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ABSTRACT: Porphyromonas gingivalis has been demonstrated
to have the strongest association with periodontitis. Within the
host, P. gingivalis relies on acquiring iron and heme through the
aggregation and lysis of erythrocytes, which are important factors
in the growth and virulence of P. gingivalis. Additionally, the
excess obtained heme is deposited on the surface of P. gingivalis,
protecting the cells from oxidative damage. Based on these
biological properties of the interaction between P. gingivalis and
erythrocytes, this study developed an erythrocyte membrane
nanovesicle loaded with gallium porphyrins to mimic eryth-
rocytes. The nanovesicle can target and adhere with P. gingivalis
precisely, being lysed and utilized by P. gingivalis as erythrocytes.
Ingested gallium porphyrin replaces iron porphyrin in P.
gingivalis, causing intracellular metabolic disruption. Deposited porphyrin generates a large amount of reactive oxygen
species (ROS) under blue light, causing oxidative damage, and its lethality is enhanced by bacterial metabolic disruption,
synergistically killing P. gingivalis. Our results demonstrate that this strategy can target and inhibit P. gingivalis, reduce its
invasion of epithelial cells, and alleviate the progression of periodontitis.
KEYWORDS: Porphyromonas gingivalis, erythrocyte-mimicking, metabolism, photodynamic therapy, periodontitis

INTRODUCTION
Periodontitis, a chronic bacterial infectious disease, affects
millions of populations every year, resulting in the destruction
of periodontal tissue and the loss of teeth.1−4 In periodontitis
subgingival plaque, P. gingivalis is the most strongly and
consistently associated with chronic periodontitis.5−7 P.
gingivalis is located at the nonattached subgingival biofilm in
the periodontal pocket,8 continuously stimulating periodontal
tissue, then invading and colonizing in epithelium cells, and
inducing the immune and inflammatory response of the host,
which causes severe destruction of periodontal tissues.9,10

Many researchers have found that the invasion of P. gingivalis
into the human body is related to many diseases such as
infective endocarditis, rheumatoid arthritis, and Alzheimer’s
disease.11,12 At present, traditional antibiotic therapy fails to
achieve satisfactory effects and presents challenges such as
resistance of P. gingivalis and dysbiosis of oral microbiota.13,14

Recent studies have shown that P. gingivalis is a potential
therapeutic target for periodontitis,15−18 and reducing its
abundance in subgingival plaque is beneficial for treating
periodontitis.
Notably, iron and heme are critical factors in the growth and

virulence of P. gingivalis. P. gingivalis cannot synthesize these

compounds independently and must be obtained from the
external environment.19−22 Within the human host, P. gingivalis
can acquire heme and iron from hemoglobin by aggregating
with erythrocytes through hemagglutinins and lysing them
through proteases.23−25 Once released, heme is broken down
by gingipains and other proteases and transported into cells via
hemin/hemoglobin receptors, such as HmuR or HmuY.26,27

Excess heme obtained can be accumulated and deposited on
the surface of the bacterium,28 which exhibits peroxidase
activity assists in protecting the bacteria from oxidative
damage,29 and also explains its characteristic black colony
phenotype. Overall, P. gingivalis can aggregate, lyse red blood
cells, and accumulate heme.30 However, literature reports on
periodontitis biomaterials treatment have rarely focused on
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these biological characteristics of P. gingivalis itself, specifically
its adhesion with erythrocytes and its utilization of heme.
Nowadays, erythrocyte-related materials have been applied

in the treatment of tumors, cardiovascular disease, brain
diseases, and other systemic administration due to their
biocompatibility, biodegradability, and long circulation.31−34

However, interactions between erythrocytes and bacteria have
barely received attention. In this study, based on the adhesion
between P. gingivalis and erythrocytes and its utilization of
heme, we constructed erythrocyte-mimicking nanovesicles (an
erythrocyte membrane liposome loaded with gallium porphyr-
in, denoted as GLR) to target P. gingivalis precisely. Like an
erythrocyte, GLR can adhere to P. gingivalis and provide
gallium porphyrin. Since bacteria cannot distinguish between
iron and gallium ions, the absorption of gallium porphyrin
disrupts intracellular metabolism.35−37 Excess obtained por-
phyrin deposited on the surface of the bacteria can generate an
amount of ROS under photodynamic therapy, which can
cooperate with gallium ions for antibacterial effects. In
addition, the antibacterial effect can be enhanced by the
increased sensitivity of bacteria to oxygen due to metabolic
disorders (Figure 1). The results showed that GLR treatment
could effectively inhibit P. gingivalis and reduce its invasion
into epithelial cells. GLR treatment also effectively decreased
the proportion of P. gingivalis in subgingival plaque, alleviated
local inflammation, and inhibited bone resorption in
periodontitis rats. We hope that this strategy will provide a
different approach to the precise treatment of periodontitis.

