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Periodontitis is characterized by inflammation and alveolar bone loss, primarily caused by immune cells acti-
vated by oral bacteria, leading to an imbalance between osteogenesis and bone resorption. Traditional treatments
have limited efficacy, which has led to the exploration of regulating the immune microenvironment and utilizing
tissue engineering methods as new research directions. Our study demonstrates that macrophage membranes,
activated by LPS and IFN-y, can effectively neutralize inflammatory factors. By coating the poly-L-lysine (PLL)
modified poly (lactic-co-glycolic acid) (PLGA)/B-TCP microspheres with such macrophage membrane vesicles,
the MM@PPT microspheres regulate intercellular responses by inhibiting macrophage M1 polarization and
osteoclast differentiation, promoting M2 polarization, and enhancing osteogenic differentiation of bone marrow
stromal cells (BMSCs) even in an inflammatory environment. By injecting the MM@PPT into sites of periodontitis
induced bone resorption, it is found that they can effectively promote bone regeneration by modulating the
immune-regeneration microenvironment. This work not only highlights the potential of MM@PPT microspheres
in promoting alveolar bone regeneration but also provides insights into how these microspheres modulate cell
behavior and interactions. The findings of this study offer novel therapeutic strategies for promoting alveolar
bone repair in periodontitis.

1. Introduction with local medications and procedures such as scaling and root plan-

ning, followed by regenerative surgeries to repair damaged bone tissue.

Periodontitis is one of the most common oral diseases manifested as
periodontal tissue inflammation and alveolar bone destruction, ulti-
mately resulting in tooth mobility and loss [1,2]. The etiology and
pathogenesis of periodontitis are multifaceted, among which immune
cells activated by oral bacteria are the main cause of producing in-
flammatory factors that disrupt the balance between osteogenesis and
bone resorption [3]. Periodontal tissue inflammation can be managed
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Nevertheless, treatment outcomes are limited [4,5].

Macrophages in periodontal tissues play a pivotal role in maintaining
tissue homeostasis as a key component of innate immunity. In addition
to macrophages, bone marrow mesenchymal stem cells (BMSCs) are also
present in the periodontal bone defect area and can regulate macro-
phage phenotypes and functions [6,7]. However, after infection by
pathogens, macrophages polarize to the M1 phenotype and produce
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many inflammatory factors (e.g., tumor necrosis factor-alpha (TNF-a),
interleukin-1 (IL-1) and interleukin-6 (IL-6)), inhibiting the activity of
osteoblasts and osteogenesis of BMSCs, and promoting the activation of
osteoclasts, leading to alveolar bone resorption [8,9]. On the other hand,
the conditional medium of BMSCs has been reported to modulate the
macrophage phenotype and inhibit the activation of osteoclasts [10].
Therefore, the neutralization of inflammatory factors and modulating of
dynamic interactions among macrophages/osteoclasts and BMSCs are
crucial for initiating the healing of inflammation bone defects.

Macrophage membranes possess receptors such as the interleukin-6
receptor (IL-6R) and tumor necrosis factor-alpha receptor (TNF-aR).
Macrophage membrane-derived vesicles which are approximately 200
nm in size and retain the surface receptors of the source macrophage
membrane, have been utilized to neutralize inflammation and improve
the microenvironment through ligand-receptor interactions [11-13].
For example, RAW264.7 cells membrane-functionalized poly (lactic--
co-glycolic acid) (PLGA) nanodecoys can neutralize receptor activator of
nuclear factor-x B Ligand (RANKL) and TNF-a, respectively inhibiting
osteoclastogenesis and promoting osteoblastogenesis, thereby reversing
the progression of osteoporosis in the ovariectomized (OVX) mouse
model [14]. After treated by lipopolysaccharide (LPS), macrophage
membrane functionalized nanoparticles (LMNP) demonstrate strong
sponge-like absorption capacity for interferon-y (IFN-y) and IL-6. It in-
hibits the excessive activation of macrophages by suppressing the
JAK/STAT signaling pathway both in vitro and in vivo, effectively alle-
viating symptoms related to Hemophagocytic Lymphohistiocytosis
(HLH), such as cytopenia, hepatosplenomegaly, and liver and kidney
dysfunction [15]. Hence, the role of macrophage membrane vesicles as
decoys for inflammatory factors shows their potential application in
treating periodontitis-related diseases. After neutralizing the inflam-
matory factors in the periodontal microenvironment, it is necessary to
regulate the polarization state of macrophages further to
pro-regenerative M2 phenotype, which can enhance the osteogenesis of
MSCs by secreting growth factors such as transforming growth factor
beta (TGF-B) and platelet-derived growth factor (PDGF), thereby pro-
moting bone regeneration [16].

Bone resorption in periodontal tissues often presents an irregular
shape, making it difficult for traditional bulk biomaterials to adapt to
irregular bone defects [17]. Microsphere-type biomaterials, as injectable
microscale scaffold materials [18-21], can be easily injected into defect
sites and adapt to defects in various shapes, providing a room that fa-
cilitates the migration, proliferation, and osteogenesis of MSCs and/or
osteoblast [22-24]. B-tricalcium phosphate (B-TCP), which displays a
high similarity in structure and solubility to bone mineral, is easy to be
replaced by new bone, and has emerged as one of the most attractive
bone-graft materials that can be used instead of hydroxyapatite (HAp).
During the degradation process of B-TCP, calcium and phosphate ions
are rapidly released, which in turn stimulates the gene expression of
osteoblasts, thereby facilitating the maturation of new bone tissue [25,
26]. In our previous work, we constructed PLGA/B-TCP microspheres
with a particle size of approximately 15 pm, which are biodegradable
and effectively promote the assembly and osteogenesis of stem cell ag-
gregates, leading to efficient craniofacial bone regeneration [27].
Additionally, p-TCP can reduce inflammation by regulating macro-
phages to polarize to the M2 phenotype [28]. Poly-lysine (PLL) can be
bonded to negatively charged macrophage membranes (MM) through
electrostatic interactions. For example, PLL functionalized microribbon
(HRB) scaffolds absorb mensenchymal stem cell membrane (MSCM), and
the retention rate of MSCM was remained to be ~82 % after 2 weeks
incubation in vitro [29]. PLL-coated PLGA/B-TCP microspheres func-
tionalized with macrophage membrane vesicles rich in inflammatory
factor receptors are expected to be an innovative strategy for restoring
the immune microenvironment of periodontal bone defects and pro-
moting bone regeneration.

