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ABSTRACT
The updating and optimization of drug delivery systems is critical for better in vivo behaviors of drugs,
as well as for improving impaired implant osseointegration in diabetes. Numerous studies have
reported the benefits of exendin-4 on diabetic bone, with the potential to enhance osseointegration
in diabetes. To construct an appropriate sustained-release system of exendin-4 targeting implant
osseointegration in diabetes, this study fabricated exendin-4-loaded microspheres using poly(lactic-co-
glycolic acid) (PLGA) and chitosan. The morphology, size, encapsulation efficiency, and drug release
behavior of microspheres were investigated. The bioactivity of drug-loaded microspheres on cell prolif-
eration and osteogenic differentiation of diabetic BMSCs was investigated to examine the pharmaco-
logic action of exendin-4 loaded into chitosan–PLGA microspheres. Further, the influence of
microspheres on osseointegration was evaluated using type 2 diabetes mellitus (T2DM) rat implant
model. After 4 weeks, the samples were evaluated by radiological and histological analysis. The results
of in vitro experiments showed that the prepared exendin-4-loaded chitosan–PLGA microspheres have
good properties as a drug delivery system, and the chitosan could improve the encapsulation effi-
ciency and drug release of PLGA microspheres. In addition, exendin-4-loaded microspheres could
enhance the proliferation and osteogenic differentiation of diabetic BMSCs. The results of in vivo
experiments showed the exendin-4-loaded microspheres significantly improved the impaired osseoin-
tegration and bone formation around implants in T2DM rats without affecting blood glucose levels.
Thus, the local application of exendin-4-loaded chitosan–PLGA microspheres might be a promising
therapeutic strategy for improving the efficacy of dental implants in T2DM individuals.
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1. Introduction

The type 2 diabetes mellitus (T2DM) patients face a higher
risk of missing teeth than the non-diabetic patients (L�opez-
G�omez et al., 2020), and have a large requirement for dental
implant treatment. Unfortunately, diabetes can damage the
implant osseointegration (Niang et al., 2011), which may be
related to the adverse effect of diabetes on bone metabolism.
It is currently accepted that some systemic drugs can be
beneficial to bone metabolism and promote osseointegration
(Apostu et al., 2017), such as parathyroid hormone (Jiang
et al., 2018). However, diabetes could compromise the efficacy
of this anabolic drug to enhance osseointegration (Kuchler
et al., 2011). Therefore, the more appropriate drug strategy
must be found to improve the osseointegration in diabetes.

Exendin-4, a classic GLP-1 receptor agonist, is a new hypo-
glycemic drug, which has beneficial effects on bone in diabetic
individuals (Nissen et al., 2019). The application of exenatide
(synthetic of exendin-4) can alleviate the impairment of

diabetes on bone formation and improve the trabecular bone
mass in severe T2DM mice (Pereira et al., 2017). Further, add-
itional study indicated that exendin-4 can promote the osteo-
genic differentiation and inhibit the adipose differentiation of
BMSCs (Meng et al., 2016), and induce the migration of BMSCs
(Wang et al., 2017), which is conducive to the bone regener-
ation process. Moreover, our previous work also demonstrated
the promotion of exendin-4 on osteogenic differentiation of
adipose-derived stem cells and bone defect repair (Deng et al.,
2019). These positive effects of exendin-4 on bone could be a
potential means of promoting osseointegration in diabetes.

Considering the extensive distribution of GLP-1 receptor
and the limited half-life of drug in diabetic individuals
(Schiellerup et al., 2019), an ideal local delivery strategy should
be adopted to maintain an appropriated concentration of
exendin-4 around implants. Previous studies have suggested
that poly(lactic-co-glycolic acid) (PLGA)-based microspheres
could be an attractive sustained-release carrier for exendin-4
(Chien et al., 2015; Wang et al., 2017). At present, the only
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approved long-acting sustained-release formulation of exen-
din-4, BydureonVR , is made from PLGA materials, showing the
advantages and safety of PLGA as the drug carrier of exendin-
4 (Li et al., 2021). Significantly, it has been reported that
chitosan can improve the drug delivery properties of PLGA
microspheres (Badran et al., 2018), but there is currently no
exendin-4-loaded sustained-release carrier made of PLGA and
chitosan. Moreover, the PLGA-based microspheres could also
be used as the delivery vehicle for protein around titanium
implants (Wang et al., 2019). Therefore, this study is designed
to construct a superior drug delivery system of exendin-4
based on PLGA and chitosan, and investigate the influence of
exendin-4 on osteointegration in T2DM rats.

