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Objectives: Timely augmentation of the physiological events of dentoalveolar repair is a prerequisite for the
optimization of the outcome of regeneration. This study aimed to develop a treatment strategy to promote
dentoalveolar regeneration by the combined delivery of the early mitogenic factor platelet-derived growth factor
(PDGF) and the late osteogenic differentiation factor simvastatin.
Materials and Methods: By using the coaxial electrohydrodynamic atomization technique, PDGF and simvas-
tatin were encapsulated in a double-walled poly(d,l-lactide) and poly(d,l-lactide-co-glycolide) (PDLLA–PLGA)
microspheres in five different modes: microspheres encapsulating bovine serum albumin (BB), PDGF alone (XP),
simvastatin alone (SB), PDGF-in-core and simvastatin-in-shell (PS), and simvastatin-in-core and PDGF-in-shell
(SP). The microspheres were characterized using scanning electronic microscopy, and the in vitro release profile
was evaluated. Microspheres were delivered to fill large osteotomy sites on rat maxillae for 14 and 28 days, and
the outcome of regeneration was evaluated by microcomputed tomography and histological assessments.
Results: Uniform 20-mm controlled release microspheres were successfully fabricated. Parallel PDGF–simvastatin
release was noted in the PS group, and the fast release of PDGF followed by the slow release of simvastatin was
noted in the SP group. The promotion of osteogenesis was observed in XP, PS, and SP groups at day 14, whereas the
SP group demonstrated the greatest bone fill, trabecular numbers, and thickest trabeculae. Bone bridging was evident
in the PS and SP group, with significantly increased osteoblasts in the SP group, and osteoclastic cell recruitment was
promoted in all bioactive molecule-treated groups. At day 28, osteogenesis was promoted in all bioactive molecule-
treated groups. Initial corticalization was noted in the XP, PS, and SP groups. Osteoblasts appeared to be decreased in
all groups, and significantly, a greater osteoclastic cell recruitment was noted in the SB and SP groups.
Conclusions: Both PDGF and simvastatin facilitate dentoalveolar regeneration, and sequential PDGF–simvastatin
release (SP group) further accelerated the regeneration process through the enhancement of osteoblastogenesis and
the promotion of bone maturation.

Introduction

One of the major challenges in dental implantology is
the deficiency of the alveolar bone, which is necessary

to provide an adequate implant support, and numerous ef-
forts have concentrated on augmenting the alveolar bone
with bone substitute grafting or regenerative membranes.1

Recently, bioactive molecules, such as platelet-derived growth
factor (PDGF), bone morphogenetic protein (BMP), and
simvastatin, were implemented in preclinical models and
demonstrated a significant acceleration of dentoalveolar re-
pair.2,3 However, the clinical efficiency was still not in line

with the preclinical findings, especially in the severely atro-
phic alveolar bone ridge.4 Because bone repair is the conse-
quence of the coordination of various growth factors,5,6

delivering multiple biomolecules in accordance with their
biological effects appears to be a logical strategy to achieve
optimal dentoalveolar regeneration.

Recent studies have demonstrated that the combined de-
livery of biomolecules, such as BMP plus insulin-like growth
factor (IGF),7 or BMP plus vascular endothelial growth fac-
tor,8 showed superior regenerative effects in bone compared
with single biomolecule delivery through the amplification
of osteogenic, mitogenic, and angiogenic effects. However,
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the discrepancies of the treatment outcome still exist, impli-
cating that the harmonization of dose, ratio, and timely re-
lease of biomolecules may play a determinative role in bone
regeneration.9 It is of interest to develop a matrix that is
capable of controlling the release sequence of dual or mul-
tiple biomolecules. In this regard, hybrid scaffolds, such as
gelatin microparticle-encapsulated hydrogels,10 glutaralde-
hyde-crosslinked gelatin layers,11 and porous polymer mi-
crosphere-encapsulated scaffold,9 have been employed to
coordinate the release sequence of dual biomolecules for the
purpose of tissue regeneration.