Here, we first stimulated RAW264.7 cells with LPS and IFN-y to
maximize the number of inflammatory factor receptors on their
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membrane vesicles. By coating the poly-L-lysine (PLL) modified PLGA/
B-TCP microspheres with macrophage membrane vesicles, MM@PPT
microspheres were obtained. MM@PPT microspheres act as agents to
clear inflammatory factors, modulate the phenotype of macrophages
from M1 to M2, and inhibit the osteoclast activation of RANKL-induced
macrophages. Furthermore, MM@PPT microspheres promote the oste-
ogenic differentiation of BMSCs and mediate the crosstalk between
macrophages and BMSCs, promoting alveolar bone regeneration
(Scheme 1). Finally, rat periodontitis was established to identify the
feasibility of using MM@PPT microspheres in achieving bone regener-
ation by modulating the immune-regeneration microenvironment.

2. Materials and methods
2.1. Materials

PLGA (lactic acid: glycolic acid = 75:25, molecular weight = 50,000)
was purchased from Shandong Pharmaceutical Science Experimental
Factory, and B-TCP (particle size approximately 10 nm) was kindly
provided by the Institute of Metal Research, Chinese Academy of Sci-
ences. Other reagents/solvents were purchased from Aladdin (China),
unless specifically noted.

2.2. Cell culture

RAW264.7 cells were purchased from (Puno Science, China) and
were cultured in high-glucose Dulbecco’s modified Eagle medium
(DMEM, Gibco, USA) supplemented with 10 % fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 pg/mL). RAW264.7 cells
were pretreated for 24 h with LPS (100 ng/mL) or LPS (100 ng/mL) +
IFN-y (10 ng/mL) before the extraction of macrophage membrane ves-
icles. BMSCs: Four-week-old SD male rats were euthanized under
excessive anesthesia. After soaking in 75 % ethanol, bilateral hind legs
were harvested, and after removing muscle tissue, the joint heads of the
femurs were cut off. The joint cavity was washed with a-MEM con-
taining 2X antibiotics and 20 % FBS until the bone appeared white. The
collected bone marrow fluid was seeded into culture dishes and incu-
bated in a cell incubator. After 48 h, the suspended culture medium was
removed, and the medium was changed to continue the culture. When
the cell density reached 80 % in the culture dish, the cells were passaged.
All BMSCs used in this study were in P3.

2.3. Detection of cytokine receptor expression in macrophages by flow
cytometry

To detect the differences in cytokine receptor expression between
PBS-treated, LPS-treated, and LPS + IFN-y-treated macrophages, cells
were collected and washed with PBS. The cell suspension was incubated
with Phycoerythrin (PE)-conjugated anti-mouse CD126 (IL-6Ra chain)
and PE-conjugated anti-mouse CD120a (TNF R Type 1/p55) antibodies
at 4 °C for 30 min. Afterwards, cells were washed with PBS and analyzed
by flow cytometry (Beckman Coulter, USA). Data were analyzed using
FlowJo software.

2.4. Western blot analysis of cytokine receptors in macrophages

To investigate the differences in cytokine receptor protein expression
among PBS-treated, LPS-treated, and LPS + IFN-y-treated macrophages,
Western blot analysis was performed. Macrophages were collected and
lysed with Radio immunoprecipitation assay lysis buffer (RIPA buffer)
containing protease inhibitors. Protein concentrations were determined
using a BCA assay kit (Thermo, USA) and mixed with loading bulffer,
followed by heating at 95 °C for 5 min. For each group, 15 g of protein
was loaded into a 10 % SDS-PAGE gel, which was subjected to electro-
phoresis at 80V for 30 min and then at 120V for 1 h. Subsequently,
Enhanced ChemiLuminescence (ECL) substrate was added to the
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Scheme. 1. Schematic illustration showing the design of MM@PPT for alveolar bone regeneration in periodontitis. MM@PPT consists of macrophage membrane
vesicles and PLGA microspheres containing p-TCP, which are surface-modified with poly-L-lysine (PLL). This system effectively modulates the balance between
osteogenesis and osteoclastogenesis, creating a beneficial immune microenvironment at the defect site to promote the regeneration of alveolar bone.

membrane surface, and the expression levels of cytokine receptors TNF-
oR (CD120a, Proteintech, Wuhan) and IL-6R (CD126, 1:1000, Pro-
teintech, Wuhan) were observed using the imaging system.

2.5. Extraction and characterization of macrophage membrane vesicles

The collection and extraction of cell membranes were performed
using previously reported methods [30]. Briefly, the macrophages were
collected and gently resuspended in an appropriate volume of ice-cold
PBS after pretreatment. The cells were centrifuged at 600 g for 5 min
to precipitate the cells, followed by another centrifugation at 1500 rpm
for 5 min. Cell membrane proteins were extracted from RAW264.7 cells
using a cell membrane protein extraction kit (Beyotime, China). One
milliliter of membrane protein extraction reagent A, pre-added with
Phenylmethanesulfonylfluoride or phenylmethylsulfonyl fluoride
(PMSF), was added to 20 to 50 million cells, and the cells were gently
and thoroughly resuspended. The mixture was placed on ice for 10-15
min. A glass homogenizer was used to disrupt the cells. The mixture was
centrifuged at 700 g for 10 min at 4 °C, and the supernatant was

carefully collected into a new centrifuge tube. The supernatant was
centrifuged at 14,000 g for 30 min at 4 °C to pellet the cell membrane
fragments.

