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Preliminary evaluates of silica/β-TCP/PLGA microspheres for dentin
regeneration in vivo
Kun Qian*, Bingqing Li*, Wenhao Zhu, Jingren Zhao and Yihong Liu

Department of General Dentistry, Peking University School and Hospital of Stomatology, Beijing, People’s Republic of China

ABSTRACT
Silica/β-tri-calcium phosphate/poly (lactic-co-glycolic acid) microspheres, a type of bioactive
and biodegradable materials, were produced by a double emulsion and solvent evaporation
methods. The biological activity of the microspheres to promote dentin regeneration was
investigated in vivo. First, the ionic concentration of silicon in the microspheres was detected
by inductively coupled plasma optical emission spectrometry. The results showed the release
of silicon continuously and without any obvious burst. Second, the microspheres with or
without human dental pulp cells adhered were transplanted into subcutaneous pockets of
nude mice to evaluate the bioactivity. The implanted material specimens were obtained after
6 weeks. The specimens were evaluated after H&E staining and toluidine blue staining. The
results presented the cells ingrowth of the scaffold material and collagenous tissues around
the microspheres. It was demonstrated that the material had outstanding biocompatibility
and bioactivity.
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Introduction

The health of the pulp tissue is important for the nor-
mal functioning and long-term survival of the teeth.
Preservation of the pulp tissue can prevent bacterial
infection, reduce the occurrence of periapical period-
ontitis, and maintain the normal function of the
teeth. Therefore, vital pulp therapy should be an
important development direction for the treatment of
pulp diseases. The ideal vital pulp therapy is to regen-
erate rapidly dentin possessing an excellent quality
using a biocompatible, bioactive agent while maintain-
ing the health of the pulp tissue [1]. Research and
development of therapeutic materials play a key role
in this situation.

With the advent of modern tissue engineering and
regenerative medicine, the regeneration of dental tissue
has received a lot of attention. There are clinically
reported cases of ‘pulp regeneration’, claiming that
these cases use ‘revascularsation’ to successfully restore
the vitality of some dead teeth while successfully treat-
ing apical periodontitis [2–5]. However, histological
studies have shown that the tissue formed by this
method is not dental pulp tissue. The root canal is
filled with dental cementum, periodontal ligament,
non-specific fibrous tissue and bone tissue, which is a
form of wound healing [6–8].

According to the research results in the field of mod-
ern tissue regeneration, the focus of pulpal dentin
regeneration should be placed on tissue engineering

treatment methods. The three elements of tissue engin-
eering include stem cells, bioactive molecules and
scaffolds [9,10]. The contribution of scaffolds in tissue
regeneration is indispensable as they serve as carriers to
facilitate delivery of stem cells and/or growth factors at
a local receptor site [11]. As a carrier material, the ideal
scaffold material should be biodegradable and biocom-
patible, promote cellular interactions and tissue devel-
opment, and possess proper mechanical properties
[4,12,13].

A variety of scaffolds have been tested for dentin
regeneration, including those made of collagen, poly-
lactic acid (PLA), polyglycolic acid (PGA), a copolymer
of PGA and PLA, poly (lactic-co-glycolic acid) (PLGA),
and bioceramics [14–16]. These materials have been
shown to promote the proliferation and differentiation
of dental pulp cells, but few were able to regenerate the
complete dentin tissue [17], and the newly formed hard
tissue was very different from the primary dentin [18].