RESULTS AND DISCUSSION
Interaction Between Erythrocyte and P. gingivalis.

According to previous studies,23,25,26 P. gingivalis can adhere to
erythrocyte via hemagglutinin, disrupting the erythrocyte
membrane, and subsequently utilizing and storing heme on
the surface of the bacterium, which is its biological character-
istic. Therefore, we first explored the adhesion of P. gingivalis,
and other common gastrointestinal bacteria, including

Streptococcus mutans, and Escherichia coli Nissle 1917, to
explore their ability to adhere to red blood cells. Freshly
obtained red blood cells (RBCs) were cocultured with
different bacteria, and the result (Figures S1 and 2A) showed
that P. gingivalis exhibited stronger adhesion to red blood cells
than S. mutans or E. coli Nissle 1917. From Figure 2A, it can be
observed that many P. gingivalis (blue) adhered to the surface
of the erythrocyte (red), gathering into clusters. The transwell
assay showed that P. gingivalis migrated more readily to heme-
containing and RBC-containing medium (Figure 2B,C). These
results confirm the interaction between P. gingivalis cells and
erythrocytes, which is consistent with previous research.24,26

These also provide inspiration for the construction of P.
gingivalis-targeted erythrocyte-mimicking nanovesicles.
Design and Characterization of GLR. At present, many

studies have shown the advantages of cell membrane-
associated nanomaterials in drug delivery.38,39 The RBC-
based drug delivery system has a long circulation time,
excellent biocompatibility, and translational application pros-
pects.32,34,40,41 Based on the fact that P. gingivalis has a
tendency to adhere to erythrocytes and acquire heme to
sustain its growth and virulence (Figure 2D), a liposome
containing an RBCs membrane was constructed to target P.
gingivalis and deliver gallium porphyrin. Since P. gingivalis
cannot distinguish between iron ions and gallium ions (Figure
2E), gallium porphyrins could be absorbed instead of iron
porphyrins, thereby affecting the metabolism of P. gingivalis.
First, gallium porphyrin was synthesized according to the

literature.42 The successful synthesis of gallium porphyrin was
verified by 1H NMR (Figure S2) and high-resolution mass
spectrometry (Figure S3). The synthesized gallium porphyrin
has a fluorescence characteristic absorption peak at 580 nm
(Figure S4A) and an ultraviolet characteristic absorption peak
at 405 nm (Figure S4B), which is consistent with the previous
study.43 In addition, gallium porphyrins exhibit poor water
solubility (Figure S5), and using erythrocyte-mimicking

Figure 1. (A) P. gingivalis aggregates with GLR and lysates it to acquire gallium porphyrin, which subsequently lead to its death due to
metabolism disorder and photodynamic therapy. (B) GLR inhibits P. gingivalis by disordering bacterial metabolism and photodynamic. (C)
P. gingivalis in periodontal pocket is enveloped by GLR, which weakens their invasion of epithelium cells.
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liposomes to load and deliver gallium porphyrin can enhance
the utilization of gallium porphyrin.
Then, according to the literature on cell membrane

liposomes,44 1,2-dioleoyl-sn-glycero-3-phosphocholin
(DOPC) was used to synthesize liposome (denoted as LP)
and liposome loaded with gallium porphyrins (denoted as
GLP). Red blood cell membranes (RBC) were added during
the synthesis process of liposomes to synthesize liposome-
containing red blood cell membranes (denoted as LR) and

liposome-containing red blood cell membranes loaded with
gallium porphyrins (denoted as GLR) (Figure 2F). During the
synthesis process, there was a notable change in the zeta
potential (Figure 2G), which was about -4 mV for LP, −18 mV
for RBC, −10 mV for LR, −5 mV for GLP, and −11 mV for
GLR. Comparing the results of GLP and GLR in the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis (Figure 2H), it can be found that the
erythrocyte membranes fused into GLR, confirming the

