSCs.42,43

Another tissue-engineering model for sustained release
of TGF�3 is to inhibit osteoblast activity and to prevent
premature ossification of cranial sutures, a pathological
condition leading to craniosynostosis manifesting as skull
deformities, seizure, and blindness.4–6 Recent report of
tissue-engineered cranial sutures, if applied to a cran-
iosynostosis model, may suffer the same fate of prema-
ture ossification as pathologically synostosed cranial 
sutures.56,57 Previous attempts to deliver TGF�3 to syn-
ostosing cranial sutures have demonstrated that TGF�3
delays their premature ossification.13,14 However, previ-
ous approaches of TGF�3 delivery may be further im-
proved by a sustained release approach that enables more
prolonged action and precise control of the encapsulated
growth factor. The present data demonstrate that early
osteogenic differentiation of hMSCs in vitro can be in-
hibited by TGF�3 in both encapsulated and non-encap-
sulated forms. Due to the mesenchymal tissue nature of
patent cranial sutures, MSCs likely play a pivotal role in
premature suture ossification.58 Studies are under way to
examine long-term inhibition of sutural osteogenesis us-
ing sustained delivery systems in vivo.

The present study has a number of caveats. Only two
PLA/PGA ratios were investigated, and notably without
measurements of the degradation rates of PLGA poly-
mers, considering that degradation rates of PLGA mi-
crospheres have been previously investigated.25,27 As the
release profile was significantly attenuated after the first
week, other variables in PLGA microsphere fabrication,
such as polymer concentration, should be included in fu-
ture studies to achieve controlled release of TGF�3. In
addition, only commonly used parameters associated
with UV, EO, and RFGD, such as sterilization time, were
tested, without consideration of other time and intensity
parameters of each sterilization modality. Therefore, the
present conclusion of damage of PLGA microspheres by
UV light, but not by EO gas and RFGD, may only apply
to the presently tested parameters. Additionally, this
study was not designed to include the analysis of bFGF
degradation due to sterilization, nor does it demonstrate
bulk degradation of PLGA microspheres. The steriliza-
tion modalities could potentially degrade encapsulated
bFGF and then alter its release kinetics. Future studies
should include bulk degradation evaluation due to steril-
ization.

The present study only considered exogenously deliv-
ered TGF�3 and was not designed to investigate the ef-
fects of exogenously delivered TGF�3 on autocrine pro-
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duction of TGF�3 by marrow-derived MSCs. It is im-
portant to recognize that host tissue responses in vivo to
implanted biomaterials may generate differences in 
local pH and environment, possibly by changing the
degradation of PLGA microspheres and affecting the pa-
rameters shown in the present results.25 Nonetheless,
microspheres encapsulating various growth factors im-
planted in vivo have shown bioactive sustained re-
lease.28,30,39,59 Within the constraints of the present ex-
perimental design, our findings may provide baseline data
for potential uses of microencapsulated TGF�3 in wound
healing and tissue-engineering applications.
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