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tissue regeneration by modulating macrophages polarization via 
suppressing PI3K/AKT and NF-κB signaling pathways 
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A B S T R A C T   

Traditional fibrous membranes employed in guided tissue regeneration (GTR) in the treatment of periodontitis 
have limitations of bioactive and immunomodulatory properties. We fabricated a novel nTPG/PLGA/PCL fibrous 
membrane by electrospinning which exhibit excellent hydrophilicity, mechanical properties and biocompati-
bility. In addition, we investigated its regulatory effect on polarization of macrophages and facilitating the 
regeneration of periodontal tissue both in vivo and in vitro. These findings showed the 0.5%TPG/PLGA/PCL may 
inhibit the polarization of RAW 264.7 into M1 phenotype by suppressing the PI3K/AKT and NF-κB signaling 
pathways. Furthermore, it directly up-regulated the expression of cementoblastic differentiation markers (CEMP- 
1 and CAP) in periodontal ligament stem cells (hPDLSCs), and indirectly up-regulated the expression of 
cementoblastic (CEMP-1 and CAP) and osteoblastic (ALP, RUNX2, COL-1, and OCN) differentiation markers by 
inhibiting the polarization of M1 macrophage. Upon implantation into a periodontal bone defect rats model, 
histological assessment revealed that the 0.5%TPG/PLGA/PCL membrane could regenerate oriented collagen 
fibers and structurally intact epithelium. Micro-CT (BV/TV) and the expression of immunohistochemical markers 
(OCN, RUNX-2, COL-1, and BMP-2) ultimately exhibited satisfactory regeneration of alveolar bone, periodontal 
ligament. Overall, 0.5%TPG/PLGA/PCL did not only directly promote osteogenic effects on hPDLSCs, but also 
indirectly facilitated cementoblastic and osteogenic differentiation through its immunomodulatory effects on 
macrophages. These findings provide a novel perspective for the development of materials for periodontal tissue 
regeneration.   

1. Background 

Periodontitis is a prevalent chronic inflammatory disease charac-
terized by the devastation and absorption of periodontal tissue [1,2]. 
Gingival inflammation, the development of periodontal pockets, and 
resorption of periodontal tissues are the noteworthy symptoms and 
clinicopathological features of periodontitis [3–6]. Research indicates 
that the effective periodontal treatment can significantly improve both 
oral and systemic health [7]. The primary goal of periodontitis 

treatment is to regenerate damaged tissue and restore the function of 
affected teeth. The regeneration of alveolar bone and cementum is 
considered as the challengings in clinic practice [8,9]. 

The advancement of guided tissue regeneration (GTR) has bring 
promising outcomes in the realm of regenerative treatment for peri-
odontitis. The fibrous membrane is crucial in preventing the entry of 
epithelial cells and fibroblasts into the space for alveolar bone regen-
eration without disrupting the healing process of wound [10–12]. 
Common polymer membrane materials including poly (ε-caprolactone) 
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(PCL) and poly (lactic acid-co-glycolic acid) (PLGA), which have been 
approved by the FDA for implantation in vivo [13–15]. However, 
polymer membrane materials possessed suboptimal cellular response, 
limited osteo-conductive potential, and deficient immune microenvi-
ronment regulation because of weak surface hydrophilicity [16,17]. 

Graphene oxide (GO) is known for its outstanding mechanical and 
biological properties [18–22]. However, due to its high cytotoxicity, 
reduced GO (rGO) is more widely used. Most of the commonly used 
reducing agents are cytotoxic, so it is necessary to synthesize a new kind 
of more biosafe material. We successfully developed a novel nano-
material, tea polyphenols functionalized graphene oxide (TPG), 
employing Tea polyphenols (TPs) for the reduction and functionaliza-
tion of GO [23,24]. Experimental results have validated that TPG ex-
hibits superior biocompatibility compared to GO, rendering it suitable 
for further applications in the modification of PLGA/PCL fibrous mem-
brane materials. Electrospun nanofibers possess significant benefits, 
such as a substantial specific surface area and porosity, making them 
highly promising for applications in biomedical fields such as tissue 
engineering [25–27]. Moreover, nanofibers can also influence the ac-
tivity of stem cells and enhance celluar adhesion, proliferation, and 
differentiation [28]. Therefore, we use TPG, PLGA and PCL as raw ma-
terials to synthesize new nanomaterials by electrospinning, namely 
nTPG/PLGA/PCL. 

Macrophages polarization plays a crucial role in bone immunity and 
tissue regeneration through subtle regulation of cytokines [29,30]. The 
pro-inflammatory cytokines produced by M1 macrophages stimulate 
bone resorption, whereas cytokines released by M2 macrophages pro-
mote bone regeneration [29–31]. Notably, M1 polarization of macro-
phages is dominant during the progression of periodontitis. Promoting 
M2 polarization and inhibiting M1 polarization are the keys to reverse 
periodontal inflammation and promote periodontal regeneration and 
repair. 

In this study, the TPG nanolayer material, successfully developed in 
previous studies [23], was employed to functionalize the PLGA/PCL 
nanofibrous membrane in the current investigation. The physicochem-
ical and biocompatible characteristics were thoroughly examined, 
leading to the identification of the optimal functional nTPG/PLGA/PCL 
nanofibrous membrane. There has been a predominant emphasis on 
direct impact of polymer barrier membranes on tissue regeneration, 
with a relative lack of exploration into the regulatory effects and 
mechanisms of polymer barrier membranes on the immune microenvi-
ronment. The study further explored the regulatory effects of 
nTPG/PLGA/PCL fibrous membrane on the polarization of macrophages 
and its bone immunomodulatory properties on hPDLSCs in vitro and in 
vivo. 

2. Materials and methods 

2.1. Preparation of nTPG/PLGA/PCL fibrous membranes 

PCL (80000 kD, Sigma-Aldrich) and PLGA (LA:GA = 50:50, MW =
106000, Jinan Daigang Biomaterial) were combined and stirred in HFIP 
(Aladdin) with a concentration of 10% (w/v) to obtain a polymer so-
lution. TPG (tea polyphenols functional graphene oxide) was synthe-
sized by Jiangsu Xianfeng Nanomaterial Technology Co. Ltd. To prepare 
composite membranes with varying TPG mass fractions (0.0%, 0.3%, 
0.5%, 0.8%, 1.0%), TPG was dispersed in a PLGA/PCL solution. The 
resulting solution was then loaded into a 10 mL syringe fitted with a 
metal needle. The needle’s tip was positioned 20 cm away from a col-
lector covered with silicone paper. Applying a voltage of 14 kV to the 
syringe needle, the solution was dispensed at flow rate of 1 mL/h. The 
electrospinning process took place for 10 h under ambient conditions 
with a relative humidity of 50% and a room temperature. Post- 
electrospinning, the membranes were collected and subjected to a 
vacuum-drying process lasting 3 days within a desiccator. According to 
the different amounts of TPG added, they were named as PLGA/PCL, 

0.3%TPG/PLGA/PCL, 0.5%TPG/PLGA/PCL, 0.8%TPG/PLGA/PCL, 
1.0%TPG/PLGA/PCL. 