To obtain macrophage membrane vesicles, the cell membrane was
subjected to sealed treatment in a closed glass bottle using a water bath
ultrasound device at 100 W for 5 min (Kunshan Ultrasonic Instrument
Co., Ltd). The formation of the cell membrane vesicles and their zeta
potential analysis were confirmed using transmission electron micro-
scopy (TEM; Hitachi HT7700, Japan), dynamic light scattering (DLS;
Delsa Nano, Beckman Coulter, USA), and nanoparticle tracking analysis
(NTA, Particle Metrix ZetaVIEW S/N 17-310, Germany). The membrane
protein content was measured using BCA assay kit (Beyotime). The
collected cell membranes were stored at —80 °C for further use.

2.6. Cytokine neutralization assay
To evaluate the cytokine binding capacity of macrophages stimu-

lated with MO, LPS, and LPS + IFN-y, different concentrations of
macrophage membrane vesicles (10, 50, 100, 500 pg/mL) were mixed
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with PBS, TNF-a (85 pg/mL), and IL-6 (360 pg/mL) and incubated at
37 °C for 30 min. The samples were centrifuged at 16,000 xg for 15 min
to remove cell membrane vesicles, and the cytokines in the supernatant
were quantitatively analyzed using ELISA (MultiSciences (LiankeBio),
Hangzhou).

2.7. Preparation of MM@PPT microspheres

The preparation and characterization of PLGA/B-TCP (PT) micro-
spheres were performed using a two-stage emulsification method.
Briefly, PLGA (1 g) and Span 80 (0.1 % w/v) were dissolved in
dichloromethane (DCM; 20 mL), and $-TCP (200 mg) was added to the
PLGA/DCM solution via homogenization (15,000 rpm) to form solid-oil
(S/0) phase [31]. The S/O phase was then added to 10 mL of polyvinyl
alcohol (PVA) aqueous solution (1 % w/v) containing Tween 60 (0.1 %
w/v) and dispersed using a homogenizer (IKA Germany) to form the
second stage of emulsification, known as the solid-oil-water (S/O/W)
phase. Finally, the suspension was added dropwise to 200 mL of a PVA
aqueous solution (1 % w/v) containing Tween 60 (0.1 % w/v) and
continuously stirred at room temperature (300 rpm) for 6 h to allow for
solvent evaporation. The solidified microspheres were collected, washed
with deionized water, and freeze-dried. Further modification of the
PLGA/B-TCP microspheres was achieved using poly-L-lysine (PLL) [32].
Specifically, the PLGA/B-TCP microspheres were first immersed in an
excess of 0.1 M NaOH solution at room temperature for 30 min, followed
by thorough washing with distilled water five times to remove any re-
sidual NaOH solution. The microspheres were then incubated overnight
in 10 mL of a 0.25 % (wt/vol) PLL solution (deionized water) at 4 °C and
subsequently washed with distilled water to remove any excess solution,
yielding the PLL-PLGA (PP) and PLL-PLGA/B-TCP (PPT) microspheres,
which were freeze-dried and stored at —20 °C before use. To encapsulate
MM onto the PPT microspheres, MM was mixed with PPT in a mass ratio
of membrane protein: PPT = 1:100 at 4 °C in DPBS to obtain and
MM@PPT. The extraction temperature of the material infusion used in
this experiment is (37 + 1) °C, and the time is (72 + 2) hours.

2.8. Characterization of microspheres

The morphology of the prepared microspheres was observed using a
scanning electron microscope (SEM; JEOL JSM 7500F, Japan). Disperse
30 mg of microspheres in 10 mL PBS and shake in a constant tempera-
ture water bath at 37 °C (60 rpm). Replace the solution every 7 days.
Collect microsphere at 7, 14 and 28 days for SEM observation of
microsphere morphology. Weigh 3 mg of microspheres and 200 mg of
potassium bromide (KBr) powder, then grind and mix them thoroughly.
Use a pellet press to prepare a transparent pellet for testing. Set the
infrared spectrometer to a wavenumber range of 400 cm ™! to 4000 cm ™
to obtain the FTIR spectrum. The cell membrane was stained using the
Cell Plasma Membrane Staining Kit with Dil (Red Fluorescence)
(Beyotime, China). The specific procedure was as follows: Dil, staining
enhancer, and staining buffer were premixed in advance, added to the
cell membrane, and incubated at 37 °C in the dark for 5 min, followed by
centrifugation at 14,000 g for 30 min. The cell membrane staining
working solution was then removed, and the membrane was washed 2-3
times with deionized water.

2.9. Cell viability

Bone Marrow Stem Cells (BMSCs) were seeded at a density of 2000
cells per well in a 96-well plate. The extracts from each group of mi-
crospheres were prepared, and the cells were cultured for 1, 3, 5, and 7
days to evaluate cell proliferation using the Cell Counting Kit-8
(Dojindo, Japan). The extract was removed, and the cells were washed
with PBS. Then, 100 pL of fresh 10 % CCK-8 in o«-MEM culture medium
was added to each well and incubated at 37 °C for 1 h to measure the
optical density (OD) values. Additionally, live/dead staining was

Materials Today Bio 32 (2025) 101789

performed on the cells cultured with the microsphere extracts after 1
and 3 days using a live/dead staining kit to assess the cytotoxicity of
various microspheres.

2.10. Cell migration

To assess cell migration, this study employed both wound healing
assay and Transwell assay. For the wound healing assay, BMSCs were
cultured in a 6-well plate until they reached 90 % confluence. A wound
approximately 1.5 mm wide was created using a blue pipette tip, and the
cells were washed three times with PBS. The extracts of various groups
of microspheres containing 2 % FBS were added to the wells, and the
cells were incubated for an additional 24 h. The extent of wound healing
was observed under an optical microscope and analyzed using ImageJ
software.

For the Transwell assay, 200 pL of medium containing 5000 BMSCs
were seeded in the upper chamber with an 8 pm pore filter membrane
(Corning, America). The lower chamber was filled with 600 pL of
various microsphere extracts containing 2 % FBS. After 24 h of incu-
bation, the cells were washed three times with PBS, fixed with 4 %
formaldehyde, and gently wiped with a cotton swab to remove non-
migrated cells. The cells were then stained with 1 % crystal violet for
30 min. The relative number of migrated cells was counted and analyzed
in five randomly selected microscopic fields on each membrane.

