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ngle injection of uniform-sized
insulin-loaded PLGA microspheres on peri-implant
bone formation

Xing Wang, †*a Lu Wang,†a Feng Qi b and Jing Zhaoa

Titanium implants are widely used treatment modalities, with a long list of clinical successes in

orthopaedics, orthopedics and maxillofacial surgery. However, early implant loss occurs in 4.4% of

patients, and to overcome this issue, bioactive factors have been generally used for improving peri-

implant bone formation. Recently, the role of insulin in the improvement of bone development and

physiology has attracted considerable attention. Nevertheless, one injection of insulin could not have

a persistent effect in the site for bone formation because of its fast metabolism and instability, leading to

limited efficacy. Moreover, the wider size distribution of microspheres frequently leads to uncontrollable

insulin release, which affects preparation repeatability, drug efficacy and reliability. Herein, we developed

uniform-sized insulin-loaded poly(DL-lactic-co-glycolic acid) (PLGA) microspheres for injection around

the metal implant. The results demonstrated that the microspheres had narrow size distribution (Span <

0.7) and bioactive insulin was sustainedly released from the microspheres over 45 days. These insulin-

loaded PLGA microspheres exhibit good bioactivity to facilitate the proliferation of human bone marrow

mesenchymal stromal cells (BMSCs). Expressions of ALP, OCN and mineralized matrix formations in the

insulin-loaded PLGA group were significantly higher than those in other groups. Furthermore, in rabbit

mandible models, a single injection of insulin-loaded PLGA microspheres around the titanium implant

showed higher peri-implant bone formation and better osseointegration, as observed by histological

analysis, micro-CT and biomechanics.
1 Introduction

Titanium implants are widely used treatment modalities, with
a long list of clinical success in orthopaedics, orthopedics and
maxillofacial surgery.1 However, early implant loss occurs in
4.4% of patients, and to overcome this issue, bioactive factors
have been generally used for improving new bone formation
around implants.2,3

Insulin is widely considered as a central regulator of energy
homeostasis. Moreover, the broad expression of the insulin
receptor suggests that the insulin function has not been fully
developed.4,5 Recently, functional insulin receptors have been
demonstrated to affect bone marrow mesenchymal stem cells
(BMSCs) and osteoblasts.6,7 Exogenous insulin could accel-
erate osteogenesis through the up-regulation of PI3-K/Akt in
cells.8,9 In current studies, whether exogenous insulin could
enhance peri-implant bone formation remains unclear.
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Given that the half-life of insulin in the human body is only
5–15 minutes,10 drug carrying microspheres are one of the
possible modes to overcome this problem. The microspheres
reduce injection frequency, which reduces the number of pain
injections. However, very few studies have applied insulin-
loaded microspheres injected around the metal implant to
explore the inuence of sustainedly released insulin on bone
formation. This is possibly because the wide size distribution
of the particles obtained by the traditional method could badly
affect the preparation repeatability, drug efficacy and reli-
ability of the study.11 Furthermore, excess insulin release may
not be conducive to peri-implant bone formation and may
result in adverse effects, such as hypoglycaemia or
hyperinsulinemia.12

Hence, in this study, we developed uniform-sized insulin-
loaded PLGA microspheres using the Shirasu porous glass
(SPG) premix membrane method (Fig. 1). Then, we investi-
gated the release behavior of insulin from the microspheres
and tested the bioactivity of insulin using human BMSCs.
Moreover, aer a single injection of the microspheres around
the titanium implants in rabbits, micro-CT, histological
analysis and biomechanical assessment were performed to
observe the peri-implant bone formation.
RSC Adv., 2018, 8, 40417–40425 | 40417
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Fig. 1 Preparation process of insulin-loaded PLGA microspheres.
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2 Materials and methods
2.1 Materials

Titanium implants (length 7 mm and diameter 3 mm) and
titanium disks (diameter 10 mm and thickness 1 mm) con-
taining grade 2 commercially pure titanium were prepared by
machining (Fullerton Technology Co. Ltd., Beijing, China).
Human recombinant insulin was purchased from Wako Pure
Chemical Industries, Ltd (Osaka, Japan). PLGA with a molar
ratio of D,L-lactide/glycolide as 75/25 (Mw 13 kDa) was provided
by Lakeshore Biomaterials (Birmingham, AL, USA). Polyvinyl
alcohol (PVA-217) with degree of polymerization of 1700 and
degree of hydrolysis of 88.5% was obtained by Kuraray (Tokyo,
Japan). SPG membranes were provided by SPG Technology Co.
Ltd. (Miyazaki, Japan).
2.2 Preparation of insulin-loaded PLGA microspheres