2.2. Physicochemical characterization of the fibrous membranes 

The morphological traits and structural features were examined 
under an S-4800 scanning electron microscope (SEM, Hitachi, Japan). 
These SEM images were measured for fiber diameter using Image J 
software. The chemical constituents of the membranes were evaluated 
by FTIR spectroscopy (VERTEX 80 V, Bruker, Germany). The mechanical 
properties were tested by a universal inspection machine (DZF-6020, 
China) at room temperature. The membranes were sliced into rectangles 
(4 × 1 cm) and stress-strain curves were recorded. The degradation rates 
were determined by measuring the weight loss in a physiological solu-
tion on days 0, 1, 3, 7 and 14. The samples were first weighted (W0) and 
then incubated in 10 mL PBS in centrifuge tubes with the rotating speed 
of 100 r/min. The weight of each sample was documented at pre- 
established time points (Wt) after drying. The remaining mass rates 
were then measure as Wt/W0 × 100%. The contact angle of the mem-
brane was determined through static water contact angle measurement 
(Automatic Contact Angle Meter Model SL200B, China). 

2.3. Cell culture 

The RAW 264.7 cells line (Jiangsu Province Key Laboratory of Oral 
Diseases) and primary hPDLSCs were used in this study. Detailed 
methods are given in Supplementary Information. 

2.4. Cytocompatibility of the fibrous membranes 

hPDLSCs were seeded onto the membranes at a density of 2 × 104 

cells/well in a 24-well plate. Following a 3-day cultivation period, cells 
were treated with 4% paraformaldehyde for 10 min for fixation, fol-
lowed by permeabilization using 0.1% Triton X-100 (Beyotime, China) 
for 5 min. Subsequent to blocking with 1% bovine serum albumin (BSA, 
Sigma Aldrich) for 30 min, the cells were stained with rhodamine 
phalloidin (Beyotime, China) for cytoskeleton and 4’, 6-Diamidino-2- 
phenylindole, dihydrochloride (DAPI, Beyotime, China) for the nu-
cleus. The cellular structure and attachment to the membranes were 
examined using a confocal laser scanning microscope (CLSM, LSM 800, 
Carl Zeiss, Jena, Germany). The RAW 264.7 macrophages were cultured 
on the membranes with a density of 2 × 104 cells/well separately. 
Following a 3-day incubation, cells were fixed overnight with 2.5% 
glutaraldehyde. Subsequently, the fixed cells underwent dehydration 
using graded ethanol solutions (30%, 50%, 70%, 90%, and 100%) for 10 
min respectively. Following dehydration, the specimens were subjected 
to freeze-drying and observed under SEM. In accordance with the pro-
tocol, the CCK8 assay was performed to assess the cell viability. Detailed 
methods were given in Supplementary Information. 

2.5. In vitro regulation of immune microenvironment of macrophages 

We selected Escherichia coli (E.coli) lipopolysaccharide (LPS) and 
interferon-γ (IFN-γ) as the inflammatory stimulus in this research. RAW 
264.7 cells were pre-treated with the different membranes for 6 h. 
Subsequently, the culture medium was supplemented with or without 
LPS (100 ng/mL) and IFN-γ (10 ng/mL). 

The macrophages polarization related genes, including M1 pheno-
type (TNF-α, iNOS, IL-6), M2 phenotype (Arg-1, IL-10) and osteogenic 
factor (BMP-2) (primers are listed in Table 1) were investigated by qRT- 
PCR. Moreover, cells treated for 18 h were gathered and detected by 
Western blotting analysis to evaluate the protein expression levels of 
iNOS (M1 marker) and Arg-1 (M2 marker). Alternatively, the cells were 
utilized for flow cytometry (BD FACSCalibur, United States) to assess the 
expression of CD86 (M1 marker) and CD206 (M2 marker). Besides, the 
concentration of anti-inflammatory cytokine (TNF-α) in the collected 
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induction medium was detected with corresponding ELISA kits (Multi 
Sciences, China). Detailed methods are given in Supplementary 
Information. 

In order to explore the regulation of RAW 264.7 polarization related 
signal pathway by nTPG/PLGA/PCL nanofibrous membranes, the qRT- 
PCR was used to screen the related genes that might be associated 
with the signaling pathway. The key genes selected for the related 
signaling pathways were AKT1, AKT2, C/EBP-β of PI3K/Akt signaling 
pathway; JAK2 and STAT3 of JAK-STAT signal path; JNK1/2, p38 of 
TGF-β signaling pathway and MyD88, NF-κB, Iκ-B of TLR4/NF-κB 
signaling pathway. Western blotting further confirmed the expression 
levels of the differentially expressed gene-related proteins (p-PI3K/ 
PI3K, p-AKT/AKT, p-IκBα/IκBα, and p-NF-κB/NF-κB) screened in the 
previous step. Based on the above research results, the signal pathways 
related to RAW 264.7 polarization regulated by nTPG/PLGA/PCL 
nanofibrous membranes were preliminarily identified. The membranes 
were administered for 24 h, with or without the addition of the PI3K/Akt 
activator 740 Y-P (25 μg/mL) or the NF-κB activator phorbol myristate 
acetate (PMA, 1 μM). Subsequently, the expression of relevant proteins 
was reassessed by Western blotting. Finally, the molecular mechanism of 
nTPG/PLGA/PCL regulating RAW 264.7 polarization was confirmed. 
The antibodies we used were in Supplementary Information. 

2.6. The direct regulation of nTPG/PLGA/PCL fibrous membranes on 
hPDLSCs osteogenesis and cementogenesis 

hPDLSCs (2 × 105 cells/well) were seeded onto various fibrous 
membranes and cultured in osteogenic differentiation medium (OS, 
growth medium supplemented with 0.1 μM dexamethasone, 10 mM 
β-glycerophosphate, and 50 μM ascorbic acid) for 7 and 14 days. After 7 
days of incubation with different membranes, the gene expression of 

factors related to the osteogenic genes (ALP, Runx-2, COL-1, OCN), 
cementogenetic genes (CEMP-1, CAP) and osteoclast genes (RANKL, 
OPG) (primers are listed in Table 1) were analyzed by qRT-PCR. 

Additionally, after 14 days of incubation with different membranes, 
the cells were gathered and used for Western blotting. The protein levels 
of ALP (Abcam, #ab229126, dilution ratio: 1:1000), Runx-2 (Cell 
Signaling Technology, #12556, Rabbit mAb, dilution ratio: 1:1000), 
COL-1 (Bioworld, #BS60771, dilution ratio: 1:800), OCN (Abcam, 
#ab133612, dilution ratio: 1:500), CEMP-1 (Abcam, #ab134231, dilu-
tion ratio: 1:500) and CAP (Santa Cruz, #sc-53947, dilution ratio: 1:400) 
were evaluated by Western blotting. 

The following research, we selected a fibrous membrane with 
appropriate TPG concentration for subsequent study based on the above 
research results. 

2.7. The indirect regulation of nTPG/PLGA/PCL fibrous membranes on 
hPDLSCs osteogenesis and cementogenesis by regulating the polarization of 
RAW 264.7 

The co-culture system of macrophages and hPDLSCs was developed 
through the conditioned medium. RAW 264.7 cells were pre-incubated 
with the different membranes for 6 h. Then, LPS (100 ng/mL) and 
IFN-γ（10 ng/mL) were or were not added to the culture medium. After 
18 h of incubation, the media of RAW 264.7 cells were collected 
respectively. Basal culture medium was then blended with the obtained 
supernatant in a 3:1 ratio to create the conditioned medium (CM) for 
subsequent experiments. hPDLSCs were seeded into 96-well plates at a 
density of 1 × 104 cells per well and categorized into four groups: 1) 
control group, cells cultured in normal culture medium; 2) LPS group, 
cells cultured in CM of RAW 264.7 cells that were treated with LPS and 
IFN-γ; 3) LPS + PLGA/PCL group, cells cultured in CM of RAW 264.7 
cells that were treated with LPS, IFN-γ and PLGA/PCL; 4) LPS+0.5% 
TPG/PLGA/PCL group, cells cultured in CM of RAW 264.7 cells that 
were treated with LPS, IFN-γ and 0.5%TPG/PLGA/PCL. After being 
cultured for 24 h, the culture medium was substituted with a distinct CM 
based on the grouping conditions. On day 1, 3, 5 and 7, hPDLSCs pro-
liferation and viability were measured by the CCK-8. 

