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A B S T R A C T   

Diabetes mellitus (DM) aggravates periodontitis, resulting in accelerated periodontal bone resorption. Disordered 
glucose metabolism in DM causes reactive oxygen species (ROS) overproduction resulting in compromised bone 
healing, which makes diabetic periodontal bone regeneration a major challenge. Inspired by the natural bone 
healing cascade, a mesoporous silica nanoparticle (MSN)-incorporated PDLLA (poly(DL-lactide))-PEG-PDLLA 
(PPP) thermosensitive hydrogel with stepwise cargo release is designed to emulate the mesenchymal stem cell 
“recruitment-osteogenesis” cascade for diabetic periodontal bone regeneration. During therapy, SDF-1 quickly 
escapes from the hydrogel due to diffusion for early rat bone marrow stem cell (rBMSC) recruitment. Simulta-
neously, slow degradation of the hydrogel starts to gradually expose the MSNs for sustained release of metformin, 
which can scavenge the overproduced ROS under high glucose conditions to reverse the inhibited osteogenesis of 
rBMSCs by reactivating the AMPK/β-catenin pathway, resulting in regulation of the diabetic microenvironment 
and facilitation of osteogenesis. In vitro experiments indicate that the hydrogel markedly restores the inhibited 
migration and osteogenic capacities of rBMSCs under high glucose conditions. In vivo results suggest that it can 
effectively recruit rBMSCs to the periodontal defect and significantly promote periodontal bone regeneration 
under type 2 DM. In conclusion, our work provides a novel therapeutic strategy of a bioinspired drug-delivery 
system emulating the natural bone healing cascade for diabetic periodontal bone regeneration.   

1. Introduction 

Periodontitis is a widespread oral disease that affects almost half of 
the adult population worldwide [1]. It continuously causes deteriorating 
inflammation of periodontal tissues, which leads to irreversible peri-
odontal bone absorption and even tooth loss [2]. Moreover, periodon-
titis is the sixth major complication of diabetes mellitus (DM), and 
periodontal bone destruction is further accelerated once the patient 
suffers from DM [3]. In addition to accelerated periodontal bone 
destruction, periodontal bone regeneration was decreased by approxi-
mately 55% in type 2 DM (T2DM) [4]. In T2DM, disordered glucose 

metabolism causes reactive oxygen species (ROS) overproduction, 
affecting calcium and phosphorus metabolism. This impairs down-
stream pre-osteoblast migration and osteogenesis, leading to bone ho-
meostasis disorder and compromised bone healing in diabetic patients 
[5,6]. Therefore, effective periodontal bone regeneration in T2DM re-
quires the integration of ROS elimination and osteogenesis. Although a 
lot of biomaterials have been designed for periodontal tissue regenera-
tion, few of them are able to resolve the problem of periodontal bone 
regeneration in DM [7,8]. 

Mesenchymal stem cells (MSCs) with osteogenic potential are 
essential for bone regeneration, and have been considered one of the 
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critical factors to address bone regenerative problems in DM. However, 
the bone defect area usually lacks MSCs, and the migration capacity of 
MSCs is significantly inhibited in DM [9,10]. Therefore, a proper strat-
egy to effectively recruit MSCs is important. Stromal cell derived 
factor-1 (SDF-1) is a member of the CXC chemokine family that plays a 
critical role in the early migration of CXCR4 (CXC motif chemokine 
receptor type 4)-positive stem and progenitor cells to injury sites during 
the acute phase of bone repair [11,12]. Thus, the exogenous delivery of 
SDF-1 to the bone defect area might enhance the recruitment of bone 
marrow mesenchymal stem cells (BMSCs) under T2DM conditions. 
Meanwhile, disordered glucose metabolism in DM overproduced ROS, 
which makes it difficult for single MSCs treatment to play its role in the 
diabetic microenvironment [13,14]. Metformin is well known as the 
first-line antihyperglycemic agent, and has also been used to reduce the 
incidence of fracture in diabetic patients [15,16]. Many clinical exper-
iments have revealed that the local use of metformin in periodontal 
pockets can achieve a certain degree of periodontal regeneration [17]. 
Moreover, it was reported that metformin could partially restore the 
damaged osteogenic potential of MSCs by eliminating ROS [18,19]. 
Therefore, the codelivery of SDF-1 and metformin in the defect area may 
open a window for improving periodontal bone regeneration in DM. 
However, the proper delivery order and period of SDF-1 and metformin 
to achieve optimal therapeutic efficacy is still a challenge. 

Natural bone tissue regeneration is a multistage and well- 
orchestrated process consisting of MSC recruitment, angiogenesis and 
osteogenesis etc. [20], and each stage has a demand for a specific bio-
logical signal, which gives us an inspiration to emulate the natural 
healing cascade toward bone regeneration [21]. Although many studies 
have seen MSC recruitment and osteogenesis as two of the most 
important stages in the bone regeneration process, few of them pay 
attention to the cascade effect between them [7]. Based on the MSC 
“recruitment-osteogenesis” cascade of natural bone healing, rapid 
release of SDF-1 for MSC recruitment at the beginning and slow release 
of metformin for sustained ROS elimination and osteogenic promotion 
are required to achieve efficient periodontal bone regeneration in DM. 

Polymeric hydrogels have been used as drug delivery systems in 
tissue engineering for years due to their similar structure to the natural 
extracellular matrix (ECM), high drug loading capacity and good 
biocompatibility, making them promising candidates for periodontal 
bone regeneration after loading with SDF-1 and metformin [22–24]. 
However, direct incorporation of these two drugs into polymeric 
hydrogels would cause fast corelease due to their porous structure and 
high water content. This process mismatches the natural bone regener-
ative procedures requesting SDF-1 and metformin at different time pe-
riods, which may cause low efficiency. Moreover, the complex 
periodontal structure also limits the application of conventional 
hydrogels via implantation. 

Herein, an injetable hydrogel was fabricated using thermosensitive 
poly (D,L-lactide)-block-poly (ethylene glycol)-block-poly (D,L-lactide) 
(PDLLA-PEG-PDLLA) copolymer and mesoporous silica nanoparticles 
(MSNs), which performed sequential releases of SDF-1 and metformin 
fitting the natural bone healing cascade for diabetic bone regeneration. 
The PDLLA-PEG-PDLLA consists of both poly (DL-lactide) segments and 
polyethylene glycol segments (Fig. S1). In the fabrication process, 
metformin (Met) was first encapsulated in mesoporous silica nano-
particle (MSN) to form Met@MSN and then coassembled with PDLLA- 
PEG-PDLLA. The resulting thermosensitive assemblies served as hydro-
gel precursors after mixing with SDF-1, which switched to the PDLLA- 
PEG-PDLLA-Met@MSN-SDF-1 (PPP-MM-S) hydrogel once the ambient 
temperature was over 35 ◦C. Based on the different loading approaches, 
the hydrogel achieved relatively quick SDF-1 release for early rat BMSC 
(rBMSC) recruitment at first, followed by the sustained release of met-
formin from exposed MSNs along with the slow degradation of PDLLA- 
PEG-PDLLA, to scavenge the overproduced ROS under high glucose 
conditions. This synergistic therapy not only provided sufficient rBMSCs 
for bone regeneration, but also effectively reduced the ROS to reverse 

the inhibited osteogenic differentiation of rBMSCs, resulting in contin-
uous regulation of the diabetic microenvironment and facilitation of 
osteogenesis, which realized precise manipulation over the MSC 
“recruitment-osteogenesis” cascade for diabetic bone regeneration 
(Scheme 1). 

