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Abstract

Owing to its extremely high prevalence and the distressing consequence of tooth loss, periodontitis has attracted substantial
research attention. In light of these conditions, graphene-based biomaterials have emerged as a potentially promising
approach for periodontal regeneration. This study focuses on the synthesis of polydopamine-coated reduced graphene oxide
(RGO@PDA), designed to harness the anti-inflammatory properties of dopamine and the osteogenic potential of graphene
oxide for synergistic periodontitis treatment. RGO@PDA was synthesized through a 12-h magnetic stirring process of
graphene oxide and dopamine at room temperature. This water-dispersible and biocompatible compound demonstrated
remarkable efficacy in enhancing osteogenic differentiation in rat bone mesenchymal stem cells (rBMSCs), evidenced by
increased alkaline phosphatase activity, mineralization, and the upregulation of osteogenic genes and proteins. Furthermore,
RGO@PDA showed significant capabilities in scavenging reactive oxygen species (ROS) and reducing proinflammatory
factor expression. In vivo experiments revealed that RGO@PDA not only alleviated periodontal inflammation but also
promoted alveolar bone repair in periodontitis-afflicted rats. These findings underscore RGO@PDA’s dual anti-
inflammatory and osteogenic effects, highlighting its potential as a transformative treatment for periodontitis.
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1 Introduction

Periodontitis, a chronic inflammatory condition affecting a
significant portion of the global population, leads to the
progressive deterioration of soft tissue and bone support,
culminating in irreversible tooth loss [1, 2]. Beyond its
localized impact, periodontitis has been increasingly asso-
ciated with systemic conditions such as diabetes, cardio-
vascular diseases, and chronic obstructive pulmonary
disease [3-5]. Despite its prevalence and severity, current
treatment strategies, including subgingival scaling, local
and systemic pharmacotherapy, and various surgical inter-
ventions, fall short of achieving true tissue regeneration.
These approaches primarily aim to control disease pro-
gression rather than restore lost periodontal structures [6].
Furthermore, they are fraught with limitations: subgingival
instrumentation often fails to completely eradicate patho-
genic biofilms, surgical procedures carry inherent risks of
infection, and prolonged antibiotic use may foster microbial
resistance [7-9]. It is widely recognized that oral period-
ontal pathogenic bacteria in dental plaque initiate the dis-
ease, triggering a host immune response characterized by
the upregulation of proinflammatory factors and reactive
oxygen species (ROS), ultimately leading to periodontal
tissue destruction and alveolar bone loss [10]. These chal-
lenges emphasize the critical need for innovative therapies
that not only stop disease progression but also promote
functional periodontal regeneration, addressing both
inflammation and osteogenesis of periodontitis.

As an emerging biomaterial, graphene-based materials
have shown great potential in numerous research fields,
including drug delivery, biosensors, bioimaging, photo-
thermal therapy, and tissue engineering [11-15]. Graphene,
composed of carbon atoms arranged in hexagonal lattices,
exhibits extraordinary physical properties [16]. Derived
from graphene, graphene oxide (GO) is characterized by its
oxygen-rich structure, featuring hydroxyl and epoxide
groups on its surface and carboxyl groups at its edges [17].
These functional groups enable GO to anchor various
metallic nanoparticles and bioactive molecules, thereby
enhancing its versatility [18]. GO and its derivatives have
shown promise in tissue engineering due to their anti-
microbial properties, low cytotoxicity, and regenerative
capabilities [19-23]. Notably, studies have revealed that GO
alone can stimulate the self-renewal and osteogenic differ-
entiation of stem cells [24, 25]. Additionally, combining
GO with osteoinductive materials like calcium phosphates
has been shown to synergistically enhance the differentia-
tion of human mesenchymal stem cells [26]. These findings
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collectively underscore the immense potential of GO and its
derivatives in advancing periodontal regeneration.

While the functional groups of GO confer hydrophilicity,
enabling extensive modifications and diverse applications,
they also contribute to its instability [27, 28]. This
instability often manifests as a color change in GO colloidal
suspensions from light brown to black, due to spontaneous
reactions even under ambient conditions. Reduced graphene
oxide (RGO) overcomes this limitation, offering improved
structural stability [29]. The reduction degree of RGO can
be precisely controlled by adjusting reaction parameters,
such as the type of reducing agent and temperature,
allowing for a tailored balance between surface functional
groups and material properties. This balance not only meets
the multifunctional demands of advanced materials but also
provides a critical foundation for the development of high-
performance composites, enhancing RGO’s versatility for
innovative applications [30].

Dopamine (DA) is a structurally simple, small-molecule
compound synthesized through specific enzymatic reactions
from L-tyrosine. Its synthesis begins with the conversion of
L-tyrosine to 3,4-dihydroxy-L-phenylalanine (L-DOPA)
under the action of tyrosine hydroxylase. Subsequently,
L-DOPA undergoes decarboxylation catalyzed by DOPA
decarboxylase, ultimately forming DA [31]. Notably, when
a substrate is immersed in a dilute aqueous DA solution
under alkaline conditions, DA undergoes self-
polymerization and can adhere to virtually any substrate
surface, forming a uniform and thin polydopamine (PDA)
film [32]. This property endows it with broad application
potential in materials science and biomedical fields. Beyond
its adhesive qualities, DA has also demonstrated significant
anti-inflammatory potential. Several researches indicate that
DA can elevate intracellular cAMP levels, inhibit inflam-
matory pathways through D1 receptors, and thereby exert
anti-inflammatory effects [33, 34]. Additionally, DA acts as
an effective scavenger of reactive oxygen species (ROS),
primarily due to the catechol groups in its chemical struc-
ture, further highlighting its therapeutic potential [35, 36].