Figure 2. (A) SEM image of P. gingivalis adhesion with RBCs (scale bar: 2 μm). (B) Transwell assay images and (C) data analysis of P.
gingivalis incubated with PBS, medium with hemin, medium without hemin, medium with RBCs (scale bar: 10 μm). (D) Diagram of P.
gingivalis aggregating with RBCs and utilizing iron porphyrin. (E) Chemical structures of iron porphyrin (left) and gallium porphyrin
(right). (F) Illustration of gallium porphyrin (denoted as G) - loaded red blood cell membrane-liposome (GLR). (G) Zeta potential changes
during the synthesis of GLR. (H) SDS-PAGE of RBC, LP, LR, GLP, and GLR. (I) Diameter of LP, LR, GLP, and GLR. (J) TEM image and
(K) SEM image of GLR (scale bar: 100 nm). (L) UV−vis absorption spectra of LP, LR, GLP, and GLR. (M) Fluorescence spectrum of LP,
LR, GLP, and GLR under blue light. (N) Detection of ROS produced after gallium porphyrin (denoted as G), LP, LR, GLP, and GLR under
blue light by DCFH.
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successful construction of erythrocyte membrane liposomes.
Figures 2I−K, S6, and S7 showed the size and polydispersity
index (PDI) of GLP and GLR, and the synthesized GLR was
approximately 100 nm. The characteristic peaks of gallium
porphyrin in GLR were observed by ultraviolet−visible
absorption spectrometry and fluorescence spectrometry
(Figure 2L, M). According to the standard curve of gallium

porphyrin (Figure S8), it is calculated that the encapsulation
rate of gallium porphyrins was approximately 70%, and the
drug loading rate of GLR was about 13%. In addition, both
GLP and GLR were capable of generating significant levels of
reactive oxygen species (ROS) under blue light, which was
captured by 2′,7′-dichlorodihydrofluorescein (DCFH) (Figure
2N). The above results proved the successful synthesis of GLR.

Figure 3. (A) Measurement of Ga3+ ion concentration of P. gingivalis after incubation with GLP or GLR by ICP analysis. (B) Changes in the
diameter of P. gingivalis after aggregation with GLP or GLR. (C) TEM images of P. gingivalis incubated with GLP or GLR for 30 min (scale
bar: 0.5 μm). (D) HAADF-STEM images of P. gingivalis incubated with GLR, and distribution of elements C, O, and Ga (scale bar: 0.5 μm).
(E) Flow analysis of P. gingivalis (labeled SYTO 9) incubated with GLP or GLR (labeled DIL). (F) Fluorescence images of P. gingivalis
(labeled SYTO 9)-containing biofilm (labeled Hoechst 33342) incubated with GLR (labeled Cy-5.5). (G) Detection of the extracellular ROS
production of P. gingivalis after incubation with PBS, LP, LR, GLP, and GLR under blue light using DCFH. (H) Flow analysis and (I)
fluorescence intensity of intracellular ROS produced in P. gingivalis after treatment with PBS, LP, LR, GLP, or GLR under blue light. (J)
TEM images of GLR degradation after treatment with the P. gingivalis supernatant (scale bar: 100 nm). (K) Release of gallium porphyrin
from GLR in PBS or the P. gingivalis supernatant.
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Additionally, we extracted primary gingival fibroblasts (Figure
S9) and then evaluated the potential toxicity of GLR on
gingival fibroblasts in vitro and observed no significant impact
on cell viability (Figure S10). This could potentially be
attributed to the presence of erythrocyte membrane
components in GLR, which enhances its biocompatibility.
Adhesion of GLR to P. gingivalis. First, we observed the

adhesion of GLR to P. gingivalis using a high-resolution
confocal fluorescence microscope (Figure S11), preliminarily
proving that GLR can target P. gingivalis in PBS. Then, P.
gingivalis was centrifugated after being treated with GLP or
GLR, and a purplish-black bacterial precipitation was observed
in the GLR group (Figure S12), whereas no such phenomenon
was observed in the GLP group. The concentration of gallium
ions in the bacterial precipitate was determined by ICP analysis
(Figure 3A), revealing that the number of gallium ions that
adhered to or taken up by P. gingivalis in the GLR group was
approximately twice as large as that in the GLP group. The
particle size of P. gingivalis also increased upon mixing with
GLR (Figure 3B), and TEM images (Figure 3C) demonstrated
the strong adhesion of GLR to P. gingivalis, enveloping P.
gingivalis, while GLP displayed weak adhesion to P. gingivalis.
Additionally, the HAADF-STEM images showed that there
was a small amount of gallium ion aggregation within P.
gingivalis treated with GLR (Figure 3D), while there was
almost no obvious gallium ion aggregation in P. gingivalis
treated with GLP (Figure S13).
P. gingivalis (labeled green by SYTO 9) was added with GLP