2. Materials and methods

2.1. Materials

PLGA (75:25, Mw ¼ 1.5 w) was purchased from Ruixi
Biological Technology (Xi’an, China); chitosan was purchased
from Sigma (St. Louis, MO); exendin-4 was purchased from
MCE (Kenner, LA); rats exendin-4 ELISA-Kit was purchased
from Jianglaibio (Shanghai, China); cell counting kit-8 (CCK-8)
was purchased from DOJINDO Laboratories (Kumamoto,
Japan); BCIP/NBT working solution was purchased from
Beyotime Biotech (Shanghai, China); alkaline phosphatase
assay kit was purchased from Jiancheng (Nanjing, China); ali-
zarin red S staining was purchased from Solarbio (Beijing,
China); titanium implants (length of 5mm and diameter of
2mm) was purchased from Kontour Medica (Xi’ an, China);
alizarin red S and calcein was purchased from Sigma-Aldrich
(St. Louis, MO).

2.2. Animal models and cell culture

The experiments were approved by the Ethics Committee of
School of Stomatology, the Fourth Military Medical University
(2020-k9-010). The Guidelines of the Institutional Animal Care
and Use Committee of China was followed. A total of 50
eight-week-old male Sprague-Dawley (SD) rats (Chengdu
Dossy Experimental Animals Co., Ltd., Chengdu, China) were
acquired for this study. Each rat was kept in its own cage in
exactly the same environment (25 �C, 55% humidity, 12 hours
of light alternating with 12 hours of darkness). Thirty rats
were randomly selected and induced into the T2DM models
by a high-sucrose and high-fat diet and streptozotocin (STZ,
Sigma, St. Louis, MO) (30mg/kg). The blood glucose levels
were measured from the tail vein 72 h after STZ injection.
The rats with blood glucose level higher than 16.7mmol/L
were included in the next experiments. One normal rat and
one diabetic rat were euthanized and their pancreas were
taken for observation with HE staining.

The BMSCs were isolated from the femurs of normal and
T2DM rat for subsequent study, respectively. The rats were
sacrificed with excessive anesthesia and soaked in 75% alco-
hol for 5min. The internal marrow of femur was exposed at
both ends and flushed out from end to end with a-MEM cul-
ture medium supplemented with 10% FBS and 1%

antibiotics. The suspension was transferred into the cell cul-
ture dishes, and incubated at 37 �C in an incubator contain-
ing 5% CO2. The P3 cells were used for the next
experiments. The BMSCs surface-characterized expression
markers of CD29, CD34, CD44, CD45, CD90 and CD105
(Biolegend, San Diego, CA) were analyzed by the flow cytom-
etry assay.

2.3. Fabrication of the exendin-4-loaded microspheres

This study fabricated the exendin-4-loaded chitosan–PLGA
microspheres by the solvent evaporation method (Figure 1(A)).
Briefly, 1mg of exendin-4 (MedCemExpress, South Brunswick
Township, NJ) was dissolved in 0.5mL of distilled water to
obtain the internal water phase (W1). One hundred milli-
grams of PLGA (75:25, Mw ¼ 1.5 w, Ruixi Biological
Technology, Xi’an, China) was dissolved in 10mL of methy-
lene chloride as organic phase (O). One gram of polyvinyl
alcohol (PVA) was added to 100mL of acetic acid solution
(1%, v/v) containing different concentrations (0, 0.1%, 0.2%,
and 0.3%, w/v) of chitosan as the external water phase (W2).
The W1 phase was added into the O phase, and homogen-
ized with the high-speed homogenizing emulsifier (FLUKO,
Shanghai, China) at 20,000 rpm for 1min in the ice bath to
form primary emulsions (W1/O). The W1/O emulsions were
quickly added dropwise to the W2 phase, and then emulsi-
fied for 3min at 12,000 rpm to obtain the coarse double
emulsions (W1/O/W2). Afterward, the resulting mixture was
stirred overnight (300 rpm) at room temperature to volatilize
the organic components fully. The solidified microspheres
were collected by centrifugation at 7674�g for 15min, and
washed with distilled water. The microspheres were vacuum
freeze dried for 25 h, and stored at �20 �C to maintain the
morphology. The microspheres containing different concen-
trations (0, 0.1%, 0.2%, and 0.3%, w/v) of chitosan were
named as M0, M1, M2, and M3, respectively.