2.11. Immunomodulatory effects of MM@PPT microspheres on
RAW264.7 cells

RAW264.7 cells were seeded in 6-well plates and confocal culture
dishes and cultured in media containing LPS (100 ng/mL) for 24 h. The
control group consisted of macrophages that were either untreated or
treated with LPS. After discarding the supernatant, the cells were treated
with extracts from each group of microspheres and cultured for an
additional 3 days. The cells were then washed 3 times with PBS and fixed
with 4 % paraformaldehyde at 4 °C for 30 min. Subsequently, the cells
were permeabilized with 0.5 % Triton X-100 for 30 min and incubated
with 5 % BSA for 1.5 h. The cells were then incubated with anti-
inducible Nitric Oxide Synthase (iNOS) (1:50, Proteintech, China),
anti-IL-1 (1:50, Abcam, UK), anti-CD206 (1:50, Proteintech, China)
overnight at 4 °C. Afterwards, the macrophages were incubated with an
Alexa Fluor 488 conjugate in the dark for 1 h. The cells were then
incubated with DAPI containing an anti-fluorescence quencher for 30
min, and the intensity of green fluorescence was observed using a
confocal microscope (Leica, Germany). ImageJ software was used for
quantitative assessment. Total RNA was extracted from the cells in the 6-
well plates and reverse transcribed into cDNA. qRT-PCR was then per-
formed on the cDNA samples, and GAPDH was used as the reference
gene. The primer sequences for IL-1 and CD206 are listed in Table S1.
The experiment was repeated three times to ensure the accuracy of the
results.

2.12. Indirect Co-culture system of BMSCs and RAW264.7 cells

2.12.1. Preparation of extracts

Microsphere-treated RAW264.7 cells-Conditional medium:
RAW264.7 cells were seeded in 6-well plates and cultured in media
containing LPS (100 ng/mL) for 24 h. The control group consisted of
macrophages that were either untreated or treated with LPS. After dis-
carding the supernatant, extracts from each group of microspheres were
added, and the cells were cultured for an additional 3 days. The super-
natant was collected and centrifuged at 3000 rpm for 10 min and then
mixed with a-MEM in a 1:1 (volume ratio) to obtain the RAW264.7 cells-
microsphere conditional medium. The corresponding extracts were
named R-DMEM, R-PP, R-PPT, and R-MM@PPT.

Microsphere-treated BMSCs Conditional medium: BMSCs were
seeded in 6-well plates, and extracts from each group of microspheres
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were added. The control group consisted of BMSCs cultured in a regular
medium. The supernatant was collected on days 5-7 and centrifuged at
3000 rpm for 10 min to obtain the supernatant. This supernatant was
mixed with fresh DMEM in a 1:1 ratio to generate the BMSCs-
microsphere conditional medium. The corresponding extracts were
named B-MEM, B-PP, B-PPT, and B-MM@PPT.

2.12.2. Immunomodulatory effects of microsphere-treated BMSCs
conditional medium on RAW264.7 cells

RAW?264.7 cells (1 x 10° cells per well) were seeded in 6-well plates
and treated with LPS (100 ng/mL) for 24 h before switching to the
BMSCs-microsphere conditional medium. RAW264.7 cells cultured
without LPS induction in standard culture medium served as a negative
control (B-Control), while RAW264.7 cells in B-MEM medium that were
LPS-induced served as a positive control (B-MEM + LPS). The specific
experimental groups included B-MEM, B-MEM + LPS, B-PP + LPS, B-
PPT + LPS, and B-MM@PPT + LPS. After 3 days of culture, RT-qPCR was
performed to detect the expression of macrophage polarization-related
genes (IL-1, CD206).

For immunofluorescence staining, RAW264.7 cells (5 x 10* cells per
well) were seeded in laser confocal culture dishes. After 3 days of cul-
ture, the cells were washed, fixed, permeabilized, and blocked, followed
by co-incubation with antibodies anti-iNOS (1:50, Proteintech, China),
anti IL-1 (Abcam, UK) and anti-CD206 (Proteintech, China). Confocal
laser scanning microscopy (CLSM) was used for imaging, and ImageJ
was utilized to analyze fluorescence intensity. Total RNA was extracted
from the cells in the 6-well plates and reverse transcribed into cDNA. RT-
gPCR was then conducted on the cDNA samples, with GAPDH used as
the reference gene, to measure the expression levels of IL-1 and CD206.

2.12.3. Regulation of BMSCs osteogenic differentiation by microsphere-
treated RAW264.7 cells-conditional medium

BMSCs (5 x 10* cells per well) were seeded in 24-well plates, and
different osteogenic extracts were added: R-DMEM, R-DMEM + LPS, R-
PPT + LPS, and R-MM@PPT + LPS. After 7 and 14 days, alkaline
phosphatase (ALP) staining, Alizarin Red S (ARS) staining, and RT-qPCR
analysis were performed, with the primer sequences listed in Table S2.
The experiments were repeated three times to ensure the accuracy of the
results, and the relative quantification of gene expression was calculated
using the 2°(-AACt) method.

2.12.4. Inhibition of osteoclast activation by microsphere-treated BMSCs
conditional medium

BMSCs were seeded in 6-well plates, and RANKL (100 ng/mL) was
added to the microsphere extracts. The MEM group without RANKL
served as the negative control, while the MEM + RANKL (100 ng/mL)
group served as the positive control. The specific experimental groups
included B-MEM, B-MEM -+ RANKL, B-PP + RANKL, B-PPT + RANKL,
and B-MM@PPT + RANKL. RAW264.7 cells (3 x 10* cells) were seeded
in 6-well plates and co-cultured with the aforementioned extracts for 4
days. RT-qPCR was performed to assess the expression levels of
osteoclast-related genes (Cathepsin K, TRAP, and MMP9). The primer
sequences are listed in Table S3. Additionally, TRITC-labeled phalloi-
din/DAPI staining was used to observe cell morphology, and images
were taken using a confocal laser scanning microscope (CLSM). Fix the
cells with TRAP fixative at 4 °C for 30 s to 3 min. After washing with
PBS, incubate them in TRAP staining solution and place them in a 37 °C
incubator for 45-60 min under light-protected conditions. Subse-
quently, stain the samples with hematoxylin for 3-5 min, followed by
bluing with tap water.