Given the osteogenic potential of RGO and the anti-
inflammatory properties of DA, we hypothesize that
polydopamine-coated RGO could integrate the advantages
of both materials, offering an effective solution for the
treatment of periodontitis. In this study, we successfully
synthesized polydopamine-coated reduced graphene oxide
(RGO@PDA) through 12h of magnetic stirring. Compre-
hensive in vitro experiments were conducted to evaluate its
biocompatibility, osteogenic capacity, ROS scavenging
ability, and anti-inflammatory effects. Additionally, in vivo
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studies were performed by injecting RGO@PDA into the
subgingival sulcus of rats with periodontitis. The results
demonstrate the significant potential of RGO@PDA as an
innovative therapeutic strategy for periodontitis, holding
promise for breakthroughs in clinical treatment.

2 Materials and methods
2.1 Synthesis of RGO@PDA

Single-layer GO was purchased from Macklin (China).
Dopamine hydrochloride (DA-HCI, purity >98%) was
purchased from Aladdin (China). Briefly, The GO was
dispersed by sonication for 30 min under low temperature.
Then the dispersed GO and DA were dissolved in Tris-HCL
buffer (10 mM, pH 8.5, adjusted by NaOH). To obtain the
PDA-coated RGO, the mixture was magnetically stirred for
12 h at room temperature. The solution was then centrifuged
at 6000 rpm for 10 min, and the supernatant was discarded,
and the resultant mixture was washed three times with
deionized water to remove the unpolymerized DA using
centrifugation at room temperature. The final concentration
of GO was 1 mg/ml, and the DA concentrations were 1 mg/
ml, 2mg/ml, S5mg/ml, and 10mg/ml, respectively.
According to different DA/GO ratios, we described differ-
ent samples as RGO-PDA-1, RGO-PDA-2, RGO-PDA-5,
and RGO-PDA-10.

2.2 Characterization of RGO@PDA

The RGO@PDA solutions with different DA/GO feeding
ratios were left to stand at room temperature for 30 min, and
photographs were taken and recorded at two time points,
O min and 30 min, respectively to tested the water disper-
sion. The shape and morphologies of GO and RGO@PDA
were observed by making use of a scanning electron
microscope (SEM; Gemini 300, Germany) and a transmis-
sion electron microscope (TEM; Hitachi, Japan). The che-
mical states of the materials were investigated by Fourier
transform infrared spectroscopy (FT-IR; NICOLET iS50,
USA), Raman spectroscopy (LabRAM HR Evolution,
France), and X-ray photoelectron spectroscopy (XPS; K-
ALPHA, USA).

2.3 Cell viability

Cytotoxicity analysis was performed using a Cell Counting
Kit-8 (CCK-8). Briefly, rat bone marrow mesenchymal stem
cells (rBMSCs) were extracted from two-week-old
Sprague—Dawley (SD) rats. Then, the isolated rBMSCs
were plated in a 96-well microplate at a density of 5 x 10°

per well. The cells were cultured in a-MEM with 10% FBS
and 1% penicillin/streptomycin solution. After 24 h, the
medium was replaced with conditioned mediums con-
taining 0, 0.1, 1, 10, and 100ug/mL RGO@PDA,
respectively. At the end of three intervals (1, 3, and
5 days), the appropriate amount of CCK-8 solution
(Sigma-Aldrich, USA) was added to the medium. After
1h, the optical density (OD) value of each well was
recorded using a microplate reader (Varioskan LUX,
USA) at 450 nm wavelength. Besides, the biocompat-
ibility of RGO@PDA was also measured using a calcein
AM/pi kit (Biosience, China). First, the rBMSCs were
plated in a 24-well microplate at a density of 2 x 10* per
well. After 24 h, the medium was replaced with condi-
tioned mediums containing different concentrations of
RGO@PDA. After 1, 3, and 5 days, 500 ul a-MEM with
the calcein AM and Propidium Iodide replaced the old
medium. After incubating for 15 min, each well was
observed by a fluorescence Microscope (Olympus, Japan).

2.4 ALP and ARS assay

Alkaline phosphatase assay kit (Beyotime, China) was used
for ALP assay, and OD values were measured using a
microplate reader at 405 nm. As well, NBT/BCIP staining
kit (Beyotime, China) was used for ALP staining on day 7.
Furthermore, alizarin red S (ARS) assay was performed on
day 21. Briefly, -BMSCs were fixed for 30 min with 1 mL
4% neutral formaldehyde solution and then were washed
with PBS. Then, 1 mL 1% ARS (Beyotime, China) was
added to each well for 5 min. Finally, the plate was washed
three times with PBS. To quantify the calcification, 10%
CPC was used to desorb calcium ions, and OD values were
measured using a microplate reader at 540 nm.

2.5 Intracellular ROS scavenging

The ROS scavenging assay was performed using a ROS
assay kit (Beyotime, Shanghai, China). RAW264.7 cells
(obtained from the West China Hospital of Stomatology,
Sichuan University) were cultured in DMEM with 10%
FBS and 1% penicillin/streptomycin solution and plated in
24-well plates (105/We11). After 12 h, the mediums were
replaced with GO and RGO@PDA for 4 h. Then, cells were
washed with PBS, and Rosup (150 mg/mL) was added in
the medium for 30 min. To determine the ROS, the cell
mediums were replaced with 2',7" - dichlorofluorescein
diacetate (DCFH-DA), followed by incubation for 20 min at
37°C and protected from light. Fluorescence microscopy
images were recorded on a Leica imaging system. For the
quantitative results, cells were detected using the Attune
NxT Flow Cytometer.
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Table 1 Primer sequences

