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Abstract: Cell and growth factor-based tissue engineering has shown great potentials for skeletal regeneration.
This study tested its feasibility in reconstructing large mandibular defects and compared the efficacy of varied
construction materials and sealing methods. Bilateral mandibular critical-size (5-cm?®) defects were created on six
4-month-old domestic pigs, and grafted with B-tricalcium phosphate (BTCP) only (Group-A), BTCP with autologous
bone marrow-derived mesenchymal stem cells (BM-MSCs) (Group-B), and BTCP with BM-MSCs and biodegradable
poly(lactic-co-glycolic acid) (PLGA) microspheres containing bone morphogenetic protein-2 (BMP-2) and vascular
endothelial growth factor (VEGF) (Group-C). The buccal sides of Groups-B/-C were either sealed by fibrin sealant or
by a biodegradable PLGA barrier membrane before soft-tissue closure. Computed tomography (CT), microCT and
histology analyses were performed 12 weeks postoperatively. In vitro data demonstrated that BM-MSCs, with MSC
properties confirmed, remained vital after integration with BTCP; and PLGA microspheres exhibited an initial burst
followed by slow and continuous release of growth factors over a period of 28 days. In vivo data demonstrated that
Group-B/-C sites had significantly greater gap obliteration, higher tissue mineral densities and more residual BTCP
granules (p<0.05, Kruskal-Wallis tests). Qualitatively, Group-B/-C defect sites had started remodeling while Group-A
sites were mainly forming new bone to bridge the gaps. Furthermore, BTCP degradation was not mediated by macro-
phages or osteoclasts, and was significantly slowed down by sealing the defects with barrier membrane. Combined,
these data present a promising formulation composed of BTCP granules, autologous MSCs, controlled-release
growth factors and biodegradable PLGA barrier membrane for the reconstruction of critical-size mandibular defects.

Keywords: Bone tissue engineering, critical-size mandibular defect, bone marrow-derived mesenchymal stem
cells, controlled-release growth factors, biodegradable barrier membrane

active molecular factors can be assembled
together to replace bone grafts. Likewise,
For decades, reconstruction of large mandibu- recent clinical case reports have confirmed the
lar skeletal defects has relied on autologous, efficacy of using mesenchymal stem cells
allogeneic or synthetic bone grafts, which have (MSCs) and osteoconductive scaffolds for
major disadvantages including donor site mor- reconstructing maxillary defects [6, 7], although

Introduction

bidity, transplant rejection, and lack of osteo-
conductivity, respectively [1, 2]. Recent advanc-
es in tissue engineering have confirmed the
plausibility of treating large defects through a
“graft-free” approach [3-5]. By mimicking the
biological process of natural bone healing, bio-
material scaffolds, self-renewal cells, and bio-

its efficacy for mandibular defects was found to
be unpredictable [8].

B-Tricalcium phosphate (BTCP) has been found
by several clinical and animal studies to be a
promising scaffold material for mandibular
defects [9, 10]. However, it does have a disad-
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vantage of being degraded faster than new
bone regeneration occurs [11]. In addition,
implanting BTCP alone only has a moderate
regenerative efficacy [12, 13]. After being inte-
grated with MSCs, the regenerative efficacy
can be substantially enhanced as shown from
calvarial [5], femoral [14] and alveolar [15]
defect studies. During normal bone healing,
MSCs are recruited to the defect site to replace
damaged cells by differentiating into functional
cells [16], secrete immunoregulatory factors to
mediate inflammation [17], and produce growth
factors to initiate angiogenesis and osteogene-
sis [17, 18]. Being integrated with BTCP, exoge-
nous MSCs can be brought to the defect site to
carry out the bone healing mechanism. To date,
however, few studies have tested bone regen-
eration effects of BTCP combined with MSCs
for mandibular defect reconstruction, and the
outcomes have been inconsistent [19].

Besides MSCs, growth factors are also impor-
tant for initiating and maintaining defect regen-
eration. Among a variety of growth factors,
bone morphogenetic proteins (BMP) and vascu-
lar endothelial growth factor (VEGF) have been
confirmed to be critical for osteogenesis and
vascularization, respectively [3, 20]. They also
stimulate cell proliferation, migration, and dif-
ferentiation. While they may be secreted by
native and recruited osteogenic or angiogenic
cells at the defect sites, the process is slow and
the amount is inadequate. In small animal
model studies, dual delivery of exogenous
BMP-2 and VEGF has been found to synergisti-
cally improve bone regeneration [3, 20-23].
However, little is known about their interaction
with transplanted MSC. Furthermore, both
growth factors are known to have short half-
lives, and injection or collagen sponge delivery
of them require high concentrations and multi-
ple doses, increasing the risk to complications
such as vascular malformation and heterotopic
ossification [24]. To sustain activity and mini-
mize complications, controlled release of these
factors is desired. Previous work has confirmed
that injectable poly(lactic-co-glycolic acid)
(PLGA) microparticles represent an important
platform for controlled-release applications
[25]. However, owing to protein instability dur-
ing encapsulation and release, achieving effec-
tive PLGA microencapsulation and slow and
continuous release of BMP2 and VEGF for man-
dibular defects can be challenging [25, 26].
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Therefore, the purpose of this study was to test
the efficacy of a new formulation consisting
BTCP, BM-MSCs, PLGA-encapsulated slow-
release BMP2 and VEGF together with barrier
membranes, in reconstructing critical-size
mandibular defects in a preclinical pig model.
We hypothesized that adding MSCs would have
a significantly stronger regenerative efficacy
than BTCP alone, while adding PLGA-micro-
encapsulated controlled-release BMP2 and
VEGF would have even stronger efficacy than
MSCs and BTCP, and the use of barrier mem-
branes would slow down BTCP degradation and
enhance bone regeneration.