or GLR (labeled red by DIL) for 30 min, and flow cytometer
analysis revealed that approximately 23.2% of the P. gingivalis
cells were adhered with GLR, whereas around 1.41% of the P.
gingivalis cells were adhered with GLP (Figure 3E).
Furthermore, to explore the aggregation between GLR and
P. gingivalis in a more physiological environment, the human
subgingival plaque and P. gingivalis were cultured to
coconstruct biofilm and treated with GLR. Inverted micro-
scope results showed that GLR (Labeled red by DIL) could
still aggregate well to P. gingivalis (Labeled green by SYTO 9)
in the mixed bacterial biofilm (Labeled blue by Hoechst
33342) (Figure 3F). This provides the possibility for GLR to
target P. gingivalis in subgingival biofilm in a complex
environment in vivo.
GLR Producing ROS under Stimulation. Next, we

investigated the ability of GLR to stimulate the production
of intracellular and extracellular ROS in the treatment of P.
gingivalis. First, P. gingivalis was treated with different materials
(PBS, LP, LR, GLP, or GLR), and DCFH was used to detect
the produced extracellular ROS. It can be seen that there was
no significant difference in the ability of GLP and GLR to
produce extracellular ROS (Figure 3G), which may be due to
the fact that the gallium porphyrin loaded in GLP or GLR
produces ROS under blue light regardless of whether the GLP
or GLR was adhered to the surface of the bacterium or was free
in solution.
Subsequently, to detect intracellular ROS production in

bacteria treated with different materials, P. gingivalis was
treated with PBS, LP, LR, GLP, or GLR, respectively, and then
centrifuged to remove the supernatant. The bacterial
precipitates were dispersed in PBS again, and after exposure
to blue light, 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) was added to detect intracellular ROS
production. Flow analysis showed that the proportion of P.
gingivalis cells with oxidative stress after GLR treatment (about

11.9%) was higher than that in other control groups (<5%)
(Figure 3H), and the mean fluorescence intensity (MFI) of the
P. gingivalis treated with GLR was also significantly higher than
that of the other groups (Figure 3I). This could be attributed
to the adhesion of GLR to the surface of P. gingivalis cells, and
even some gallium porphyrins have already entered the
bacteria. Under blue light, in addition to ROS generated by
porphyrins themselves, there are also ROS produced by
bacterial stress itself. However, the ROS generated in the
bacteria was almost negligible compared to the ROS produced
in the GLR group.
GLR Degrading with P. gingivalis. Studies have already

shown that P. gingivalis can bind to erythrocytes using
hemagglutinins (e.g., HagA), adhesion domains of gingipains
(Kgp and HRgpA), and other proteins (e.g., HBP35).30 Our
results also provided evidence of interaction between P.
gingivalis and erythrocytes. The release of hemolysins and
other proteases by P. gingivalis can lead to the disruption of the
erythrocyte membrane, resulting in the release of hemoglobin.
In light of this, we treated GLR with the supernatant of the P.
gingivalis culture medium or PBS at room temperature to
observe the changes in GLR. The results (Figures S14 and
S15) showed that the size and PDI of GLR could remain stable
over time in PBS, while changes were significant over time in P.
gingivalis supernatant, especially at 2 and 12 h. From TEM
images, the degradation of GLR in the P. gingivalis supernatant
can be observed (Figure 3J). This phenomenon is similar to
the degradation of red blood cells by P. gingivalis, indicating
that GLR mimicked red blood cells successfully and that P.
gingivalis can further degrade GLR to utilize gallium porphyrin.
Subsequently, the release of gallium porphyrins in GLR with or
without P. gingivalis in PBS was investigated. The solubility of
gallium porphyrin in PBS was determined by ICP to be
approximately 15.4 μg/mL (Figure S16), which is much lower
than that in methanol. In drug release experiments, the
solution outside the dialysis bag was collected at different time
points, with its maximum concentration measured to be
approximately 1 μg/mL, lower than the maximum solubility of
gallium porphyrin in PBS. Then the release of gallium
porphyrin was measured by fluorescence emission spectrom-
etry, and the results (Figure 3K) showed that the release of
gallium porphyrins in GLR was significantly lower in the
presence of P. gingivalis than in the absence of P. gingivalis.
This is likely due to the degradation of GLR and the utilization
of gallium porphyrins by P. gingivalis, resulting in a decreased
release of gallium porphyrins.
Inhibition of GLR on P. gingivalis. To investigate the