2. Materials and methods 

2.1. Synthesis of triblock copolymer PDLLA-PEG-PDLLA 

PEG1500 (4 g) was heated in vacuum at 100 ◦C for 1 h to eliminate 
trace amounts of water. After the flask was cooled to room temperature, 
D, L-lactide (8 g) and Sn (Oct)2 (36 mg) were added. The reaction was 
carried out at 140 ◦C for 12 h under N2 protection. Finally, the resulting 
PDLLA-PEG-PDLLA block copolymer was dissolved in ethanol (12 ml) 
and reprecipitated from the filtrate using excess pre-cold n-pentane 
(120 ml). The sediment was vacuum dried to constant weight at 45 ◦C. 

2.2. Synthesis of MSNs 

The pH value of deionized water (1000 ml) was adjusted to 
approximately 11 with ammonium hydroxide (52.8 ml, 25 to 28 wt % 
NH3⋅H2O). The temperature was raised to 50 ◦C, and then, CTAB (1.12 
g) was added. After the CTAB was completely dissolved, tetraethylor-
thosilicate (5.8 ml) was added dropwise with rapid stirring. After 2 h, 
the mixture was incubated overnight, centrifuged, and washed thor-
oughly with distilled water and ethanol. As-synthesized silica nano-
particles were dispersed in ethanol by sonication for 30 min, followed by 
the addition of 20 ml of a 1:1 mixture (v/v) of water and mesitylene. The 
mixture was placed in the autoclave and kept at 140 ◦C for 4 days 
without stirring. The resulting white powder was washed with ethanol 
and water five times each. Then, the surfactant templates were removed 
by extraction using acidic methanol (9 ml of HCl/400 ml of methanol, 
36 h) at 70 ◦C, and then the MSNs were centrifuged, washed several 
times with ethanol, and dried under vacuum for 20 h. 

2.3. Synthesis of Met@MSN 

MSNs (20 mg) were added to deionized water (5 ml) and sonicated to 
disperse. Then, metformin (5 mg) was added to this mixture. After 
stirring for 24 h, the Met@MSN was centrifugalized, washed with 
deionized water three times, and freeze dried. 

2.4. Preparation of PDLLA-PEG-PDLLA-Met@MSN-SDF-1 hydrogel 

The as-synthesized Met@MSN (10 mg) was added to PDLLA-PEG- 
PDLLA (250 mg), and the mixture was stirred at rt for 10 min. Then, 
deionized water (0.9 ml) was added to this mixture. The Met@MSNs 
were coassembled with PDLLA-PEG-PDLLA in water to obtain PDLLA- 
PEG-PDLLA-Met@MSN nanocomplexes via hydrophilic-hydrophobic 
interactions. Finally, SDF-1 (0.1 ml, 6 μg/ml) was added to generate 
the precursor solution of the PDLLA-PEG-PDLLA-Met@MSN-SDF-1 
hydrogel. As expected, the resulting nanocomplex solution could 
perform a sol-gel transition at 37 ◦C to form the PDLLA-PEG-PDLLA- 
Met@MSN-SDF-1 hydrogel. 

2.5. Cell isolation and culture 

Bone marrow was obtained from young male Sprague–Dawley (SD) 
rats (4–6 weeks old) by cutting off both ends of the femora. Cells were 
cultured in normal-glucose (NG) medium (α-MEM with 5.5 mM D- 
glucose; Gibco, Grand Island, USA) supplemented with 10% fetal bovine 
serum (FBS; Gemini, Woodland, USA), 100 U/mL penicillin, and 100 μg/ 
mL streptomycin (Biosharp, Anhui, China) at 37 ◦C in a humidified CO2 
incubator. The medium was replaced every three days during culture. 
For all experiments, only rBMSCs at early passages (passages 3–5) were 
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used in this study, and cells were harvested using a trypsin/EDTA so-
lution (Biosharp, Anhui, China) and resuspended in fresh medium. The 
glucose concentration of the high-glucose (HG) medium was set at 44 
mM according to a previous study [25], and the HG medium was pre-
pared by the addition of D-glucose (38.5 mM, Solarbio, Beijing, China) 
to the NG medium. For osteogenic induction, the media were addi-
tionally supplemented with 50 μg/ml ascorbic acid 2-phosphate, 10 mM 
β-glycerophosphate, and 10 nM dexamethasone (Solarbio, Beijing, 
China). 

2.6. Osteogenesis experiments 

To investigate whether an HG environment affects the osteogenic 
differentiation of rBMSCs and the effect of metformin, rBMSCs were 
cultured in osteogenic medium and divided into 4 groups: 1) the normal- 
glucose (NG) group, the cells in which were cultured in normal-glucose 
(5.5 mM) medium; 2) the high-glucose (HG) group, the cells in which 
were cultured in HG (44 mM) medium; 3) the NG + Met group, the cells 
in which were cultured in NG medium treated with metformin (100 μM); 
or 4) the HG + Met group, the cells in which were cultured in HG me-
dium supplemented with metformin. The medium was changed every 
three days. 

To further investigate the osteogenic effect of our drug-delivery 
systems on rBMSCs under HG conditions, we set up 6 groups: A: the 
control group (NG), B: the untreated high glucose group (HG), C: the 
HG/PPP-M group, D: the HG/PPP-M-S group, E: the HG/PPP-MM group, 

and F: the HG/PPP-MM-S group. A 24-cell Transwell plate (pore size: 8 
μm; Merck, Cambridge, USA) was used. The rBMSCs were seeded into 
the lower chambers at a density of 5 × 104 cells/well, and the hydrogels 
were placed in the upper chambers. The osteogenic induction medium in 
the lower chambers was replaced every three days, but the hydrogels in 
the upper chambers were not replaced for the entire osteogenic induc-
tion process to enable the sustained release of the drugs into the lower 
chambers. 

2.7. Intracellular ROS measurement 

The fluorescent probe H2DCFH-DA (Biosharp, Anhui, China) was 
used to test the level of ROS. Briefly, the cells were washed with PBS 
twice and incubated with H2DCFH-DA solution (10 μM) for 30 min in 
the dark. After rinsing with PBS three times, the cells were observed 
under a fluorescence microscope. 

2.8. Alkaline phosphatase and alizarin red S staining 

After 7 days of culture, ALP staining was performed with an ALP 
staining kit (Beyotime, Shanghai, China). Briefly, the samples were 
washed twice with phosphate-buffered saline (PBS), fixed with 4% 
paraformaldehyde (PFA, Solarbio, Beijing, China) for 30 min and 
washed twice with PBS again to remove the participating fixative. After 
that, the staining of the cells was conducted according to the in-
structions. After staining, the samples were observed, and images were 

Scheme 1. Schematic diagram depicting the design principle of the bioinspired hydrogel emulating the cell “recruitment-osteogenesis” cascade for diabetic peri-
odontal bone regeneration and the mechanism of metformin restoring bone homeostasis through the ROS/AMPK/β-catenin pathway under high-glucose conditions. 
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captured. After 21 days of culture, the rBMSCs were washed and fixed. 
Alizarin Red solution (Solarbio, Beijing, China) was added to the wells, 
and the plates were incubated for 30 min. After incubation, the samples 
were washed 3 times with deionized water, and the plates were observed 
and imaged. 