PLGA microspheres were prepared via W1/O/W2 double emul-
sion solvent evaporation using SPG premix membrane emulsi-
cation. Briey, 1 mL of insulin solution (3%, w/v, W1) and
8 mL of methylene dichloride containing PLGA (10%, w/v) were
mixed and homogenized (T18, IKA, Germany) at 18 000 rpm for
60 s to form primary emulsions (W1/O). The coarse double
emulsions (W1/O/W2) were formed by mixing the W1/O emul-
sions with an external aqueous phase (W2) containing PVA (2%,
w/v) and NaCl (0.5%, w/v). Next, the W1/O/W2 emulsions were
poured into a premix reservoir, and the uniform-sized droplets
were obtained by extruding the coarse double emulsions
through a 50.2 mm SPGmembrane by N2 under 5 kPa. Then, the
emulsion droplets were stirred for 12 h at room temperature to
allow the solvent to evaporate. Finally, the microspheres were
collected via centrifugation at 1000g and washed with distilled
water 5 times. Blank PLGA microspheres were prepared using
distilled water as the internal aqueous phase instead of insulin
solution, and the procedure was the same as above.
40418 | RSC Adv., 2018, 8, 40417–40425
2.3 Measurement of particle size distribution

The particle size and particle size distribution of PLGA micro-
spheres were measured by laser diffractionmethod (Mastersizer
2000, Malvern, UK). The Span value was calculated to assess the
uniformity of the particle size, as follows:9

Span ¼ Dv;90% �Dv;10%

Dv;50%

where Dv,90%, Dv,50% and Dv,10% are the volume size diameters of
particles at 90%, 50% and 10% of the cumulative volume,
respectively.

2.4 Loading efficiency and encapsulation efficiency

Initially, 5 mg PLGA microspheres was dispersed in 10 mL
NaOH solution (0.04 m) and gently shaken in an orbital shaker
at 110 rpm at 37 �C for 12 hours. When the microspheres were
completely degraded, the content of insulin in PLGA micro-
spheres was determined by a Micro BCA protein assay kit
(Fanbo Biochemicals, Beijing, China). The insulin loading effi-
ciency (LE) and entrapment efficiency (EE) of the particles were
calculated as follows:13

LEð%;w=wÞ ¼ Mass of drug in particles

Mass of particles
� 100%

EEð%;w=wÞ ¼ Loading efficiency

Theoretical loading efficiency
� 100%

2.5 Surface morphology and drug distribution inside the
microspheres

A scanning electronmicroscope (SEM, JSM-6700 F, JEOL, Tokyo,
Japan) was used to observe the surface morphology of the
microspheres. In order to observe the drug distribution, the
This journal is © The Royal Society of Chemistry 2018
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insulin in PLGA microspheres was labeled with Super Fluor 488
SE (Fanbo Biochemicals, Beijing, China). Confocal laser scan-
ning microscopy (CLSM, Leica, Germany) was used to observe
the drug distribution of the PLGA microspheres.
2.6 Release behavior of microspheres

Initially, 1 mg of insulin-loaded PLGA microspheres was incu-
bated in 1 mL of phosphate buffered saline (PBS) medium and
shaken at 30 rpm (pH 7.4, 37 �C). At each time point, the
supernatant was collected by centrifugation (300g, 3 min) and
replaced with an equal volume of fresh buffer. The concentra-
tion of insulin in the supernatant was determined using an
insulin ELISA Kit (Mercodia, Uppsala, Sweden), and the super-
natant was also used for cell culture. The measurements were
performed in triplicate.
2.7 In vitro bioactivity assessment of insulin-loaded
microspheres

According to the previous protocol, human bone marrow
mesenchymal stromal cells (BMSCs) were isolated from alveolar
bone marrow specimens.14 The collection of human stem cell
specimen was performed in accordance with the guidelines of
the ethical review system of human stem cells in China and
approved by the ethical review committee of Shanxi Medical
University. Written informed consent was received from
participants for the collection of their samples. In order to
reduce the effects of other factors on BMSCs, criteria for
exclusion were used.14 BMSCs were cultured in basic culture
medium including minimum essential alpha medium (aMEM;
Gibco, USA) with 15% fetal bovine serum (FBS, Gibco).