Materials and methods
Materials

PLGA 50:50 was purchased from Boehringer-
Ingelheim GmbH (Ingelheim, Germany). VEGF
and BMP-2 were donated by Genentech Inc.
(South San Francisco, CA, USA) and Pfizer
(Cambridge, MA), respectively. Cerasorb® M
BTCP granules and Inion PLGA membrane were
purchased from Curasan, Inc (Durham, NC),
while Tisseel fibrin sealant from Baxter
International Inc. (Deerfield, IL). All cell culture
reagents were purchased from Life Technologies
(Carlsbad, CA) unless otherwise stated.

Animals

Six 4-month-old female domestic pigs (Sus
scrofa), 30-35 kg in weight, divided into 3 gro-
ups (A, BTCP only; B, BTCP + BM-MSCs; C, BTCP
+ BM-MSCs + growth factors; 4 defect sites/
group) were used for in vivo experiments. All
live animal procedures were approved by The
Ohio State University Institutional Animal Care
and Use Committee.

BM-MSC isolation, expansion, and integration
into BTCP granules

Bone marrow was aspirated from the pig tibia,
from which BM-MSCs were isolated, character-
ized and expanded following procedures
detailed previously [27]. Autologous BM-MSCs
within passage 3-5 were integrated with BTCP
granules and used for in vivo transplantation
(for Groups-B/-C). Briefly, 1 day before trans-
plantation, 10 mL BTCP granules (diameter
1000-2000 pm) were divided into two conical
tubes and coated with CTS CELLstart substrate
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Figure 1. lllustrations of methods. A. MSC-integrated BTCP were stained with calcein AM (green; live cells) and ethid-
ium homodimer-1 (red; dead cells). B. Graft materials were mixed with autologous blood in a sterile bowl during the
surgery. C. An osteotomy of 5.0 cm® was performed at the lateral aspect of the mandible. D. Graft materials were
impacted to the defect site. E. Graft materials were covered by fibrin sealant. F. A barrier membrane was screwed
onto the buccal surface to seal the graft materials. G. The reconstructed images of a defect site from microCT scan
were separated into 3 levels-superior, middle, inferior-and 4 identical cubes were isolated from each level. H. The
histogram of the cubes isolated from microCT images was generated by ImageJ software.

at 37°C for 3 hrs. Then, BM-MSCs were trypsin-
ized, resuspended in StemPro MSC serum-free
media (SFM) and centrifuged twice with BTCP
at 400 rpm for 5 min. MSC-integrated BTCP
were then spread out on a 60-mm ultra-low
attachment culture dish (Corning, Corning, NY)
and cultured in StemPro SFM overnight. Several
granules were removed to assess cell viability
using a Live/Dead Viability/Cytotoxicity kit for
mammalian cells (Figure 1A). An average of 3.5
+ 1.6x10” BM-MSCs were integrated into 5 ml
of BTCP granules for each defect site.

Preparation of VEGF or BMP-2 encapsulated
PLGA microspheres

Several formulation and preparation variables
were evaluated to determine optimal condi-
tions for effective encapsulation of growth fac-
tors in PLGA microspheres (Supplementary
Tables 1-3; Supplementary Figure 1). The pro-
cedure (water-in-oil-in-water (w/o/w) emulsion
solvent evaporation) adopted to prepare the
optimal BMP2 and VEGF microsphere formula-
tions for in vivo experiments is as follows (Table
1). An inner water phase was added to an oil
phase and homogenized in an ice/water bath
to obtain primary w/o emulsion. About 2 mL of
5% polyvinyl acetate (PVA) solution was added
to the above formed emulsion and vortexed for
1 min to form w/o/w emulsion. The resultant
emulsion was poured into 100 mL of 0.5% PVA
solution under magnetic stirring and hardened
at room temperature for 3 h. Hardened micro-
spheres were collected by sieve (20-63 um),
washed repeatedly with double-distilled H,O,
and freeze-dried. Surface morphology of micro-
spheres was examined by scanning electron

microscopy (SEM) (Supplementary Data).

Evaluation of in vitro release of active VEGF
and BMP-2 from PLGA microspheres

About 7 mg of VEGF encapsulated or 5 mg
BMP-2 encapsulated microspheres were incu-
bated in appropriate release medium at 37°C
under constant agitation (240 rpm/min). At dif-
ferent incubation times (1, 3, 7, 14, 21 and 28
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days), the supernatant was collected and analy-
sis of released active VEGF or BMP-2 was per-

formed by ELISA (Supplementary Data).