2.13. Rat periodontitis model
The animal experiments were approved by the Animal Use and

Management Committee of Peking University (LA2024075), and all
procedures complied with institutional animal use guidelines. Twelve
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male Sprague-Dawley rats (5 weeks old, weighing 180-220 g) were
acclimatized in a controlled environment for 1 week and then randomly
divided into four groups: 1) PBS Control Group: Treated with PBS, 2) PP
Group: Treated with PLL-PLGA (PP) microsphere, 3) PPT Group: Treated
with PLL-PLGA/TCP (PPT) microspheres for periodontitis, 4) MM@PPT
Group: Treated with macrophage membrane vesicle-functionalized PLL-
PLGA/TCP (MM@PPT) microspheres.

The rats were anesthetized with isoflurane inhalation, and a 2.0 mm
ligature wire was securely tied around the cervical region of the
maxillary first molar (M1) using a needle holder. The ligature was
checked every 4 days, and LPS (1 mg/mL, 20 pL) was injected into the
palatal gingiva between the first and second molars every 3 days. After 4
weeks, the ligature was removed, and microspheres (10 mg/kg) were
injected into the defect site. At 4 weeks post-surgery, the rats were
euthanized, and the maxillae were fixed in 10 % neutral buffered
formalin. Imaging was performed using Micro-CT, and both 2D and 3D
reconstruction was performed to analyze the distance from the cemen-
toenamel junction to the alveolar bone crest (CEJ-ABC) and bone vol-
ume fraction (BV/TV). The samples were embedded and sliced. H&E
staining, Masson staining, and TRAP staining were conducted to eval-
uate bone tissue formation in the regenerated tissue. Immunohisto-
chemical staining was performed to analyze the expression of OPN and
IL-6 in the slice samples.

2.14. Statistical analysis

Data were collected and analyzed using SPSS 27.0 software. All
quantitative data are expressed as mean =+ standard deviation (SD), with
a sample size of (n > 3). Statistical analyses were performed using one-
way or two-way analysis of variance (ANOVA), followed by Tukey’s
analysis. A significance level of *p < 0.05 was considered statistically
significant, while **p < 0.01, ***p < 0.001, and ****p < 0.0001 were
considered highly significant differences.

3. Results and discussion
3.1. Design and preparation of MM@PPT microspheres

According to previous reports, M1 macrophages express more in-
flammatory factor receptors than MO and M2 macrophages [12].
Therefore, we extracted membrane vesicles from macrophages with
higher cytokine receptor expression levels under two different stimula-
tion methods (LPS and LPS + IFN-y), and the membrane vesicles with
the highest cytokine receptor expression was selected to coat PLL
modified PLGA (PP) and PLGA/B-TCP (PPT) microspheres (Fig. 1A). All
three types of macrophage membrane vesicles (MM) were spherical
(Fig. 1B), while DLS revealed similar size distributions for the three
types of vesicles (Control: 172.85 nm, LPS: 148.58 nm, LPS + IFN-y:
216.36 nm) (Fig. 1C), with zeta potentials of —6.51 mV, —11.96 mV, and
—10.79 mV, respectively (Fig. 1D).

The receptors on the macrophage membrane surface are key com-
ponents in neutralizing inflammatory factors such as IL-6 and TNF-a,
which lead to severe periodontal inflammation and alveolar bone
resorption [33,34]. First, we performed Western blotting and flow
cytometry, and the results showed that under stimulation with LPS +
IFN-y, the macrophage membrane had higher levels of TNF-aR and IL-6R
compared to the LPS and control groups (Fig. 1E-G). To further validate
the ability of various macrophage membrane vesicles to neutralize
pro-inflammatory cytokines, we added different concentrations of
macrophage membrane vesicles (10, 50, 100, and 500 pg/mL) to solu-
tions containing TNF-a or IL-6 and incubated them. The ability of these
MM in neutralizing TNF-a and IL-6 showed a concentration-dependent
manner, and similar to the levels of TNF-aR and IL-6R, LPS + IFN-y
group has a stronger ability to neutralize inflammatory factors and can
remove all the inflammatory factors in 500 pg/mL (Figs. S1 and S2).

The SEM images show that the PPT microspheres are spherical in
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Fig. 1. Characteristics of macrophage membrane vesicles (MM) and MM@PPT. (A) Schematic diagram of the preparation process of MM@PPT.(B) Morphology of
MM observed by transmission electron microscopy (TEM). (Scale bar = 200 nm) (C) NTA analysis of MM and (D) zeta potential analysis. The expression of TNFa-R
and IL-6R on macrophages treated with 100 ng/mL LPS and 100 ng/mL LPS +10 ng/mL IFN-y was evaluated by (E) Western blot, (F) corresponding quantitative
results analyzed by ImageJ (n > 3), and (G) flow cytometry histogram. (H) Fluorescence staining of macrophage membrane vesicle-functionalized PPT observed
under CLSM. PPT: white circle, MM: red. (Scale bar: 10 pm) (n > 3) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

shape with an average diameter of ~15 pm (Fig. S3). Fom 1-4 weeks of
degradation, the surfaces of all groups of microspheres became
increasingly porous, gradually forming collapsed large-pore structures.
During this process, the particle size of all types of microspheres also
gradually decreased with prolonged soaking time. After 28 days of
degradation, all microspheres were still able to maintain their spherical
structure (Fig. S4). Poly-L-lysine (PLL) is commonly used as a coating to
enhance cell adhesion in standard cell culture processes, which is based
on the interaction between the positively charged PLL and negatively
charged cell membrane [29,32]. Here, after PLL modification, which
allows binding to negatively charged macrophage membrane through
electrostatic interaction, enabling the macrophage membrane binding to
microspheres. The FT-IR spectra demonstrated the successful modifi-
cation of PLL. Both PT microspheres and PPT microspheres exhibited