2.9. Reverse transcriptase quantitative polymerase chain reaction 
(RT–qPCR) 

After 7 and 14 days of culture, the rBMSCs were washed with PBS 
twice and harvested to extract total RNA with TRIzol reagent (Takara, 
Tokyo, Japan). Then, the iScript cDNA synthesis kit (Takara, Tokyo, 
Japan) was utilized to synthesize cDNA. RT–qPCR assays were per-
formed to determine runt-related transcription factor 2 (Runx2), Sp7 
transcription factor (Sp7), and collagen type I (Col1a1) expressions in 
rBMSCs using SYBR-Green Premix Ex Taq (Takara) and a CFX96 Real- 
Time PCR Detection System (Bio–Rad Laboratories, Inc., Hercules, CA, 
USA). β-Actin was used as the internal control. The sequences of the 
primers used are listed in Table S1 in the Supporting Information. 

2.10. Chemotactic effect of SDF-1 on rBMSCs under high glucose 

A 24-cell Transwell system (pore size: 8 μm; Merck, USA) was used to 
evaluate the influence of SDF-1 on the migration ability of rBMSCs under 
HG conditions. The rBMSCs were starved for 3 h and loaded into the 
upper chamber of the Transwell system at a density of 1 × 105 cells/well. 
NG or HG culture media with or without SDF-1 (100 μg/L; Novoprotein, 
Suzhou, China) were placed in the lower chamber. After 24 h, migrated 
rBMSCs were fixed with 4% PFA (Solarbio) for 30 min and then stained 
with 0.2% crystal violet (Solarbio, Beijing, China). Migrated cells (on the 
bottom surface of the transwell) were visualized by microscopy. We 
selected six random visual fields per well for viewing, and the number of 
cells was quantified by counting. For the wound healing assay, cells 
were seeded in a 6-well plate. A wound was made in the center of each 
well by scratching with a 200 μl pipette tip. Then, the cells were cultured 
in the same groups as mentioned above. Scratch wounds were imaged 
using an inverted microscope (Nikon Corporation, Tokyo, Japan) at 
0 and 24 h post-wounding, and the migration areas were measured using 
ImageJ software (National Institutes of Health, MD, USA). 

2.11. Cytotoxicity assessment of the drug-delivery system 

First, we detected the cytotoxicity of MSNs and the PPP hydrogel 
using the Cell Counting Kit-8 (CCK-8; Biosharp, Anhui, China) assay. 
Confluent rBMSCs were trypsinized, seeded in a 96-well plate at 2 × 103 

cells/well and incubated for 24 h. Then, the medium was replaced with 
fresh medium or medium with solutions of MSNs, PPP hydrogel, or PPP- 
M hydrogel. After incubation for 1 and 3 days, the absorbance at 450 nm 
was read with a microplate reader (PerkinElmer, Waltham, USA). 

To further investigate the effect of the hydrogels on the proliferation 
of rBMSCs, we established 6 groups: A: the control group (NG), B: the 
untreated HG group, C: the HG/PPP-M group, D: the HG/PPP-M-S 
group, E: the HG/PPP-MM group, and F: the HG/PPP-MM-S group. 
Cells were seeded in 96-well plates and cocultured with or without the 
extracts of the drug delivery systems for 1, 3, 5, and 7 days. At each 
timepoint, cell viability was detected by CCK-8 assay. On the 1st, 4th 
and 7th days, cells were treated with a calcein-AM/PI (live/dead) dou-
ble staining kit (Dojindo, Tokyo, Japan), and images were captured 
under a laser confocal scanning microscope (LCSM; Leica SP8, Heidel-
berg, Germany). 

Hemolysis analysis was carried out to further evaluate the biocom-
patibility of the PPP-M and PPP-MM-S hydrogels. Briefly, fresh blood 
was obtained from the hearts of SD rats and used to investigate the 
hemolytic activity of hydrogel. Red blood cells were separated from the 
plasma and hemoglobin release was analyzed at 576 nm. Saline solution 
and double distilled water were used as the negative and positive control 

groups, respectively. 

2.12. Western blot analysis 

Total protein was isolated from rBMSCs using RIPA lysis buffer 
(Beyotime) with 1 mM phenylmethanesulfonyl fluoride (PMSF; Beyo-
time). Nucleoproteins were isolated according to the instructions of a 
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). Then, the 
protein concentrations were quantified using a BCA kit (Beyotime). 
Fifteen microliters of each protein sample was separated via sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE; Beyo-
time), and the proteins were then transferred onto a polyvinylidene 
difluoride (PVDF) membrane (Bio–Rad). After blocking with 5% BSA for 
2 h, the membranes were incubated with primary antibodies overnight 
at 4 ◦C, followed by incubation with the corresponding secondary an-
tibodies for 2 h after washing three times with TBST. Thereafter, the 
protein bands were detected with PLUS electrochemiluminescence re-
agent (Bio–Rad). Finally, the intensity of the protein bands was quan-
tified with ImageJ software (National Institutes of Health, Bethesda, 
MD, USA) and normalized to the internal control: β-actin for total pro-
tein and Lamin B1 for nucleoproteins. 

2.13. In vivo degradation and toxicity of the drug-delivery system 

To evaluate the in vivo degradation performance of the drug-delivery 
system, the SD rats were shaved in the back and the PPP-M and PPP-MM- 
S hydrogels were implanted subcutaneously [14], and rats that were 
shaved in the same way but weren’t implanted with hydrogel were used 
as the control group. The size of the subcutaneous hydrogels was 
observed within a month and photos were taken. Four weeks after the 
implantation, the skin in the back was incised to evaluate the degrada-
tion situation of the implanted hydrogel. 

To detect the bio-toxicity of the hydrogel during the treatment, the 
hydrogel was implanted to periodontal defect of the SD rat. Their heart, 
liver, spleen, lung and kidney tissues were harvested 4 and 8 weeks after 
the operation. The samples were sectioned for H&E staining. Moreover, 
200 μl hydrogels were implanted subcutaneously in the back of SD rats. 
The skin and subcutaneous tissue of the implantation area was harvested 
and sectioned for H&E staining to detect the toxicity of the hydrogels 
after 4 weeks [13]. 