2.4. The morphology, size, drug loading, and drug
release in vitro of the microspheres

The morphology of microspheres was observed by a scan-
ning electron microscope (SEM, Phenom LE, Eindhoven,
Netherlands). The particle sizes of microspheres were eval-
uated by the laser diffraction particle size analyzer (Beckman
Coulter, Brea, CA). The size uniformity was expressed as the
Span value:

Span ¼ Dv, 90%ð Þ � ðDv, 10%Þ
Dv, 50%

:

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

To evaluate the loading efficiency and encapsulation effi-
ciency, 5mg of microspheres were dispersed in 10mL of
0.1mol/L NaOH solution (containing 5% SDS). The suspen-
sion was incubated at 110 rpm under 37 �C for 24 h.
After complete degradation, the microspheres were centri-
fuged at 1000�g for 20min and the supernatant was
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collected. The amount of exendin-4 was measured by the
enzyme-linked immunosorbent assay (ELISA) method. The
loading efficiency (%) and encapsulation efficiency (%) were
calculated as follows:

Loading efficiency %ð Þ ¼ amount of drug in microspheres
mass of the microspheres

Encapsulation efficiency %ð Þ

¼ actual amount of drug encapsulated in microspheres
initial amount of drug used

The drug release behavior of these productions was
explored. Ten milligrams of microspheres were immersed in
10mL of PBS solution (pH ¼ 7.4), and shaken at 110 rpm
under 37 �C for 30 days. At predetermined time (1, 2, 3, 5, 7,
10, 12, 15, 18, 20, 23, 25, 27, and 30 days), the drug delivery
system was centrifuged at 3824�g for 5min. The super-
natant was taken and replaced with equivalent amount of

fresh PBS. All these samples were examined by the ELISA
method and the sustained-release curve was plotted.

2.5. The bioactivity of exendin-4 released from the
drug-loaded microspheres

The M2 was prepared for the follow-up experiments after
comparing the drug loading and release behaviors.

The effect of drug loaded into the microspheres on cell prolif-
eration was detected by the CCK-8 (DOJINDO Laboratories,
Kumamoto, Japan). Three groups were analyzed: the (1) normal
group: normal BMSCs cultured in a-MEM medium; the (2) T2DM
group: diabetic BMSCs cultured in a-MEM medium; the (3) exen-
din-4 group: diabetic BMSCs cultured in medium containing the
supernatant collected from the drug release study in vitro. The
BMSCs were seeded in 96-well plates (3000 cells/well) and cul-
tured. The cell proliferation was measured on day 1, 3, 5, and 7.
The old medium was changed with 100lL of fresh medium and

Figure 1. The preparation and characterization of drug-loaded microspheres. (A) The schematic diagram of preparation process of drug-loaded microspheres.
(B) SEM images of microspheres. (C) In vitro release profiles of microspheres. (a) M0, (b) M1, (c) M2, and (d) M3. Scale bar ¼ 10 lm. �p<.05; ��p<.01.
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10lL of CCK8 solution. After incubation for 4h at 37 �C, the
optical density (OD) values were measured at 450nm.

The effect of drug loaded into the microspheres on osteo-
genic differentiation of diabetic BMSCs was investigated.
Three groups were divided as above. The BMSCs were seeded
in six-well plates (2� 106 cells/well). These BMSCs were
induced in osteogenic differentiation medium, and the
medium was changed every three days. After seven days,
these cells were stained with BCIP/NBT working solution
(Beyotime Biotech, Shanghai, China). The quantitative analysis
of the alkaline phosphatase (ALP) activity was performed using
the alkaline phosphatase assay kit (Jiancheng, Nanjing, China)
in accordance with the manufacturer’s instructions. After
21 days, the mineralized extracellular matrix was stained by ali-
zarin red S staining (Solarbio, Beijing, China). Then, the miner-
alized nodules were extracted by cetylpyridinium chloride for
one hour and semi-quantified by measuring the OD values at
620 nm. All above staining outcomes were observed under a
microscope (Olympus IX70, Tokyo, Japan).