Surgery for critical-size defect creation, impac-
tion and postoperative procedures

Bilateral critical-size mandibular osteotomies
of 5.0 cm?® (width/height/depth, 3.5x1.5x1 cm)
were created on anesthetized pigs following
previously established procedures [28] (Figure
1C).

After thoroughly cleansing bone debris, the
defect was filled with BTCP only (Group-A; n=4),
BTCP integrated with MSCs (Group-B; n=4) and
BTCP integrated with MSCs and growth factors
(Group-C; n=4) (Figure 1D), coagulated with
autologous pig blood at the surgical table
(Figure 1B). On the buccal side, as the perios-
teum was removed, the grafted materials were
sealed either by 1.5-mL fibrin sealant (4 control
sites, 4 experimental sites) or by 1.5-mL fibrin
sealant with barrier membrane (4 experimental
sites). The surgical field was cleaned, reposi-
tioned and closed by suturing the overlying soft
tissues.

Postoperative pain and infection control was
provided as detailed previously [28]. Fluo-
rescent dyes calcein and alizarin-3-methylimi-
nodiacetic acid (Sigma-Aldrich) were adminis-
tered intravenously during postoperative week-
10 and -11, respectively, following methods
previously reported [28], and euthanized at
week-12.

Multislice computed tomography (CT) scans
and geometric analysis of defect regeneration

Each pig head was scanned using a GE
LightSpeed 8-multidetector helical CT scanner
(Buckinghamshire, UK) at 0.625-mm slice th-
ickness and the geometric analysis was per-
formed as previously reported [28]. The hori-
zontal and vertical widths of the remaining
defect were measured using MIMICS 10.01
(Materialise, Plymouth, MI).
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Table 1. The formulation conditions for PLGA microspheres encapsu-
lated with VEGF and BMP2, and evaluation of encapsulation effi-
ciency

MicroCT scans and
analysis of tissue mineral
density at the defect area

By referring to the tanta-

Formulation conditions and compositions VEGF. BMP_.Q
formulations formulations
PLGA concentration (mg/mL) 500 500
Inner water phase volume (mL/1 mL oil phase) 0.2 0.2
First homogenization speed (rpm) 10,000 10,000
First homogenization duration (min) 1 1
Second vortexing time (min) 1 1
VEGF or BMP-2 loading (wt%) 0.1 0.2
BSA loading (wt%) 2.7 0.3
MgCO, loading (wt%) 3.0 3.0
Evaluation of microencapsulation
Theoretical loading (wt%) 0.1 0.2
Actual loading (wt%) 0.03 £ 0.005 0.06 + 0.002
Actual loading (wt%)-total protein 2.2+0.12 0.4 £0.01
Encapsulation efficiency (%) 37.1+£5.0 37.7+1.0
Encapsulation efficiency (%)-total protein 788 +4.1 72.2+3.1

lum beads shown on mul-
tislice CT scan, specimens
containing the original
defect and 0.5-1.0 cm of
old bone were collected
and underwent microCT
scans with SkyScan 1172
(Kontich, Belgium) at 27-
Mm voxel size [28]. Using
ImageJ (NIH, Bethesda,
MD), four 34 mm? cubes
were isolated from the
superior, middle, and infe-
rior parts of the defect
area (Figure 1G). Tissue
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Figure 2. PLGA microsphere preparation and results. (A, B) Surface mor-
phology (SEM images) of the PLGA microspheres loaded with VEGF (A) and
BMP2 (B). (C) In vitro release (cumulative amount of active VEGF or BMP2
released as a function of incubation time) characteristics of PLGA micro-
spheres loaded with VEGF and BMP2. In vitro release was conducted in
PBS + 0.02% Tween 80 + 1% BSA (VEGF release medium) or PBS + 0.02%
Tween 80 + 1% BSA + 0.15 % w/v EDTA (BMP2 release medium) at 37°C.
Symbols represent mean + SEM (n = 3). Scale bars = 20 pm.

mineral density (represent-

ed by mean gray value) of
each cube was obtained by
dividing the sum of gray values
by the total count of bone vox-
els in the cube (Figure 1H).

Histology

After microCT scan, each speci-
men was divided into superior
and inferior pieces and pro-
cessed for undecalcified and
decalcified histology, respec-
tively, following protocols estab-
lished previously [28]. Unde-
calcified sections were used to
assess mineral apposition and
healing characteristics. Deca-
Icified sections, stained by
hematoxylin and eosin (H&E),
were used to assess general
histology and quantify residual
BTCP granules.

Statistical analysis

Normality of data distribution
was assessed using Shapiro-
Wilk tests. Defect geometric
measurements, tissue mineral
density, and the relative amount
of residual BTCP from 3 inde-
pendent samples were com-
pared by non-parametric Kru-
skal-Wallis tests. An «=0.05
was adopted.
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Figure 3. Geometric analyses for the effects of MSC and MSC/growth factors on bone regeneration. A. Volumetric
surface reconstruction of representative samples from CT images. All control defects (Group-A) had large through-
and-through defect except for an outlier. All experimental defects (Groups-B and -C) had significant gap obliteration,
but complete union only occurred in defects sealed with barrier membranes. B. The addition of MSCs (Group-B) and
MSC/growth factors (Group-C) significantly reduced the horizontal-gap width when compared to Group-A without the
outlier. C. The use of barrier membrane significantly reduced both horizontal and vertical widths regardless of the
graft materials. Bars represent mean + SD; *P < 0.05, Kruskal-Wallis tests.