Silica is an essential nutrient for the natural ecosys-
tem [19], particularly for humans and other vertebrates
[20,21]. It is widely used in industrial and medical
fields. At the same time, it is an important material
for nanobiotechnology. Carlisle’s [22] and Schwarz’s
study [23] first established the effect of silica on bone
formation and bone repair. Previous studies confirmed
that silica can be absorbed and degraded by cells
through phagocytosis, and then induce bone regener-
ation [24]. When silica was added to human osteogenic
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sarcoma cells (SaOS-2 cells), more hydroxyapatite
(HA) particles were produced, and the expression of
bone morphogenetic protein 2 (BMP-2) was upregu-
lated [24,25]. With the increase of BMP-2, the gene
expression of collagen type I (COL-I) was also upregu-
lated, providing and synthesising matrix for osteoblasts
in the formed bone structure [26]. Silica upregulated
the expression of COL-I and dentin sialophosphopro-
tein (DSPP), and promoted alkaline phosphatase
(ALP) secretion and the odontogenic differentiation
of human dental pulp cells (hDPCs) in the osteoinduc-
tive environment [27].

The microsphere structure provided enough rivet-
ing sites for cells and promotes adherent cell attach-
ment better than the traditional bulk scaffold.
Microspheres also effectively preserved adherent cells
and their extracellular matrix, inhibited possible cell
apoptosis, and improved the survival rate of trans-
planted cells in the transplantation environment [28].

Based on these theories, we speculated that β-tri-cal-
cium phosphate (β-TCP)/PLGA microspheres coated
with silica nanoparticles may be beneficial for the
growth and differentiation of hDPCs, and is a potential
scaffold material for dentin regeneration.

Accordingly, this study was intended to prepare a
silica/β-TCP/PLGA microspheres, and evaluate its bio-
compatibility and bioactivity for dentin regeneration
in vivo.

Materials and methods

Material preparation

The following materials were used. Poly (D, L-lactide-
co- glycolide) (PLGA; LA:GA = 75:25, Mw 100 kDa)
was obtained from Jinan Daigang Biomaterial Com-
pany Limited (Shandong province, P.R. China). Silica
was provided by State Key Laboratory of New Cer-
amics and Fine Processing in Tsinghua University,
P.R. China. Poly (vinyl alcohol) (PVA), β-tri-calcium
phosphate (β-TCP), and dichloromethane were
obtained from Sigma (Taufkirchen, Germany).

Microspheres were prepared by a double emulsion
and solvent evaporation methods according to
Wang’s procedure [29]. PLGA was dissolved in
dichloromethane to give a 20% (w/v) solution. Silica
and β-TCP were dissolved in distilled water. Two milli-
litre solution was mixed with 5 mL of the PLGA/
dichloromethane solution and sonicated at a voltage
of 60 w by Ultrasonic Crasher Noise Isolating Chamber
for 10 s and paused 10 s, repeated for 120
s. Subsequently, the viscous emulsion was injected
dropwise through a syringe needle (opening 0.9 mm)
into 300 mL of 1% PVA using the syringe pump at
the speed of 12 mL h–1. The microsphere suspension
was stirred (at 650 rev min–1; 4 h) on a magnetic stirrer
to allow evaporation of the organic solution and to

force the microspheres to harden. Then the solidified
microspheres were washed in distilled water (five
times) to remove the residual PVA and then dried on
filter paper. After that, the microspheres were deep-fro-
zen at −80°C overnight and then lyophilised in a freeze
drier (BenchTop Pro with Omnitronics; SP Indus-
tries, RoadWarminster, PA; U.S.A.) for 24 h and stored
at 4°C until further use.

The silica/β-TCP/PLGA microspheres were used as
the experimental material and the β-TCP/PLGA
microspheres were used as a control material. Each
material was moulded into discs (diameter = 2 mm,
thickness = 1.3 mm) to prepare the scaffolds used in
subsequent experiments. Before use, all materials
were treated with ultraviolet light for 1 h.

Determination of release amount of silicon ion
in vitro

Silica/β-TCP/PLGA scaffolds were immersed in 4 mL
α-MEM medium. The medium was changed every
two days, and centrifuged before each measurement
to obtain the supernatant, and the concentration of
released silicon ions was measured by the inductively
coupled plasma optical emission spectrometry (ICP-
OES) method. The same amount of medium was
added to continue soaking. The measurement time
points were 2, 4, 6, 8, 10, 14, and 20 days.