antibacterial effect of GLR on P. gingivalis, we first assessed the
impact of GLR loaded with different concentrations of gallium
porphyrin on the optical density (OD) value of P. gingivalis.
The results (Figure S17) showed that the inhibitory effect of
GLR on P. gingivalis was concentration-dependent. When
combined with blue light, GLR treatment led to a greater
reduction of the OD value of P. gingivalis. This suggested that
the inhibitory effect of GLR on P. gingivalis was greatly
enhanced with light conditions. Besides, we investigated the
photothermal effect of GLR under the same conditions, and
the results (Figure S18) showed that the temperature of GLR
increased by about 1 °C after 30 s under blue irradiation.
Therefore, we mainly consider the photodynamic effect of
gallium porphyrin in the following experiments.
In order to accurately evaluate and compare the inhibitory

abilities of different materials against P. gingivalis, we treated P.
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gingivalis with PBS, LP, LR, GLP, or GLR, respectively. Based
on the results in Figure S17, the working concentration of

gallium porphyrin that we subsequently used was 20 μg/mL,
and the proportion of dead bacteria was detected by propidium

Figure 4. (A) Antibacterial effects of PBS, LP, LR, GLP, or GLR on P. gingivalis. (B) Antibacterial effects of PBS, LP, LR, GLP, or GLR on P.
gingivalis under blue light. (C) Antibacterial effects of PBS, LP, LR, GLP, or GLR on P. gingivalis with H2O2. (D) Comparison of
antibacterial effects and (E) flow analysis of GLR on P. gingivalis at different situations. (F) Number and (G) SEM images of P. gingivalis
treated with GLR under different situations (scale bar: 1 μm). (H) Residual area and (I) relative quantification of biofilm established by
human subgingival plaque after treatment with PBS, LP, LR, GLP, or GLR under blue light.
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Figure 5. (A) Scatter plots of the number of genes with significant expression differences in P. gingivalis after treatment with the GLR as
analyzed by RNA-seq (A: ctrl, B: GLR-treated). (B) KEGG annotations analysis, and (C) GO enrichment analysis of P. gingivalis after
treatment with the GLR(A: ctrl, B: GLR-treated). (D) Confocal microscopy images of the adhesion of P. gingivalis with different treatments
to epithelial cells. (E) Flow cytometry and (F) quantitative analysis of the amount of ROS produced in the epithelial cells after treatment
(scale bar: 5 μm). (G) Electron microscopy images of the invasion of P. gingivalis to epithelial cells (scale bar: 2 μm).
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iodide (PI) staining and flow cytometry analysis. The results
indicated that in the absence of light, the antibacterial effect of
GLP and GLR on P. gingivalis was approximately 18 and 40%,
respectively (Figure 4A). This antimicrobial effect can be
attributed to the substitution of iron ions with gallium ions
inside the bacteria, disrupting the bacteria's metabolism. While
in the presence of light, the inhibition rates of GLP and GLR
against P. gingivalis approximately increased by 30 and 80%,
respectively (Figure 4B). These findings indicate that GLR is
more effectively recognized and utilized by P. gingivalis
compared to GLP, which benefits from the exposure of
erythrocyte membrane-associated proteins on the surface of
GLR. Furthermore, the utilization of gallium ions is likely to
impact bacterial metabolism, while the deposition of
porphyrins on the bacterial surface induces the production of
ROS under light exposure, ultimately resulting in bacterial
death.
Previous studies have shown that for anaerobic bacteria such