A double-layered poly(d,l-lactide) and poly(d,l-lactide-
co-glycolide) (PDLLA–PLGA) microsphere, which is capable
of encapsulating two biomolecules based on the variability of
hydrophilicity, had been previously developed from our
group and had demonstrated acceptable biocompatibility.12

With the encapsulation of PDGF, a mitogen that modulates
cell proliferation in the early stage,13 and simvastatin, a dif-
ferentiation factor that induces osteogenesis in the later
stage,14 these microspheres demonstrated improved cellular
variability, reduction of inflammation, and resistance to the
heat-induced osteonecrosis.12,15 In this study, we aimed to
establish a treatment strategy through the dual delivery of
PDGF–simvastatin utilizing PDLLA–PLGA microspheres to
facilitate dentoalveolar regeneration.

Materials and Methods

Microsphere fabrication

Human recombinant PDGF-BB was acquired from Luit-
pold Pharmaceuticals (Wilmington, DE), and purified sim-
vastatin was purchased from Sigma-Aldrich Co. LLC (St.
Louis, MO). The microspheres were fabricated by the coaxial
electrohydrodynamic atomization technique (CEHDA) as
previously described.12 The matrix solutions were formu-
lated by dissolving 10% PDLLA (Mw: 24,300–75,000) and
10% PLGA (50:50, Mw: 31,300–43,500) (Lactel Absorbable
Polymers, Pelham, AL) in dichloromethane solution respec-
tively, and the resulting solutions were transferred to a co-
axial needle (inner channel: PDLLA; outer channel: PLGA)
controlled by two programmable syringe pumps and an
electrical field. One milligram hydrophobic biomolecules
(simvastatin) were dissolved in the matrix solution directly,
whereby 1 mg hydrophilic agents (PDGF or bovine serum
albumin [BSA]) were dissolved in deionized water and
transferred to the corresponding matrix solution. Five types
of PDLLA–PLGA microspheres were fabricated: (i) BSA-
in-core and BSA-in-shell (BB), (ii) PDGF-in-shell (XP), (iii)
simvastatin-in-core and BSA-in-shell (SB), (iv) PDGF-in-core
and simvastatin-in-shell (PS), and (v) simvastatin-in-core and
PDGF-in-shell (SP). Based on our previous study, it would
achieve about 5.5–7.4 pg PDGF or simvastatin encapsulated
in the core compartment of each microsphere, and 4.5–5.9 pg
in the shell compartment.15

The size and surface morphology of the microspheres
were examined by scanning electron microscopy, and the
core–shell structure was confirmed by the distribution of
coumarin-6 under a confocal laser scanning microscope. The
encapsulation efficiency of bioactive molecules within the
microspheres was examined by dissolving the microspheres
in dichloromethane and phosphate-buffered saline (PBS)
with centrifugation at 9000 rpm. The in vitro release profiles

of PDGF and simvastatin were examined by loading the
microspheres in PBS under consistent shaking (120 rpm) at
37�C and collecting the incubated medium at days 1, 3, 5, 7,
10, and 14. The concentrations of PDGF and simvastatin in
the medium were evaluated by ELISA and high-performance
liquid chromatography, respectively.

Study design and animal model

Seventy-two 4-week-old (weight *75–90 g) male Sprague-
Dawley rats were utilized in this study following the pro-
tocol 057/10 approved by the Institutional Animal Care
and Use Committee of the National University of Singapore
(NUS), and the sample size was determined by Power
Analysis based on a relevant study.15 All the surgical pro-
cedures were performed under the generalized coverage of
ketamine (70 mg/kg) and xylazine (10 mg/kg). The maxil-
lary first molar (M1) from a randomly selected side was
surgically removed using a dental explorer from each ani-
mal. After 4 weeks of socket healing, a uniform osteotomy
(2.6 mm diameter and 1 mm depth, with 0.6 mm to the
middle of mesial aspect of M2) was created in the post-
extraction ridge of M1 using a customized low-speed drill
(2.6 mm diameter of the cutting surface with the design of
vertical stop at 1 mm depth and 0.6 mm noncutting collar to
ensure the consistent distance to M2) under 3000 rpm with
copious normal saline irrigation. The osteotomy sites were
randomly assigned to six modes based on the treatments:
filled with microspheres encapsulating BB, SB, XP, SP, and
PS, respectively, or unfilled with microspheres (Ctrl). The
wound was closed with a cyanoacrylate gel (Histoacryl�;
TissueSeal LLC, Ann Arbor, MI). Animals underwent an-
tibiotics coverage (268 mg/mL ampicillin in the drinking
water) for 7 days and were euthanized to harvest the
maxillae at days 14 and 28 (n = 6 per mode per time point).