P4 BMSCs were seeded dropwise onto each titanium disk at
a density of 105 cells per cm2 and divided into four groups:
blank, PLGA, Ins-PLGA and Ins. In the Ins-PLGA group, insulin
released from the insulin-loaded PLGAmicrospheres was added
to the basic culture medium. In the PLGA group, the liquid from
blank PLGA microspheres was added to the basic culture
medium. In the blank group, BMSCs were only cultured in the
basic culture medium. In the Ins group, 0.05% insulin solution
was added to the basic culture.

The effects of insulin released from the microspheres on cell
proliferation were analyzed by 3-(4,5-dimethylthiazol-2-yl)-5-3-
(carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS, Promega, WI, USA). On days 3, 7 and 14, samples were
washed with PBS and transferred to 1 mL culture medium in
a 4-well polystyrene culture plate. Then, 200 mL of MTS (5 mg
mL�1, Sigma) was added, and the absorbance at the wavelength
of 490 nm was measured using a microplate spectrophotometer
(Model SPECTRA max PLUS 384).14

On days 3, 7 and 14, the supernatant was collected and
replaced with an equivalent amount of corresponding fresh
medium. The activity of alkaline phosphatase (ALP) was deter-
mined by a Roche diagnostic ALP Kit (Roche Diagnostics,
Mannheim, Germany), following the manufacturer's instruc-
tion. Based on electrochemiluminescence immunoassay, the
activity of osteocalcin (OCN) was detected by the N-MID
This journal is © The Royal Society of Chemistry 2018
Osteocalcin kits and analyzed on the Cobas 8000 platform
(Roche Diagnostics).

Aer 21 days of culture, BMSCs were xed with 2.5%
glutaraldehyde, followed by Alizarin Red staining. The deposi-
tions were extracted using 10% (w/v) cetylpyridinium chloride
in 10 mM sodium phosphate (pH 7.0) to quantify the amount of
Alizarin Red at room temperature for 2 hours. The amount of
Alizarin Red in the extraction buffer was measured by the
optical density (OD) of the solution at 560 nm.15
2.8 In vivo animal experiment

2.8.1 Animals. The bone formation capacity of the insulin-
loaded PLGA microspheres in vivo was evaluated in a mandible
implant model of New Zealand white rabbits. Twenty-four male
white rabbits weighing 2.50 kg were fed. All surgical operations
and care were performed in strict accordance with the ethical
review system of Laboratory Animal in China and approved by
the ethical review committee of Shanxi Medical University.

2.8.2 Implantation. Rabbits were anesthetized with 2%
pentobarbital sodium (30 mg kg�1) intravenously. Under sterile
conditions, a 15 mm incision was made along the margin of the
mandible. Then, a titanium implant (7 � 3 mm) was implanted
in the mandible using the Astra Tech implant system (Dentsply
Implants Manufacturing GmbH, Mannheim, Germany).16

2.8.3. Injection of microspheres. Upon completion of the
implant surgery, the rabbits were divided into four groups: eight
rabbits were treated with insulin-loaded PLGA microspheres by
injecting 10 mg microspheres into the cancellous bone around
the implant (Ins-PLGA group). Following the same procedure,
eight rabbits were treated with blank PLGAmicrospheres (PLGA
group) and eight rabbits were injected with 0.1 mL of 0.05%
insulin solution once a day for four weeks (Ins group).
Untreated mandible implant models of the New Zealand white
rabbits were used as the negative control (the blank group).