2.14. Induction of T2DM in rats 

The animal experiments were conducted according to experimental 
animal ethics and welfare guidelines approved by the ethics committee 
of the College of Stomatology, Chongqing Medical University (permit 
number: CQHS-REC-2020 (LSNo. 76)). T2DM rats were prepared as 
previously described [26,27]. 4-week-old Male Sprague Dawley (SD) 
rats (100–150 g) were fed with high fat diet (HFD) for 4 weeks. After 4 
weeks, rats were injected intraperitoneally with streptozotocin (STZ) 
dissolved in sodium citrate buffer (pH 4.5, prepared immediately before 
use) at a dose of 35 mg/kg. One week later, the rats were fasted over-
night, and their fasting blood glucose were measured in the next 
morning. The rats with fasting blood glucose higher than 11.1 mmol/L, 
combined with symptoms like polyuria, polydipsia and weight loss, 
were considered diabetic and included in the experimental group. For 
the rats that weren’t diagnosed with diabetes, they would be injected 
intraperitoneally with STZ again at a dose of 35 mg/kg when their 
fasting blood glucose returned to the normal level (≤7.0 mmol/L). The 
age-matched SD rats which were fed regular chow for 4 weeks and 
injected with vehicle were used as the control group. The T2DM rats 
were randomly divided into 5 groups: 1) the untreated T2DM group, 2) 
the T2DM/PPP-M group, 3) the T2DM/PPP-M-S group, 4) the 
T2DM/PPP-MM group, and 5) the T2DM/PPP-MM-S group. 
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2.15. Periodontal bone defect model preparation and regeneration in vivo 

Mandibular periodontal bone defects were created as previously 
reported with modifications [28]. After the rats had been anesthetized, 
the fur surrounding the surgical area was removed, and the skin was 
disinfected. A 1.5-cm incision was made along the inferior border of the 
mandible to expose the masseter muscle. Following dissection of the 
masseter muscle and localization of the buccal plate, a ring drill was 
used to initiate access to the buccal root, followed by the use of a No. 1/2 
bur to complete the osteotomy to create a standard round defect with a 
size of 3 × 3 mm. Then, the defects were loaded with sterilized hydrogels 
or left untreated, and the muscle and skin over the surgical site were 
repositioned and sutured. After the operation, all the rats were injected 
with analgesia for 3 days and fed soft food for 7 days. For the assessment 
of periodontal bone regeneration, the other rats were sacrificed 4 or 8 
weeks after the operation. Their mandibles were harvested and fixed in 
4% PFA for subsequent histological examination. The regenerative ef-
ficacies of the hydrogels were assessed by microcomputed tomography 
(micro-CT) scanning. The samples were decalcified with 10% EDTA and 
sectioned for H&E and Masson trichrome staining. 

2.16. rBMSC recruitment in vivo 

To evaluate rBMSC recruitment in vivo, the rBMSCs were trypsinized 

and centrifuged. Then, the cells were resuspended gently in prewarmed 
PBS containing the CFSE probe (Invitrogen, California, USA) and incu-
bated at 37 ◦C for 15 min. After that, the cells were incubated for another 
30 min and observed under a fluorescence microscope. After the prep-
aration of periodontal bone defects in rats, rBMSCs labeled with CFSE 
were injected into the circulation of rats through the caudal vein (1 ×
106 cells per rat). One week postoperation, the mandibles of the rats 
were harvested. Then, the samples were fixed, embedded in resin and 
sectioned using a hard tissue slicing technique. The sections were 
observed under a confocal fluorescence microscope for CFSE-labeled 
rBMSCs that migrated to the periodontal defect area. 

2.17. Statistical analysis 

The data are presented as the mean ± standard deviation. One-way 
analysis of variance (ANOVA) was used to analyze the significance of 
differences between samples. For all tests, the level of significance was 
set to p < 0.05, p < 0.01, p < 0.001 and p < 0.0001. All the data were 
statistically analyzed with GraphPad Prism 9.0 (GraphPad Software Inc., 
San Diego, CA, USA). 

Fig. 1. Synthesis and characterization of PDLLA- 
PEG-PDLLA and Met@MSN. A) 1H nuclear mag-
netic resonance (NMR) and B) Fourier transform 
infrared (FTIR) spectra of PEG, DLLA and PDLLA- 
PEG-PDLLA. C) TEM image of PDLLA-PEG-PDLLA 
micelles. D) Gel-sol transition of PDLLA-PEG-PDLLA 
hydrogel at 37 ◦C. E) Synthesis scheme of 
Met@MSN. F) UV–Vis spectra of MSN, metformin and 
Met@MSN. G) Pore size distribution and H) hydro-
dynamic size distribution of the MSN and Met@MSN. 
I) TEM image of MSN. J) TEM image of Met@MSN.   
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3. Results and discussion 

3.1. Preparation and characterization of the PPP-MM-S hydrogel 

To prepare the PPP-MM-S hydrogel, the triblock copolymer PDLLA- 
PEG-PDLLA (PPP) was first synthesized by ring-opening polymerization 
of D,L-lactide (DLLA) using PEG as the initiator and stannous octoate as 
the catalyst [29]. The as-synthesized polymer was investigated by nu-
clear magnetic resonance (NMR) spectrometry (Fig. 1A), which pre-
sented characteristic peaks of CH2 (δ 3.53) from PEG as well as CH3 (δ 
1.41–1.22) and CH2 (δ 5.11–5.03, δ 4.33–4.12) from PDLLA, indicating 
the successful formation of PDLLA-PEG-PDLLA. Further information was 
provided by the Fourier transform infrared (FTIR) spectra (Fig. 1B), 
which presented characteristic vibrations of C––O (1752 cm− 1) from 
PDLLA and CH2 (2890 cm− 1) from PEG. The resulting 
PDLLA-PEG-PDLLA was able to assemble in water to form micelles 
(Fig. 1C), which would further switch to hydrogel under body temper-
ature as expected (Fig. 1D). The frame of hydrogel was further dyed by 
fluorescent dye (rhodamine) and then measured by fluorescence mi-
croscopy. As can be seen from Fig. S2, the red frame of the hydrogel was 
separated by black pores, which were vacancy unable to be labeled by 
rhodamine, indicating that our hydrogel had typical porous structure as 
expected. 

After obtaining the PDLLA-PEG-PDLLA and demonstrating its gela-
tion ability, mesoporous silica nanoparticles, the other important 
ingredient of the PPP-MM-S hydrogel, were synthesized by the classical 
CTAB-templated and base-catalyzed sol-gel method. The pores of MSNs 
were further loaded by metformin (Met) to form Met@MSNs (Fig. 1E). 
The loading process was investigated by Brunauer–Emmett–Teller (BET) 
calculations and UV–Vis spectroscopy, which presented a dramatic 
decrease in pore volume down to 0 and the appearance of a new signal of 
metformin, indicating that the pores of MSNs were completely filled by 
metformin (Fig. 1F and G). Although the hydrodynamic size of 
Met@MSN was slightly enhanced compared with MSN due to the drug 
loading (Fig. 1H), it still maintained the spherical structure, in which the 
blockage of pores could be clearly observed (Fig. 1I and J). The high 
resolution transmission electron microscopy images of MSN before and 
after loading metformin were presented in Fig. S3. As can be seen from 
this figure, the MSN had obvious mesoporous structure, which clearly 
disappeared after metformin loading. This phenomenon means that the 
metformin molecules are able to enter and fill the pores of MSN, 
resulting in the significant decrease of the pore size from 4 nm to nearly 
0 nm after metformin loading. More details of the structure of 
Met@MSN were provided by the mapping model of EDX. As can be seen 
from Fig. S4, beside the characteristic elements of Si and O from MSN, 
the obvious signal of N and C from metformin was also observed, which 
exactly co-located with the spherical MSN, indicating the successful 
encapsulation of metformin in the pores of MSN as expected. 