as P. gingivalis, iron porphyrin that is stored on its surface
exhibits peroxidase activity based on the transformation of iron
and ferrous ions under oxidative stress, protecting the
bacterium itself from oxidative damage.19,30 In addition,
metabolically disordered bacteria may possess increased
sensitivity to ROS and a decreased ability to regulate oxidative
stress. When gallium porphyrin replaces iron porphyrin, the
antioxidant capacity of P. gingivalis may be affected. Therefore,
we further investigated the survival ability of GLR-treated P.
gingivalis under oxidative stress conditions.
First, we tested the activity of P. gingivalis in the presence of

hydrogen peroxide (H2O2), and the results showed that P.
gingivalis could still survive well when the concentration of
hydrogen peroxide was less than 5 mM (Figure S19). Then,
hydrogen peroxide (5 mM) was added to the P. gingivalis
which was pretreated with different materials. The results
showed that the inhibition rates of GLP and GLR on P.
gingivalis were approximately 22 and 50%, respectively (Figure
4C). However, untreated P. gingivalis was initially able to
tolerate this concentration of hydrogen peroxide, while the
inhibition rates of GLP or GLR alone were only 18 and 40%
(Figure 4A), respectively. These results suggested that after
treatment with GLR, even low concentrations of hydrogen
peroxide can enhance the antibacterial effect. This indicates
that GLR treatment significantly weakens the resistance of P.
gingivalis against oxidative stress. In addition, Figure 4D, E
more directly shows that the inhibition effect of GLR
combined with the H2O2 group on P. gingivalis was enhanced
(49.4%) compared with that of H2O2 (8.5%) or GLR (35.6%)
treatment alone, and GLR combined with Hv (Irradiation with
light) group on P. gingivalis was significantly enhanced (79.4%)
compared with that of Hv (14.8%) or GLR (35.6%) treatment
alone, which proves that the metabolic disorder caused by
gallium ion and the ROS produced by porphyrin worked
synergically to effectively kill P. gingivalis. In addition, the
treated bacteria were counted (Figure 4F) and observed by
SEM (Figure 4G), and the results showed that the GLR
combined with the Hv group can destroy the structure of P.
gingivalis and effectively inhibit the growth of P. gingivalis.
GLR Removing Plaque Biofilm In Vitro. The effect of

GLR against biofilms containing P. gingivalis was evaluated.
First, the periodontitis subgingival dental plaque was
resuscitated and cultured, and then P. gingivalis was added to
construct a multispecies biofilm. Next, the biofilms were
treated overnight with PBS, LP, LR, GLP, or GLR and then

under irradiation with blue light. The results showed that GLR
treatment was effective in destroying the biofilm structure
(80%) compared to the other groups (<50%) (Figure 4H, I).
Previous studies have shown that P. gingivalis tends to be
located in unattached subgingival plaque, which is related to its
ability to acquire heme and facilitate its contact and invasion of
gingival tissue. Treatment of P. gingivalis-containing biofilm
with GLR may induce the migration of P. gingivalis to areas
with high GLR concentration for metabolic needs. This results
in metabolic disorders of P. gingivalis, while the deposited
porphyrins could generate a large amount of reactive oxygen
species under blue light, which not only kills P. gingivalis but
also destroys the integrity of the biofilm structure, thus
promoting the removal of biofilms.
GLR Dysregulating the Metabolism of P. gingivalis.

Studies have highlighted the significance of iron porphyrins in
P. gingivalis, particularly in energy metabolism, carbohydrate
metabolism, and other biological processes.19,45 To further
explore the effects of GLR treatment on P. gingivalis, we
conducted an RNA transcriptomic analysis. The results
revealed significant alterations in P. gingivalis after the
absorption of gallium porphyrin instead of iron porphyrin.
RNA sequencing data showed that there were 832 upregulated
differential genes and 815 downregulated differential genes
(Figure 5A). Subsequently, we performed GO and KEGG
enrichment analysis on these differentially expressed genes.
The results revealed that the biological processes such as
carbohydrate metabolism, cofactor and vitamins metabolism,
energy metabolism, and macromolecule biosynthetic process of
P. gingivalis were affected after GLR treatment (Figure 5B, C).
These findings explain the antibacterial effect of GLR on P.
gingivalis and validate our previous speculation, confirming that
GLR inhibits P. gingivalis growth by disrupting its metabolism.
GLR Reducing the Invasion of P. gingivalis into