To assess how macrophages regulate osteo/cementogenic differen-
tiation of hPDLSCs in response to nTPG/PLGA/PCL fibrous membranes, 
cells were seeded in 6-well plates (2 × 105 cells/well). Subsequently, the 
cells were cultured with the respective CM supplemented with osteo-
genic differentiation medium. After 7 days, the mRNA expression levels 
of the osteogenic genes (ALP, Runx-2, COL-1, OCN), cementogenetic 
genes (CEMP-1, CAP) and osteoclast genes (RANKL, OPG) (primers are 
listed in Table 1). After 14 days, the protein levels of ALP, Runx-2, COL- 
1, OCN, CEMP-1 and CAP were evaluated by Western blotting. After 7 
days of incubation, ALP activity was assessed using an Alkaline Phos-
phatase Assay Kit (Beyotime Biotechnology, China). Additionally, cells 
were stained with the BCIP/NBT Alkaline Phosphatase Color Develop-
ment Kit (Jiancheng Bioengineering Institute, China) according to the 
protocol. Optical density (OD) values at 520 nm were recorded, and the 
wells were inspected using an optical microscope (Leica, Germany) and 
photographed with a scanner (EOS 6D, Japan). Furthermore, cells were 
cultured in osteogenic differentiation medium for 28 days and then 
stained with 2% alizarin red S (ARS, Leagene, China) solution for 5 min. 
Following three washes with PBS buffer, plates were examined using an 
optical microscope (Leica, Germany). Mineralized nodules stained by 
ARS were dissociated with 10% (w/v) cetylpyridinium chloride (Sigma- 
Aldrich, China), and absorbance was measured at 562 nm for 
quantification. 

2.8. The in-vivo periodontal regeneration potential of the nTPG/PLGA/ 
PCL membranes in a rat periodontitis model 

All animal experiments were approved by the ethics committee of 
Nanjing Medical University. Twenty-four six-week-old Sprague Dawley 

Table 1 
Primer sequences for qRT-PCR.  

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′) 

GAPDH 
(M) 

ATCACTGCCACCCAGAAG TCCACGACGGACACATTG 

TNF-α (M) TCTTCTCATTCCTGCTTGTGG GAGGCCATTTGGGAACTTCT 
iNOS (M) CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG 
IL-6 (M) AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC 
Arg-1 (M) CCAGATGTACCAGGATTCTC AGCAGGTAGCTGAAGGTCTC 
IL-10 (M) ACTCTTCACCTGCTCCACTG GCTATGCTGCCTGCTCTTAC 
BMP-2 (M) TGAGGATTAGCAGGTCTTTGC GCTGTTTGTGTTTGGCTTGA 
AKT1 (M) AACAGCAGATGGCCCATACC AACCTTTGCTGGTCCCACAT 
AKT2 (M) ACCCCCAGACCGATATGACA CTCGGATGCTGGCTGAGTAG 
C/EBP-β 

(M) 
GAAGACGGTGGACAAGCTGA GCTTGAACAAGTTCCGCAGG 

JAK2 (M) ACAGACAAGTGGAGCTTCGG CAGGCCTGAAATCTGGCTCA 
STAT3 

(M) 
TCAGCGAGAGCAGCAAAGAA CACTACCTGGGTCGGCTTC 

JNK1 (M) CTGAAGCAGAAGCTCCACCA CACCTAAAGGAGAGGGCTGC 
JNK2 (M) AGTGGGTTGCATCATGGGAG TCTGCTGATGGTGTTCCCAG 
p38 (M) GTGGCCACTAGGTGGTACAG TTCTTCAAAAGCTCAGCCCC 
MyD88 

(M) 
AGGCATCACCACCCTTGATG CGAAAAGTTCCGGCGTTTGT 

Iκ-B (M) CCAGTGCCTGTGACAGCTTA CTTTCTAGCCGGGAGCAGAG 
NF-κB (M) AACAGCAGATGGCCCATACC AACCTTTGCTGGTCCCACAT 
GAPDH 

(H) 
CGCTCTCTGCTCCTCCTGTT CCATGGTGTCTGAGCGATGT 

ALP (H) GACCCTTGACCCCCACAAT GCTCGTACTGCATGTCCCCT 
Runx-2 

(H) 
GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG 

COL-1 (H) AGAACAGCGTGGCCT TCCGGTGTGACTCGT 
OCN (H) GGCAGCGAGGTAGTGAAGAG GATGTGGTCAGCCAACTCGT 
CEMP-1 

(H) 
GGGCACATCAAGCACTGACAG CCCTTAGGAAGTGGCTGTCCAG 

CAP (H) CTGCGCGCTGCACATGG GCGATGTCGTAGAAGGTGAGCC 
RANKL 

(H) 
GGCTCATGGTTAGATCTGGC TGACCAATACTTGGTGCTTCC 

OPG (H) TCAAGCAGGAGTGCAATCG AGAATGCCTCCTCACACAGG 

M = murine, H = human. 
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(SD) rats (male, 100–150 g) were chosen to construct periodontal defect 
models. The rats were randomly divided into three groups (n = 8 for 
each group): 1) control group, only with flap surgery treatment, after 
surgery without any membranes treatment; 2) PLGA/PCL group, after 
surgery with PLGA/PCL membranes; 3) 0.5%TPG/PLGA/PCL group, 
after surgery with 0.5%TPG/PLGA/PCL membranes. After general 
anesthesia, the maxillary left second molar of the rat was ligated with a 
4-0 silk suture for 21 days. Upon the establishment of the periodontitis 
model, the surgical sutures were extracted, then a full-thickness flap was 
elevated from the first molar to the third. All granulation tissue was 
removed from the pocket, root the fibrous surface calculus and other 
irritants meticulously were also scraped off. Making sure membrane 
covered the entire bone defect when placed, extending 1 mm beyond the 
defect’s edge. Finally, the surgery wounds were fixed with periodontal 
dressing (Bonanga, China). At 14 and 28 days postsurgery, the rats were 
euthanized, and the entire upper jaw, including the gingival palate, 
bone, and mucosal tissues, were cut off. All samples underwent a thor-
ough wash with distilled water and were promptly deposited in a 4% 
paraformaldehyde solution for subsequent analysis. 

2.9. Micro-CT analysis 

To analyze bone remodeling, a micro-CT (SCANCO Medical AG, 
Switzerland) at the intensity of 55 kVp, 83 μA, 6 W was used to scan the 
specimens. CT analysis software were employed to reconstruct the im-
ages, enabling 3D visualization and evaluation. The ratio of alveolar 
bone crest (ABC) to tooth apex (TP) and cementoenamel junction (CEJ) 
to tooth apex (ABC-TP/CEJ-TP) between first and second molars was 
calculated. The lingual side of the second molar was selected, and the 
assessment of bone regeneration was conducted through nalyzing and 
calculating the percentages of bone volume/tissue volume (BV/TV). 

2.10. Histological analysis 

The fixed rats maxillary were decalcified with disodium ethyl-
enediamine tetraacetate (EDTA) and the process was carried out by 
constant temperature shaker. Afterwards, the specimens underwent 
dehydration using a series of ethanol solutions in a dehydrator. 
Following the transparent treatment with xylene, the specimens were 
embedded in paraffin to obtain paraffin sections with a thickness of 4 
μm. Hematoxylin and Eosin (H&E) as well as Masson trichrome staining 
were conducted under constructions. 