Gene Forward sequence Reverse sequence

ALP GGATCAAAGCAGCATCTTACCAG GCTTTCCCATCTTCCGACACT
Runx2 CAGACCAGCAGCACTCCATA GCTTCCATCAGCGTCAACAC
OCN GAGGACCCTCTCTCTGCTCA GGTAGCGCCGGAGTCTATTC
COL1A1 AGAGGCATAAAGGGTCATCGTG AGACCGTTGAGTCCATCTTTGC
IL-6 TTCACAAGTCGGAGGCTTA CAAGTGCATCATCGTTGTTC
IL-1B TGGTGTGTGACGTTCCC TGTCCATTGAGGTGGAGAG
TNF-a CGCTGAGGTCAATCTGC GGCTGGGTAGAGAATGGA
iNOS ACGCTTCACTTCCAATGCAAC CAGCCTCATGGTAAACACGTTC
GAPDH GACCCCTTCATTGACCTCAAC CTTCTCCATGGTGGTGAAGA

2.6 RNA isolation and gene expression evaluation
(real-time PCR)

RT-qPCR was used to evaluate the expression level of
specific genes associated with osteogenesis and inflamma-
tion. After certain incubation times, RNA was extracted
using the TRIzol reagent (Invitrogen, USA). Then, the
cDNA was synthesized using the PrimeScript RT Reagent
Kit. Subsequent RT-qPCR analysis was performed with the
SYBR Premix Ex Taq II (Takara, Japan). The expression of
mRNAs was normalized to the housekeeping gene
GAPDH. Table 1 presents the primer sequences used in this
study.

2.7 Western blot

The proteins were tested by Western blot (WB). Proteins
were extracted using RIPA buffer (Beyotime, China) and
measured using the BCA Protein Assay Kit (Beyotime,
China). Equal quantities of protein samples were resolved
by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred to poly (vinylidene
fluoride) membranes (Millipore, USA), and blocked with
5% bovine serum albumin (BSA) for 1h at room tem-
perature. ALP (1:500, ET1601-21, Huabio, Hangzhou,
China), Runx2 (1:500, ET1612-47, Huabio, Hangzhou,
China), and GAPDH (1:10000; ER1706-83, Huabio,
Hangzhou, China) antibodies were applied overnight at
4 °C. Following that, the blots were incubated with sec-
ondary antibodies at room temperature for 1 h. Images were
observed by using the enhanced chemiluminescence (ECL)
and the ChemiDoc™ Imaging System (Bio-Rad, California,
USA).

2.8 In vivo establishment of rat periodontitis
Twelve 8-week-old male Sprague-Dawley (SD) rats were
obtained from the West China Hospital of Stomatology,

Sichuan University. All surgical procedures were performed
under general anesthesia induced by intraperitoneal
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injection of 1% pentobarbital. Periodontitis was induced as
previously described. Briefly, 0.2 mm diameter steel wire
was tied around the maxillary second molar and inserted
into the gingival sulcus for 3 consecutive weeks to prepare
for treatment. Additionally, LPS was applied every 3 days
in the gingival sulcus of the maxillary second molars. Then,
GO and RGO@PDA were injected in the gingival sulcus
every other day for 4-week treatment. Healthy rats without
ligature and treatment were recognized as control group
while rats with ligature but without treatment were recog-
nized as periodontitis group.

2.9 Micro-CT analysis

The harvested maxillae were scanned by the micro-CT
50 system (SCANCO Medical, Switzerland; 70kV,
200 mA, 10 um resolution). Three-dimensional (3D) images
of the samples were reconstructed and segmented using the
micro-CT system software. The distance of linear alveolar
bone loss (ABL) was measured from the cementoenamel
junctions (CEJ) to alveolar bone crest (ABC) using Image J
software (National Institutes of Health, Bethesda, MS,
USA). Besides, bone-related parameter analysis was con-
ducted by choosing the inter-radicular region of the dis-
tobuccal root of the M1 and the mesiobuccal root of the M2
as the region of interest (ROI), avoiding roots and other
structures. A 60-slice volume was constructed in each
sample. The bone volume/tissue volume ratio (BV/TV),
trabecular thickness (Tb. Th.), and trabecular separation
(Tb. Sp.) of the ROI were measured using SCANCO Eva-
luation software.

2.10 Histological staining, Masson’s trichrome
staining, and TRAP staining

Briefly, the major internal organs (heart, liver, spleen,
lungs and kidneys) and maxillary tissue samples were
soaked in 4% neutral buffered formalin, decalcified with
EDTA, embedded in paraffin, and sectioned at a thickness
of Sum for hematoxylin—eosin (H&E), Masson’s
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Fig. 1 Schematic illustration of the preparation of the RGO@PDA

trichrome and tartrate resistant acid phosphatase (TRAP)
staining.

2.11 Immunohistochemical analysis

For THC analysis, antibodies of TNF-a and Runx2 were
used for overnight incubation at 4 °C with the sections. The
integrated OD (IOD) and the area of positive expression
were analyzed by the Image J software. The mean intensity
was calculated with the following formula: Intensity =
I0D/Area.

2.12 Statistical Analysis

This study’s data were expressed as the mean + standard
deviation calculated from three independent experiments.
All results were analyzed by a one-way analysis of var-
iance (ANOVA) accompanied by Tukey’s post hoc test.
Differences were assumed to be statistically significant
when P <0.05. The SPSS software package (Chicago, IL,
USA) was used to analyze the data.

3 Results
3.1 Synthesis of RGO@PDA
RGO @PDA was synthesized by stirring the mixed solution

(Fig. 1). Specifically, GO was partly reduced into RGO by
DA, and then DA spontaneously polymerized and self-
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@x —

HO
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>
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assembled on the RGO surface, resulting in the final
RGO@PDA.

3.2 The water dispersibility of RGO@PDA

As seen in Fig. 2A, after magnetically stirring for 12 h at
room temperature, the yellow-brown GO dispersion turned
dark black. The change of color was caused by the reduc-
tion of GO. The results of water dispersion showed that
after 30 min, RGO-PDA-1 and RGO-PDA-2 were still
dispersed in deionized water, while RGO-PDA-5 and RGO-
PDA-10 were observed with aggregation and precipitation
(Fig. 2B).