Kolmogorov–Smirnov normality test (α = 0.05) was
performed on each group using software SPSS 20.0.
Statistical analysis was performed by one-way
ANOVA in combined with LSD post hoc test (p = .05).

Scaffolds with HDPCs subcutaneous
implantation experiment in nude mice

Preparation of experimental animals
The animal study was approved by the ethical commit-
tee of Peking University Health Science Center. 6 weeks
old male nude mice (BALB/c nude mice) (Beijing Wei-
tong Lihua Experimental Animal Technology Co.,
Ltd.) weighing 22–24 g were used. A total of 6 mice
were used for the test.

Cell culture
The isolation and culturing of human dental pulp cells
(hDPCs) were performed following the previous study
[27]. Normal human dental pulp tissues were isolated
from two extracted third molars of a 20-year male
patient at Peking University School and Hospital of
Stomatology. Then, digested the pulp tissues in a sol-
ution containing 3 mg mL–1 collagenase type I
(Worthington Biochemical, Lakewood, NJ, U.S.A.)
and 4 mg mL–1 dispase (Roche Molecular Biochemical,
Mannheim, Germany) for 1 h at 37°C. Culture was
done in an alpha-minimal essential medium (α-
MEM, GIBCO, NY, U.S.A.) supplemented with 10%
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fetal bovine serum (GIBCO, Waltham, MA, U.S.A.),
100 U mL–1 penicillin G, 100 mg mL–1 streptomycin
(Invitrogen, Carlsbad, CA, U.S.A.), and 2 mM L-gluta-
mine (Invitrogen) in a humidified incubator containing
5% CO2 at 37°C. The medium was changed every 3
days. Subcultured was done at 70% confluence.
hDPCs between passages 4–6 were used in the follow-
ing experiments.

Scaffolds groups
They were divided into 4 groups of scaffolds (6 speci-
mens in each group):

(1) β-TCP/PLGA
(2) β-TCP/PLGA + hDPCs
(3) Silica/β-TCP/PLGA
(4) Silica/β-TCP/PLGA + hDPCs

Surgical procedure
The hDPCs (2 × 104) were seeded into each scaffold as
previously described [27]. After incubation at 37°C, 5%
CO2 in the regular culture medium for 3 days, an osteo-
genic-inducing medium was used for another 7 days.
The osteogenic-inducing medium contained fresh α-
MEM with 10% fetal bovine serum, 100 U mL–1 peni-
cillin G, 100 mg mL–1 streptomycin, 2 mM L-gluta-
mine,100 nM dexamethasone (Sigma, Taufkirchen,
Germany), 10 mM β-glycerophosphate (Sigma, Tauf-
kirchen, Germany), and 0.2 mM L-ascorbic acid
(Sigma, Taufkirchen, Germany).

Animals were anesthetised by intraperitoneal injec-
tion with 1% pentobarbital sodium (0.03 g kg–1).
Shaved and disinfected on the dorsal region of the
mice. Subsequently, four small subcutaneous pockets
were made with scissors on the backside laterally
from the spine of each mice. Four groups of scaffolds
were then randomly placed into the subcutaneous
pockets. Finally, the incision was sutured with Prolene.

Sample acquisition and evaluation
After 6 weeks, the animals were sacrificed by carbon
dioxide inhalation. The specimens were obtained and
immersed in 10% buffered neutralised formalin for 4
h. Then 3 specimens in each group were subjected to
H&E staining, and the other 3 specimens were stained
with toluidine blue.

H&E staining group steps: 10% EDTAdecalcification
for 1 week, the specimens were rinsed with water, dehy-
drated in ascending concentration of ethanol and then
embedded in paraffin. Sections were cut with a thickness
of 5 μm, and then stained with H&E [30].