2.6. Surgical procedures and
postoperative management

The experiment consists of four groups (n¼ 8 in each group):
the (1) normal group: normal rats receiving only implant
placement, the (2) T2DM group, T2DM rats receiving only
implant placement, the (3) blank carrier group, T2DM rats
receiving blank microspheres injection and subsequent
implant placement, and the (4) drug-loaded carrier group,
T2DM rats receiving drug-loaded microspheres injection and
subsequent implant placement. Diabetic rats were randomly
assigned to the latter three groups and the order of treat-
ment was randomized to eliminate confounding factors. This
study adopted titanium implants with a length of 5mm and
a diameter of 2mm. The rats received the general anesthesia
with 1% pentobarbital sodium (45mg/kg rat weight), and
the local analgesia with PrimacaineVR (Pierre Rolland,
Bordeaux, France). Afterwards, a longitudinal incision on the
lateral side of the knee joint was performed. Then, the hole
was created in the femoral condyles parallel to the long axis
of the femora. Ten milligrams of microspheres were applied
into the holes. Then, the implants were inserted into the
holes in the same location on both sides meticulously.
Afterwards, the incisions were sutured in layers carefully and
benzylpenicillin sodium was administered for five days after
surgery. The blood glucose was continuously monitored at
the same time every day for 20 days after surgery. At the
twentieth and tenth day before sacrifice, a sequence of ali-
zarin red S (30mg/kg) and calcein (20mg/kg) (Sigma-Aldrich,
St. Louis, MO) was administered intraperitoneally, respect-
ively. The samples with infection were excluded from the
study. After 4 weeks, these rats were sacrificed and the
femurs containing implants were harvested.

Each experiment evaluating the osseointegration and
bone formation followed were repeated at least in triplicate,
so the result analysis required 12 specimens per group, rep-
resenting six rats in each group. In order to prevent the fail-
ure risk from affecting the result analysis, two rats were

added to each group based on this sample size. The group-
ing of rats was known and sealed by one of the experiment-
ers, who did not participate in the experimental process and
data analysis. The grouping was not notified to others until
the data analysis was complete.

2.7. Evaluation of osseointegration and bone
around implants

2.7.1. Micro-CT analysis
The specimens were fixed overnight in 70% ethanol (n¼ 5 in
each group). Then, specimens were shaped to an appropriate
size and put into the microcomputed tomography (Siemens
Inveon, Erlangen, Germany). The bone structure around
implants was scanned and acquired with a high-resolution
mode. The region of interest (ROI) was defined as the tra-
becular region within a distance of 200 lm away from the
implant surface. The scanned images were reconstructed into
three-dimensional structures. All related morphometric
parameters within the ROI were evaluated, including the
bone volume percentage (BV/TV, %), trabecular separation
(Tb. Sp, lm), trabecular thickness (Tb. Th, lm), and trabecular
number (Tb. N, 1/lm).

2.7.2. Sequential fluorescence labeling test
After gradient dehydration through a series of ethanol
(75–100%), specimens (n¼ 4 in each group) were infiltrated
in methyl methacrylate and then embedded in poly-methyl-
methacrylate resin. Each specimen was cut through the cen-
ter of the implant parallel to its long axis using a hard tissue
slicer (Leica SP1600, Nussloch, Germany). The thickness of
each section should be about 300 lm, which can prevent the
implant shedding due to the too thin section. Then, the slice
was grinded and polished to a sheet of 30lm. The undecal-
cified sections were directly observed under the confocal
laser scanning microscopy (OLYMPUS, Tokyo, Japan) with dif-
ferent wavelengths of spectral excitation fluorescence. The
mineral apposition rate (MAR) was measured to indicate the
speed of osteoid mineralization during the observa-
tion period.

2.7.3. Histological evaluation
The undecalcified sections were stained with Methylene Blue
acid fuchsin staining (VG staining) and toluidine blue staining
(n¼ 3 in each group). The parameters including the bone-to-
implant contact (BIC) and the bone area (BA) were assessed
with Image J software (National Institutes of Health,
Bethesda, MD). The BIC was measured as the percentage of
the contact interface between the bone and implant to the
total length of the implant surface. The BA represented the
proportion of bone tissue in the area around the implant.

2.8. Statistical analysis

All data were presented as mean±standard deviation (SD) and
analyzed with the special software SPSS v25.0 (SPSS, Chicago, IL).
The drug loading among groups and the amount of drug released
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from each group at predetermined time were compared among
groups with one-way analysis of variance (ANOVA). The results of
blood glucose between normal and diabetic rats were applied
t-test to perform statistical analysis. The comparison of osseointe-
gration and bone formation outcomes among groups was per-
formed with ANOVA, followed by multiple comparisons using LSD
method. When the variance of each group is not uniform, the
Bonferroni post hoc adjustment test was performed for the mul-
tiple comparisons. The charts were made with GraphPad Prism 5
(GraphPad Software, La Jolla, CA). The level of significance was set
as .05.