2.8.4 Determination of peri-implant bone formation using
micro-CT. At week 4 of post-surgery, the animals were eutha-
nized, and the mandible samples were monitored using
a Quantum FX micro-computed tomography Imaging System
(Micro CT, Caliper, USA). The bone thresholds were set between
1300 and 4000, a range that was adequate to separate the bone
and the implant using discrimination analysis. The values of
trabecular thickness (Tb.Th), trabecular number (Tb.N) and
trabecular separation (Tb.Sp) were calculated. Bone volume per
total volume (BV/TV) in this area (4 mm diameter and 6 mm
length) was expressed as a percentage of bone formation.17

2.8.5 Histological analysis and histomorphometry. All
rabbits were sacriced at week 4 of post-surgery. The specimens
were surgically removed, xed, dehydrated, embedded, and
undecalcied in methyl methacrylate. The slices were cut at
a thickness of 20 mm, ground and stained with methylene blue/
acid fuchsin. A microscope (Leica Microsystems Inc., Wetzlar,
Germany) was used for histological evaluation. According to the
Cavalieri principle, ten consecutive tissue sections were
prepared from each implant. The bone formation rate around
the implants was measured by the bone-implant contact (BIC,
RSC Adv., 2018, 8, 40417–40425 | 40419
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the ratio of the sum of the contacted newly formed bone lengths
to the length of the straight portion of the implant, %).18

2.8.6 Biomechanical testing. The mandible specimens
containing implants were harvested at week 4 of post-surgery. A
universal testing machine (AG-IS; Shimadzu, Kyoto, Japan) was
used for biomechanical evaluation. The screw rotated at a speed
of 0.4 degrees per second. When the screw rotated 90�,
sampling was stopped, and peak torque was recorded.19
2.9 Statistical analysis

The experimental data were assessed by analysis of variance and
two-tailed Student's t-tests. The signicance level was set at p <
0.05. All analyses were performed using SPSS 19.0 soware
(SPSS, Chicago, IL, USA).
3 Results
3.1 Characterization of the insulin-loaded PLGA
microspheres

Insulin-loaded PLGA microspheres with narrow particle size
distribution were successfully prepared. As shown in Fig. 2A,
the PLGA microspheres have a spherical and smooth surface,
and the average particle size of the PLGA microspheres was
21.53 � 0.21 mm with a narrow size distribution (Span ¼ 0.66)
(Fig. 2B). As shown in Fig. 2C, labelled insulin (green) is
uniformly distributed in the PLGAmicrospheres. The LE and EE
are 3.3 � 0.25% and 89.3 � 2.32%, respectively. The insulin-
loaded microspheres exhibit a low initial burst release
(approximately 17% within 24 h), followed by a sustained
release and reached a plateau over the next 45 days (Fig. 3A).
Fig. 2 SEM images (A), size distribution (B) and CLSM images (C) of insu

40420 | RSC Adv., 2018, 8, 40417–40425
3.2 In vitro bioactivity of insulin in microspheres

The proliferation results of human BMSCs showed that the
number of cells in all groups increased slowly, but aer day 3,
the number of cells in the Ins and Ins-PLGA groups was
signicantly higher than that in the blank and PLGA groups
(Fig. 3B). At day 7 and 14, the number of cells in the Ins-PLGA
group was signicantly higher than those in the blank and
PLGA groups, but lower than that in the Ins group. There was no
signicant difference between the blank group and the PLGA
group.

At day 3, the ALP concentrations in the Ins and Ins-PLGA
groups were signicantly higher than those in the blank and
PLGA groups (Fig. 3C). At day 7, the ALP concentration in the
Ins-PLGA group was signicantly higher than those in the blank
and PLGA groups, but was signicantly lower than those in the
Ins group. At day 14, the ALP concentrations in the Ins and Ins-
PLGA groups were signicantly higher than those in other
groups, and there was no signicant difference in the ALP
concentrations between the Ins and Ins-PLGA groups. There
were no signicant differences in OCN expression among the
different groups at day 3 and 7. At day 14, OCN expression levels
in the Ins and Ins-PLGA groups were signicantly higher than
those in the blank and PLGA groups (Fig. 3D).