characteristic PLGA peaks around 1750 em~! (C=0 group) and 1260
cm ™! (C-O-C group). In contrast, the PPT microspheres displayed a new
peak around 1540 cm ™!, corresponding to the N-H deformation vibra-
tion peak (Amide II) of PLL molecules (Fig. S5). To evaluate the distri-
bution of MM on PPT, we labeled MM with red fluorescence. The MM
(red) coating on the PPT remained stable, and the microspheres showed
a uniform distribution of MM (Fig. 1H). MM@PPT mimics the size of
macrophages and effectively replicates the critical receptors for
neutralizing inflammatory factors derived from the source macro-
phages, expected to serve as an effective tool for neutralizing inflam-
matory factors to regulate the inflammatory microenvironment in
periodontal tissues.
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3.2. In vitro promotion of the osteogenesis of BMSCs by MM@PPT

The extracted BMSCs were identified with typical morphology and
specific markers (e.g., CD29 and CD90) (Figs. S6 and S7). To evaluate
the effect of MM@PPT on the viability, migration, and osteogenesis of
BMSCs, we collected extracts from different microspheres (PP, PPT, and
MM@PPT) (Fig. 2A). The CCK-8 assay measured the proliferation of
BMSCs in different extracts. From day 1 to day 7, the cells continued to
proliferate under different extracts, with the MM@PPT group displaying
a significantly enhanced proliferation capacity compared to the other
three groups (Fig. 2B). In the meantime, live/dead staining demon-
strated a large number of living cells (green) under the various extracts
(Fig. 2C and S8), indicating excellent cell compatibility for PP, PPT, and
MM@PPT microspheres. Moreover, the morphology of cells in extracts
remained spindle-shaped in all groups (Fig. S9).
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Repairing alveolar bone in periodontitis, especially for in situ bone
regeneration, requires the homing of endogenous cells, which can
further promote tissue remodelling [35-37]. We used wound healing
and Transwell assays (Fig. 2D and E) to evaluate the migration capa-
bility of BMSCs. The standardised repair area in the MM@PPT group
was 84.38 %, with 129 migrating cells per field of view, which was 1.3
times and 2.4 times higher than the Control group, 1.2 times and 2.1
times higher than the PP group, and 1.8 times and 1.1 times higher than
the PPT group, respectively. This indicates that MM@PPT significantly
promotes stem cell migration both horizontally and vertically.

To investigate the effects of MM@PPT on the osteogenesis of BMSCs,
cells were cultured in osteogenic media (OM) containing different
microsphere extracts for 7 and 14 days, followed by ALP, ARS staining
(Fig. 2F) and semi-quantitative analysis (Fig. S10). The ALP and ARS
staining are upregulated in the order of PP < PPT < MM@PPT.

A
.
. a0 Y f
\ ‘a‘-‘° ...
= ce\\‘“‘g ot ® 3
" | X / We LR XS
y Microspheres .
& ’ & p ( *’?g“
[| =52 extracts =39 9P
) | @@ Alp Cr sss
AN | A orq see
. = /\"ss’ ase
PP PPT MM@PPT rBMSCs g
B 1 Control == PP == PPT == MM@PPT c Control MM@PPT
2.5= * ok
2.0
o 1d
3
S 1.5
E 1.0
o
pX
0.5 3d
0.0
1 3 5 7
L s 1 Control == PP 1 Control == PP
Control PPT MM@PPT &£ '™ PPT=mMM@PPT == PPT = MM@PPT
T *%
: $ 100 *kkk —
©
*
T 80 it
2 § 60 ——
g 40
Iy E 20
I i 2 0
F G == PP == PPT mm MM@PPT
- *kk
- = 5 20 Y Bosq*rr g3 B 30— ****
MM@PPT PPT MM@PPT 3 2 - 2 8 —
<15 g 20 < g kK
' [ 2 - -
"~ 1.0 - =
3 3 1.0 3 o
® o S o 10
- g 0s 2 05 2 ®
. £ = = K] =
T , S 0.0 3 0.0 o s 0
e o 7d € 7d 14d 14d
Time(day) Time(day) Time(day) Time(day)

Fig. 2. MM@PPT promotes the proliferation, migration, and osteogenic differentiation of BMSCs. (A) A schematic diagram illustrates the extraction of material
extracts used to study osteogenesis. (B) Quantitative assessment of proliferation capacity through CCK8 test on days 1, 3, 5, and 7. (C) Observation of cell viability
using optical microscopy (OM) and live/dead staining. (Scale bar: 500 pm) (D) Wound healing assay for BMSCs migration (Scale bar: 500 pm) and corresponding
quantitative analysis. (E) Transwell assay for BMSCs cell migration (Scale bar: 200 pm) and corresponding quantitative analysis. (F) ALP and ARS staining (Scale bar:
200 pm). (G) Expression of osteogenic genes (ALP, COL-1) in BMSCs on days 7 and 14. (n > 3) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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MM@PPT induced high expression levels of osteogenesis-related genes
(ALP and COL-I) (Fig. 2G). RT-qPCR results demonstrate that the
expression level of ALP is 1.5 times and 1.8 times higher at 7 days and 14
days in the MM@PPT group compared to the PP group and 1.4 times and
1.3 times higher compared to the PPT group. The expression level of
COL-1 is 1.9 times and 21.1 times higher compared to the PP group.
Although at 7 days, the COL-1 expression in the MM@PPT group shows
no difference compared to the PPT group, it is 1.2 times higher at 14
days. ALP and COL-1 protein expression results are similar to RT-qPCR
(Fig. S11). The ability of MM@PPT to promote cell migration and
osteogenic differentiation can be attributed to two main factors: firstly,
the B-TCP contained in MM@PPT can release Ca%" and PO3~, thereby
enhancing osteogenesis as reported in our previous work [27]; secondly,
besides inflammatory factor receptors, MM also possesses various oste-
ogenic ligands, such as Annexin A1 (ANXA1) and chemokine receptor
CCR2 [38,39].