Epithelial Cells. As mentioned earlier, P. gingivalis resides in
the unattached portion of the subgingival plaque directly
exposed to the epithelial tissue. Increasing evidence suggests
that P. gingivalis possesses immune evasion capabilities by
invading and even colonizing epithelial cells. Prolonged
stimulation by P. gingivalis can lead to an excessive local
inflammatory response. However, this process fails to
effectively eliminate P. gingivalis and may instead result in
severe inflammation and bone resorption in periodontal
tissues. Furthermore, P. gingivalis can enter the body through
a bleeding site in the gingival tissue, thereby influencing the
development of systemic diseases such as cardiovascular
disease and atherosclerosis. Consequently, it is imperative to
prevent the invasion of P. gingivalis in order to inhibit the
progression of periodontitis.
In this part, the invasion ability of P. gingivalis with different

treatments on oral epithelial cells was investigated. For
visualization, P. gingivalis was labeled with Cy5.5, oral epithelial
cells were labeled with DAPI, and intracellular ROS were
detected by DCFH-DA. Figure 5D showed how P. gingivalis
adhered to or invaded epithelial cells and triggered different
levels of oxidative stress response after treatment with different
materials. In the GLR-treated group, there was a significant
reduction in the adhesion of P. gingivalis to epithelial cells,
whereas P. gingivalis still displayed some adhesion or invasion
of epithelial cells in other groups. Flow cytometry quantifica-
tion of intracellular ROS (Figure 5E,F) indicated that oxidative
stress of epithelial cells was significantly reduced in the GLR-
treated P. gingivalis group compared to other treatment groups,
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Figure 6. (A) Establishment of the rat periodontitis model through ∞-ligation of the maxillary first molar and second molar. (B) Micro-CT
scan 3D reconstruction of rat maxillary ligation area after treatment with PBS, Hv, or GLR/Hv (scale bar: 1 mm). (C) Measurement of the
distance of periodontal bone resorption (from alveolar crest to enamelo-cemental junction) after treatments. (D) Assessment of the gingival
bleeding index score after treatments. (E) Expression of IL-6 (green) and TNF-α (red) in gingival tissue. (F) Visualization of the location of
P. gingivalis (red) in gingival tissue by FISH, (scale bar: 200 μm). (G) Routine blood tests of rats after treatments. (H) Measurements of the
residual Gallium ions in the liver or kidneys by ICP analysis. (I) Heat map of the proportion of the top 20 bacteria in the subgingival
microbial community after treatments. (J) Changes in the P. gingivalis proportion in the subgingival microbial community after treatments.
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and the LR and GLR-treated P. gingivalis groups also showed
some effectiveness. The reduced level of oxidative stress in the
LR-treated P. gingivalis group may be attributed to the
competitive binding between LR and P. gingivalis, which
reduces the contact between P. gingivalis and epithelial cells. In
the GLP-treated P. gingivalis group, the release of gallium
porphyrin from GLP also partially inhibits the activity of P.
gingivalis. In addition, the oxidative stress response of gingival
fibroblasts after treatment was also assessed by DCFH-DA, and
the results (Figure S20) showed that GLR-treated reduced the
oxidative stress induced by P. gingivalis. Moreover, Live/Dead
staining of gingival fibroblasts (Figure S21) indicated that
GLR-treated cells could alleviate the cell damage caused by P.
gingivalis.
Furthermore, biological transmission electron microscopy

was used to observe the invasion of P. gingivalis into epithelial
cells. As shown in Figure 5G, a substantial amount of bacteria
invasion was observed in the PBS group and the LP-treated P.
gingivalis group, whereas only a small number of bacterial
invasions was observed in the LR-treated P. gingivalis group
and GLP-treated P. gingivalis group. In contrast, minimal
bacteria invasion occurred within the interior of the epithelial
cells in the GLR-treated P. gingivalis group. These findings
indicated that the GLR strategy can bind to P. gingivalis and
inhibit its activity, thereby preventing it from contacting and
invading the epithelial cells.
GLR Inhibiting the Progress of Rat Periodontitis. To