On day 21, Alizarin Red staining was used to evaluate
calcium accumulation and mineralized matrix formation
(Fig. 4). The optical density (OD) ratios of the four groups were
distinguishable (blank: 4.46 � 2.35, PLGA: 4.73 � 1.90, Ins-
PLGA: 6.67 � 1.81 and Ins: 7.05 � 1.56). The optical densities
in the blank and PLGA groups were signicantly lower than
those in the Ins and Ins-PLGA groups. There was no signicant
difference between the blank and PLGA groups.
lin-loaded PLGA microspheres.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) In vitro release profiles of the insulin-loaded PLGA microspheres (n ¼ 3, mean � SD). The number of BMSCs (B), ALP (C) and OCN
concentration (D) in different groups. *Compared to blank group. #Compared to Ins and Ins-PLGA groups. Differences are significant at p < 0.05.
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3.3 Morphometric ndings in micro-CT

Micro-CT scanning was used to evaluate the peri-implant bone
formation (Fig. 5). In the Ins and Ins-PLGA groups, massive
bones surrounding the implants were identied at week 4 of
post-surgery. In the blank and PLGA groups, a small amount of
newly formed bone was in direct contact with the implants in
the marrow space. In the 3-dimensional volume reconstruction
of the images, a continuous and thicker layer of newly formed
bone was observed in the Ins-PLGA group. Moreover, the
implant surface was covered with thin and discontinuous bone
in the blank and PLGA groups.

The BV/TV values in the blank, PLGA, Ins-PLGA and Ins
groups were 45.3 � 4.5%, 46.3 � 6.3%, 59.7 � 7.5%, and 61.2 �
7.0%, respectively. In the Ins and Ins-PLGA groups, newly
Fig. 4 Mineralized matrix formation in vitro was evaluated by Alizarin Red
� SD). * Compared to blank group. Differences are significant at p < 0.0

This journal is © The Royal Society of Chemistry 2018
formed bone had signicantly higher values in many parame-
ters (BV/TV, Tb.Th and Tb.N) than in the blank and PLGA
groups. Moreover, the values of trabecular separation (Tb.Sp) in
the Ins-PLGA and Ins groups were signicantly lower than those
in the blank and PLGA groups. There were no signicant
differences among the blank and PLGA groups.
3.4 Histological analysis and histomorphometry

At week 4 of post-surgery, histological images were stained
using toluidine blue, which distinguished the titanium implant
(black staining), bone (dark blue staining) and osteoid (blue
staining) distinctly (Fig. 6A). In the Ins-PLGA group, a large area
of newly formed bone and osteoid was in direct contact with the
surface of the implant. In the Ins group, continuous osteoid and
staining. Quantification levels of calcium accumulation (n ¼ 10, mean
5.

RSC Adv., 2018, 8, 40417–40425 | 40421
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Fig. 5 Peri-implant bone formation observed by micro-CT (A) At week 4 of post-surgery, the peri-implant bone formation was observed. Newly
formed bonewasmarkedwith blue line according to the threshold of gray value. (B) 3D reconstructed views of the newly formed bone (blue) and
titanium implant (Red). (C) Quantitative data were obtained by micro-CT analysis including BV/TV, Tb.Th, Tb.N, and Tb.Sp (n ¼ 5, mean � SD). *
Compared to blank group. Differences are significant at p < 0.05.
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bone covered the entire surface of the implant. In the blank and
PLGA groups, a discontinuous and thinner woven bone network
was observed in the blank and PLGA groups. In the histo-
morphometric analysis, the ratios of bone-to-implant contact
(BIC) in the blank, PLGA, Ins-PLGA and Ins groups were 47.3 �
3.5%, 48.7 � 4.4%, 67.3 � 4.1% and 56.6 � 3.4%, respectively
(Fig. 6B). The ratio of BIC in the Ins group was signicantly
higher than those in the blank and PLGA groups but was
signicantly lower than that in the Ins-PLGA group. There was
no signicant difference in BIC between the blank and PLGA
groups.
3.5 Biomechanical assessment

As illustrated in Fig. 6C, RTQ was observed in the blank, PLGA,
Ins-PLGA and Ins groups. The results indicated that the mean
RTQ values in the Ins-PLGA and Ins groups were signicantly
higher than those in the blank and PLGA groups. There was no
statistical difference in the mean RTQ values between the Ins-
PLGA and Ins groups. There was also no statistical difference
in the mean RTQ values between the blank and PLGA Ins
groups.
4 Discussion

Titanium implants are increasingly becoming major treatment
modalities for the rehabilitation of missing teeth, fractures and
damaged joints. To avoid the early loosening and failure of
40422 | RSC Adv., 2018, 8, 40417–40425
metal implants, there is an urgent need to stimulate peri-
implant bone formation to cover the entire implant at an
early stage.20