3.3. In vitro reversal of the inflammatory microenvironment by
MM@PPT

Due to the pro-inflammatory nature of macrophages in the patho-
genesis of periodontitis, their role in the progression of the disease has
garnered considerable attention [40]. To assess the regulatory effects of
MM@PPT on the phenotype and function of pro-inflammatory
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macrophages, we first polarized macrophages to the M1 phenotype and
then treated them with various microsphere extracts. We analyzed the
expression of representative proteins/genes related to inflammatory
regulation in macrophages (Fig. 3A). Macrophages stimulated with LPS
appeared flattened with dispersed cell distribution and numerous
pseudopodia (Fig. 3B). In contrast, macrophages cultured with various
extracts gradually transitioned from pseudopod-like structures and
elongated phenotype to a round morphology with fewer surface pro-
trusions, indicating polarization towards an M2 phenotype. Similarly,
macrophages in DMEM -+ LPS exhibited the strongest green fluorescence
staining for iNOS and IL-1, while staining for CD206 was mainly nega-
tive, indicating M1 macrophage activation, followed by the PP group. In
contrast, the MM@PPT group showed a more pronounced expression of
CD206, followed by the PPT group, indicating enhanced M2 macro-
phage activation (Fig. 3C and D and S12). At the genetic level (Fig. 3E),
MM@PPT group also displayed the most down-regulated pro-in-
flammatory iNOS and IL-1 gene expression and up-regulated anti-in-
flammatory CD206 gene expression, followed by the PPT group and PP
group. These results revealed that the MM@PPT group had the strongest
regulatory effect on the polarization of macrophages to the M2 pheno-
type in the inflammatory environment due the synergistic effect of MM
(LPS + IFN-y) and PTT microspheres. MM@PPT promotes M2 macro-
phage polarization primarily by neutralizing pro-inflammatory cyto-
kines on the macrophage membrane and releasing Ca®" through PPT
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Fig. 3. Effect of MM@PPT on the polarization of RAW264.7 cells. (A) Schematic diagram of cell culture. Macrophages stimulated with LPS were cultured in
microsphere extract for 3 days. (B) Morphology of RAW264.7 cells was observed under a light microscope after 3 days. (Scale bar: 200 pm) (C) CLSM image of iNOS
and CD206 expression in RAW264.7 cells after 3 days. (Scale bar: 25 pm) (D) Quantitative analysis of the immunofluorescence staining intensity of M1 and M2
marker-positive macrophages. (E) mRNA expression levels of IL-1 and CD206 in RAW264.7 cells after 3 days. (n > 3) *p < 0.05, **p < 0.01, ***p < 0.001, ****p

< 0.0001.
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degradation. Specifically, PPT releases p-TCP which increases Ca2*
concentration in the extraction medium [41]. As a key signaling mole-
cule, Ca®" participates in various inflammatory pathways. Notably,
Ca?* can activate the CaSR signaling cascade to promote Wnt5A pro-
duction, which exerts anti-inflammatory effects through dual mecha-
nisms: (1) suppressing TNFa expression via NF-xB inhibition, and (2)
downregulating TNFR1 through the Wnt5a/Ror2 pathway. These co-
ordinated actions collectively promote macrophage polarization to-
wards the M2 phenotype [42].

3.4. MM@PPT regulating osteogenesis-immunomodulation coupling via
cross-culture

The scaffold materials in bone defect sites allow immune cells and
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microenvironment while creating a favorable microenvironment for
tissue  regeneration [43-45]. Therefore, we utilized an
BMSCs-RAW264.7 cells-microsphere cross-culture system to investigate
the regulatory effects of MM@PPT on the crosstalk between macro-
phages and BMSCs.

First, we assessed the impact of the conditional medium of micro-
sphere extracts treated-BMSCs on LPS stimulated macrophages. In the
MM@PPT + LPS group, we observed a decrease in iNOS and IL-1 fluo-
rescence intensity and an increase in CD206 fluorescence intensity,
confirming that MM@PPT promotes macrophage polarization towards
the M2 phenotype. (Fig. 4B and C and S13). The IL-1 mRNA expression
in the MM@PPT + LPS group was 3.25 times lower than the positive
control, while the CD206 mRNA expression was 2.14 times higher than
that of the positive control (Fig. 4D). These compelling results suggest
that MM@PPT can cooperate with BMSCs to inhibit the M1 phenotype
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and effectively promote M2 polarization.

The effects of MM@PPT-mediated RAW264.7 cells on BMSC osteo-
genic response were further investigated. ALP and ARS staining, as well
as RT-qPCR, were performed on days 7 and 14 (Figs. S14-S17). The
results showed that the conditional medium LPS-stimulated RAW264.7
cells significantly inhibited the osteogenesis of BMSCs. However, upon
introducing the RAW264.7 cells-microsphere conditional medium,
higher expression levels of osteogenesis-related genes (RUNX2, BMP-2,
OPN, and ALP) can be detected. These results indicate that MM@PPT
facilitates the collaborative role of macrophages and BMSCs in pro-
moting tissue regeneration in the inflammatory microenvironment.