Results

Evaluation of PLGA microencapsulation and in
vitro release of VEGF and BMP2

The PLGA microsphere formulation with opti-
mal loading capacity and efficiency, and in vitro
release behavior (slow and continuous release
of active growth factors) was chosen for in vivo
evaluation (Table 1, Figure 2).

Multislice CT and geometric analyses of bone
regeneration

In Group-A (control), all defect sites except one
outlier had large through-and-through defects
present (Figure 3A). In contrast, all sites in the
experimental groups (Group-B and -C) only
showed small through-and-through defects,
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with the horizontal-gap size significantly small-
er than Group-A without the outlier (Figure 3A).

For the experimental groups, the size of the
remaining site was not changed significantly by
growth factors (Figure 3B), but by the sealing
methods (Figure 3C). Regardless of the impac-
tion materials, the 4 experimental defects
sealed by fibrin sealant and barrier membrane
showed negligible gaps (< 1.50 mm), signifi-
cantly smaller than the 4 experimental defects
sealed by fibrin sealant only (Figure 3C).

MicroCT and tissue mineral analyses of bone
regeneration

The mean tissue mineral density was higher in

Groups-B and -C than in Group-A (Figure 4B),
although only the middle portion reached sig-
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Figure 4. Tissue mineral density analyses for the effects of MSC and MSC/growth factors on bone regeneration.
A. Volumetric reconstruction of the representative samples from the cubes isolated from microCT images. B. Both
impaction materials significantly improved tissue mineral density in the middle portion of the defect, and the addi-
tion of MSC/growth factors (Group-C) was superior to the addition of MSCs only (Group-B). C. The sealing methods
did not make a difference to the tissue mineral density. Bars represent mean * SD; *P < 0.05, Kruskal-Wallis tests.

nificance. Comparison between Groups-B and
-C showed that adding growth factors further
increased tissue mineral density significantly
(Figure 4B). Tissue mineral density was not dif-
ferent between the two sealing methods (Figure
4C).

Analysis of undecalcified histology

Most defect sites in Group-A showed active
bone growth, represented by green and red flu-
orescent labels, at the bone fronts towards the
defects (Figure b5A); whereas Groups-B/-C
mostly showed bridging of the defects and
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bone remodeling, represented by resorptive
cavities and secondary osteons (Figure 5B and
5C). In sites sealed by both fibrin sealant and
barrier membrane, new bones grew over the
membrane (Figure 5C).

Analysis of decalcified histology

Group-A showed new woven bones extended
and tapered towards the remaining defects
which were filled by fibrous tissues and blood
vessels, while Groups-B and -C defects were
largely obliterated. Osteoclasts were present at
the barrier membrane, bone marrow and corti-
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Figure 5. Histology analyses to assess mineral apposition and residual BTCP at the defect sites. A. In control Group-
A, active bone growth was present at the bone fronts toward the defects. B. With the addition of MSC (Group-B; not
shown) and MSC/growth factor (Group-C), the defects were completely fused, active mineral apposition was only
present along the buccal and lingual surfaces (B1) and remodeling of new bone (represented by secondary osteons,
*) had started. C. When sealed by a barrier membrane, both experimental Group-B and Group-C (not shown) had
completely reconstructed defects with extensive new bone growth over the barrier membrane. (A1, B1, C1) High
maghnification images showing active mineral deposition at the gap (A1), buccal (B1), and lingual (C1) surfaces. (A2,
B2, C2) High magnification images showing active bone remodeling in the newly-regenerated bone regions. D. HE
image showing residual BTCPs in the defect site. (D1) High magnification image showing the presence of osteoclasts
underneath the barrier membrane (arrows). (D2) High magnification image showing the absence of osteoclasts
around residual BTCP, but present at some buccal and lingual bone surfaces as well as the bone marrow surfaces.
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E. The addition of both MSC (Group-B) and MSC/growth factors (Group-C) increased the amount of residual BTCP,
but the change was only significant with MSC/growth factors (Group-C). When the defects were sealed with barrier
membrane, the amount of residual BTCP was significantly higher than those sealed with fibrin sealant. Bars repre-
sent mean + SD; *P < 0.05, Kruskal-Wallis tests. Scale bars = 200 um unless otherwise stated.

cal surfaces, but not around residual BTCPs
(Figure 5D). The amount of residual BTCP was
significantly greater in Groups-B/C than in
Group-A, as well as in sites sealed by both fibrin
sealant and barrier membrane than by fibrin
sealant alone (Figure 5E).