3.3 FITR spectroscopy of RGO@PDA

As shown in Fig. 2C, GO showed four typical bands at
1719, 1618, 1114, and 1046 cm™', which were attributed
to the C=0 carboxyl stretching, aromatic C=C stretching,
asymmetric and symmetric C-O stretching, respectively.
In contrast, RGO-PDA showed a characteristic band at
3230 cm™', which corresponded to the N-H bond of PDA.
Besides, the bands at 1500 and 1286 cm ™! were attributed
to the stretching vibration of aromatic N-H and C-H. The
appearance of these characteristic bands infirmed that
PDA was self-polymerized onto the surface of GO. In
addition, due to excessive content of PDA, the bands
corresponding to C-N and N-H stretching vibrations
became stronger in the RGO-PDA-5 and RGO-PDA-10
groups while the peaks of C=0 were reduced distinctly.
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Fig. 2 Characterization of RGO@PDA. A Photographs of GO and
RGO@PDA. B Digital images of RGO@PDA with different DA/GO
ratios dispersed in deionized water after 30 min. C FTIR spectra and

3.4 Raman spectroscopy of RGO@PDA

As seen in Fig. 2D, all samples showed two distinct
absorption peaks around 1350 and 1580cm™!, which
were the D band formed by the vibration of defect-
induced sp® carbon atoms and the G band representing the
sp? carbon atoms in graphene, respectively. The intensity
ratio of the D and G bands (Ip/Ig) is used to determine the
degree of defects for graphene-based materials. Com-
pared with GO, the Ip/Ig ratios of RGO-PDA groups were
slightly increased. This may be due to the n-n conjuga-
tion effect between DA and GO, which increased the
surface disorder of GO and lead to carbon defects.
However, the Ip/Ig ratios among GO, RGO@PDA-1, and
RGO@PDA-2 are still very close, indicating that the
basic structure and properties of graphene sheets are
preserved.

3.5 SEM and TEM of RGO@PDA
Figure 2E shows the SEM images of both materials,

respectively. GO showed a closely packed lamellar structure
and a flaky texture. The RGO@PDA contained several
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Raman Shift (cm™)

Binding energy (eV)

D Raman spectra of GO and RGO@PDA with different DA/GO ratios.
E SEM and F TEM images of GO and RGO@PDA. G XPS spectra of
GO and RGO@PDA

layers of aggregated and square-shaped crumpled sheets
closely associated with each other to form a continuous
conducting network. Figure 2F shows the TEM images of
both materials, respectively. GO had a transparent thin sheet
structure, which seemed like a wrinkled veil. On the con-
trary, RGO@PDA exhibited dense and opaque surface.
Compared to GO, the opacity of RGO@PDA was changed,
and the edges of RGO@PDA were much fuzzy, suggesting
the coating of PDA layer on GO sheet.

3.6 XPS spectroscopy of RGO@PDA

As seen in Fig. 2G, GO and RGO@PDA both exhibited
peaks at 285 and 531eV, attributing to Cls and Ols,
respectively, while RGO@PDA clearly showed Nls peaks
with a binding energy of 400 eV, which indicated that DA
was successfully modified on the surface of GO surface.

3.7 Cell viability assay and hemocompatibility
property of RGO@PDA

As shown in Fig. 3A, on the first day, the cell viability of
rBMSCs fell sharply when the concentration of
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Fig. 3 Biocompatibility of RGO@PDA. A CCK-8 assay of rBMSCs
treated with RGO@PDA. Cells without RGO@PDA served as a control.
B Live/Dead staining of rBMSCs. Green fluorescence: Calcein AM

RGO@PDA was 100 pg/ml. On the fifth day, there was
an obvious difference in OD values between the control
group and RGO@PDA group with a concentration of
10 ug/ml. RGO@PDA maintained remarkable bio-
compatibility during the five days when the final con-
centration was <1pg/ml. The merged fluorescent
microscopy images (Fig. 3B) showed that rBMSCs
exhibited strong green fluorescence when the concentra-
tion of RGO@PDA was <1 pg/ml at every timepoint,
suggesting that cells were viable under the concentration.
The results of CCK-8 and fluorescent microscopy indi-
cated RGO@PDA was biocompatible when the con-
centration was <l pug/ml. RGO@PDA with all
concentrations showed a low hemolysis rate, suggesting

represented live cells; red fluorescence: PI represented dead cells. Scale bar:
400 um. C Hemolysis assay of RGO@PDA. All data are presented as
mean + SD (n = 3). Statistical analysis: *P < 0.05; **P <0.01; ***P < 0.001

RGO@PDA could be in contact with blood for a long
period of time. (Fig. 3C).

3.8 The optimal concentration of RGO@PDA for ALP
activity of rBMSCs

As seen in Fig. S1, compared with the control group, which
was without RGO@PDA, rBMSCs cultured with 0.1 and
1 ug/ml RGO@PDA demonstrated significantly increased
alkaline phosphatase (ALP) activity. However, with the fur-
ther increase of the concentration, ALP activity decreased
instead, which might be the fact that high concentration of
RGO@PDA inhibited the growth of rBMSCs. Consequently,
we chose 1 ug/ml RGO@PDA for subsequent experiments.
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Fig. 4 RGO@PDA induced osteogenic differentiation of rBMSCs.
A, B ALP staining and ALP activity quantitative analyzes of rBMSCs
after 7 days cultured with GO or RGO@PDA. Scale bar: 1 um.
C, D ARS staining and quantitative analyzes of BMSCs after 21 days

3.9 Effect of RGO@PDA on the ALP staining and ARS
staining of rBMSCs

The results of ALP staining and activity assay showed that
both RGO@PDA and GO could act synergistically with
osteogenesis-inducing medium to promote the expression of
ALP in rBMSCs, while the area of the blue NBT-formazan
(which is catalyzed by ALP) in the RGO@PDA group was
larger than that of the GO group at day 7 (Fig. 4A, B).