The as-synthesized Met@MSNs were further coassembled with 
PDLLA-PEG-PDLLA in water to obtain PDLLA-PEG-PDLLA-Met@MSN 
(PPP-MM) nanocomplexes via hydrophilic-hydrophobic interactions. 
Then, SDF-1 was added to generate the precursor solution of the PPP- 
MM-S hydrogel. In order to find the proper quantity of Met@MSN for 
optimal performance of the gel, different amounts of Met@MSN (0 mg, 
5 mg, 10 mg, 15 mg and 20 mg) were assembled with PDLLA-PEG- 
PDLLA (250 mg) to form the hydrogel (1 ml). The mechanical and 
degradation properties of these hydrogels were measured by rheological 
analysis (Fig. S5) and mass change against incubation time (Fig. S6). As 
shown in these figures, no obvious changes of mechanical and degra-
dation properties of the hydrogel were observed until the concentration 
of Met@MSN was over 10 mg/ml. Therefore, in order to achieve the 
maximum drug loading while maintaining the best mechanical and 
degradation properties, the concentration of Met@MSN at 10 mg/ml 
was used to prepare the hydrogel. To calculate the drug loading per-
centage of metformin in the hydrogel, the loading percentage of met-
formin in MSNs was measured at first using UV–Vis spectrum, which was 

18 wt% determined by typical absorption of metformin at 232 nm 
(Fig. S7). Considering the mass ratio of PDLLA-PEG-PDLLLA, Met@MSN 
and SDF-1 at 250 mg:10 mg: 0.6 μg was selected to prepare the hydrogel, 
in which all the agents were completely used without wasting, the 
loading percentage of metformin and SDF-1 in the hydrogel were set at 
38 mg/g and 2 μg/g, respectively. The PPP-MM nanocomplex was 
investigated by TEM and dynamic light scattering (DLS), which showed 
a spherical structure with an additional organic layer and enhanced 
hydrodynamic size compared with Met@MSN (Fig. 2A and B), indi-
cating the assembly of PDLLA-PEG-PDLLA on the surface of Met@MSN. 

As expected, the resulting nanocomplex solution could also perform 
sol-gel transition at 37 ◦C to form PPP-MM-S hydrogel (Fig. 2C), and the 
cargos (Met@MSN and SDF-1) were both uniformly distributed in the 
whole hydrogel (Fig. 2D). As shown in Fig. S8, the mechanical property 
of the hydrogel was further measured by rheological analysis, in which 
the G′ was always larger than G′′ under different conditions, indicating 
the typical rheological data of hydrogel. The release of SDF-1 and 
Met@MSN from the hydrogel was driven by diffusion and degradation, 
respectively (Fig. 2E). The rapid molecular diffusion through the 
hydrogel network and slow degradation of the hydrogel up to one month 
under a simulated physiological state (Fig. 2F) led to fast SDF-1 release 
with approximately 80% drug escape in 2 weeks and sustained met-
formin release ending at day 30 (Fig. 2G and H). The concentrations of 
SDF-1 and metformin that actually released from the hydrogel were also 
presented in Fig. S9. As can be seen from these figures, the rapid release 
of SDF-1 results in a drug concentration of 0.5 μg/ml close to the 
maximum value in the first 2 weeks. In contrast, the release of metfor-
min maintained 4 weeks ending up with a drug concentration of 0.9 mg/ 
ml at day 30. Fast SDF-1 release in the first two weeks was employed to 
recruit BMSCs meeting the demand of early-stage bone regeneration 
[11,12], while the sustained release of metformin was responsible for 
remodeling the diabetic microenvironment and further facilitating 
osteogenesis [30]. To clearly demonstrate these two processes, we 
showed the fluorescence spectra of the hydrogel before and after release 
(Fig. 2H). We used four groups of drug-delivery systems containing 
either SDF-1 or metformin to compare their effects in the following 
experiments (Table 1). 

3.2. Metformin induced rBMSC osteogenesis under high-glucose 
conditions in vitro 

Hyperglycemia is one of the most important contributors to 
dysfunction in T2DM [31–33]. ROS are overproduced in diabetes and 
have a negative effect on osteogenesis [34]. The rBMSCs were therefore 
cultured in a high glucose (HG) environment in vitro to investigate 
whether the production of ROS and their osteogenic process were 
influenced. rBMSCs cultured under normal glucose (NG) conditions 
were used for comparison. Metformin was added to investigate its in-
fluence on osteogenesis (Fig. 3A). As shown in Fig. 3B and G, excessive 
ROS (green signal) were produced in rBMSCs in a HG environment. 
Notably, metformin significantly eliminated ROS in rBMSCs. After cul-
ture for 7 days, ALP staining showed lighter staining in the HG group 
than in the NG group (Fig. 3C). However, the HG + OI + Met group 
displayed darker staining than the HG + OI group and it was comparable 
to that of NG + OI group (Fig. 3C). The results of Alizarin Red staining 
showed the same trends (Fig. 3D). The above results indicated that the 
HG environment, which is an important contributor to T2DM-related 
disorders, probably plays a significant role in osteogenic impairment 
under diabetic conditions [35]. Notably, metformin could alleviate the 
negative effect of HG on bone metabolic homeostasis to a great extent. In 
addition, it was interesting to find that NG + OI + Met group exhibited 
darker ALP staining and lighter alizarin red staining than NG + OI group 
(Fig. 3C and D), indicating that metformin might not have a definitely 
positive influence on the osteogenic differentiation of rBMSCs under NG 
conditions, which was consistent with the results of the previous study 
[36]. 
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3.3. SDF-1 induced rBMSC migration under HG conditions in vitro 

For in situ bone regeneration, cell recruitment to the defect area is the 
critical first step [37–39]. However, previous studies have revealed that 
cell migration is negatively impacted in diabetes [9,10]. Herein, trans-
well migration assays and cell scratch tests were performed to assess the 
migration ability of rBMSCs under HG conditions and the influence of 
SDF-1 on this process. As shown in Fig. 3E and H, the number of 
migrated rBMSCs in the HG group was significantly decreased compared 
to that in the NG group. The HG + SDF-1 group exhibited obviously 
more migrated rBMSCs than the HG group, which was even comparable 
to that of the NG group. The NG + SDF-1 group also showed more 
migrated cells than the NG group. The scratch test displayed similar 
results (Fig. 3F, I). After 24 h, the HG group showed an obviously 
decreased migration areas than the NG group, while the HG + SDF-1 and 
NG + SDF-1 groups displayed significantly higher migration area than 
the HG and NG groups, respectively. The migration rate of HG + SDF-1 
group was comparable to that of the NG group. These results suggested 
that the HG environment exerted a negative impact on rBMSC migration 
capacity and that SDF-1 could effectively alleviate this trend, even to a 
nearly normal level. Cell recruitment occurs in the initial phase of nat-
ural bone repair and plays a critical role in the whole process [12]. 
Previous studies have demonstrated that SDF-1 and its receptor CXCR4 
play an important role in mobilizing MSCs [40]. Our results revealed 
that it could partially reverse the inhibition of the HG environment on 

cell migration and thus held great potential for cell recruitment in dia-
betic bone regeneration [41–43]. 