3. Results

3.1. The characterization of drug delivery system

The SEM results showed that these microspheres presented the
smooth spherical shape (Figure 1(B)). The particle size and Span
value of M0 were 1.526 ± 0.248 lm and 0.438 ± 0.023, respect-
ively. While the particle size and Span value of M1, M2, and M3
were 2.271 ± 0.302lm, 2.939 ± 1.553lm and 4.258± 2.692lm,
0.356 ± 0.058, 1.503 ± 0.083 and 1.846 ± 0.061, respectively,
showing the increased particle size and decreased distribution
uniformity with the addition of chitosan.

The loading efficiency of M0 was the highest (0.22 ± 0.01%)
(p< .01), and that of M3 was the smallest (0.11 ± 0.01%)
(p< .05). While there was no significant difference between the
loading efficiency of M1 (0.15 ± 0.01%) and M2 (0.14 ± 0.01%)
(p> .05). The encapsulation efficiency of M0 was 45.33 ± 2.03%,
while that of M1, M2, and M3 was 45.49 ± 1.69%, 53.97 ± 1.78%,
and 54.71 ± 1.94%, respectively. The encapsulation efficiency of
M2 and M3 was both higher than that of M0 and M1 (p< .01).
There was no significant difference in the encapsulation effi-
ciency between the M2 and M3, and between the M0 and
M1 (p> .05).

The various drug release characteristics in vitro of these pro-
ductions are shown in Figure 1(C). The results showed these
microspheres all exhibited a nonlinear drug release process,
including an initial rapid release stage and followed a slower
release stage. With the addition of chitosan, the initial burst
release effect of drug-loaded microspheres decreased significantly,
and the subsequent release process became prolonged.

The M2 was prepared for the follow-up experiments. As the
encapsulation efficiency of M2 was significantly higher, drug
release behavior of M2 was more stable and slower than M1
and M0. Furthermore, compared with M2, the encapsulation
rate and drug release characteristics of M3 did not change sig-
nificantly with the increasing of chitosan concentration.

3.2. Biological activity of exendin-4 released from the
drug-loaded microspheres in vitro

The expressions of CD29, CD44, CD90, CD105, CD34, and
CD45 in T2DM cells and normal cells were: 98.7%, 98.4%,
99.6%, 99.9%, 1.1% and 1.4%, 99.2%, 99.3%, 99.9%, 99.8%,
1.1% and 2.8%, respectively (Figure 2(A)). It was confirmed
that the surface markers of stem cells were positively
expressed and the BMSCs were isolated successfully.

As shown in Figure 2(B), the cell proliferation of T2DM
group was less than that of normal group, both at day 5
(p< .01) and day 7 (p< .05). The cell proliferation in the
exendin-4 group was significantly higher than that in the
T2DM group at day 5 (p< .05).

After seven days of osteogenic induction, the ALP secre-
tion of diabetic BMSCs was less than the normal BMSCs,
while the ALP secretion in the exendin-4 group was more
than the T2DM group (Figure 2(C)). Quantitative analysis also
revealed a lower ALP activity in T2DM group than the normal
group (p< .01), but the drug intervention increased the ALP
activity of diabetic BMSCs (p< .05). After 21 days, the calcium
nodule of diabetic BMSCs was significantly less than the nor-
mal BMSCs, while the drug intervention can significantly
increase the mineralized nodule deposition (Figure 2(D)).

3.3. Animal model establishment and postoperative
observation

After four weeks of special diet, the rats in the modeling group
became significantly fatter than normal group (Figure 3(A)). After
modeling, the blood glucose levels of all the diabetic rats were
significantly higher than normal rats and met the modeling criteria
(Figure 3(B)). The morphology of normal pancreas was regular
and the boundary of islets was clear. While in the diabetic rats,
abnormal proliferation of pancreatic tissues was observed, and
islet boundary became chaotic (Figure 3(C)).

After implant surgery process (Figure 3(D)), three rats in
the T2DM group, two rats in the blank carrier group and two
rats in the drug-loaded carrier group had local infection in
the operation area, all of which were excluded from the
study. There were no obvious signs of infection in the nor-
mal group. The daily blood glucose monitoring within
20 days after surgery is shown in Figure 3(E). The blood glu-
cose of diabetic rats was significantly higher than normal
rats (p< .05). Compared with T2DM group, the blood glucose
of the drug-loaded carrier group did not exhibit any signifi-
cant differences (p> .05).