Immunohistochemistry (IHC) and Immunofluorescence (IF) staining 
were performed to evaluate periodontal tissue regeneration complied 
with the manufacturer’s protocols. The primary antibodies included 
OCN (Servicebio, GB11233, 1:50), COL-1 (proteintech, AG6281, 1:100), 
RUNX-2 (Affinity, AF5186, 1:200), BMP-2 (abcam, ab284387, 1:200). 

To appraise osteoclastogenesis, tartrate-resistant acid phosphatase 
(TRAP) staining was performed using a TRAP dye solution kit (Serv-
icebio, GB1050) to identify TRAP-positive cells. The staining of speci-
mens was scanned by a panorama Scanner (3DHISTECH, Hungary). All 
the data were measured by Image-Pro Plus 6.0 (Media Cybemetics, 
USA). 

In order to detect phenotype switching of macrophages, in vivo, the 
tissue sections were incubated with primary antibodies of iNOS (Abcam, 
ab178945, 1:200), CD68 (Abcam, ab201340, 1:200), CD163 (Sevicebio, 
GB113109,1:200). The iNOS positive cells (an M1 marker) and CD163 
positive cells (an M2 marker) were applied by the secondary antibody 
with red fluorescently (Invitrogen, A21428, 1:200) and the were CD68 
positive cells (a universal macrophage marker) applied by the secondary 
antibody with green fluorescently (Invitrogen, A11008, 1:200). The 
fluorescent images were captured by fluorescence microscope, and the 
number of CD163 + CD68+ cells and iNOS + CD68+ cells in the defects 
area was measured by Image J software. 

2.11. Statistical analysis 

All quantitative data were expressed as mean ± standard deviation 
(SD). Variances between more than two groups were compared by one- 
way ANOVA, and differences between two groups were analyzed by 
two-way t-test. Statistical analysis was performed using GraphPad Prism 
8.0 software. P < 0.05 was set as statistically significant difference. 

3. Results 

3.1. Characterization of the fibrous membranes 

The surface morphology of nTPG/TPG/PLGA/PCL membranes was 
examined by SEM (Fig. 1A). The top right section of the images dis-
played comprehensive photographs of the five membranes. The SEM 
results indicated that TPG (highlighted by red arrows) was assembled in 
the membrane fibers successfully. All fibers displayed a uniform and 
smooth morphology, without beads or broken strands. Mean diameters 
were measured as follows: 1.40 μm (PLGA/PCL), 1.71 μm (0.3%TPG/ 
PLGA/PCL), 1.58 μm (0.5%TPG/PLGA/PCL), 2.70 μm (0.8%TPG/ 
PLGA/PCL) and 1.70 μm (1.0%TPG/PLGA/PCL), respectively (Fig. 1B). 

The surface chemical properties and characteristic functional groups 
of nTPG/PLGA/PCL membranes were evaluated by the FTIR method 
(Fig. 1C). As revealed by the spectrum of the PLGA/PCL membrane, the 
frequency at 2950 cm− 1 was assigned to –CH3 vibration. The peak at 
1368 cm− 1 was attributed to the –CH2 bending vibration, and the peaks 
at 735 cm− 1 belonged to the –CH bending vibrations. Furthermore, the 
prominent peak at 1728 cm− 1 was corresponding to the absorption by 
–C––O, and the frequencies at 1163 cm− 1 and 1088 cm− 1 were related to 
–C–O stretching vibration. The peaks of these TPG-doped membranes 
closely resembled those of the original PLGA/PCL, which showed that 
the chemical properties were not affected by the electrospinning. 

The progressive degradation of the membranes was monitored 
through weight measurements (Fig. 1D). All groups experienced sub-
stantial weight loss during the initial week. In the second week, the 
degradation rate of the fibrous membranes slowed down, leading to a 
gradual dissolution. Notably, the PLGA/PCL membrane group displayed 
more weight loss compared to the nTPG/PLGA/PCL membrane groups. 
These results affirmed that the incorporation of TPG decelerated the 
degradation rate of the fiber membranes. 

The surface wettability of the membranes was assessed by measuring 
the water contact angle (WCA) (Fig. 1E). The results indicated a 
significantly higher hydrophilicity in nTPG/PLGA/PCL compared to 
PLGA/PCL, suggesting that the addition of TPG could enhance the hy-
drophilicity of the pristine PLGA/PCL membranes. Among them, 0.8% 
TPG/PLGA/PCL exhibited the most favorable surface wettability. 

The mechanical properties of the membranes were evaluated by 
tensile testing (Fig. 1F). Comparison to PLGA/PCL, the nTPG/PLGA/PCL 
exhibited a significant increase in tensile strength and Young’s modulus, 
particularly in the 0.5%TPG/PLGA/PCL group. 

3.2. Cytocompatibility of the fibrous membranes 

The separation and extraction process of hPDLSCs was illustrated in 
Fig. 5A. Flow cytometric analysis demonstrated that hPDLSCs exhibited 
positive expression of mesenchymal stem cell (MSC) markers CD73 and 
CD90, and showed negative expression of hematopoietic stem cell 
markers CD34 and CD45 (Fig. 5B). The CCK-8 assay was performed to 
assess the cytotoxic impact of fibrous membranes. After cultivation for 1, 
3, 5 and 7 days, both RAW 264.7 (Fig. 2B) and hPDLSCs (Fig. 5C) 
showed high viability, with no significant differences observed among 
different groups. After 3 days of culture, RAW 264.7 extended the 
pseudopods and exhibited robust growth on the fibrous membranes as 
observed by SEM (Fig. 2A). In addition, cytoskeleton (Factin) staining 
reflected the morphology of hPDLSCs on various fibrous membranes 
(Fig. 5D). Results showed hPDLSCs adhered to all the membranes and 
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extended across the elongated fibers with well-defined cytoskeletal 
structures. Furthermore, the membranes’ biocompatibility was assessed 
by erythrocyte hemolysis test (Fig. 2C). These results showed that the 
hemolysis rate of all fibrous membranes was less than 5%, which meet 
the requirements for hemolysis experiments involving medical implant 
materials. These data affirmed the biocompatibility of nTPG/PLGA/PCL 
was biological safe as the supportive attachment surfaces for cellular 

growth. 

3.3. In vitro regulation of immune microenvironment of macrophages 

Upon stimulation with LPS and IFN-γ, nTPG/PLGA/PCL demon-
strated remarkable inhibition of RAW 264.7 polarization towards in-
flammatory phenotypes. The flow cytometry was utilized to evaluate the 

Fig. 1. Structure and characterization of five electrospinning membranes (PLGA/PCL, 0.3% TPG/PLGA/PCL, 0.5%TPG/PLGA/PCL, 0.8%TPG/PLGA/PCL, 1.0%TPG/ 
PLGA/PCL). (A) SEM images and gross photographs of different fibrous membranes (red arrow is TPG). (B) Analysis of diameter distribution of different fibrous 
membranes. (C) FTIR spectrum of fibrous membranes. (D) Degradation curve of fibrous membranes. (E) Hydrophilicity of fibrous membranes. (F) Extreme tensile 
strength, Young’s modulus and fracture strain of fibrous membranes. Variances were compared by one-way ANOVA. n ≥ 3. Scale bar = 30 μm *P < 0.05, **P < 0.01, 
****P < 0.001 compared with PLGA/PCL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Cytocompatibility of the fibrous membranes. (A) SEM images of RAW 264.7 cultured on fibrous membranes. (B) Cell viability after cultivation with different 
fibrous membranes. (C) Red blood cell hemolysis test. Variances were compared by one-way ANOVA. n ≥ 3. Scale bar = 10 μm *P < 0.05. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