In this study, we introduced uniform-size PLGA micro-
spheres as a drug delivery system to sustainedly release insulin
at the targeted site. As noted in previous studies, patients with
insulin deciency (such as type 1 diabetes) usually suffer from
osteoporosis, delayed fracture healing and bone abnormali-
ties.21 In diabetic animal models, insulin therapy was shown to
partially restore bone abnormalities.22 We have demonstrated
that insulin facilitates osteoblast differentiation in a dose-
dependent manner. The effective concentration of insulin in
osteogenesis differentiation has been demonstrated as being
dose-dependent in the range of 0–100 mg mL�1.8,9,23 However,
the half-life of insulin in the human body is only 5–15 minutes,
so repeated injections are always needed in the new bone
formation phase (probably a few months).

In previous studies, insulin-loaded PLGA microspheres were
developed using the double emulsication method. Because
double emulsion frequently used mechanical dispersion, the
size distribution and the release behavior of the insulin-loaded
microspheres were difficult to control.24 To overcome these
limitations, uniform-sized insulin-loaded PLGA microspheres
were developed using the SPG premix membrane method in
this study. The PLGAmicrospheres had narrow size distribution
(Span < 0.7), which reached a plateau over a period of 45 days.
To investigate the inuence of the insulin released from
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Histological evaluation of peri-implant bone formation (A) titanium implant (black staining), bone (dark blue staining and red dotted arrow)
and osteoid (blue staining and yellow arrow) were effectively distinguished using toluidine blue. (B) At week 4 of post-surgery, the ratio of bone-
to-implant contact (BIC) in the blank, PLGA, Ins-PLGA and Ins groups (n ¼ 5, mean � SD). (C) Quantification data of RTQ. * Compared to blank
group. # Compared to Ins and Ins-PLGA groups. Differences are significant at p < 0.05.
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microspheres on the cells around implants, human BMSCs
were cultured on a titanium disk with different media. The
expression of ALP and OCN in the Ins-PLGA group was signi-
cantly higher than those in the blank and PLGA groups. Aer 21
days of culture, calcium accumulation in the Ins-PLGA and Ins
groups was signicantly higher than that in other groups,
indicating that insulin could stimulate BMSCs differentiation
along the osteogenic lineage. These results were consistent with
those of Fulzele et al., demonstrating that insulin improved
osteogenic differentiation by relieving the suppression of Runx2
by Twist2.5

In this study, insulin-loaded PLGA microspheres were
injected into cancellous bone to enhance peri-implant bone
formation. At week 4 of post-surgery, the histological images
demonstrated different levels of osseointegration among the
groups. Massive connective mineralized bones in direct contact
with the implants were observed in the Ins-PLGA group. The
ratio of BIC in the Ins group was signicantly higher than that
in the blank and PLGA groups but signicantly lower than that
in the Ins-PLGA group. Given that insulin could induce the
differentiation of BMSCs in a dose-dependent manner, this
discrepancy may be a consequence of the sustained-release
prole of insulin-loaded PLGA. There was no signicant
difference in BIC between the blank and PLGA groups, indi-
cating that these PLGA microspheres did not signicantly
change the osseointegration of titanium implant.

The results of micro-CT also conrmed such differences in
peri-implant bone formation. In the Ins and Ins-PLGA groups,
This journal is © The Royal Society of Chemistry 2018
newly formed bone had signicantly higher values in many
parameters (BV/TV, Tb.Th. and Tb.N.) than in the blank and
PLGA groups. Moreover, the values of trabecular separation
(Tb.Sp.) in the Ins-PLGA and Ins groups were signicantly lower
than that in the blank and PLGA groups. These results
conrmed that the local insulin within a certain concentration
range could enhance peri-implant bone formation in the rabbit
mandible model.25 Moreover, these results demonstrated that
a single injection of the insulin-loaded PLGA microspheres
around the titanium implant could improve peri-implant bone
formation. In order to further study the effect of insulin-loaded
PLGA microspheres on the clinical survival rate of implants,
biomechanical testing was conducted. The mean RTQ value in
the Ins-PLGA and Ins groups were signicantly higher than that
in the other groups. This result conrmed that the local sus-
tained release of insulin could improve the biomechanical
retention of titanium implants, which was related to a larger
area of peri-implant bone formation.
5 Conclusions