3.4. Micro-CT analysis of bone mass and microstructure

The bone mass around implants in the T2DM group was sig-
nificantly less than the normal group, while the bone mass in
the drug-loaded carrier group was significantly more than the
T2DM group (Figure 4). The analysis of bone microstructure in
ROI showed the lower BV/TV, Tb. Th and higher Tb. Sp in
T2DM group than the normal group (p< .01). However, after
drug-loaded microspheres were applied around implants, BV/
TV and Tb. N in the drug-loaded carrier group were higher
than the T2DM group (p< .05), and the Tb. Sp in drug-loaded
carrier group was lower than the T2DM group (p< .05).

3.5. Evaluation of new bone formation around implants

The fluorescence labeling lines around implants were
detected by the laser confocal microscope (Figure 5), show-
ing the bone formation at different periods. The new bone
formation area around implants in the T2DM group was less
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than that in the normal group, while the local application of
drug-loaded microspheres could significantly increase the
new bone formation in T2DM rats. The MAR in normal group
was the highest (2.11 ± 0.48lm/d) (p< .01). The MAR in the
drug-loaded carrier group was 1.93 ± 0.63 lm/d, which was
higher than the T2DM group and blank carrier group
(1.21 ± 0.49 lm/d and 1.16 ± 0.14lm/d) (p< .05).

3.6. Histological analysis of osseointegration and bone
around implants

It could be seen that the bone tissue around implants
stained by two methods was red and blue-purple, respect-
ively (Figure 6(A)). In normal group, massive levels of bone
trabecula structure were in contact with the surface of the
implants. The results showed a significant worse bone mass

Figure 2. The biological activity assay of drug-loaded microspheres. (A) Expression of (a) diabetic and (b) normal BMSCs surface markers. (B) Cell proliferation.
(C) After seven days, the (a) BCIP/NBT staining for alkaline phosphatase, and the (b) quantitative comparison of ALP activity. (D) After 21 days, the (a) alizarin red
staining for mineralized nodules, and the (b) semi-quantitative comparison of alizarin red staining. Scale bar ¼ 200lm. �p<.05; ��p<.01.
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around implants in the T2DM group than the normal group.
Compared with the T2DM group, the bone mass around
implants in the drug-loaded carrier group was significantly
improved, and the trabecular bone was thicker and denser.
The analysis results indicated that the BIC in T2DM rats was
significantly less than the normal group (p< .01), while exen-
din-4-loaded microspheres significantly improved the BIC in
the T2DM rats (p< .05). The same trend was observed in BA
around implants, indicating the bone tissue around implants
in drug-loaded microspheres group was significantly better
than the T2DM group.

4. Discussion

Although previous studies have demonstrated the advan-
tages of exendin-4 in bone metabolism (Deng et al., 2021;
Liang et al., 2021), the influence of exendin-4 on osseointe-
gration still remains unclear in diabetic individuals. In order
to investigate the role of exendin-4 on peri-implant bone, an
appropriate local administration route should be applied. In
this study, exendin-4-loaded chitosan–PLGA microspheres
were constructed, and the potential of exendin-4 to enhance
the bone formation and osseointegration in T2DM rats was
investigated using this drug delivery system.

Figure 3. Animal model establishment, intraoperative and postoperative observation. The (A) general appearance and the (B) blood glucose levels of the T2DM
and normal rats. (C) HE staining for pancreatic tissue of the (a) normal rats and the (b) T2DM rats. Scale bar ¼ 50lm. (D) Surgical procedure. (E) Daily blood glu-
cose monitoring within 20 days after operation. ���p<.001.
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This study selected the solvent evaporation method
(Figure 1(A)) to construct the drug-loaded PLGA micro-
spheres, referring to previous studies (Chen et al., 2017;
Abd El Hady et al., 2019), which has been proved to be
more suitable for wrapping exendin-4 than other methods,
including the solvent extraction and cosolvent method (Qi
et al., 2014). In addition, it has been reported that chitosan
can improve the performance of PLGA microsphere as
drug delivery system (Chen et al., 2016). Thus, different
concentrations of chitosan were used for the preparation

of exendin-4-loaded PLGA microspheres. The results of
SEM indicated that chitosan did not significantly affect the
smooth spherical surface morphology of the PLGA micro-
spheres (Figure 1(B)). Further, the larger mean particle size
and lower particle size uniformity were obtained after chi-
tosan incorporation. Another study has also reported that
chitosan could increase the particle size of PLGA micro-
spheres (Ahmad et al., 2020), which can promote the
adhesion and reduce the clearance rate of microspheres at
the target site.