The ARS staining results are shown in Fig. 4C, D, a large
area of deep red calcium nodule deposits was seen in the
RGO@PDA group, while the calcium nodule deposits of
the GO group were significantly smaller. The control group
had only a few calcium nodule deposits. The results of ARS
semi-quantitative analysis were consistent with those of
ARS staining.

3.10 The expression of osteogenic-related genes
and proteins of rBMSCs

Compared with the other two groups, all kinds of osteo-
genic genes were significantly up-regulated in the
RGO@PDA group (Fig. 4E). There was no significant
difference in the gene expression level of OCN between
RGO @PDA group and GO group. Although GO could also
promote the osteogenic differentiation of rBMSCs, the
promoting effect of RGO@PDA on the osteogenic
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differentiation of rBMSCs was more remarkable. The
results of western blot showed that the protein expressions
of ALP and RUNX2 in rBMSCs treated with RGO@PDA
were increased significantly compared with the control
group (Fig. 4F, G).

3.11 Intracellular ROS scavenging and anti-
inflammatory effects of RGO@PDA

After being stimulated by Rosup, obvious green fluores-
cence could be observed in the positive control group,
which implied the successful establishment of the oxidative
stress model (Fig. 5A). Compared to the positive control
group, RGO@PDA effectively reduced ROS with the
lowest fluorescence intensity. As shown in Fig. 5B, the
ROS positivity of the GO in RAW?264.7 was 68.7% while
the ROS positivity was reduced to 49.2% in the
RGO@PDA group.

The results of the CCK-8 test verified the effectiveness of
RGO@PDA in preventing cell damage from oxidative
stress. After being stimulated by H,0,, the cell viability
decreased to 60.28% (Fig. 5C). In contrast, the cell viability
was recovered to 75.95% by GO and to 88.61% by
RGO@PDA.

The RT-qPCR results showed that RGO@PDA sig-
nificantly downregulated the expression of inflammatory
factors after lipopolysaccharide (LPS) stimulation.
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<« Fig. 5 ROS scavenging and anti-inflammatory effects of RGO@PDA.

A (Fluorescence imaging of intracellular ROS scavenging capacity.
Green fluorescence: DCFH-DA labels the intracellular ROS. Scale bar:
400 pm. B Flow cytometry of the intracellular ROS levels of
RAW264.7 cells treated with GO or RGO@PDA. A negative control
consists of cells without Rosup stimulation and without treatment,
while a positive control contains cells with Rosup stimulation but
without treatment. C Cytoprotective properties under oxidative stress
(750 uM H,0,) examined by CCK-8 assay. All data are presented as
mean+SD (n=3). D The qPCR results of inflammation-related
cytokines of Raw264.7 cells pretreated with GO or RGO@PDA. All
data are presented as mean = SD (n = 3). Statistical analysis: NS non-
significant; *P <0.05; **P <0.01; ***P <0.001

Although both RGO@PDA and GO reduced the expression
of the inflammatory factors, RGO@PDA inhibited the
mRNA expression of IL-6, TNF-a, and iNOS more sig-
nificantly than GO (Fig. 5D-F).

3.12 Micro-CT analysis

The rat periodontitis models were established by ortho-
dontic wire ligation and LPS, then we injected the rats with
RGO@PDA for therapy (Fig. 6A, B).

3D Micro-CT reconstruction was performed to detect the
periodontal destruction at 4 weeks post-surgery. The
amount of bone loss was represented as the linear distance
between the distal cementoenamel junction (CEJ) of the
second molar and the apex of the alveolar ridge (ABC). As
shown in Fig. 6C, orthodontic wire ligation successfully
induced periodontitis in rats and resulted in considerable
bone loss, with the RGO@PDA group showing greater
difference in the CEJ-ABC distance than the periodontitis
group (Fig. 6D). The quantitative results of BV/TV ratio,
trabecula separation (Tb.Sp.) trabecula thickness (Tb.Th.)
and indicated that RGO@PDA significantly suppressed
bone osteolysis and improved bone reconstruction (Fig.
6E-G).

3.13 H&E staining, Masson'’s trichrome staining and
TRAP staining

H&E staining and Masson’s trichrome staining were seen in
Fig. 7A, B. The periodontitis group experienced a thickened
epithelium layer, increased inflammatory cell infiltration
(black triangle in Fig. 7A), degraded fibers, and alveolar
bone loss. In contrast, although the GO group showed
confined inflammatory lesions and fewer inflammatory
cells, the RGO@PDA group showed the least inflammatory
infiltration and most reduced height of alveolar bone with
more orderly-arranged periodontal fibers tightly adhering to
the bone surface (Fig. 7B), indicating an obvious ther-
apeutic effect in periodontitis.

TRAP staining was were showed in Fig. 7C. A decreased
number of TRAP-positive cells (black arrows in Fig. 7C)
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along the alveolar bone surface were observed in
RGO@PDA group, demonstrating an obvious inhibition of
osteoclast activity.

In addition, we collected the hearts, livers, spleens,
lungs, and kidneys of rats to evaluate the long-term toxicity
of RGO@PDA via local subgingival administration on
these organs by H&E staining (Fig. S2). The results showed
no histological differences between the healthy and
RGO@PDA groups.

3.14 Immunohistochemical analysis

The results of immunohistochemical analysis showed that
the periodontitis group possessed a large area of deep
staining for the inflammatory factor TNF-o while the
stained area of the RGO@PDA group seemed confined and
light (Fig. 8A), which was in accordance with the quanti-
tative results (Fig. 8B). Moreover, compared to the peri-
odontitis and GO groups, the RGO@PDA group exhibited
the highest immunostaining of Runx2 (Fig. 8C, D).