Discussion

Using a pig critical-size mandibular defect
model, this study directly compared the osteo-
genic regenerative efficacy of BTCP with and
without the addition of autologous BM-MSCs
and growth factors. Overall, the data confirmed
our initial hypothesis that MSCs would signifi-
cantly augment the regenerative efficacy of
BTCP. Adding PLGA-microencapsulated con-
trolled-release BMP2 and VEGF tended to fur-
ther enhance the regenerative efficacy of BTCP
and BM-MSCs, but the difference was less than
we initially hypothesized.

The positive bone regenerative capacity of
BM-MSCs for mandibular defects found in this
study is consistent with those found from cal-
varial [5], femoral [14] and alveolar [15] sites.
Specifically, BM-MSCs significantly improved
both new bone quantity represented by geo-
metric changes (Figure 4A and 4B) and new
bone quality represented by tissue mineral
density (Figure 4C and 4D) at the defect sites.
These findings confirm that despite the differ-
ences in anatomy and function in cranial bone
and long bone, the mandible is amenable to the
therapy of combined BTCP and BM-MSC treat-
ment. Analysis of dynamic mineral apposition
further found that sites treated by BM-MSCs
have mostly bridged the defects and started
remodeling (Figure 5B-D), while sites treated by
BTCP alone were still forming woven bones for
purpose of bridging the defect (Figure 5A). This
difference confirms that when only BTCP was
used, recruitment of endogenous MSCs there
is slow and inadequate [29], which can be aug-
mented by exogenous MSCs transplantation.

In regard to the finding that the addition of
PLGA-encapsulated BMP2 and VEGF in trans-
planted MSC only had limited efficacy in further
stimulating osteogenesis at the mandibular
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defect sites, there may be two explanations.
First, it is possible that BM-MSC alone has
secreted adequate endogenous growth factors
which stimulated the regeneration to a fairly
optimal level [17, 18], leaving little room for fur-
ther improvement by the exogenous growth fac-
tors. This interpretation is well substantiated by
the fact that most of the defect sites receiving
MSCs with and without growth factors already
had fully bridged defects (Figure 3), and miner-
al activity has shifted from fast bone formation
to bone remodeling (Figure 5). Second, the
effectiveness of dual delivering BMP2 and
VEGF may be suboptimal. Although several
studies found that simultaneous delivery of
BMP2 and VEGF enhances bone regeneration
[3, 20], others have suggested that dual deliv-
ery is inefficient in orthotopic bone healing [30]
and bone regeneration effects of BMP2 may
even be inhibited by VEGF [31, 32]. Some
researchers further proposed that VEGF and
BMP2 should be administered sequentially for
optimal effects [22, 33]. While our findings
seem to be consistent with this notion, whether
and how VEGF and BMP2 should be sequen-
tially administered for mandibular defect recon-
struction need to be further investigated.

Nevertheless, our extensive in vitro work on
PLGA microencapsulation for long-term release
of BMP2 or VEGF has made the sequential in
vivo delivery of these BMP2 and VEGF feasible.
Owing to undesirable stresses such as aque-
ous/organic interface, heat and shear during
microencapsulation, the encapsulated growth
factors may have substantial protein denatur-
ation and variability in protein release [34, 35].
To minimize protein denaturation during prima-
ry emulsification, stabilizing excipients (e.g.,
bovine serum albumin, poloxamer 407, cyclo-
dextrin, trehalose) have been co-incorporated
in an inner water phase [36]. In this study, we
incorporated bovine serum albumin to mini-
mize the instability of VEGF and BMP2 during
PLGA microencapsulation, and optimized other
important variables (e.g., inner water phase vol-
ume and concentration and M, of PLGA) [25].
Our data demonstrate that the w/o/w emul-
sion-solvent evaporation method provided
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more effective encapsulation and better con-
trolled-release of active growth factors than
s/o/w emulsion-solvent evaporation (Suppl-
ementary Table 2; Supplementary Figure 1).
The optimal primary emulsification conditions
(Table 1) yielded PLGA microspheres that exhib-
ited better encapsulation efficiency as well as
slow and continuous release of active growth
factors. In addition, with co-encapsulation of
basic salt such as MgCO, to neutralize the acid-
ic microclimate produced by PLGA degradation
[34, 35], slow and continuous release of active
proteins and peptides over an extended period
of time (1 month) are achieved (Figure 2C).

Another main finding pertains to the degrada-
tion of the scaffold materials, BTCP. Ideally, the
rate of scaffold degradation should match the
rate of tissue regeneration. In this study, we
found that the in vivo degradation rate of BTCP
granules decreased when integrated with
autologous BM-MSCs and growth factors, or
when they were contained by the barrier mem-
brane. Two factors may account for these
changes. First, VEGF and BMP2 may have
induced local MSC proliferation, collagen net-
work formation and mineral apposition, thereby
enhancing the weight-loading capacity of BTCP
and delayed its dissolution and degradation.
Consistent with this explanation, similarly
delayed degradation has been found in an in
vitro model using collagen/BTCP composite
scaffold [37]. Next, as our data demonstrated
that no osteoclasts were associated with BTCP
degradation, indicating BTCP degradation is
very likely through hydrolysis mediated by tis-
sue fluid instead of ingestion or resorption
mediated by cells. This point is shared by some
[38, 39] but not by others [4, 40]. Nevertheless,
the hydrolytic degradation mechanism provides
a reasonable explanation for the faster degra-
dation of BTCP in defect sites where no MSCs/
growth factors were involved and no barrier
membrane was used. More specifically, while
fibrin sealant alone does not prevent tissue
fluid flow in and out of the defect, when a bar-
rier membrane is secured overlying BTCP and
exposed to tissue fluid, it stiffens and encloses
the graft materials and reduces tissue fluid flow
at the defect site, consequently delaying the
degradation of BTCP. Therefore, the addition of
MSCs and growth factors and the use of a bar-
rier membrane help match the degradation
rate of BTCP and bone regeneration rate better
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than using BTCP alone without an overlying
membrane.