3.4. Metformin restored the impaired osteogenic differentiation under HG 
conditions through the ROS/AMPK/β-catenin pathway 

Considerable evidence has demonstrated that MSCs deteriorate and 
exhibit reduced osteogenic capability under diabetic conditions [44]. In 
this study, the results showed that the HG environment significantly 
increased the production of ROS and negatively impacted the osteo-
genesis of rBMSCs, and metformin partially reversed these trends. 
However, the specific mechanism of T2DM-induced BMSC dysfunction 
and how metformin works in this process are still not fully understood. 
Herein, we further explored the mechanism by which ROS and metfor-
min affect bone homeostasis under HG conditions. 

Emerging evidence suggests that AMPK regulates cell differentiation 
in addition to its role in metabolic processes [45], and its activation 
might be linked to β-catenin stability [46]. The results of the Western 
blot assay (Fig. 4B) showed that the level of p-AMPK (the activated form 
of AMPK) was decreased under HG conditions and that metformin could 
partially reverse this decrease. Activation of the Wnt/β-catenin pathway 
in preadipocytes was reported to inhibit adipogenesis by keeping the 
preadipocytes in an undifferentiated state and promote osteogenesis by 
upregulating the expression of the Runx2 gene [47,48]. As shown in 
Fig. 4B, HG conditions downregulated the expression of β-catenin and 
p-β-catenin (at Ser552). Phosphorylation of β-catenin at Ser552 facili-
tates its stability and accumulation in the nucleus. As shown in Fig. 4B, 
the levels of β-catenin and p-β-catenin in the nucleus were also 
decreased under HG conditions, which would downregulate the 
expression of downstream osteogenic factors, leading to the inhibition of 
osteogenic differentiation [49]. Significantly, metformin upregulated 
the level of β-catenin and p-β-catenin in the nucleus (Fig. 4C). In 

Fig. 2. Construction and characterization of 
PDLLA-PEG-PDLLA-Met@MSN-SDF-1 hydrogel. A) 
TEM image of PDLLA-PEG-PDLLA-Met@MSN nano-
complex. B) The hydrodynamic size distribution of 
Met@MSN and PDLLA-PEG-PDLLA-Met@MSN nano-
comolexes. C) Gel-sol transition of the PDLLA-PEG- 
PDLLA-Met@MSN-SDF-1 hydrogel. D) Fluorescence 
images of the PDLLA-PEG-PDLLA-Met@MSN-SDF-1 
hydrogel, in which metformin was labeled with red 
fluorescence dye (rhodamine) and SDF-1 was labeled 
with green fluorescence dye (FITC). E) Cargo release 
schematic of the hydrogel. F) Degradation ratio and 
G) release profiles of the PDLLA-PEG-PDLLA- 
Met@MSN-SDF-1 hydrogel. H) Fluorescence spectra 
of solutions before and after 14 days of FITC-SDF-1 
release and 34 days of rhodamine-metformin release.   

Table 1 
The groups of drug delivery systems.   

PPP-M PPP-M-S PPP-MM PPP-MM-S 

SDF-1 – + – +

Metformin – – + +
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Fig. 3. The effect of metformin and SDF-1 on ROS 
overproduction, osteogenesis and migration ca-
pacity under high glucose conditions. A) Sche-
matic diagram of metformin scavenging ROS and 
restoring cell osteogenesis under high glucose condi-
tions. B) Representative fluorescent images of the 
intracellular ROS in rBMSCs cultured in normal 
glucose (NG), high glucose (HG) and HG + metformin 
(Met) groups and G) their quantitative analysis. C) 
ALP and D) alizarin red staining images of rBMSCs in 
the NG (normal glucose, complete medium), NG + OI 
(normal glucose, osteogenic inductive medium), NG 
+ OI + Met (normal glucose, osteogenic inductive 
medium with metformin), HG (high glucose, com-
plete medium), HG + OI (high glucose, osteogenic 
inductive medium) and HG + OI + Met (high glucose, 
osteogenic inductive medium with metformin) 
groups. E) Optical images of BMSCs recruited by SDF- 
1 in NG or HG using a transwell migration assay and 
H) the quantification of migrated rBMSC numbers. F) 
Optical images of wound healing assays and I) their 
quantitative analysis. Error bar represents the mean 
± SD (n = 3); *, p < 0.05; **, p < 0.01, ***, p <
0.001; ns means not significant.   
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Fig. 4. Metformin promoted rBMSC osteogenesis under HG conditions through the ROS/AMPK/β-catenin pathway. A) Schematic image of metformin 
restoring cell bone metabolic homeostasis through the ROS/AMPK/β-catenin pathway under high glucose conditions. B) Western blot and C) quantitative analysis of 
AMPK, p-AMPK, β-catenin and p-β-catenin total or nuclear protein expression in NG (normal glucose), NG + Met (normal glucose, metformin treatment), HG (high 
glucose), HG + Met (high glucose, metformin treatment). Error bar represents the mean ± SD (n = 3); **, p < 0.01, ****, p < 0.0001; ns means not significant. 
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summary, our results indicated that metformin restored impaired 
osteogenesis through the elimination of excessive ROS produced under 
HG conditions, and it subsequently reactivated the inhibited 
AMPK/β-catenin pathway. Consequently, more β-catenin accumulated 
in the nucleus and it upregulated the expression of downstream osteo-
genic factors, restoring the inhibited osteogenic differentiation of 
rBMSCs under high glucose conditions (Fig. 4A). It’s interesting to find 
that no obvious difference existed in p-AMPK, β-catenin and p-β-catenin 
expressions between the NG and the NG + Met groups, suggesting that 
metformin couldn’t activate the AMPK/β-catenin pathway in normal 
glucose. It is consistent with the results of ALP and Alizarin Red staining 
that metformin might not be able to enhance the osteogenesis of rBMSCs 
under normal glucose conditions. Therefore, metformin could continu-
ously scavenge overproduced ROS, and remodel the diabetic microen-
vironment to promote bone regeneration. 

3.5. Cytotoxicity assessment of the drug-delivery system in vitro 

It is essential that materials used in drug-delivery and regeneration 
engineering applications are biocompatible since toxic materials will be 
cleared by macrophages prior to their intended function [50]. To assess 
the cytotoxicity of the PPP hydrogel and MSNs, the CCK-8 assay was 
utilized to evaluate the survival and proliferation of BMSCs. As shown in 
Fig. 5A, no significant difference in cell viability was observed between 
the four groups after coculture for 1 and 3 days, indicating that both PPP 
and MSNs had good biocompatibility. 

Cell proliferation under HG conditions was further investigated with 
or without the drug-delivery systems. As shown in Fig. 5B, no significant 
difference was observed between the NG and HG groups, indicating that 
an HG environment did not have a significant impact on cell prolifera-
tion. The viability of rBMSCs in all groups increased normally over time, 
suggesting that our drug-delivery systems had good biocompatibility. 
Moreover, the PPP-M-S group exhibited slightly higher cell viability 
than the other groups, while the PPP-MM and PPP-MM-S groups 
exhibited cell viability comparable to that of the PPP-M. This might be 
explained by the fact that SDF-1 could promote cell proliferation to some 
extent, and metformin facilitated the osteogenic differentiation of 
rBMSCs, which to some extent slowed cell proliferation [51]. 