Microcomputed tomography

The harvested maxillae were examined by a Siemens In-
veon CT System (Siemens Healthcare, Erlangen, Germany)
with an 80 W tungsten anode, 30–80-kVp variable focus X-
ray source, and a 165-mm detector. The images were re-
constructed using the Shepp-Logan algorithm to achieve an
effective pixel size of 19 microns, and the threshold of the
image was determined by a standardized local edge detec-
tion algorithm.16 The entire osteotomy site was selected as
the region of interest (ROI), which is 2.6 mm diameter and
1 mm depth with 0.6 mm to the middle of mesial aspect of
M2, and the micromorphometric bone parameters, including
relative bone volume (BV/TV), bone mineral density (BMD),
tissue mineral density (TMD), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), and trabecular number (Tb.N),
were separately calculated for each ROI using the CTAn
software (Skyscan, Kontich, Belgium).

Histological analysis

After microcomputed tomography (micro-CT) scanning,
the specimens were decalcified with 12.5% EDTA (pH 7.4)
for 3 weeks. A sagittal section that crossed the midpoints of
the maxillary second (M2) and third molars (M3) was se-
lected, and the specimens were then embedded in paraffin
and sectioned to 5 mm thickness. Hematoxylin and eosin
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(Polysciences, Inc., Warrington, PA) stains were performed
for the histological observation and the quantification of
defect bone fill and osteoblasts. As the osteoclasts on the
newly formed bone could be an indicator of bone remodel-
ing,17 tartrate-resistant acid phosphatase (TRAP), a bio-
marker of active osteoclasts, was analyzed using a Leukocyte
Acid Phosphatase kit (Sigma-Aldrich Co. LLC). All of the
histological and histochemical images were acquired utiliz-
ing a Leica DMD108 system (Leica Microsystems GmbH,
Wetzlar, Germany).

Histomorphometric measurements were performed us-
ing ImageJ software (NIH, Bethesda, MD), and the region of
the defect was selected in accordance with the ROI of the
correspondent plane of the micro-CT imaging. The per-
centage of defect filled with newly formed bone was as-
sessed under 40 · magnification. The averaged numbers of
osteoblasts and TRAP( + ) cells were evaluated in five ran-
domly selected areas within 25 mm from the surface of the
newly formed bone in each osteotomy site under 400 ·
magnification.

Statistical analysis

All data are presented as the mean – standard deviation,
and the statistical analysis was performed by GraphPad
Prism software (La Jolla, CA). The differences between the
control (Ctrl and BB groups) and bioactive molecule treat-
ments were compared by one-way ANOVA followed by
Tukey’s post hoc test, with a p-value of less than 0.05 con-
sidered to be statistically significant.

Results

Characterization of the microspheres

The distinct dual-layered microspheres were success-
fully fabricated with a uniform size (18–21 mm in diameter),
regardless of the carried molecules (Fig. 1A). The encap-
sulation efficiency—the percentage of bioactive molecules
successfully encapsulated in the correspondent com-
partment of the microsphere—was 50%–80% for the shell
compartment and 80%–96% for the core compartment
(Table 1).

The in vitro release profile varied according to the type of
molecular distribution in the microspheres. In the XP design,
*60% of the PDGF was released within the first 3 days, and
the release was nearly completed at day 10 (Fig. 1B). The SB
design, however, demonstrated a slow release profile, with
less than 50% released at day 14 (Fig. 1C). In the PS design,
the release rates of PDGF and simvastatin were parallel, with
60% of the molecules released at day 10 (Fig. 1D). The SP
design demonstrated a sequential release profile, which is
characterized by a fast release of PDGF, similar to the XP
design, and a slow release of simvastatin, similar to the SB
design (Fig. 1E).