X. Han et al.                                                                                                                                                                                                                                     



Materials Today Bio 26 (2024) 101036

6

expression of CD86, which serves as a surface marker indicative of M1- 
phenotype macrophages. The results (Fig. 3A) indicated that 0.5%TPG/ 
PLGA/PCL significantly inhibited the up-regulation of CD86 expression 
induced by LPS and IFN-γ. While the change of expression level of the 
M2 marker CD206 in RAW 264.7 cells was not significant. According to 
the qRT-PCR results (Fig. 3B), inflammatory stimulation resulted in an 
extremely high expression of iNOS, TNF-α, and IL-6, while nTPG/PLGA/ 
PCL significantly attenuated this effect, especially the 0.5%TPG/PLGA/ 
PCL group. In addition, because of the effect of 0.5%TPG/PLGA/PCL 
and 0.8%TPG/PLGA/PCL, the expression of Arg-1, IL-10 and BMP-2 
were higher than those of the other group. Western blotting detected 
the protein expression of the M2 maker Arg-1 and M1 maker iNOS 
(Fig. 3C), indicating that LPS and IFN-γ increased the production of M1 
maker iNOS and decreased the formation of M2 maker Arg-1, while 
0.5%TPG/PLGA/PCL inhibited these phenotypic transitions. ELISA 
result (Fig. 3D) further confirmed the effect of 0.5%TPG/PLGA/PCL on 
reducing the concentration of the pro-inflammatory factor TNF-α. 

In summary, the aforementioned results highlighted the superior 
performance of 0.5%TPG/PLGA/PCL in RAW 264.7 phenotypic transi-
tion regulation than other fibrous membranes in our research. Conse-
quently, 0.5%TPG/PLGA/PCL was selected for the subsequent research. 

To delve into the mechanism underlying the regulation of macro-
phages by 0.5%TPG/PLGA/PCL membranes, q-PCR and Western blot-
ting were performed for investigation. LPS and IFN-γ treatment up- 
regulated genes (NF-κB,MyD88, C/EBPβ, AKT1, AKT2, P38, JAK2, and 
STAT3) and proteins (p-PI3K/PI3K, p-AKT/AKT, p-IκBα/IκBα, and NF- 
κB (p65)) in RAW 264.7 macrophages. Notably, these changes were 
significantly decreased by 0.5%TPG/PLGA/PCL (Fig. 4A and B). When 
RAW 264.7 cells were pre-treated with pathway activators, the inhibited 
effect was partially hindered by the PI3K/AKT activator 740 Y-P and the 
NF-κB activator PMA (Fig. 4C). These findings indicated that 0.5%TPG/ 
PLGA/PCL might inhibit M1 polarization of macrophages via restraining 
the activation of PI3K/AKT and NF-κB signaling pathways. 

3.4. The direct regulation of 0.5%TPG/PLGA/PCL fibrous membranes on 
hPDLSCs osteogenesis and cementogenesis 

The hPDLSCs were inoculated with PLGA/PCL and 0.5%TPG/PLGA/ 
PCL fibrous membranes respectively, the mRNA levels of ALP, RUNX-2, 
COL-1, OCN, CEMP-1, CAP, RANKL and OPG were detected by qRT-PCR 
on day 7 (Fig. 6A). The expressions of osteogenic gene (ALP) and 
cementoblastic genes (CEMP-1) were significantly increased in contrast 

Fig. 3. Regulation of nTPG/PLGA/PCL nanofibrous membranes on polarization of RAW 264.7 macrophages. (A) The phenotype of RAW 264.7 was analyzed by flow 
cytometry. (B) The expression of RAW 264.7 related genes (iNOS, TNF-α, IL-6, Arg-1, IL-10, BMP-2) was analyzed by qRT-PCR. (C) Western blotting analysis of RAW 
264.7 related protein expression (iNOS, Arg-1) (D) The content of inflammatory cytokines (TNF-α) was measured by ELISA. Variances were compared by one-way 
ANOVA. n ≥ 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001. 

X. Han et al.                                                                                                                                                                                                                                     



Materials Today Bio 26 (2024) 101036

7

to the PLGA/PCL group, while the ratio of RANKL/OPG decreased 
following treatment with both fibrous membranes. Other genes (RUNX- 
2, COL-1, OCN, CAP) did not show significantly enhancement. Addi-
tionally, the protein (CEMP-1) level of 0.5%TPG/PLGA/PCL group was 
significantly higher than that of control group on day 14 by Western 
blotting (Fig. 6B). 

3.5. The indirect regulation of 0.5%TPG/PLGA/PCL fibrous membranes 
on hPDLSCs osteogenesis and cementogenesis by regulating the 
polarization of RAW 264.7 

Initially, the CCK8 results (Fig. 7A) showed that CM induced by 0.5% 
TPG/PLGA/PCL promoted hPDLSCs growth on day 5 compared to the 
control group. On day 1, 3 and 7, no significant differences was observed 

Fig. 4. Regulation of RAW 264.7 polarization related signaling pathways by 0.5%TPG/PLGA/PCL fibrous membranes. (A) qRT-PCR analysis of possible signaling 
pathways (NF-κB, PI3K/AKT, TGF-β, JAK-STAT) related gene expression. (B) Western blotting analysis of NF-κB and PI3K/AKT pathways related protein expression. 
(C) Western blotting analysis of NF-κB and PI3K/AKT signaling pathways related proteins expression after treatment with the activator. Variances were compared by 
one-way ANOVA. n ≥ 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001. 

X. Han et al.                                                                                                                                                                                                                                     



Materials Today Bio 26 (2024) 101036

8

among these groups. Therefore, overall, none of the three CM types had 
a negative effect on cell proliferation. Combined with the regulatory 
effect on RAW 264.7 CM, 0.5%TPG/PLGA/PCL significantly up- 
regulated the mRNA (Fig. 7B) and protein (Fig. 7C) levels of ALP, 
COL-1, RUNX-2, OCN, CEMP-1 and CAP. The analysis of ALP activity 
and ALP staining test exhibited that 0.5%TPG/PLGA/PCL group had 
higher alkaline phosphatase activity (Fig. 7D). Remarkably, even in an 
inflammatory microenvironment, the influence of 0.5%TPG/PLGA/PCL 
accelerated the mineralization process, with visible calcium nodules in 
hPDLSCs. On day 28, the ARS test was performed to investigate the 
impact of the fibrous membranes on the formation of mineralized nod-
ules, with the calcium nodules appearing red (Fig. 7E). The corre-
sponding CPC quantitative histogram was presented on the right and the 
results showed 0.5%TPG/PLGA/PCL group formed more mineralized 
nodules. Furthermore, we also evaluated the expression of factors 
related to the osteoclastic activity, including RANKL and OPG in 
hPDLSCs. We found that the addition of 0.5% TPG to PLGA/PCL resulted 
in a down-regulation of RANKL expression and an up-regulation of OPG 
expression in hPDLSCs through modulating macrophages CM (Fig. 7B). 

In conclusion, 0.5%TPG/PLGA/PCL can directly promote the dif-
ferentiation of hPDLSCs cementoblast and inhibit the activities of oste-
oclast. In addition, the osteogenic activity of hPDLSCs can be effectively 
enhanced by macrophages CM, indicating that 0.5%TPG/PLGA/PCL 
promotes bone and cementum regeneration in vitro. 