Overall, as with many early stage studies, this
study had a relatively small sample size, which
prohibited the collection of longitudinal angio-
genesis/osteogenesis data at multiple time
points and a definite conclusion about the
BMP/VEGF effects. Despite this limitation, this
study presents three important findings: 1)
using a water/oil/water emulsion-solvent meth-
od and co-encapsulation with magnesium car-
bonate (MgCO,), BMP2 and VEGF can be
encapsulated with PLGA for extended slow-
release; 2) autologous BM-MSCs and slow-
release growth factors can be used together
with BTCP to significantly enhance reconstruc-
tion of critical-size mandibular defects; and 3) a
biodegradable PLGA barrier membrane can be
used to secure the constructing material and
better match BTCP degradation with tissue
engineering. Based on these findings, future
work will further optimize the sequence, timing
of growth factor delivery together with MSCs for
reconstruction of critical-size mandibular
defects.
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Supplementary Data

Materials and methods
Materials

Poly(lactic-co-glycolic acid) (PLGA) 50:50 (i.v. = 0.6 dL/g, M, = 53.2 kDa, end-group = lauryl ester) was
purchased from Durect Corporation (Pelham, AL, USA). PLGA 50:50 (Resomer® RG 502; i.v. = 0.19 dL/g;
end-group = alkyl ester) were purchased from Boehringer-Ingelhneim GmbH (Ingelheim, Germany).
Vascular endothelial growth factor (VEGF) and bone morphogenetic protein 2 (BMP-2) were received
from Genentech Inc. (South San Francisco, CA, USA) and Pfizer (Cambridge, MA, USA), respectively.
Human VEGF (hVEGF) ELISA development kit (consisted of antigen-affinity purified rabbit anti-hVEGF
(capture antibody), biotinylated antigen-affinity purified rabbit anti-hVEGF (detection antibody), hVEGF
standard, and avidin-horseradish peroxidase (avidin-HRP) conjugate) and BMP-2 ELISA development kit
(consisted of antigen-affinity purified rabbit anti-hBMP-2 (capture antibody), biotinylated antigen-affinity
purified rabbit anti-hBMP-2 (detection antibody), hBMP-2 standard, and avidin-horseradish peroxidase
(avidin-HRP) conjugate) were purchased from PeproTech (Rocky Hill, NJ, USA). ABTS (2,2'-azino-di-
(3-ethylbenzthiazoline-6-sulfonate) liquid substrate solution, magnesium carbonate (MgCO,) and bovine
serum albumin (BSA) were purchased from Sigma (St. Louis, MO, USA).

Preparation of VEGF or BMP-2 encapsulated PLGA microspheres

Encapsulation of VEGF or BMP-2 in PLGA microspheres was performed by a water-in-oil-in-water (w/o/w)
emulsion-solvent evaporation method. Briefly, appropriate volume (75-200 L) of inner water phase
(VEGF: 5 mg/mL VEGF + 94 mg/mL trehalose in 5 mM succinate buffer (pH 5.0) or 2.44 mg/mL VEGF
+ 72.5 mg/mL BSA in 5 mM succinate buffer (pH 5.0); BMP-2: 4.26 mg/mL BMP-2 + 8.6 mg/mL BSA in
buffer (2.5% w/v glycine, 5 mM glutamic acid, 0.5% w/v sucrose, 5 mM NaCl, and 0.01% Tween 80, pH
4.5)) was added to 1 mL of 200 or 250 or 500 mg/mL PLGA with MgCO, (3 or 6 %w/w) in methylene
chloride. The mixture was homogenized at 10-15 000 rpm with a Tempest IQ? homogenizer (The VirTis
Company, Gardiner, NY, USA) equipped with a 10 mm shaft in an ice/water bath for 1 min to prepare the
first emulsion. Two milliliters of 5% (w/v) PVA solution was immediately added to the primary w/o emul-
sion (PVA at 5% w/v concentration was used as an emulsifier to stabilize w/o/w emulsion), and the
mixture was vortexed (Genie 2, Fisher Scientific Industries, Inc., Bohemia, NY, USA) for 60-120 s to
produce the w/o/w double emulsion. The parameters studied for the formation of w/o/w double emul-
sion is given in Supplementary Table 1. The resultant emulsion was poured into 100 mL of 0.5% (w/V)
PVA solution under rapid stirring and hardened at room temperature for 3 h (PVA at 0.5% w/v concentra-
tion was used as an emulsifier to prevent agglomeration of particles). Hardened microspheres were
collected by sieve (20-63 and 63-125 um), washed repeatedly with double-distilled (dd) H,0, and
freeze-dried.