Toluidine blue staining group steps: The specimens
were dehydrated in ascending concentration of etha-
nol, then embedded in light curing resin. Sections
were cut with a thickness of 30 μm. Subsequently,
stained with toluidine blue [31].

All sections were observed under an optical micro-
scope to evaluate the biocompatibility of the materials
and the formation of new tissue after implantation. The
collagen fibers became red in H&E staining, whereas
they became blue in toluidine blue staining. In view
of that H&E staining could not distinguish the lesions
of collagen fibers such as necrosis or hyaline degener-
ation, the toluidine blue staining was added to further
verify the experimental results in this study.

Results and discussion

Structures of microspheres

Scanning electron microscopy images showed that the
surface of microspheres was slightly coarse and
demonstrated uniformly dispersed micro-pores, with
diameters ranging from 2 to 10 μm (Figure 1). Based
on the microsphere production methods, this superfi-
cial feature was contributed by the poly (vinyl alcohol)
and the trace release of the silica and/or β-TCP on the
surface, during the washing and freeze-drying process.

The superficial micro-pores increased the surface
area of the microsphere, and gave rise to the

Figure 1. Scanning electron microscopy images of silica/β-TCP/PLGA microspheres.
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hydrophilia of the microsphere’s surface. It was
regarded as favourable factors for growth factors in
the interstitial fluid adhering to the microsphere and
the silica releasing. Meanwhile, the rough surface of
the microsphere was beneficial to the hDPCs adher-
ence and proliferation.

Ionic concentration of silicon in the silica/β-TCP/
PLGA microphere

The ionic concentrations of silicon ions in silica/β-TCP/
PLGA microsphere were detected by ICP-OES in vitro.
The result (seen in Figure 2) showed that the released
amount of silicon ion was stable within 0–8 days
(31.72 μg mL–1). And then, it decreased over time. The
value, 27.24 μg mL–1, was the lowest at 20 days. The
results had no significant difference (p > .05). According
to these results, it was considered that the release of sili-
con of themicrospheres was continuous within a certain
range of time, without obvious burst releasing.

Reviewof previous studies, Shie’s study [32] indicated
that silicon stimulated cell adhesion via activation of
MAPK/extracellular signal-regulated kinase (ERK) and
p38 signalling pathways. Similarly, Sun’s study [33]
showed that high Si content upregulated gene expression
of BMP2 and Smad1, as well as the proliferation and
differentiation of cells. Based on these pathways,
hDPCs were induced to odontoblast differentiation
and proliferation by the silicon, which was released
from silica/β-TCP/PLGA microspheres continuously.

Silica/β-TCP/PLGA microspheres hetertopic
inducing hDPCs differentiation and growth to
pulp-like tissue, and expected dentin-like tissues

In this study, the scaffold materials, made by silica/β-
TCP/PLGA and β-TCP/PLGA microspheres, were

cultured with/without hDPCs, and implanted into the
back of the nude mice for 6 weeks, in order to evaluate
the biocompatibility and bioactivity of the materials.
The nude mice were in good health throughout the
breeding period, until they were scarified 6 weeks
later. The material-tissue specimens were gained and
cut into slices. The slices showed the fibrous connective
tissue around the scaffolds growing well under micro-
scope in all groups (Figure 3(A1, B1, C1, D1)). At
high magnification, the micrographs presented cells
growth into the scaffolds and fibrous connective tissue
formation among the microspheres nearby marginal
area of the scaffolds in all groups (Figure 3(A2, B2,
C2, D2)). These results proved the scaffold materials
performed excellent biocompatibility.