3.6. The promotion of alveolar bone and periodontal ligament repair by 
0.5%TPG/PLGA/PCL fibrous membrane in vivo 

An alveolar bone defect rat model was induced by ligation of the first 
molar to assess to assess alveolar regeneration. After 21 days of 
modeling, flap surgeries were conducted in all groups. Subsequently, the 
PLGA/PCL group and 0.5%TPG/PLGA/PCL group were implanted with 
corresponding fibrous membranes. In the control group, significant 

alveolar bone loss and root bifurcation were evident. In contrast, the 
0.5%TPG/PLGA/PCL group demonstrated higher bone height compared 
to other groups at all-time points (Fig. 8A). At the time points of 14 and 
28 days after surgery, the ratio of ABC-TP/CEJ-TP in the 0.5%TPG/ 
PLGA/PCL group surpassed that of the control group and PLGA/PCL 
group, indicating a significant increase in alveolar bone height (Fig. 8B). 
Moreover, the BV/TV of the palatal lateral root bifurcation of the 
maxillary second molar in rats in the 0.5%TPG/PLGA/PCL group 
demonstrated a notable increase compared to the control and PLGA/PCL 
groups, facilitating alveolar bone reconstruction (Fig. 8C). These find-
ings suggested that 0.5%TPG/PLGA/PCL fibrous membrane contributed 
to enhanced alveolar bone regeneration. 

HE staining on the gingival tissue of rats was performed to examine 
inflammation and tissue healing. In the control group, the alveolar bone 
was significantly lost, and a large area of necrosis was observed below 
the alveolar bone. The nucleus pyknosis and fragmentation of the 
necrotic area disappeared, and a large number of inflammatory cell in-
filtrations were observed. In the PLGA/PCL group, the overall structure 
of the periodontal tissue was abnormal, with noticeable hyperplasia and 
thickening of the gingival epithelium. Each layer of the epithelium 
showed increased cell volume, and the spinous layer displayed signifi-
cantly proliferation. While in the 0.5%TPG/PLGA/PCL group, the 
epithelium resembled normal epithelium, with regularly arranged 
gingival epithelial cells, reduced infiltration of inflammatory cells, and 
evident new bone formation (Fig. 9A). Masson staining vividly illus-
trated functionally oriented periodontal ligament fibers, and collagen 
fibers were regenerated in each group, with the 0.5%TPG/PLGA/PCL 
group showing the most pronounced regeneration. The arrangement of 
new periodontal ligament tissue formed in the control group was more 
cluttered than that of the other groups (Fig. 9B). 

Immunohistochemistry-positive staining of OCN expressions in the 
0.5%TPG/PLGA/PCL group was more apparent than that in the control 
group (Fig. 10A–C). We assessed alveolar bone destruction by TRAP 

Fig. 5. Primary cell extraction of hPDLSCs and cytocompatibility of fibrous membranes. (A) Primary hPDLSCs cells were extracted. (B) Identification of hPDLSCs 
surface molecules by flow cytometry. (C) Cell viability after cultivation with different fibrous membranes. (D) Cytoskeleton staining of hPDLSCs cultured on fibrous 
membranes (red, cytoskeleton stained with Rhodamine fluorescein. blue, nucleus stained with DAPI). Variances were compared by two-way t-test. n ≥ 3. Scale bar =
200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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staining. In the control group, numerous osteoclasts (Fig. 10A) were 
observed, creating resorption lacunae in the interdental spaces between 
the first and second molars. The count of TRAP-positive osteoclasts in 
both the control group and the PLGA/PCL group was notably elevated 
compared to that observed in the 0.5%TPG/PLGA/PCL group (Fig. 10E). 
The expression of COL-1 could be detected in new fibrous tissue, normal 
periodontal ligament fibers, and mineralized bone tissue in each group, 
while the 0.5%TPG/PLGA/PC group was higher than that in the control 
group and PLGA/PCL group. (Fig. 10A,D). Immunofluorescence staining 

also showed increased expression of RUNX-2 after implantation of 0.5% 
TPG/PLGA/PCL compared with the control group (Fig. 10B–F). The 
cementum marker BMP-2 was also tested. Based on the current immu-
nohistochemical images observed, the positive areas of BMP-2 in 0.5% 
TPG/PLGA/PCL group were the most obvious compared with the con-
trol group and PLGA/PCL group (Supplementary Figure 4). 

Fig. 6. The direct regulation of nTPG/PLGA/PCL fibrous membranes on hPDLSCs. (A) qRT-PCR analysis of hPDLSCs osteogenesis (ALP, Runx-2, COL-1, OCN), 
cementogenesis (CEMP-1, CAP) and osteoclast (RANKL, OPG) related gene expression. (B) Western blotting analysis of hPDLSCs osteogenesis (ALP, Runx-2, COL-1, 
OCN), cementogenesis (CEMP-1, CAP) related protein expression. Variances were compared by one-way ANOVA. n ≥ 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.001. 

X. Han et al.                                                                                                                                                                                                                                     



Materials Today Bio 26 (2024) 101036

10

3.7. 0.5%TPG/PLGA/PCL regulates the macrophage polarization in 
experimental periodontitis rats 

Immunofluorescence showed the polarization of macrophages in 
periodontal ligament. At the immunohistochemistry (Fig. 11A), the 
expression of CD163 + CD68+ in the 0.5%TPG/PLGA/PCL group was 
higher than that in the control group and PLGA/PCL group while there 
were fewer iNOS + CD68+ cells in the 0.5%TPG/PLGA/PCL group 
(Fig. 11B). In vivo results showed that 0.5%TPG/PLGA/PCL inhibited 
M1 polarization and promoted M2 polarization of macrophages, which 
were consistent with the results in vitro. 

4. Discussion 

Based on our previous investigations [23], we developed 
nTPG/PLGA/PCL fibrous membranes by electrospinning for periodontal 
tissue regeneration. Comprehensive characterization of physicochem-
ical properties and cytocompatibility was undertaken. The efficacy of 
this kind of fibrous membranes in periodontal tissue regeneration and 
modulating the immune-microenvironment proved in vitro and in vivo. 

The prepared nTPG/PLGA/PCL fibrous membranes presented as 
smooth morphology with a uniform distribution of diameters. The SEM 
analysis revealed a relatively even dispersion of TPG nanoparticles, 

indicating TPG nanoparticles were successfully encapsulated in fibrous 
membrane. The filamentous fibrous membrane, characterized by its 
high porosity, closely mimiced the intricate structure of the extracellular 
matrix. Additionally, the membrane provided ample structural space 
conducive to fostering osteoblast differentiation [32]. The addition of 
TPG nanoparticles led to a slight increase in diameter, possibly attrib-
uted to the higher polymer concentration and viscosity [33]. The FTIR 
spectra of the membranes with different concentration of TPG exhibited 
similar characteristic peaks to the original PLGA, suggesting no signifi-
cant alterations in functional groups or chemical features [34]. Uncon-
trolled degradation rates and the inherent low mechanical strength of 
the membrane will pose risks of spacial support loss [35]. To mitigate 
this concern, incorporating TPG in the membrane retards its degrada-
tion, thereby preserving the space for bone formation over an extended 
period. Notably, surface wettability emerges as a crucial factor in 
influencing cell adhesion, growth and proliferation. The introduction of 
TPG improved the hydrophilicity of the PLGA/PCL fibrous membrane 
due to the presence of numerous hydrophilic groups on GO surface. 
Additionally, according to previous studies [36], the membrane could be 
soaked in the medium overnight to improve hydrophilicity and provide 
suitable surface wettability for cell adhesion and diffusion. Hotchkiss 
et al. reported that macrophages cultured on hydrophilic surfaces 
demonstrated a greater potential for differentiation toward the 