Micro-CT assessments

Limited osteogenesis was noted in the Ctrl and BB groups
throughout the observation period (Fig. 2). Osteogenesis was
apparently greater in the sites treated with bioactive mole-
cules (PDGF or simvastatin) at day 14, and significantly

FIG. 1. Characterization of PDLLA–PLGA microspheres. (A) A distinct core–shell structure was demonstrated by encap-
sulating coumarin-6 to the outer compartment of the microsphere, 1000 · . (B–E) The in vitro release profiles of (B) XP, PDGF
(shell); (C) SB, simvastatin (core)/BSA (shell); (D) PS, PDGF (core)/simvastatin (shell); and (E) SP, simvastatin (core)/PDGF
(shell) microspheres. PDGF, platelet-derived growth factor; BSA, bovine serum albumin; PDLLA–PLGA, poly(d,l-lactide)
and poly(d,l-lactide-co-glycolide). Color images available online at www.liebertpub.com/tea
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greater osteogenesis with initial bridging of bone within
osteotomy sites was noted in the PS and SP groups (Fig. 2,
left panel). The density of neogenic bone appeared to in-
crease at day 28 in all specimens (Fig. 2, right panel).

The quantitative measurements demonstrated greater BV/
TV and TMD in sites treated with bioactive molecules (i.e.,
PDGF, simvastatin, or combination) relative to controls (Ctrl
and BB groups), and a significant difference from the con-
trols was noted in the SP group at day 14 (Fig. 3A, B). Tb.Th
and Tb.N were also significantly enhanced in the PS and
SP groups at day 14 (Fig. 3C, D). At day 28, all bioactive
molecule-treated sites consistently revealed greater BV/TV,
TMD, Tb.Th, and Tb.N values relative to controls, and sig-
nificant differences from controls were noted in the SB, XP,
and SP groups. All the micro-CT parameters in the XP group
appeared to reach the greatest level, equivalent to that of the
SP group at day 28 (Fig. 3). There was no obvious difference
in the BMD among all groups at both time points, and Tb.Sp
was slightly and insignificantly decreased in the PS and SP
groups at day 14 (data not shown).

Descriptive histology

At day 14, the osteotomy site was mainly occupied by
fibrous tissues with scattered primitive bone apposition on
the border in the Ctrl group. The pattern of osteogenesis was
similar in the BB group, with residual microspheres sur-
rounded by foreign body giant cells and mild inflammatory
cell infiltration. Relatively fewer residual microspheres with
greater amounts of the thin trabecular bony structure were
noted in the XP and SB groups. In the SP and PS groups, the
osteotomy sites appeared to be largely occupied by a thicker
trabecular bone, and the reversal lines within the newly
formed bone could only be observed in the PS and SP groups
(Fig. 4A).

At day 28, residual microspheres were still noted in most
microsphere-treated sites, but the amount of microspheres
appeared to be greatly reduced. Compared with day 14, the
thickness of trabecular bone appeared to increase in all
groups by day 28 (except the PS group), whereas reversal
lines within the newly formed bone matrix were noted in XP,

Table 1. Particle Size and Encapsulation Efficiency of the Microspheres

Name of specimen
BB BSA (core)/

BSA (shell)
SB simvastatin

(core)/BSA (shell)
XP PDGF

(shell)
PS PDGF (core)/
simvastatin (shell)

SP simvastatin
(core)/PDGF (shell)

Particle size (mm) 18.1 – 1.9 20.9 – 1.5 18.6 – 1.0 19.8 – 1.3 18.8 – 0.8
Encapsulation efficiency (%) Core 60.0 – 2.2 96.2 – 3.5 NA 93.8 – 2.6 84.5 – 2.5

Shell 63.5 – 0.2 53.9 – 1.1 83.2 – 2.7 60.3 – 2.2

PDGF, platelet-derived growth factor; BSA, bovine serum albumin; NA, not available.

FIG. 2. Pattern of dento-
alveolar regeneration from
micro-CT imaging. A sagittal
slice crossing the midline of
the maxillary molars was
selected (dashed line in the
upper panel) from one rep-
resentative specimen in each
treatment group at day 14
(left panel) and day 28 (right
panel). The dashed boxes
indicate the region of
osteotomy. Micro-CT;
microcomputed tomography.
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PS, and SP groups, and signs of corticalization were evident
in the XP and SP groups (Fig. 4B).