Figure 4. The micro-CT images of the specimens. (A) Two-dimensional images of specimens. (B) The reconstruction of the ROI around implants. (C) The statistical
data of BV/TV, Tb. Th, Tb. N, and Tb. Sp in each group. BV/TV: percentage of bone volume; Tb. Th: trabecular thickness; Tb. N: trabecular number; Tb. Sp: trabecular
separation. �p< .05; ��p< .01.
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The drug loading capacity and release kinetics are crucial
properties of the drug sustained-release carriers. This study
showed the addition of chitosan can reduce the loading effi-
ciency and increase the encapsulation efficiency of micro-
spheres. The decrease in loading efficiency with the increase
of chitosan concentration may be because the overall mass
of microspheres increased after the addition of chitosan,
while the amount of drug added during the process
remained the same. The encapsulation efficiency represents
the ratio of actual drug loading efficiency to theoretical drug
loading efficiency, which can better suggest the drug loading
capacity of the carrier. Arafa et al. (2020) also reported a
higher encapsulation efficiency of chitosan-modified PLGA
nanoparticles than that of PLGA alone. The improved drug

loading capacity may be related to the influence of chitosan
on the solubility and surface charge number density of PLGA
(Taghavi et al., 2017; Takeuchi et al., 2017). The releasing
curve demonstrated that these productions can release exen-
din-4 during the observed period (Figure 1(C)). The micro-
spheres without chitosan showed the fastest release rate and
about a 30% burst release within the first 24 hours. By con-
trast, a prolonged release was found for microspheres con-
taining chitosan, and the release rate was most dependent
on the concentration of chitosan. In particular, the initial
burst effect is reduced by chitosan, which was consistent
with previous research (Lu et al., 2019). The change of initial
drug release could be related to the enhanced adsorption of
drugs on the surface of chitosan-modified microspheres. The

Figure 5. The assessment of new bone formation by the double fluorescence labeling method. (A) The image of the double fluorescence labeling observed under
confocal laser scanning microscopy. (B) The mineral deposition rates. Scale bar ¼ 200lm. �p< .05; ��p< .01.

556 S. SHI ET AL.



more stable subsequent sustained release process might be
related to the influence of chitosan on the interior structure
of PLGA microspheres, which can slow down the diffusion
rate of the encapsulated molecules (Sanna et al., 2015). The
process of drug release from microspheres is a combination
of diffusion and degradation (Pola et al., 2019). These results
indicated that the chitosan can act as a barrier material to
delay the diffusion and degradation of PLGA microspheres
for longer duration of action.

The bioactivity in vitro of this drug delivery system and the
pharmacologic action of exendin-4 loaded into microspheres
was evaluated by affecting the proliferation and osteogenic
differentiation of diabetic BMSCs. This study showed exendin-
4 released from the microspheres could improve the prolifer-
ation ability of diabetic BMSCs (Figure 2(B)). The reason might
be that exendin-4 can protect mitochondrial function by

eliminating ROS and regulating the anti-apoptotic proteins
(Zhou et al., 2015). A previous study also proved that GLP-1
can act on the receptor to improve cell proliferation of BMSCs
(Sanz et al., 2010). In this work, the ALP secretion of the
BMSCs in T2DM group decreased significantly than the normal
group, showing the damaged early osteogenesis in diabetes.
However, drug intervention can reverse this trend, which was
attributed to the positive effects of exendin-4 on osteogenesis
(Figure 2(C)). To further observe the enhancement of exendin-
4 on the osteogenesis, the alizarin red staining results showed
that the number of calcium nodules in the T2DM group was
the smallest but significantly improved by drug intervention
(Figure 2(D)). Another study also suggested that exendin-4
can facilitate the osteogenic differentiation of BMSCs in ovar-
iectomized rats (Sun et al., 2016). Combined with these results,
the present study demonstrated that exendin-4 released from

Figure 6. (A) The images of the undecalcified sections stained with VG staining and toluidine blue staining under light microscopy. (B) Statistical results of the BIC;
(C) Statistical results of BA. Scale bar ¼ 500lm (magnification �4). Scale bar ¼ 100 lm (magnification �10). �p<.05; ��p<.01; ���p<.001.
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the microspheres exhibited good biocompatibility to facilitate
the proliferation and osteogenic differentiation of dia-
betic BMSCs.