Fig. 7. The indirect regulation of nTPG/PLGA/PCL fibrous membranes on hPDLSCs by regulating the polarization of RAW 264.7. (A) The effects of RAW 264.7 
culture medium on hPDLSCs cell viability. (B) qRT-PCR analysis of hPDLSCs osteogenesis (ALP, Runx-2, COL-1, OCN), cementogenesis (CEMP-1, CAP) and osteoclast 
(RANKL, OPG) related gene expression. (C) Western blotting analysis of hPDLSCs osteogenesis (ALP, Runx-2, COL-1, OCN), cementogenesis (CEMP-1, CAP) related 
protein expression. (D) ALP staining and ALP activity detection. (E) Alizarin red staining and CPC quantitative analysis of calcium content. Variances were compared 
by one-way ANOVA. n ≥ 3. Scale bar = 200 μm *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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anti-inflammatory M2 phenotype [37]. The mechanical properties of 
biological engineering materials are crucial for cell growth and tissue 
regeneration. The 0.5%TPG/PLGA/PCL fibrous membrane obtained 
heightened tensile strength and Young’s modulus, attributed to the 
favorable mechanical properties of GO. In addition, the biomechanical 
properties of the extracellular matrix exert a significant impact on the 
modulation of cell phenotypes. Research indicates that mouse bone 
marrow-derived macrophages tend to polarize into the M1 phenotype 
when exposed to materials with small pore size and low hardness. In 
contrast, macrophages residing in materials with large pore size and 
high hardness demonstrate the M2 type characteristics [38]. Therefore, 
M2-type polarization induced by 0.5%TPG/PLGA/PCL may also be 
related to surface pore size and hardness. 

Host immune response plays a critical role in the progression and 
destruction of periodontitis [39]. Macrophages, integral components of 
the innate immunity, are widely distributed throughout human tissues 
and serve as the frontline defense against pathogen microorganism in-
vasion and infection [40]. The RAW 264.7 cell line, serving as a model 
macrophage cell line has found widespread utility in biomedicine and 
biomaterials research [41–43]. The results of CLSM and SEM indicated 
that nTPG/PLGA/PCL fibrous membranes could provide compatible 
adhesion surfaces for the growth of RAW 264.7 and hPDLSCs (Figs. 2A 
and 5D). PLGA and PCL are popular biocompatible polymers [44–46], 
and TPG reduced by TPs has better biocompatibility than GO [23,47]. 
The high activity in both RAW 264.7 and hPDLSCs in CCK-8 test 
demonstrated that nTPG/PLGA/PCL fibrous membranes can meet the 
cell compatibility criteria of biomaterials [34]. Furthermore, SEM im-
ages revealed that macrophages adhered closely to nTPG/PLGA/PCL 
fibrous membranes with extending pseudopods. The healing-promoting 
M2 phenotype, has been reported to be associated with increased cell 
elongation [48,49]. Interestingly, the cells on the nTPG/PLGA/PCL 
excluding 0.8%TPG/PLGA/PCL, displayed a relatively elongated shape. 
These results suggested that PLGA/PCL fibrous membranes, with or 
without TPG, exhibited cytocompatibility and were conducive to cell 
attachment and growth. 

Macrophages exhibited remarkable plasticity and pluripotency, 
adopting different subtypes in distinct microenvironments and fulfilling 
unique functions [50,51], therefore, also affected the occurrence and 
development of various diseases and bone metabolism. Macrophages 
can be broadly categorized into two types: classical activation (M1) and 
alternative activation (M2). M1, often referred to as “pro-inflammatory” 
macrophages, possess robust antigen-presenting, bactericidal and 
pro-inflammatory effects, but also often cause damage to neighboring 
tissues [52–54]. M2, known as “anti-inflammatory” macrophages, play 
pivotal roles in angiogenesis, anti-inflammatory responses, and the 
promotion of tissue repair and wound healing [52,54–56]. There is 
increasing research evidence supporting that graphene-based materials 
affect the immune system to regulate the outcomes of tissue repair and 
regeneration [57,58]. Immune cells can be induced to release inflam-
matory mediators or growth factors, and engaging in different stages of 
tissue repair process [59,60]. We observed that the combination of LPS 
and IFN-γcould induce RAW 264.7 cells to polarize into the M1 
phenotype, which led to an increase in the secretion of inflammatory 
factors. The 0.5%TPG/PLGA/PCL inhibited the polarization of the M1 
phenotype while concurrently facilitating the transition to the M2 
phenotype (Fig. 3B). Macrophages can produce BMP-2 to regulate bone 
formation [58]. We detected the expression of BMP-2 regulated by 
fibrous membranes by qRT-PCR. As shown in Fig. 3B, under the in-
flammatory stimulation, the BMP-2 mRNA levels of RAW 264.7 cells 
treated with the fibrous membranes were significantly increased 
compared to control group. Overall, 0.5%TPG/PLGA/PCL performed 
better in regulating the expression of inflammatory cytokines and BMP-2 
compared to others. 

Macrophage polarization is a intricate process influenced by multi-
factorial interactions, governed by a variety of signaling molecules and 
their corresponding pathways [29–31,61]. In this investigation, our 
findings suggested that LPS and IFN-γinduced the activation of 
PI3K/AKT and NF-κB signal pathways in vitro, and 0.5%TPG/PLGA/PCL 
effectively inhibited this activation (Fig. 4A and B). Further experi-
mentation revealed that both the PI3K/Akt activator 740Y-P and the 

Fig. 8. Alveolar bone repair in a rat periodontitis model. (A) 2D and 3D reconstruction images of maxillary alveolar bone on 14 days and 28 days. (B) Relative fold 
change of CEJ-ABC. (C) Relative fold change of BV/TV. Variances were compared by one-way ANOVA. n ≥ 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001. 
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NF-κB activator PMA partially attenuated the signaling molecules of 
0.5%TPG/PLGA/PCL (Fig. 4C). These results suggested that the 0.5% 
TPG/PLGA/PCL inhibited M1 macrophages polarization and expression 
of inflammatory factors via the suppression of the PI3K/Akt and NF-κB 
signaling pathways. Presently, numerous studies have focused on the 
development of drugs or biomaterials to regulate the function of mac-
rophages [9,62–64]. It is imperative to delve into more potential 
mechanisms of macrophages in anti-inflammation, bone destruction and 
bone repair in periodontitis. 

Considering the potential regulatory impact of 0.5%TPG/PLGA/PCL 
on macrophages, we speculated that it might influence the differentia-
tion of hPDLSCs by modulating the periodontal immune microenvi-
ronment. Therefore, two distinct culture systems were constructed in 
our study, and the osteo/cementogenic and osteoclastic differentiation 
of hPDLSCs in different media were analyzed (Figs. 6 and 7). Results 
revealed that under both experimental conditions, 0.5%TPG/PLGA/PCL 
effectively promoted the cementoblastic differentiation of the hPDLSCs. 
This suggests that the cementoblastic effect of 0.5%TPG/PLGA/PCL on 
hPDLSCs was relatively less affected by the immune microenvironment 
of macrophages. However, the osteogenic effects were enhanced only 
under the influence of macrophages. These findings implied that 0.5% 
TPG/PLGA/PCL may play a critical role in promoting cementoblastic 
differentiation, independent of the immune microenvironment. How-
ever, its capacity to enhance osteogenic differentiation appears to be 

contingent on the presence and influence of macrophages. Studies have 
proved that GO can promote bone tissue regeneration by regulating the 
polarization of macrophages, stimulating the OSM signaling pathway 
and promote angiogenesis by VEGF signaling pathway [29]. Additional 
studies have shown that the conditioned medium from GO-RAW264.7 
enhances osteogenic differentiation of BMSCs [65]. This underscores 
the intricate interplay between biomaterials, immune responses, and 
stem cell differentiation in the context of restoration of periodontal 
structures. 