Loading assay of proteins (VEGF, BMP-2 and BSA)

About 5 mg of PLGA microspheres loaded with VEGF, VEGF + BSA or BMP-2 + BSA were dissolved in 1.5
mL acetone and vortexed for 1 minute. The mixture was centrifuged at 10 000 rpm for 10 min and the
supernatant was removed. The residual content was washed twice with acetone through centrifugation/
supernatant removal, followed by drying the residue at room temperature for 2 h. To the dried residue,
1 mL of PBS + 0.02% Tween 80 (pH 7.4) (to determine soluble protein (VEGF or VEGF + BSA or BMP-2 +
BSA content) or PBS + 0.02% Tween 80 + 1% BSA (pH 7.4) (to determine active VEGF or BMP-2 content)
was added and incubated at 37°C for 24 h. After 24 h, the samples were centrifuged at 8,000 rpm for
10 min and the supernatant was analyzed respectively by modified Bradford assay and ELISA to deter-
mine the soluble and active protein fractions. To the remaining residue of total protein assay samples,
reducing solution (10 mM dl-dithiothreitol + 6 M urea + 1 mM EDTA) was added and incubated at 37°C
for 2 h to dissolve any aggregate and centrifuged. The content of aggregates in supernatant was ana-
lyzed by a modified Bradford assay.
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Coomassie (modified bradford) protein assay

A modified Bradford assay was used to determine soluble and insoluble protein concentrations. Briefly,
appropriate volume of standard or sample was mixed with Coomassie Plus® reagent (Thermo Fisher
Scientific, Rockford, IL, USA) in a 96-well plate (Nalge Nunc International, Rochester, NY, USA). Then, the
absorbance was read at 595 nm within 30 min using a Dynex Il MRX microplate reader (Dynex Technology
Inc., Chantilly, VA, USA).

Enzyme-Linked immunosorbent assay (ELISA)

The ELISA was performed at room temperature according to the manufacturer’s instructions. Briefly,
100 pL of 0.5 pg/mL of capture antibody (antigen-affinity purified rabbit anti-hVEGF (VEGF) or anti-
hBMP-2 (BMP-2)) in PBS (pH 7.2) was added to 96-well microtitration plates (Nalge Nunc International,
Rochester, NY, USA) and incubated overnight. The plates were washed 4 times between all steps with
PBS containing 0.05% Tween® 20. Three hundred microliters of block buffer (PBS containing 1% BSA)
was added to each well, incubated for 1 h, and then washed. The diluent used for preparing VEGF,
BMP-2 and antibodies samples (except capture antibody above) was PBS containing 0.1% BSA and
0.05% Tween® 20. One hundred microliters of standard VEGF or BMP-2 with known concentration
(0.008-100 ng/mL VEGF or 0.1-1000 ng/mL BMP-2) and test samples were added to each well in dupli-
cate, incubated for 2 h and then washed. One hundred microliters of 0.25 (VEGF) or 1 (BMP-2) ug/mL
detection antibody (biotinylated antigen-affinity purified rabbit anti-hVEGF or anti-hBMP-2) was added to
each well and incubated for 2 h and washed. One hundred microliters of diluted (1:2000 dilution) avidin-
HRP conjugate was added to each well and incubated for 2 h. After washing, 100 pL of ABTS liquid
substrate solution was to each well and incubated for 30 minutes. The absorbance was read at 405 nm
on a Dynex Il MRX microplate reader (Dynex Technology Inc., Chantilly, VA, USA) equipped with Revelation
3.2 Software. Log/Logit curve fitting model was used to plot the standard curve and calculate unknown
concentration of VEGF or BMP-2 in test samples.

Scanning electron microscopy (SEM)

Surface morphology of active PLGA microspheres was examined by taking SEM images using a Hitachi
S3200N scanning electron microscope (Hitachi, Tokyo, Japan). Briefly, microspheres were fixed previ-
ously on a brass stub using double-sided adhesive tape and then were made electrically conductive by
coating, in a vacuum, with a thin layer of gold (3-5 nm) for 100 s at 40 W. The surface view images of
microspheres were taken at an excitation voltage of 8-10 kV.
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Supplementary Table 1. The manufacturing conditions and formulation composition for VEGF/PLGA

and BMP-2/PLGA microspheres

Formulation conditions and compositions

VEGF formulations BMP-2 formulations

Preparation method (w/o/w or s/o/w) and formulation code (F1-F9)

w/0/W s/0/W w/0/W

F1 F2 F3 F4 F5 F6 F8 F9
PLGA concentration (mg/mL) 200° 250° 250° 500° 500° 500° 500° 500° 500°
Inner water phase volume (mL/1 mL oil phase) 0.15 0.075 0.15 0.15 0.2 - 0.2 0.2
First homogenization speed (rpm) 15,000 12,000 12,000 10,000 10,000 10,000 10,000 10,000 10,000
First homogenization duration (min) 1 1 1 1 1 1 1 1
Second vortexing time (seconds) 60 60 60 60 60 120 60 60
Trehalose loading (Wt%) 1 - - - -
VEGF or BMP-2 loading (wt%) 0.1 0.07 0.14 0.07 0.092 0.09 0.16 0.16 0.16
BSA loading (wt%) 2.9 2.0 4.0 2.07 2.73 2.89 0.32 0.32 0.32
MgCO, loading (wt%) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 6.0