A calcein-AM/PI (live/dead) kit was used to further evaluate the 
viability of rBMSCs cultured with the drug delivery systems for 1, 4 and 
7 days. As shown in Fig. 5C, many living cells (colored green) and rare 
dead cells (colored red) were observed in all groups. Consistent with the 
CCK-8 assay results reported above, the number of live rBMSCs 
increased over time in all groups, and no significant difference in the 
number of live or dead cells was observed between the control and 
experimental groups. Additionally, the groups treated with SDF-1 
exhibited slightly more living cells. 

The blood compatibility of the biomaterial is essential for its 
biomedical application. As shown in Fig. S10, after 2 h co-incubation 
with rat red blood cells, the hydrogel groups displayed no apparent 
hemolysis. 

In summary, the results indicated that HG conditions did not exert an 
obvious influence on cell viability, and our drug-delivery systems 
exhibited good cytocompatibility and blood compatibility. The hydrogel 
loaded with SDF-1 could slightly facilitate cell proliferation, while the 
hydrogel loaded with metformin did not exhibit a promotive effect on 
cell proliferation, probably because they facilitated the osteogenic dif-
ferentiation of rBMSCs [51]. 

3.6. The PPP-MM-S system induced rBMSC osteogenic differentiation 
under HG conditions in vitro 

To assess the osteoinductive capacity of the drug-delivery systems 
under HG conditions, we conducted RT–qPCR assays to detect the 
expression of osteogenic gene markers, including Runx2, Sp7, and 
Col1a1. The composite hydrogels were placed in the upper chamber of 

the transwell to simulate their constant drug-delivery effect in vitro 
(Fig. 4D). Runx2 and Sp7 are critical transcription factors in osteogenesis 
[52,53], and Col1a1 plays an important role throughout the osteogenesis 
process [54]. As shown in Fig. 4E and F, HG conditions significantly 
inhibited the expression of Runx2, Sp7 and Col1a1 in rBMSCs, while the 
PPP-MM and PPP-MM-S groups showed significant reversal of the 
inhibitory effects of an HG environment. Moreover, the rBMSCs in the 
PPP-M-S group exhibited low expression levels of Runx2, Sp7 and Col1a1 
on both the 7th and 14th days, comparable to those of PPP-M. These 
results indicated that our PPP-MM-S system could effectively restore the 
impaired osteogenic differentiation of rBMSCs under HG conditions. 
Additionally, PPP-M-S did not show an osteoinductive capacity under 
HG conditions, which was consistent with the results of cell proliferation 
experiments showing that PPP-M-S could promote the proliferation of 
rBMSCs. The difference between the PPP-MM and PPP-MM-S groups 
could be explained by the initial release of SDF-1 from the hydrogel 
facilitating the early proliferation of rBMSCs, and thus more cells were 
induced under the sustained influence of metformin [55]. These results 
preliminarily demonstrated the osteoinductive capacity of the 
PPP-MM-S hydrogel under HG conditions, which required further veri-
fication in the internal environment of T2DM rats. 

3.7. In vivo degradation and toxicity of the drug-delivery system 

As shown in Fig. S11A, the hydrogel implanted subcutaneously in the 
back of SD rats gradually degraded within 4 weeks. In Fig. S11B, both 
PPP-M and PPP-MM-S hydrogels could hardly be observed subcutane-
ously after 4-week degradation. The results suggested that the hydrogel 
could gradually degrade in vivo in 4 weeks, which was basically 
consistent with the results of their degradation performance in vitro. 

As for the bio-toxicity of the drug-delivery system in vivo, as shown in 
Fig. S12A, compared with the control group, the results of viscera tissue 
H&E staining sections displayed the implantation of the hydrogels did 
not cause obvious organ damage or pathological change in major or-
gans. Moreover, as shown in Fig. S12B, the implantation of the hydro-
gels caused little infiltration of immune cells in subcutaneous tissues and 
little inflammatory reaction was observed. In summary, the drug- 
delivery system could gradually degrade in 4 weeks, and it had little 
toxicity in vivo. 

3.8. rBMSC recruitment in vivo 

Following encouraging results from in vitro experiments, we further 
investigated the cell recruitment and osteogenesis effect of the PPP-MM- 
S hydrogel in a periodontal bone defect model of T2DM rats. A T2DM SD 
rat model was developed with a high-fat diet and streptozotocin (STZ) 
injection (Fig. 6A and B). 

To assess the cell recruitment capacity, the rBMSCs were trypsinized 
and incubated with a CFSE probe. After 15 min, the cells labeled with 
CFSE showed bright green light (Fig. 6C). After the operation of the 
periodontal bone defect model in rats, the rBMSCs labeled with CFSE 
were injected into the circulation of rats. One week postoperation, the 
mandibles of the rats were harvested and sectioned to observe the 
injected CFSE-labeled rBMSCs that had migrated to the periodontal 
defect area. As shown in Fig. 6D, the control group exhibited some green 
light of migrated rBMSCs, suggesting that some cells had been recruited 
to the periodontal defect area by an endogenous recruiting effect. 
However, much weaker green light was found in the T2DM and PPP-M 
groups (Fig. 6D), probably because the endogenous recruiting effect was 
impaired in T2DM [9,10]. The PPP-M-S and PPP-MM-S groups exhibited 
significantly more green light than the other groups, indicating that the 
burst release of SDF-1 through diffusion effectively facilitated the 
migration of rBMSCs to the defect area [38]. In summary, the initially 
released SDF-1 emulated the early cell recruitment signal of the natural 
bone healing cascade and effectively facilitated cell migration to the 
defect area under diabetic conditions, which would lay a solid 
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Fig. 5. In vitro cytotoxicity assessment of the drug-delivery systems and its osteoinductivity in high glucose. A) CCK-8 viability assay of rBMSCs cocultured 
with PPP, MSNs or both after culturing for 1 and 3 days. B) CCK-8 viability assay of rBMSCs cultured under normal glucose or high glucose conditions with the 
intervention of PPP-M, PPP-M-S, PPP-MM or PPP-MM-S hydrogel after culturing for 1, 3, 5 and 7 days. C) Live/dead cell staining images of rBMSCs cultured under 
normal glucose or high glucose conditions with the intervention of PPP-M, PPP-M-S, PPP-MM or PPP-MM-S hydrogel after culturing for 1, 4 and 7 days. Live cells 
were stained green, and dead cells were stained red. Scale bar: 400 μm. D) Schematic diagram of the PPP-MM-S hydrogel releasing SDF-1 and metformin from the 
upper chamber to the lower chamber scavenging ROS and restoring cell osteogenesis under high glucose conditions. E) Heatmap of relative gene expressions in 
rBMSCs incubated with hydrogels under different conditions (n = 3). Error bar represents the mean ± SD (n = 3); *, p < 0.05. 
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foundation for further bone regeneration [38,56]. 

3.9. Periodontal bone regeneration in vivo 

Since the results above demonstrated that the PPP-MM-S drug-de-
livery system exhibited impressive osteoinductivity in an HG 

environment in vitro, we next applied it to a periodontal defect model in 
T2DM rats to investigate its bone regenerative capacity in vivo. 