Currently, in the field of periodontal tissue regeneration research, 
the most common approach involves creating acute periodontal defect 
models through direct bone removal or the construction of cranial 
models [66]. However, acute periodontal defect models cannot 
adequately simulate the complexity of chronic periodontitis, as they do 
not accurately replicate the intricate interactions affecting the alveolar 
bone, periodontal ligment, and cementum [67]. Ligation, on the other 
hand, effectively induces alveolar bone resorption and periodontal in-
flammatory responses. This approach provided a more representative 
and clinically relevant model for research. 

In our study (Fig. 9), the implantation of the 0.5%TPG/PLGA/PCL 
fibrous membrane into a rat periodontital defect model resulted in 
substantial bone formation. This newly formed bone effectively covered 
the root bifurcation and restored the height of the alveolar crest. In IHC 
and IF positive staining experiment, the osteogenesis-related markers 

Fig. 9. Histology illustration images of the rat maxillary. (A) H&E staining of maxilla tissue section. (Scale bar = 50 μm. The black framed area was the enlarged area 
which was exhibited on the right. Scale bar = 200 μm. The yellow arrow pointed and red arrow pointed gingival epithelium and epithelial ridges while the green 
arrow showed and the black arrow showed the area of necrosis and inflammatory cells separately). (B) Masson trichrome staining of maxilla tissue section. (Scale bar 
= 50 μm. AB represents alveolar bone and PDL represents periodontal ligament. The black framed area was the enlarged area which was exhibited on the right. Scale 
bar = 200 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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OCN, and RUNX-2 were highly expressed in the 0.5%TPG/PLGA/PCL 
group. The role of OCN, RUNX-2 with respect to bone formation, repair 
and regeneration has been well established [68]. Therefore, their 
upregulation in the presence of 0.5%TPG/PLGA/PCL membranes indi-
cated continued osteoinductive stimulation of the host system resulting 
in better regeneration of tissue. 

To ensure the functional stability and biomechanical loading of 

periodontium, periodontal tissue regeneration needs the functional 
restoration of the structure of cementum-periodontal ligament-alveolar 
bone complex [69]. COL-1 staining was perfomed to evaluate the 
regeneration of periodontal ligament, compared with the control group, 
the 0.5%TPG/PLGA/PCL group showed an increase expression of 
COL-1. The cementum marker BMP-2 was also tested in each group. 
Based on the current immunohistochemical images observed, the 

Fig. 10. Immunohistochemistry and immunofluorescence images and statistical analysis of the periodontal defect of the rat mandibular sections. (A) Immunohis-
tochemistry staining of OCN, TRAP staining of osteoclasts and COL-1. (The arrows indicated OCN positive cells and TRAP-positive multinucleated osteoclasts. Scale 
bar = 50 μm for OCN and TRAP, Scale bar = 20 μm for COL-1) (B) Immunofuorescence staining images of RUNX-2. (Scale bar = 20 μm) (C) The positive area of OCN 
for 28 day. (D)The positive area of COL-1for 28 day. (E) The relative number of TRAP-positive cells in 1*1mm2 for 28 day. (F)The positive area of RUNX-2 for 28 day. 
Variances were compared by one-way ANOVA. n ≥ 3. **P < 0.01, ***P < 0.001. 
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positive areas of 0.5%TPG/PLGA/PCL group were the most obvious 
(Supplementary Figure 4). 

The modulation of macrophage functional phenotypes, specifically 
the transition between M1 and M2 phenotypes, is essential for main-
taining macrophage function and homeostasis in tissue environments 
[70,71]. We explored the potential effect of 0.5%TPG/PLGA/PCL on 
macrophage polarization in vivo and found out it can inhibit M1 po-
larization and promote M2 polarization. The consistency between the 
results of in vitro and in vivo experiments demonstrated that 0.5% 
TPG/PLGA/PCL can reduce the damage caused by inflammation and 
promote periodontol tissue regeneration [62]. 

In summary, our study demonstrates that the 0.5%TPG/PLGA/PCL 
membrane has the capacity to modulate the polarization phenotype of 
macrophages. This regulatory influence, in turn, modulates the osteo-
blastic and cementoblastic differentiation of periodontal stem cells, ul-
timately guiding the regeneration of periodontal tissue. In order to 
achieve future clinical translation, more effort is needed to evaluate and 
upgarde the porosity, hydrophilicity, degradation and swelling rate of 
the 0.5%TPG/PLGA/PCL membranes. Such exploration aims to syner-
gistically enhance the regenerative potential of periodontal tissue. 

5. Conclusions 

In summary, we constructed nTPG/PLGA/PCL fibrous membranes to 
modulate the immune microenvironment in periodontitis, aiming to 
optimize periodontal regeneration. The incorporation of TPG enhanced 
the physical and mechanical properties of the fibrous membrane. These 
membranes demonstrated excellent cytocompatibility, promoting cell 

adhesion and growth. Notably, under inflammatory conditions, the 
0.5%TPG/PLGA/PCL fibrous membrane exhibited potent effects on the 
osteogenesis of hPDLSCs compared to the PLGA/PCL membrane. Addi-
tionally, our findings suggest that the immunomodulatory effects of 
0.5%TPG/PLGA/PCL may be attributed to the suppression of the PI3K/ 
AKT and NF-κB signaling pathways to suppress RAW 264.7 M1 polari-
zation. This study is anticipated to establish a theoretical foundation for 
the future clinical application of TPG based polymer fibrous membranes. 

Statement of significance 

This project prepared a novel nTPG/PLGA/PCL nanofiber membrane 
and elucidated its mechanism of further regulating the functional dif-
ferentiation of periodontal stem cells by regulating the polarization of 
macrophages. Barrier membrane not only has great physical barrier 
effect, but also has high immunomodulatory and bone-inducing prop-
erties. Therefore, we believe that this study will stimulate more scientific 
research to effectively promote periodontal regeneration. 
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abbreviation full name 
ALP alkaline phosphatase 
Arg-1 arginase 1 
BMP-2 bone morphogenetic protein-2 
CAP cementum attachment protein 
CCK-8 cell counting kit 8 
CEMP-1 cementum protein 1 
CLSM laser Scanning Confocal Microscopy 
CM conditioned medium 
COL-1 type I collagen 
CPC cetylpyridinium chloride 
DMEM dulbecco’s modified eagle medium 
FBS fetal bovine serum 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 
GO graphene oxide 
GTR guided tissue regeneration 
hPDLSCs human periodontal ligament cells 
IFN-γ Interferon-γ 
IL-6 Interleukin-6 
IL-10 Interleukin-10 
iNOS inducible nitric oxide sythase 
LPS lipopolysaccharide 
OCN osteocalcin 
OPG osteoprotegerin 
OM osteogenicinduced medium 
PBS phosphate buffer solution 
PCL poly(ε-caprolactone) 
PLGA poly(lactic-co-glycolic acid) 
PMSF phenylmethylsulfonyl fluoride 
PVDF polyvinylidene fluoride 
rGO reduced Graphene Oxide 
RANKL receptor activator of nuclear factor-κ B ligand 
ROS reactive oxygen species 
RUNX2 runt-related transcription factor 2 
RNA ribonucleic acid 
SEM scanning electron microscope 
TNF-α tumor necrosis factor alpha 
TPG tea polyphenols functional graphene oxide 
α-MEM α-minimum essential medium alpha 
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