As shown in Figure 3(A–C), this study induced T2DM rat
model successfully by the high-fat/high-sugar diet plus low-
dose STZ injection method (King et al., 2016). After modeling,
T2DM rats showed a worse bone microarchitecture around
implants than normal rats (Figure 4), most of which came
down to the influence of diabetes on bone metabolism. It has
been well-established that T2DM is associated with the
increased bone trabecular porosity and decreased cortical
bone mass (Lecka-Czernik, 2017). What was worse, diabetes
could impair the fracture healing process. A study reported
the significantly smaller calcified callus and worse mechanical
properties of new bone in diabetic rats during fracture healing
(Guo et al., 2020), which was related to the lower osteogenic
capability. Further, the diabetes will inhibit the bone remodel-
ing process around dental implants (Coelho et al., 2018).
Similar results can be observed in this study, showing that
T2DM rats faced a higher risk of postoperative infection and
failure of implants than normal rats. Therefore, it is necessary
to ameliorate the adverse effects of diabetes on bone around
implants to improve the clinical efficacy of dental implants in
T2DM individuals.

This study was the first to use exendin-4-loaded
chitosan–PLGA microspheres in bone tissues around implants
in T2DM rats and suggested the local application of exendin-
4 can enhance the bone formation around implants. The
fluorescence labeling area and MAR in the drug-loaded car-
rier group increased significantly than the T2DM group, indi-
cating the strengthened bone regeneration (Figure 5). The
reason might be that the adverse effect of diabetes on the
bone formation was efficiently relieved by exendin-4 released
from microspheres. Mansur et al. (2019) also reported that
exendin-4 could significantly improve the collagen maturity
and mineralized crystallinity to repair the damaged bone
mass and mechanical properties in T2DM individuals.
Further, the micro-CT analysis provided an accurate assess-
ment for the bone microstructure around implants (Figure 4).
The results showed that the drug released from carriers
could improve the quantity and quality of bone around
implants in diabetic rats. Kim et al. (2013) also reported that
exendin-4 can protect the bone mineral density of femur in
T2DM rats. Another study has also proposed that exendin-4
could improve bone mass and protect bone trabecular
microstructure by promoting bone formation and suppress-
ing bone resorption (Ma et al., 2013). Thus, it can be demon-
strated that exendin-4 had a positive effect on bone around
implants, which are crucial for the realization of better
osseointegration in diabetes.

In addition, the histological analysis further confirmed
that exendin-4-loaded microspheres can enhance the
osseointegration in T2DM rats (Figure 6). Over the same
period, normal rats showed obvious bone trabecula in con-
tact with the surface of the implants, but there was nearly
no newly formed bone at the implant-bone interface in the
T2DM rats. T2DM contributes to a lower osseointegration,
which may be caused by multiple factors, including the

abnormal calcium and phosphorus metabolism (Liu et al.,
2020; Zhao et al., 2020), hyperglycemia, AGEs, ROS, chronic
inflammation, and the vicious cycle among them (Yamazaki
et al., 2020). After drug intervention, the improved bone tra-
becula structure around implants and the better osseointe-
gration could be observed. However, the specific mechanism
still remains unclear. The reason might be related to the
enhancement of exendin-4 on the osteogenesis capacity. It
has been proved that the exenatide can improve the serum
osteogenesis factor in diabetic rats (Zhou et al., 2015).
Another study also reported that the systemically injected
exenatide can significantly enhance the expression of fibro-
nectin and integrin a5b1 in diabetic rats (Liu et al., 2015),
which can promote the adhesion of osteoblasts at the sur-
face of titanium implants. These results all suggested that
exendin-4 can act as positive signals to regulate osseointe-
gration. However, the mechanism should be further eluci-
dated, and the drug delivery process should be optimized.
Significantly, the local application of drug-loaded micro-
spheres did not affect the blood glucose significantly (Figure
3(E)), indicating that the beneficial effect of exendin-4 on
osseointegration might be, in whole or in part, independent
of blood glucose control.

This study mainly focused on the effect of local applica-
tion of exendin-4 on osseointegration using drug-loaded
microspheres. Thus, one limitation of this study is the negli-
gence of the comparison of PLGA-formulated drugs and free
drugs, which can increase the credibility of results. In the
future further study, the comparison of PLGA-formulated
drugs and free drugs would be performed.

5. Conclusions

In conclusion, diabetes will impair the bone tissue around
implants and osseointegration, while the local application of
exendin-4 has a positive effect on the peri-implant bone
regeneration and osseointegration without affecting the
blood glucose. The exendin-4-loaded chitosan–PLGA micro-
spheres with good properties could be a viable and promis-
ing strategy to improve the clinical efficacy of dental
implants in T2DM patients. But further studies are essential
to provide more supporting evidence and elucidate the cel-
lular and molecular mechanism before applying this produc-
tion to human clinical trials.
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