Histomorphometric assessments

At day 14, the defects were filled with a significantly
higher amount of newly formed bone in the PS and SP
groups relative to controls, and in the XP group relative to
the BB group only. All bioactive molecule-treated groups
demonstrated significantly higher defect fill relative to the
Ctrl group at day 28 (Fig. 5A).

Osteoblasts were significantly increased in the SP group
relative to the BB group at day 14 ( p < 0.05, Fig. 5B). On the
other hand, at day 14, TRAP( + ) cells were significantly in-
creased relative to the BB group ( p < 0.05 in XP, SB, and PS
groups; p < 0.01 in SP group; Fig. 5C). At day 28, osteoblasts
appeared to be decreased in all investigated groups (Fig. 5B),
and significantly increased TRAP( + ) cells were noted in the
XP and SP groups compared with the BB group ( p < 0.05,
Fig. 5C).

Discussion

To maximize regeneration, the coordination of host cells,
signaling molecules, and a scaffold with sufficient blood
supply are all required.2 More specifically, controlling the
signaling molecules—such as growth factors or bioactive
molecules to take action at the appropriate timing in a
stabilized environment—is necessary to restore the dentoal-

veolar apparatus. Toward this end, we developed the dual-
compartmental microsphere as a filler to maintain and sta-
bilize the osteotomy site,15 and this microsphere was also
able to carry and control the release profile of two types of
bioactive molecules (i.e., PDGF and simvastatin).12 Whereas
the promotion of osteogenesis in heat-damaged tissue has
been demonstrated in our previous short-term study,15 in the
present investigation, we further validated the therapeutic
efficacy of this combinatorial modality. Given that sequential
PDGF–simvastatin release was able to accelerate dento-
alveolar osteogenesis and maturation compared with the
single bioactive molecule or parallel PDGF–simvastatin re-
lease groups (XP, SB, and PS groups) at day 14, and the
single bioactive molecule-treated groups (XP and SB groups)
demonstrated significantly greater osteogenesis compared
with controls at day 28, this study confirmed the regenera-
tion capability of PDGF and simvastatin and provided evi-
dence of the acceleration of regeneration through the
combination of bioactive molecules.

Based on the understanding of the bone-healing process,
bone regeneration is timely and orderly regulated by the
events of chemotaxis, cell proliferation, matrix synthesis, and
differentiation.18,19 As a potent mitogen and chemoat-
tractant, PDGF promoted cell recruitment to accelerate
wound healing and served as a stimulator of subsequent
angiogenesis,20 which not only introduced nutrients, but also
made the cells capable of osteogenic differentiation.21 As
PDGF was not directly involved in the differentiation

FIG. 3. Quantitative assessments of micro-CT imaging. (A) BV/TV; (B) TMD; (C) Tb.Th; (D) Tb.N. (Data are expressed as
mean – standard deviation, and differences between groups were calculated by one-way ANOVA followed by the Tukey’s
post hoc test. Significant difference relative to Ctrl: *p < 0.05, **p < 0.01, ***p < 0.001; significant difference relative to BB:
#p < 0.05, ##p < 0.01, ###p < 0.001.) BV/TV, the ratio of bone volume to the entire volume of the osteotomy; TMD, tissue mineral
density; Tb.Th, trabecular thickness; Tb.N, trabecular number.
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FIG. 4. Histological observa-
tions. The image was selected
from the center of the osteotomy
(dashed box in the upper panel)
in a representative section of
each group at (A) day 14 and (B)
day 28. The asterisks indicate the
residual microspheres, and the
arrows indicate the reversal lines
in the bone matrix (hematoxylin
and eosin stain; magnification,
200 · ). M2, maxillary second
molar; M3, maxillary third mo-
lar; NB, new bone. Color images
available online at www
.liebertpub.com/tea