?PLGA 50:50 (i.v.= 0.6 dL/g, M, = 53.2 kDa, end-group = lauryl ester). "PLGA 50:50 (Resomer® RG 502) (i.v.= 0.19 dL/g, end-group = alkyl ester). °PLGA 50:50 (Re-

somer® RG 502) + PLGA-PEG (mass ratio = 75/25).

Supplementary Table 2. Evaluation of microencapsulation and stability of VEGF and total protein (VEGF
+ BSA) in PLGA microspheres prepared by water-in-oil-in-water (F1-F4) and solid-in-oil-water (F5) meth-

ods
. Theoretical Loading Actual Loading Encapsulation Efficiency
Part.lcles (Wt%) (Wt%)* (%)*

Form.  Size - - - - -
(um) VEGF Total Protein VEGF Soluble Protein Insoluble Protein  Total Protein VEGF Total Protein
(VEGF + BSA) (VEGF + BSA) (VEGF + BSA)  (VEGF + BSA) (VEGF + BSA)

F1 20-63 0.10 3.0 0.017 + 0.001 0.88 £ 0.03 0.20+0.01 1.1+ 0.04 170+ 0.7 36.8+1.3

F2 20-63 0.07 2.07 0.030 £ 0.002 1.66 + 0.06 0.33+0.04 2.0+ 0.10 43.3+28 95.8+3.8

63-125 0.07 2.07 0.024 + 0.002 1.28 £ 0.04 0.23 £ 0.03 1.5+ 0.05 349+22 72.8+2.6

F3 20-63 0.14 4.14 0.048 + 0.004 2.40+0.12 0.39 +0.07 28+018 346+27 673+45

63-125 0.14 4.14 0.032 £ 0.003 1.79 + 0.04 0.26 £ 0.01 2.0+0.04 228+2.1 489+ 1.0

F4 20-63 0.07 2.07 0.030 + 0.001 1.10 + 0.07 0.33+0.04 1.4+011 27.8+6.0 68.4+5.1

F5 20-63  0.092 2.82 0.034 + 0.005 1.73 +£0.10 0.49 + 0.05 2.2+0.12 37.1+5.0 788+ 4.1

F6 20-63 0.09 2.89 0.024 + 0.001 0.82 +0.20 0.29 + 0.07 11+027 202+30 37.8+9.2

*Mean + SEM, n = 3.

Supplementary Table 3. Evaluation of microencapsulation and stability of BMP-2 and total protein
(BMP-2 + BSA) in PLGA microspheres prepared by water-in-oil-in-water emulsion-solvent evaporation

Theoretical Loading

Actual Loading

Encapsulation Efficiency

F (Wt%) (Wt%)" (%)*
orm.
Total Protein Soluble Protein Insoluble Protein  Total Protein Total Protein
BMP-2 BMP-2 BMP-2
(BMP-2 + BSA) (BMP-2 + BSA) (BMP-2 + BSA) (BMP-2 + BSA) (BMP-2 + BSA)

F7 0.16 0.48 0.060 + 0.002 0.27 £0.01 0.07 £ 0.01 0.35+0.01 37.7+1.0 722+31
F8 0.16 0.48 0.020 + 0.001 0.14 £ 0.01 0.06 + 0.01 0.20 + 0.02 12.4+0.6 415 +4.3
FO 0.16 0.48 0.057 + 0.003 0.30 + 0.02 0.07 £ 0.02 0.37 £ 0.02 35.6+1.3 771+4.6

“Mean + SEM, n = 3. F7: PLGA (Resomer RG 502)/0.16 wt% BMP-2/0.32 wt% BSA/3 wt% MgCO, microspheres. F8: PLGA (Resomer RG 502) + PLGA-PEG (75/25)/0.16
wt% BMP-2/0.32 wt% BSA/3 wt% MgCO, microspheres. FO: PLGA (Resomer RG 502)/0.16 wt% BMP-2/0.32 wt% BSA/6 wt% MgCO, microspheres.
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Supplementary Figure 1. A. The effect of manufacturing parameters (inner water phase-to-1 mL oil phase ratio and
microspheres size) (F2 and F3 in Supplementary Table 1) on in vitro release of VEGF from PLGA microspheres. B.
The effect of encapsulation method w/o/w (F4 and F5 in Supplementary Table 1) or s/o/w (F6 in Supplementary Ta-
ble 1) on in vitro release of VEGF from PLGA microspheres. C. S3. The effect of MgCO, loading and blending (75/25
mass ratio) of low Mw PLGA (0.19 dL/g) with medium Mw PLGA-PEG block copolymer (F7-F9, Supplementary Table
1) on in vitro release of BMP-2 from PLGA microspheres.
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