4 Discussion

The progression of periodontitis is a dynamic and intricate
process involving multiple mechanisms, including oxidative
stress, inflammatory responses, and immune regulation. In
this study, we successfully synthesized RGO@PDA using a
straightforward and efficient magnetic stirring method.
During this process, GO was reduced to RGO by the
catechol moieties of DA, and then DA spontaneously
polymerized and self-assembled into PDA on the surface of
RGO. As the PDA clusters continued to grow and aggre-
gate, the final dark black RGO@PDA composite was
obtained [37].

To determine the optimal DA/GO ratio for synthesizing
RGO@PDA, we evaluated the water dispersibility and
physicochemical properties of RGO@PDA prepared at
different DA/GO ratios (1:1, 2:1, 5:1, and 10:1). The results
revealed that RGO@PDA-2, compared to RGO@PDA-5
and RGO @PDA-10, retained the fundamental structure and
properties of GO while exhibiting excellent water dis-
persibility. Furthermore, RGO@PDA-2 incorporated more
DA than RGO@PDA-1, enhancing the synergistic effects
of DA and GO. These findings align with the research of Jia
et al. [38], which also confirmed that a DA/GO ratio of 2:1
yields RGO@PDA with superior physicochemical proper-
ties and biological functionality. Thus, a DA/GO ratio of
2:1 was identified as the optimal condition for synthesizing
RGO@PDA.

Therefore, a DA/GO ratio of 2:1 was selected for all
subsequent experiments (unless otherwise specified,
RGO@PDA refers to the material synthesized with a DA/
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Fig. 6 In vivo periodontitis model establishment and MicroCT results.
A Schematic illustration of the timeline began with 3 weeks of
experimental periodontitis, followed 4-week local administration of
RGO@PDA in rats. B Orthodontic ligature wire (diameter = 0.2 mm)
was inserted around second molar and treatment of periodontal tissues

GO ratio of 2:1). The successful coating of PDA on RGO
was confirmed by FTIR spectroscopy. As shown in Fig. 2C,
GO exhibited characteristic peaks at 1719cm™!' (C=0
stretching of carboxyl groups), 1618 cm™" (C=C skeletal
vibration of sp? carbon domains), 1114 em™! (C-O-C
asymmetric stretching of epoxide groups), and 1046 cm™!
(C-OH stretching of hydroxyl groups). In contrast,
RGO@PDA showed a broad peak at 3230 cm™ !, corre-
sponding to N-H stretching vibrations from PDA, along
with new peaks at 1500 cm ™! (attributed to C =N stretch-
ing of quinone-imine structures in PDA) and 1286 cm™!
(C-N-C stretching in PDA backbone). The disappearance of
GO’ s C=0 (1719 cm™') and C-O-C (1114 cm™") peaks,
coupled with the emergence of PDA-specific signals,

around the ligature side of maxillary molars, 100 uL per site. C Micro-
CT results. D CEJ-ABC distance. (E) BV/TV, (F)Tb.sp., and G Tb.th.
calculated by micro-CT images. All data are presented as mean + SD
(n = 3). Statistical analysis: NS non-significant; *P <0.05; **P <0.01;
4P < 0.001

confirmed the reduction of GO to RGO and the self-
polymerization of PDA on its surface [39, 40]. XPS analysis
(Fig. 2G) confirmed the presence of nitrogen in
RGO@PDA, with a prominent NIs peak centered at
400eV. The Nls peak may have three components:
399.3eV (amine groups, -NH—/-NH,), 400.5eV (proto-
nated amines, -NH"=), and 401.8eV (quinone-imine
groups, —N=), consistent with the chemical structure of
PDA [41, 42]. The absence of nitrogen signals in pristine
GO further validates the successful coating of PDA
on RGO.

The excellent water dispersibility of RGO@PDA was
evidenced by its homogeneous distribution in PBS with no
visible sedimentation over 30 min (Fig. 2B), indicating
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Fig. 7 Histological staining of maxillary alveolar bone. A H&E staining. The black triangles indicate the immune cells. B Masson staining.
C Tartrate-resistant acid phosphatase (TRAP) staining. The black arrows indicate TRAP-positive (stained red) cells

excellent stability in physiological environments. SEM and
TEM images further confirmed the uniform dispersion of
RGO@PDA as individual nanosheets (Fig. 2E), with PDA
coating effectively smoothing the sharp edges of RGO (Fig.
2F). This morphological feature minimizes the risk of

@ Springer

cellular membrane damage caused by aggregated or sharp-
edged particles, thereby supporting its biocompatibility
[43, 44]. Although SEM and TEM images were obtained in
the dry state, prior studies have demonstrated that such
structural characteristics strongly correlate with dispersion
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A

Control
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Fig. 8 Representative images of immunohistochemical staining of
TNF-a (A) and corresponding quantitative results (B). Representative
images of immunohistochemical staining of RUNX2 (C) and

behavior in hydrated conditions [45]. Overall, RGO@PDA
stands out for its simple composition and straightforward
preparation process, which eliminates the need for addi-
tional chemical cross-linking agents. Its excellent water
dispersibility and physicochemical properties further
underscore its potential as a highly promising biomaterial
for diverse applications.