FIG. 5. Quantitative histological assessments. (A) The percentage of the defect filled with newly formed bone. (B) Numbers
of osteoblasts within 25 micrometers from the surface of newly formed bone. (C) Numbers of TRAP( + ) cells within 25 mm
from the surface of newly formed bone. (Data are expressed as mean – standard deviation, and differences between groups
were calculated by one-way ANOVA followed by the Tukey’s post hoc test. Significant difference relative to Ctrl: *p < 0.05,
**p < 0.01, ***p < 0.001; significant difference relative to BB: #p < 0.05, ##p < 0.01, ###p < 0.001.) TRAP, tartrate-resistant acid
phosphatase.
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process, the modulation in the progression of osteogenesis
might be limited. Thus, osteogenesis was apparently pro-
moted at day 14 and gradually increased until day 28 in the
XP group (Fig. 3), without significant alteration of the re-
cruitment of the osteoblastic and osteoclastic cells (Fig. 5).
Simvastatin, an inhibitor of 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) reductase, has been shown to upre-
gulate the activities of BMP-2 and nitric oxide to induce de
novo osteogenesis.22 However, simvastatin appeared to only
promote the proliferation of epithelial and endothelial
cells23,24 and might even inhibit the migration of fibroblastic
cells25 as well as the proliferation of smooth muscle cells.26

Without the significant promotion of chemotaxis and mito-
genesis, osteogenesis from simvastatin treatment was limited
in the earlier stage. Conversely, simvastatin may augment
angiogenesis to recruit cells for subsequent osteogenic dif-
ferentiation (Fig. 3). Although the amount of newly formed
bone may be limited in the SB group, slightly increased os-
teoblasts were noted at day 14 (Fig. 5B), and increased oste-
oclastic cells at both 14 and 28 days indicated that the bone
maturation was still promoted (Fig. 5C). Taken together,
PDGF recruited cells without the direct involvement of oste-
ogenic differentiation, and simvastatin promoted osteogenic
differentiation with limited effects on cell recruitment. As a
consequence, both PDGF and simvastatin promoted osteo-
genesis under different mechanisms, and the maturation of
bone appeared to be accelerated under simvastatin treatment.
As such, the combination of PDGF and simvastatin to dually
enhance the proliferative and differentiation phases of regen-
eration could be considered.

Our results demonstrated a significantly greater amount
of osteogenesis with the initial union of bone from the border
of the osteotomy in both the PS and SP groups at day 14
(Figs. 2, 3, and 5A). However, it appeared that osteogenesis
in the PS group halted with a slight reduction of the TRAP
lining after day 14 (Fig. 5). This may be because the persistent
PDGF release in the PS group has interfered with the
osteoinductive effect of simvastatin. Hseih and Graves re-
ported the inhibition of osteogenic differentiation from con-
tinuous PDGF treatment, but short-term exposure did not
inhibit the differentiated phenotype.27 Marzouk et al. also
indicated that osteogenic capabilities of the osteoblast pro-
genitors were inferior while pretreated with PDGF, whereby
short-term PDGF application was still effective in stimulat-
ing osteogenesis in calvarial defects.28 Due to the minimal
level of residual PDGF in the XP and SP groups in later
stages, the inhibition of osteogenesis could be prevented,
resulting in continuous bone growth and maturation at day 28
(Figs. 3 and 4). However, the osteoclastic cells were only sig-
nificantly increased in the SP group (Fig. 5C), presumably
associated with the differentiation potential of simvastatin.

The morphological patterns of osteogenesis were quanti-
fied by the three-dimensional micro-CT imaging of Tb.Th,
Tb.Sp, and Tb.N, and those architectural parameters may
reflect the dynamics and biomechanical strength of the
bone.29,30 The neogenic bone was characterized by increased
numbers of thin trabeculae (primary spongiosa), and the
bone trabeculae gradually thickened according to the depo-
sition of bone matrix.31 Unlike single bioactive molecule-
treated groups (XP and SB groups), both Tb.N and Tb.Th
were significantly increased in the PS and SP groups at
day 14 (Fig. 3C, D), indicating that combined PDGF–