Maintaining bone tissue homeostasis requires the collaborative ac-
tion of osteoblasts and osteoclasts, and osteoclasts are over-activated in
periodontitis. [46,47]. The extracted microsphere supernatant was
co-cultured with BMSCs and RAW264.7 cells under RANKL stimulation.
Immunofluorescence staining and tartrate resistant acid phosphatase
(TRAP) staing revealed that mature osteoclasts exhibited a multinucle-
ated morphology. B-PP group promote osteoclast differentiation. The
promotion of osteoclast formation in the B-PP group is primarily asso-
ciated with the acidic degradation products of PLGA. PLGA is a biode-
gradable aliphatic amorphous polymer synthesized through the
copolymerization of two monomers: lactic acid (LA) and glycolic acid
(GA) [48]. The acidic degradation products of its monomers and olig-
omers can reduce the local pH both within the scaffold and surrounding
the implantation site. Compared to the positive control group

LPS and
ligature

Alveolar bone resorption |
Gingival swelling
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(B-Control + RANKL), the MM@PPT group displayed the least number
of TRAP-positive multinucleated cells (Fig. 4E), significantly reduced
expression levels of TRAP, matrix metalloproteinase 9 (MMP9), and
Cathepsin K (Fig. 4F). The B-PPT + RANKL group showed slightly less
inhibitory effect on osteoclast maturation compared to the MM@PPT +
RANKL group. Collectively, MM@PPT can inhibit M1 macrophage po-
larization and osteoclast differentiation, favor their polarization to M2,
and enhance the osteogenic differentiation potential of BMSCs, thus
improving the bone immune microenvironment.

3.5. MM@PPT promotes alveolar bone regeneration in a ligature-induced
rat periodontitis model

The scaffold materials in bone defect sites allow immune cells and
BMSCs to work together, regulating the inflammatory microenviron-
ment while creating a favorable microenvironment for tissue regenera-
tion [7,49-51]. Therefore, we utilized a BMSCs-RAW264.7
cells-microsphere cross-culture system to investigate the regulatory ef-
fects of MM@PPT on the crosstalk between macrophages and BMSCs.

In view of the effective role of MM@PPT in regulating macrophages
and BMSCs, we established a rat periodontitis animal model to investi-
gate the in vivo effects of MM@PPT on alveolar bone resorption in
periodontitis. Four weeks post-ligation, we injected PBS, PP, PPT, and
MM@PPT microspheres into the periodontal pockets. Micro-CT analysis
was performed to generate 3D and 2D reconstructed images (Fig. 5B),
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Fig. 5. Assessment of bone regeneration in vivo after 4 weeks of microsphere treatment. (A) Schematic diagram of the maxillary alveolar bone in periodontitis and
three microsphere treatment groups. (B) 3D reconstruction and 2D images after 4 weeks of implantation. (C) H&E staining images (D) CEJ-ABC distance and BV/TV
values. (E) Corresponding buccal bone loss measurement of the maxilla in the control group and the three microsphere treatment groups. *p < 0.05, **p < 0.01, ***p
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followed by quantitative analysis of new bone tissue using BV/TV,
cementoenamel junction (CEJ)-alveolar crest (ABC) measurements and
buccal bone loss. The periodontitis control group showed significant
alveolar bone resorption and root exposure. In contrast, the PPT and
MM@PPT groups exhibited higher alveolar bone levels. The 2D images
further confirmed this trend. Additionally, the CEJ-ABC distance
measured in the 2D images to assess vertical bone resorption was

A
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consistent with the findings from the 3D images. The CEJ-ABC distance
in the PPT and MM@PPT groups was smaller compared to the control
group. The 3D reconstruction of alveolar bone between the first and
second molars revealed that the BV/TV values in the MM@PPT group
was 85.27 %, which was significantly higher than that in the control
(60.49 %), PP(60.96 %), and PPT (75.08 %) groups (Fig. 5D).

We performed H&E staining to elucidate the
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Fig. 6. Histological analysis of bone regeneration in vivo after 4 weeks of microsphere treatment (A) Masson staining. (B) Representative immunohistochemical
staining image of TRAP, OPN and IL-6 (TRAP-positive cells indicated by red arrows). (C) Semiquantitative statistics of TRAP, OPN and IL-6. R: root, AB: alveolar
bone, PDL: periodontal ligament. (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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morphology of the alveolar bone (Fig. 5C and E). The results from H&E
staining indicated a significant reduction in alveolar bone height in the
control group. In contrast, both the PPT and MM@PPT groups showed
repaired alveolar bone compared to the control group, with the
MM@PPT group demonstrating notably higher alveolar bone levels than
the other three groups. Moreover, the arrangement of collagen fibres
between the reconstructed alveolar bone and cementum appeared more
densely packed and organized. The alveolar bone loss height in the
MM@PPT group (277.9 pm) is lower than that in the control group
(611.5 pm), PP group (513.7 pm), and PPT group (323.7 pm).

Masson staining indicated severe degradation of collagen fibres and
tissues in the control group due to inflammatory damage at week 4
(Fig. 6A). The PPT and MM@PPT groups displayed nearly complete
blue-stained collagen fibres, with the majority of newly formed alveolar
bone being mature bone tissue. In addition, TRAP staining revealed a
lower number of TRAP-positive cells in the MM@PPT group compared
to the untreated group. To confirm the bone regenerative effect of the
MM@PPT group, we performed immunohistochemical staining for the
bone formation marker OPN. The PPT and MM@PPT groups exhibited
higher expression and a larger area of deep staining compared to the
control and PP groups. Inmunohistochemical staining for IL-6 revealed
that the PPT group and the MM@PPT group exhibited lower levels of IL-
6 positive expression compared to the periodontitis control group and
the PP group (Fig. 6B and C). These results suggest that MM@PPT en-
hances osteoblast activity while inhibiting osteoclast activation, syner-
gistically improving alveolar bone tissue resorption in periodontitis.

4. Conclusion

In summary, we report the use of macrophage membrane function-
alized PLGA/B-TCP microspheres for inflammation modulation and
enhancement of endogenous bone regeneration in a rat periodontitis
model. We found that macrophage membranes stimulated by LPS and
IFN-y can effectively neutralize inflammatory factors. The MM@PPT
microspheres have the capacity to regulate cellular responses through
various coupling effects, including inhibiting M1 polarization and
osteoclast differentiation, favoring their polarization to M2, and
enhancing the osteogenic differentiation potential of BMSCs even in an
inflammatory microenvironment. Overall, this study not only provides
MM@PPT microspheres for promoting alveolar bone regeneration in
periodontitis but also investigates how these microspheres participate in
regulating cell behavior and interactions. These results offer diverse
therapeutic approaches for more effective alveolar bone repair.
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