Then, we evaluated the cytotoxicity of RGO@PDA. The
differentiation potential of mesenchymal stem cells (MSCs)
has garnered significant global attention, with prior resear-
ches indicating their promise as an effective approach for
periodontal regenerative therapy [46, 47]. Therefore, char-
acterizing and modifying biomaterials that can influence the
osteogenic differentiation of MSCs holds great significance
for bone tissue regeneration. Given the ease of obtaining rat
bone marrow mesenchymal stem cells (rBMSCs) and their
similarity to human mesenchymal stem cells (hMSCs), we
selected rBMSCs for in vitro experiments. Using CCK-8
assays and fluorescence microscopy, we found that
RGO@PDA exhibited biocompatibility at concentrations
<1 pg/mL. However, RGO@PDA demonstrated dose-
dependent cytotoxicity, which is attributed to the gra-
phene oxide nanosheets. Numerous studies have reported
the cytotoxic effects of graphene oxide at high concentra-
tions [48-51]. PDA-coating promoted cell adhesion and
proliferation on substrates as compared to the pristine
substrates [52], so it’s reasonable to assume that the coating
of PDA could enhance the biocompatibility of GO. These
findings highlight the importance of optimizing
RGO@PDA concentrations to balance biocompatibility and
therapeutic efficacy.
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corresponding quantitative results (D). All data are presented as
mean + SD (n = 3). Statistical analysis: NS non-significant; *P <0.05;
**P<0.01; ***P <0.001

Next, we compared the osteogenic differentiation
between GO and RGO@PDA. The expression and activity
of ALP are closely associated with the osteogenic differ-
entiation of BMSCs and serve as a crucial component in the
early formation of bone tissue [53]. So we identified the
optimal concentration of RGO@PDA that most favorably
promotes the osteogenic differentiation of rBMSCs through
ALP activity assays. This optimal concentration, deter-
mined to be 1 pug/mL, was subsequently used for both
RGO@PDA and GO in the following experiments.

Subsequently, ALP staining and activity assays revealed
that both RGO@PDA and GO could synergize with
osteogenic induction medium to enhance ALP expression in
rBMSCs. Notably, on day 7, RGO@PDA demonstrated a
superior ability to promote ALP formation compared to the
GO group and the control group, indicating that
RGO@PDA actively participates in the early osteogenic
differentiation of rBMSCs. In the later stages of osteogen-
esis, cell mineralization occurs, and calcium nodules begin
to deposit [54]. As a significant marker of mature osteoblast
differentiation, calcium nodules not only represent the pri-
mary morphological feature of osteoblasts performing their
function but also reflect the activity and functional state of
osteoblasts. ARS specifically reacts with calcium nodules to
form a vivid orange-red or deep red complex, commonly
used to indicate the formation and distribution of calcium
nodules. ARS staining and quantitative analysis showed
that, compared to the control group, the RGO@PDA group
exhibited larger, darker, and more numerous calcium
nodules, underscoring the role of RGO@PDA in promoting
late-stage osteogenesis in rBMSCs.

@ Springer



51 Page 14 of 18

Journal of Materials Science: Materials in Medicine (2025)36:51

To further evaluate the osteo-inductive effects of
RGO@PDA at gene level, we examined the expression of
osteogenic-related genes by RT-qPCR. ALP, COLIAI,
RUNX2, BMP2, and OCN all act as regulatory factors
involved in bone formation [55]. Compared with the other
two groups, all kinds of osteogenic genes were significantly
up-regulated in the RGO@PDA group. This result further
indicated that RGO@PDA could promote osteogenic dif-
ferentiation of IBMSC:s. It was noteworthy that there was no
statistically significant difference in the gene expression
level of OCN between RGO@PDA group and GO group.
The reason for this might be that as early as day 7, rBMSCs
probably had not yet entered the late stage of osteogenic
differentiation, and OCN was not yet fully expressed. In
addition, we also explored the effect of RGO@PDA on
osteogenic differentiation of rBMSCs at protein level, and
the results showed the same trend as gene levels.

Many studies have shown elevated levels of oxidative
stress markers in periodontitis patients compared to healthy
patients, which emphasized the link between oxidative
stress and periodontitis [56, 57]. It has been reported that
GO exhibits significant antioxidant properties by scaven-
ging hydroxyl and superoxide radicals, thereby protecting
various biological target molecules from oxidation. The
antioxidant performance of GO is primarily associated with
the sp> carbon atoms on the graphene surface [58]. In
addition, PDA can exert antioxidant capabilities through the
catechol groups in its chemical structure, enabling it to
scavenge free radicals under oxidative stress micro-
environments [59]. Since RGO@PDA retains the sp2 car-
bon atoms of GO and provides a platform for the self-
polymerization of DA into PDA, it is reasonable to consider
that RGO@PDA possesses certain antioxidant capabilities.
Our experimental results confirmed that, compared to GO,
RGO@PDA exhibited significant ROS scavenging ability,
and the CCK-8 results demonstrated that RGO @PDA had a
protective effect on RAW264.7 cells under oxidative stress
conditions, which both proving the antioxidant capacity of
RGO@PDA.

Apart from ROS, inflammatory factors secreted by
macrophages are closely associated with the acute inflam-
matory response and tissue destruction [60]. During the
active phase of periodontitis, there is a significant accu-
multion of inflammatory mediators such as IL-6 and TNF-a.
These inflammatory mediators recruit more inflammatory
cells, amplifying the inflammatory response and stimulating
osteoclast formation, which leads to inflammation of peri-
odontal soft tissues and alveolar bone resorption [61, 62].
Furthermore, various inflammatory factors in the inflam-
matory microenvironment, such as TNF-a and IL-1f, have
been proven to inhibit the osteogenic differentiation of stem
cells [63]. Therefore, we detected the expression of the
proinflammatory genes IL-1p, IL-6, TNF-a, and iNOS by
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RT-qPCR. The results showed that RGO@PDA inhibited
the mRNA expression of IL-6, TNF-a, and iNOS more
significantly than GO. Overall, these results provide new
evidence for the ROS scavenging and anti-inflammatory
effects of RGO@PDA.