simvastatin treatment may not only promote the initiation,
but also accelerate the progression of osteogenesis. Reduced
Tb.N was noted in the XP and SP groups at day 28, pre-
sumably due to the union of bone trabeculae upon bone
matrix deposition, as characterized by the presentation of
multiple reversal lines (Fig. 4B). A similar trend was noted in
the histomorphometric measurement (Fig. 5A). However, in
the PS group, BV/TV was apparently lower than the XP
and SP groups at day 28, whereas such a distinction was not
evident in the defect fill of histomorphometry. This phe-
nomenon may attribute to the thinner and fewer bone tra-
beculae occupied in the marrow space (Fig. 3C, D).
Corticalization within the osteotomy indicated that osteo-
genesis was complete32 in the XP and SP groups at day 28,
and a significantly higher ratio of lining osteoclasts in the
SP group (Fig. 5C) implied that the newly formed bone
was more mature compared with the XP group. Further-
more, the *50% BV/TV of the osteotomy (Fig. 3A) indicated
that full restoration of a large-sized osteotomy was not
achievable, and further justification of the current mode is
still necessary.

A dual-compartment microsphere composed of PDLLA
and PLGA polymers was formulated to control the corelease
profile of bioactive molecules. Both polymers are biocom-
patible and biodegradable polymers widely used in bio-
medical applications.33 Using the CEHDA technique, our
group has successfully fabricated double-layered PDLLA–
PLGA microspheres, which simultaneously carried paclitaxel
and suramin,34 chitosan-p53 nanoparticles and doxorubi-
cin,35 and PDGF and simvastatin.15 It is noteworthy that
core-loaded molecules always achieved greater encapsula-
tion efficiency than the shell-loaded molecules (Table 1), and
this can be explained by the significant reduction of core-
loaded molecule diffusion during the atomization process,
whereas the jet instability caused by the outer emulsion
phase may lead to the lower encapsulation efficiency of shell-
loaded molecules.12 According to the faster degradation na-
ture of PLGA relative to PDLLA, the slower release rate of
core-loaded relative to shell-loaded biomolecules, and the
slower release rate of hydrophobic relative to hydrophilic
molecules,12 simvastatin (hydrophobic molecules in the core
compartment consisting of PDLLA) was able to release more
slowly than PDGF (hydrophilic molecules in the shell com-
partment consisting of PLGA) in the SP mode (Fig. 1E).

The clinical effective dose suggested by clinical studies
was 1.2% w/w of simvastatin and 0.3 mg/mL of PDGF.36,37

Due to the short half-lives and rapid diffusion profile, the
majority of bioactive molecules did not contribute to the
regeneration, and the high concentration of bioactive mole-
cules in the peripheral tissue may also cause serious side
effects.38,39 Based on the calculation from our previous
study,15 the concentrations of PDGF and simvastatin deliv-
ered in the defect were about 1–1.5mg/mm3, relatively lower
than the suggested clinical dose. The results from our study
confirmed the controlled release property of the PDLLA–
PLGA microspheres, and the dose utilized in this study was
sufficient to promote dentoalveolar regeneration. However,
the degraded products of the microspheres may elicit the
production of inflammatory cytokines and retard the process
of regeneration.40,41 Inflammatory responses appeared to be
suppressed and cellular viabilities were increased by the
incorporation of PDGF or simvastatin.12 On the other hand,
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the higher and persistent PDGF expression may inhibit os-
teogenesis and even cause the fibrotic gingival hyperpla-
sia,27,42 whereas myopathy, glucose intolerance, and
impaired renal function are the main concerns of taking
simvastatin.43,44 The therapeutic efficiency and the adverse
effects of the dosage regimen of the microspheres are still yet
to be confirmed.

The major limitation of this study is that the dentoalveolar
defect was surgically created, and the nature, as well as the
pattern of the defect, was not necessarily relevant to a defi-
cient alveolar ridge in the clinical condition. However, pre-
clinical validation of therapeutic efficacy in a standardized
critical-sized defect is needed in the initial stages of investi-
gation. Additionally, the resolution of inflammation and
healing of rats appeared to be faster than in humans, po-
tentially masking the influence of postoperative complica-
tions and overestimating the regeneration potential in
humans.

Notwithstanding such limitations, the results from our
study demonstrated that both PDGF and simvastatin aug-
mented dentoalveolar osteogenesis, and sequential PDGF–
simvastatin release from PDLLA–PLGA microspheres (SP
group) is suggested according to the further accelerated os-
teogenesis and bone maturation. However, future investi-
gations of the dosage regimen under more clinical relevant
conditions are necessary to validate the efficacy of this
combinational treatment modality.
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