Fig. 7A shows the 3D reconstructed images of typical samples; new 
bone in the defect area is marked in yellow. The T2DM control group 
displayed the least new bone formation, while the normal control group 
displayed slight new bone formation by self-repair 4 and 8 weeks after 

Fig. 6. The drug-delivery system recruited rBMSCs to the periodontal defect in T2DM rats. A) Schematic diagram illustrating the time frame of the in vivo study. 
B) Schematic diagram illustrating the operation process and the expected bone healing cascade with the PPP-MM-S hydrogel. C) Fluorescence microscope images of 
CFSE-labeled rBMSCs (green) in suspension. D) Confocal fluorescence images of hard tissue sections of periodontal bone defects in healthy (control) and T2DM (type 
2 diabetes mellitus) rats to observe the recruited CFSE-labeled rBMSCs (green fluorescence) and E) quantitative analysis of fluorescence intensity. Error bar represents 
the mean ± SD (n = 3); *, p < 0.05; ****, p < 0.0001. 
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Fig. 7. The drug-delivery system promoted periodontal regeneration in T2DM rats. A) 3D reconstructed, vertical and cross-section images of micro-CT scanning 
of rat periodontal bone defects implanted with different hydrogels. The new bone in the defect area is marked in yellow. Scale bar: 1 mm. B) Quantitative analysis of 
bone microarchitectural parameters determined by micro-CT. C). H&E staining images of periodontal bone tissue sections. The defect area is marked with a green 
dotted line. Scale bar: 300 μm. D). Masson-trichrome staining images of periodontal bone tissue sections. The defect area is marked with a green dotted line. Scale 
bar: 300 μm. Error bar represents the mean ± SD (n = 3); *, p < 0.05; **, p < 0.01, ***, p < 0.001, ****, p < 0.0001. 
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the operation. Although the differences were not significant, the PPP-M 
group exhibited slightly more bone regeneration than the two control 
groups. The three drug-loading groups showed significantly more new 
bone formation than the other groups. Among them, the PPP-MM-S 
group displayed the most bone regeneration. The PPP-M-S group 
showed more new bone regeneration than the PPP-MM group at the 4th 
week. However, this superiority was reversed at the 8th week. Similar 
trends among groups could also be observed from the cross and vertical 
sections of the samples (Fig. 7A). The results of trabecular bone volume 
fraction (BV/TV) evaluation (Fig. 7B) were essentially consistent with 
the results of the 3D reconstructed images. Microarchitectural parame-
ters are important indexes that reflect the quality of new bone [57]. As 
shown in Figs. 7B, 4 and 8 weeks postoperation, the PPP-MM-S group 
exhibited higher trabecular thickness (Tb. Th), trabecular number (Tb. 
N) and lower trabecular spacing (Tb. Sp) than the other groups. The 
values of these three parameters differed among groups in a manner 
similar to the difference in BV/TV. 

H&E and Masson’s trichrome staining provided further comple-
mentary details regarding the regenerated tissues. As shown in Fig. 7C 
and D, in accordance with the micro-CT results, 4 weeks after the 
operation, little new bone could be seen around the edge of the defect in 
the normal control group, and the defects in the T2DM control and PPP- 
M groups were mostly filled with fibrous connective tissues. The PPP- 
MM-S group showed much more new bone formation than the other 
groups, with blue-stained collagen fibers growing close to the new bone, 
indicating active bone regeneration. After 8 weeks, in the normal control 
group, there was still little new bone that could be observed in the defect 
area. The defects in the T2DM control and PPP-M groups were mostly 
filled with fibrous connective tissues, although more blue-stained 
collagen fibers were observed than those observed at the 4th week. 
More blue-stained new bone formed in the PPP-MM group than in the 
PPP-M-S group. Moreover, in the PPP-M-S group, although the defects 
seemed closed from the surface, large and empty areas remained under 
the closed surface and were filled with some loose connective tissues, 
suggesting poor osteogenesis and mineralization. The PPP-MM-S group 
displayed the best bone regeneration, in which the defects were filled 
with newly formed woven bone with a well-arranged structure, and the 
irregular new bone on the uneven surface of the defect intersected with 
blue-stained collagen fibers, suggesting active and ongoing bone 
remodeling. 

Natural bone healing is a well-orchestrated multistage process. A 
series of secreted growth factors act in a specific succession in this 
process, activating and coordinating the stages of natural bone regen-
eration [38,56,58]. During the early phages, it is critical that the defect 
area recruits enough MSCs with osteogenic potential, which is followed 
by a signal that induces cell osteogenesis and promotes bone regenera-
tion [59,60]. However, such a “recruitment-osteogenesis” cascade of 
natural bone healing is significantly depressed in DM [13,61]. This 
hydrogel-based system was fabricated biomimetically with differential 
cargo release, which simulated sequentially activated cell-recruitment 
and osteogenesis biosignals. Specifically, to meet the high demand of 
the recruiting signal in the initial stage, the SDF-1 quickly escapes from 
the hydrogel due to diffusion. Simultaneously, to constantly scavenge 
overproduced ROS in the DM microenvironment and facilitate cell 
osteogenesis, metformin was first encapsulated in MSNs and then 
incorporated into the PPP to achieve sustained release. With such a 
secondary structure, the release of metformin was successfully pro-
longed to 4 weeks. To date, many strategies, including bone tissue en-
gineering and drug delivery, have been developed to promote 
periodontal bone regeneration [58,62,63]. However, few of these 
studies have paid attention to diabetic periodontal bone regeneration. In 
DM, ROS overproduction leads to disordered bone homeostasis and 
compromised bone healing, which makes bone regeneration a larger 
challenge [5,61]. This study proposed a novel bioinspired strategy to 
promote periodontal bone regeneration under DM conditions, which 
aimed to reorchestrate the compromised cell migration and osteogenesis 

stages of bone healing under DM conditions, in the hope of providing an 
innovative option for diabetic periodontal bone regeneration. Consid-
ering that natural bone healing is a very complicated process consisting 
of various bio-signals (including MSC recruitment, angiogenesis, 
osteogenesis and so on), we are going to further optimize our system to 
satisfy the demands of various bio-signals needed in the natural bone 
healing process in the future. 

4. Conclusion 

Impaired migration and osteogenic capacities of MSCs in DM make 
periodontal bone regeneration a major challenge. Inspired by the nat-
ural bone healing cascade, we developed a biomimetic PPP-MM-S 
hydrogel to address the above problems. The hydrogel performed a 
relatively quick SDF-1 release to recruit early rBMSCs for osteogenesis at 
the beginning of therapy, and then slowly released metformin in the 
long term to further promote bone regeneration. Moreover, the hydrogel 
was potentially able to adapt itself to fit bone defects with any irregular 
shapes due to its thermosensitive gelation. In vitro and in vivo experi-
ments indicated that the rapid SDF-1 release from the hydrogel could 
effectively facilitate MSC migration to the periodontal defect under high 
glucose conditions, and the subsequently sustained metformin release 
markedly scavenges the overproduced ROS, which restores osteogenesis 
via AMPK/β-catenin pathway reactivation under high glucose condi-
tions, resulting in efficient periodontal bone regeneration under T2DM. 
This work provides a novel therapeutic strategy of a bioinspired drug- 
delivery system emulating the natural bone healing cascade for dia-
betic periodontal bone regeneration, which could be extended to the 
treatment of other types of tissue injuries. 
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