Bioactive insulin was controlled and sustainedly released from
uniform-sized insulin-loaded PLGA microspheres, which facil-
itated BMSCs proliferation and differentiation into osteoblasts
in vitro. In rabbit mandible models, a single injection of insulin-
loaded PLGA microspheres around a titanium implant showed
higher peri-implant bone formation and better
osseointegration.
RSC Adv., 2018, 8, 40417–40425 | 40423
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J. C. Brüning and T. L. Clemens, Insulin Receptor
Signaling in Osteoblasts Regulates Postnatal Bone
Acquisition and Body Composition, Cell, 2010, 142, 309–319.

6 C. Contaldo, T. J. Myers, C. Zucchini, M. C. Manara,
C. Chiodoni, M. P. Colombo, G. Nicoletti, P. L. Lollini,
T. Li, L. Longobardi, K. Scotlandi and A. Spagnoli,
Expression Levels of Insulin Receptor Substrate-1 Modulate
the Osteoblastic Differentiation of Mesenchymal Stem
Cells and Osteosarcoma Cells, Growth Factors, 2014, 32,
41–52.

7 K. Fulzele and T. L. Clemens, Novel Functions for Insulin in
Bone, Bone, 2012, 50, 452–456.

8 H. Li, D. Liu, C. Zhao, L. Jiang and L. Dai, Insulin potentiates
the proliferation and bonemorphogenetic protein-2-induced
osteogenic differentiation of rat spinal ligament cells via
extracellular signal-regulated kinase and
phosphatidylinositol 3-kinase, Spine, 2008, 33, 2394–2402.

9 X. Wang, X. Wu, H. Xing, G. Zhang, Q. Shi, Lingling E.,
N. Liu, T. Yang, D. Wang, F. Qi, L. Wang and H. Liu,
Porous Nanohydroxyapatite/Collagen Scaffolds Loading
Insulin PLGA Particles for Restoration of Critical Size Bone
Defect, ACS Appl. Mater. Interfaces, 2017, 9, 11380–11391.

10 B. Malekzadeh, P. Tengvall, L. Ohrnel, A. Wennerberg and
A. Westerlund, Effects of locally administered insulin on
40424 | RSC Adv., 2018, 8, 40417–40425
bone formation in non-diabetic rats, J. Biomed. Mater. Res.,
Part A, 2013, 101, 132–137.

11 F. Qi, J. Wu, Q. Fan, F. He, G. Tian, T. Yang, G. Ma and Z. Su,
Preparation of uniform-sized exenatide-loaded PLGA
microspheres as long-effective release system with high
encapsulation efficiency and bio-stability, Colloids Surf. B,
2013, 112, 492–498.

12 S. V. Hope, B. A. Knight, B. M. Shields, A. V. Hill,
P. Choudhary, W. D. Strain, T. J. McDonald and
A. G. Jones, Random non-fasting C-peptide testing can
identify patients with insulin-treated type 2 diabetes at
high risk of hypoglycaemia, Diabetologia, 2018, 1, 66–74.

13 F. Qi, J. Wu, T. Yang, G. Ma and Z. Su, Mechanistic studies
for monodisperse exenatide-loaded PLGA microspheres
prepared by different methods based on SPG membrane
emulsication, Acta Biomater., 2014, 10, 4247–4256.

14 X. Wang, X. Zou, J. Zhao, X. Wu, Lingling E., L. Feng,
D. Wang, G. Zhang, H. Xing and H. Liu, Site-specic
characteristics of bone marrow mesenchymal stromal cells
modify the effect of aging on the skeleton, Rejuvenation
Res., 2016, 5, 351–361.

15 L. Xu, W. Zhang, K. Lv, W. Yu, X. Jiang and F. Zhang, Peri-
implant bone regeneration using rhPDGF-BB, BMSCs, and
b-TCP in a canine model, Clin. Implant Dent. Relat. Res.,
2016, 18, 241–252.

16 N. Ravald, S. Dahlgren, A. Teiwik and K. Gröndahl, Long-
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