The fibrous connective tissues were observed,
mainly collagen fibers both marginal and central area
of the scaffolds, in each group. Further observation
emerged these newly formed collagen tissues being clo-
sely attached to the microspheres surface. When the
central area of the scaffolds was observed, the collagen
tissues were little in group 1 (Figure 3(A2)), a little
more in group 2 and 3 (Figure 3(B2,C2)). While they
were much more in group 4 than other groups (Figure
3(D2)). Seeing Figure 3, the black arrow in the H&E
staining pictures showed the collagen tissue, and the
blue arrow showed the blood vessel. The blood vessels
could be found in many specimens except group 1
(Figure 3(A1,A2)). Endothelial cells were companied
with the collagen tissue formation. Therefore, blood
vessels and red blood cells among the microspheres
were found in the specimens of group 2 (Figure 3(B1,
B2)) and group 3 (Figure 3(C1,C2)). While the blood
vessels and red blood cells were observed more in
group 4 (Figure 3D1, D2) than the other groups.
When taking bigger magnification, star-like fibroblasts
were observed (Figure 3(D3) red arrow) together with
blood vessels. Based on these results, it revealed that
silica/β-TCP/PLGA scaffolds induced collagen tissue
and blood vessels, regardless of whether co-culture
with hDPCs or not.

The toluidine blue-stained was used for staining col-
lagen tissue, presented the density of the collagen by the
depth of the colour. For example, the blue arrow showed
the newly formed collagen tissue in Figure 4. Similar
with H&E staining results, the amount of new collagen
formation in group 1 (β-TCP/PLGA) was very small
(Figure 4(A)), and a little increased in group 2 and 3
(Figure 4(B,C)). There were more new collagen for-
mations in group 4 than the other groups, especially in
the central area of the scaffolds (Figure 4(D)). Addition-
ally, the new collagen tissue in group 4 was the most
abundant and denser, appearing strong positive reaction
to toluidine blue staining (Figure 4(D)). The observation
after toluidine blue staining confirmed the bioactivity of
the silica microspheres to induce hDPCs differentiation,
collagen tissues formation.

Figure 2. The variation of silicon ion concentration in solution
with silica/β-TCP/PLGA. The average silicon ion concentration
at 0–8 days was 31.72 μg mL–1, and then the concentration
decreased slightly with time, and it was 27.24 μg mL–1 at 20 days.
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Collagen type I is the most important constituent
of the extracellular matrix of dental pulp connective
tissue [34]. It has been suggested that the synthesis
of collagen type I is an important step in the odonto-
blast differentiation process [35]. Collagen type I had
been found to be associated with the production and
mineralisation of dentine [36]. In addition, collagen
type III is also important during odontoblast

differentiation. Previous studies demonstrated that
collagen type III may be a component of the preden-
tin secreted by polarised odontoblasts [37]. In the
present in vivo study, the results of 6 weeks heteroto-
pic induction study showed that the silica/β-TCP/
PLGA microspheres induced hDPCs differentiation,
collagen tissues formation, furthermore indicated the
bioactivity of the materials inducing dentin

Figure 3. H&E staining images of 4 scaffolds implanted in the back of nude mice after 6 weeks . Representative examples are shown
for (A1,A2) group1 (β-TCP/PLGA), (B1,B2) group 2 (β-TCP/PLGA + hDPCs), (C1,C2) group3 (silica/β-TCP/PLGA), (D1,D2,D3) group4
(silica/β-TCP/PLGA + hDPCs). The arrow shows the collagen tissue, the blood vessel, and the fibroblast.
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generation. In addition, the present results confirmed
the microspheres promoted the growth of fibroblasts,
tend with cells adhesion and growth well on the sur-
face of the microspheres, indicating its excellent
biocompatibility.

Summarise the above results, that microspheres
scaffold structure and silica worked together to promote
the migration and differentiation of dental pulp cells,
blood vessels formation, and collagen tissues formation.
In this situation, silica played the core effects compara-
tively, meanwhile the scaffold structure provided an
advantageous environment for cell growth and adhesion.

Conclusion

Based on the limited results in this study, it was
confirmed that the silica microspheres had good bio-
compatibility and good bioactivity inducing migration
and growth of hDPCs. It could to be used as a growth
factor-loading scaffold material for dentin regeneration
in the future research.
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