To better determine the role of RGO@PDA in period-
ontitis, we established a rat periodontitis model by ortho-
dontic wire ligation and LPS [64]. Then we injected the rats
with RGO@PDA for therapy. Local drug injection in per-
iodontal pocket is an effective way of drug intervention,
which can increase the local drug concentration and is
similar to the clinical treatment of periodontitis. This
method is widely used in the establishment of rat period-
ontitis model [65]. 3D Micro-CT reconstruction was per-
formed to detect the periodontal destruction at 4 weeks
post-surgery. The results showed that the RGO@PDA
group exhibited only a slight decrease in alveolar bone
height, and the relevant parameters of bone microstructure
showed significant improvement, alleviating alveolar bone
resorption under inflammatory conditions of periodontitis.
In terms of soft tissue inflammation, we conducted histo-
logical staining on the maxillary samples of rats to further
evaluate the therapeutic effects of RGO@PDA on patho-
logical changes in periodontal soft tissues. The results
demonstrated that RGO@PDA not only inhibited the loss of
periodontal hard tissues but also alleviated inflammation in
periodontal soft tissues. These two effects interacted and
mutually reinforced each other, ultimately leading to a
favorable therapeutic outcome for periodontitis. In addition,
immunohistochemical staining results revealed that
RGO@PDA can effectively suppress the expression of the
inflammatory factor TNF-a while promoting the expression
of the osteogenic differentiation marker RUNX2. This fur-
ther illustrated the dual role of RGO@PDA in both anti-
inflammatory and osteogenic effects. In this study, the
in vivo therapeutic effects of RGO@PDA were compared
with those of GO, untreated periodontitis models, and
healthy controls. The experimental design prioritized peri-
odontal bone regeneration, with a focus on the composite’s
osteogenic performance. Building upon the well-
documented osteogenic potential of GO and our in vitro
findings demonstrating that PDA functionalization enhances
graphene  biocompatibility, ~we  hypothesized that
RGO@PDA would exhibit superior bone regenerative
capacity compared to GO alone. This hypothesis was vali-
dated by in vitro experiments showing that RGO@PDA
significantly enhanced osteogenic differentiation and
mineralization relative to unmodified GO. While RGO-only
and PDA-only groups were not included in the in vivo
model, this design was based on the premise that the
synergistic osteogenic and anti-inflammatory effects of
RGO and PDA are critical for achieving functional bone
regeneration. Previous studies have shown that standalone
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RGO exhibits limited bioactivity due to aggregation ten-
dencies [66, 67], while PDA alone lacks the structural
support required for sustained drug delivery [68, 69]. Future
studies will systematically compare RGO@PDA, RGO-
only, and PDA-only treatments to dissect their individual
contributions and validate potential synergies.

Although the current study did not experimentally vali-
date the specific signaling pathways involved in
RGO@PDA-mediated osteogenesis and anti-inflammatory
effects, existing literature provides plausible mechanistic
insights. Previous studies have shown that the osteogenesis-
inductive ability of GO may be related to the Wnt/p-catenin
signaling pathway and MAPK/INK signaling pathway. The
Wnt/B-catenin pathway is known to regulate osteoblast
differentiation and bone formation, and graphene-based
materials have been shown to activate this pathway via
mechanical or chemical cues [49, 70]. Similarly, the
MAPK/INK pathway may mediate cellular responses to
oxidative stress, potentially explaining RGO@PDA'’s dual
role in promoting osteogenesis and scavenging ROS [71].
Additionally, the anti-inflammatory effects of RGO@PDA,
as evidenced by reduced proinflammatory cytokine
expression, may involve suppression of the NF-kB path-
way, a key regulator of inflammatory responses [72]. The
main limitation of the present study is the lack of research
into the osteo-inductive mechanism. Future studies will
focus on systematically investigating these pathways
through RNA sequencing and siRNA-mediated gene
silencing to elucidate the molecular mechanisms underlying
RGO@PDA’s bioactivity.

In addition, we collected the hearts, livers, spleens,
lungs, and kidneys of rats to evaluate the long-term toxicity
of RGO@PDA via local subgingival administration on
these organs by H&E staining. The results showed no his-
tological differences between the healthy group and
RGO@PDA groups. Combined with the results of in vitro
biocompatibility studies on RGO@PDA, it can be found
that low concentration of RGO@PDA not only showed
excellent biocompatibility in vitro, but also had excellent
biosafety in vivo. This finding provided a solid and reliable
experimental basis for its application in clinical practice.
Besides, it had been proved that GO not only showed
degradability in water [73], but there were also possible
degradation pathways in the human body. Recent studies
have found that activated human neutrophil peroxidase
(hMPO) can cause biodegradation of GO [74, 75]. Fur-
thermore, Bao et al. [76] found that PDA nanoparticles were
biodegradable through local gum injection of periodontitis
mice, which may be due to the uptake, transport, and release
of biological materials by macrophages. These results pro-
vided some evidence for the biodegradability of
RGO@PDA. However, further studies are needed to
explore the biodegradability pathway of RGO@PDA

in vivo to provide stronger support for the clinical appli-
cation of RGO@PDA.

5 Conclusions

In this study, we demonstrated the anti-inflammatory and
osteogenic potential of RGO@PDA both in vitro and
in vivo. A simple and efficient method was developed to
synthesize the biocompatible and water-dispersible
RGO@PDA composite. In vitro experiments revealed that
RGO@PDA not only promoted osteogenesis by enhancing
ALP activity, mineralization, and the expression of osteo-
genic genes and proteins but also effectively scavenged
ROS and suppressed proinflammatory factors, creating a
favorable microenvironment for bone formation. In vivo
studies further confirmed that RGO@PDA alleviated
inflammation and enhanced alveolar bone repair. These
findings highlight the potential of RGO@PDA for the
treatment of periodontitis-induced bone defects and provide
new insights into the dental applications of graphene-based
materials.
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