further investigate the effect of GLR in anti-P. gingivalis and
inhibiting periodontitis in vivo, we established a rat
periodontitis model using the ∞-ligation method and
inoculated the ligation area with P. gingivalis (Figure 6A),
which was then treated with PBS, Hv, or GLR combined Hv
(GLR/Hv). The results of 3D micro-CT reconstruction
(Figure 6B) and statistical analysis (Figure 6C) revealed that
GLR/Hv treatment effectively inhibited alveolar bone
resorption. Besides, the GBI (gingival bleeding index) scores
(Figure 6D) and the expression of inflammatory factors,
including IL-6 and TNF-α (Figure 6E) both indicated that
GLR/Hv treatment alleviated inflammation in gingival tissues.
This may be attributed to the competitive binding of GLR to
P. gingivalis, which reduces its invasion into the gingival tissues
and subsequently alleviates inflammation in periodontal
tissues. To visualize the P. gingivalis that invaded and survived
in gingival tissue, FISH (Fluorescence in situ hybridization)
sections were conducted and the results (Figure 6F) suggested
that the GLR group exhibited the lowest amount of P. gingivalis
(red) invasion into the gingival tissues. Besides, the thickness
of the gingival epithelium was measured on HE staining
sections. As shown in Figure S22, the gingival epithelium
thickened in periodontitis compared to healthy gingival, which
is likely related to the invasion by P. gingivalis, and GLR/Hv
treatment reduced the thickening of the gingival epithelium.
Additionally, we evaluated markers for neutrophils (MPO),
osteoblasts (OCN), and osteoclasts (TRAP). The results
(Figures S23−S25) indicate that compared to other groups,
there was a decrease in the expression of MPO and TRAP and
an increase in the expression of OCN in the GLR/Hv group.
These results also supported the conclusion that GLR/Hv
treatment can alleviate inflammation in periodontal gingiva and
inhibit bone resorption.
In addition, there were no obvious abnormalities in the

sections of the vital organs of rats after treatment (Figure S26).
The blood routine tests (Figure 6G) showed the white blood

cells and lymphocytes in the PBS group were increased,
suggesting the existence of inflammation in vivo. In contrast,
the blood profiles of GLR/Hv-treated rats were not
significantly different from those of healthy rats, suggesting
an in vivo antimicrobial effect of GLR/Hv. Importantly, no
significant accumulation of gallium ions was detected in the
liver or kidneys of the GLR/Hv group through ICP analysis
(Figure 6H). These findings demonstrate the potential of the
GLR strategy for in vivo applications.
GLR Inhibiting P. gingivalis in Subgingival Plaque In

Vivo. Periodontal pathogens in subgingival plaque are the
initiators of periodontitis; therefore, we investigated the
composition of subgingival plaque. The microbial diversity
analysis showed that compared with the healthy group (124),
the Hv treatment group (98) affected the diversity of oral
microbiota to a certain extent, while GLR combined with Hv
treatment (110) had a weaker effect on species in subgingival
plaque (Figure S27). The Hv treatment reduced the
abundance of P. gingivalis in the subgingival plaque, which
may be related to the use of iron porphyrins in P. gingivalis,
which is sensitive to blue light. However, the combination of
GLR with Hv almost completely eradicated P. gingivalis from
subgingival plaque (Figure 6I, J). These results suggested that
GLR can target P. gingivalis and decrease its abundance in
periodontitis.

CONCLUSIONS
In this study, a P. gingivalis-targeted erythrocyte-mimicking
nanovesicle was designed and constructed for periodontitis.
This strategy is mainly based on the characteristic properties of
P. gingivalis binding and lysing red blood cells to obtain iron
porphyrin. The erythrocyte-mimicking nanovesicle (GLR) can
adhere to and be utilized by P. gingivalis, and the gallium
porphyrin replaces the iron porphyrin, making the bacteria
more sensitive to ROS stimulation. At this time, stimulating
porphyrin with blue light to produce ROS can further
effectively kill P. gingivalis. In vitro experiments showed that
GLR could competitively bind to P. gingivalis with a high anti-
P. gingivalis ability and reduce its invasion to epithelial cells. In
vivo results showed that GLR could reduce the proportion of
P. gingivalis in subgingival plaque, reduce its invasion to
gingival tissue, alleviate periodontal tissue inflammation, and
inhibit bone resorption. Inspired by the results above, we
believe that GLR shows promise as a biological material for
combating P. gingivalis and relieving periodontitis.

EXPERIMENTAL SECTION
Materials. Protoporphyrin dimethyl ester, dimethylpyridine,

gallium chloride, and citric acid were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., and DOPC was obtained
from Leyan (Cat.No: 1133946, Shanghai Hao Hong Biological
Medicine Technology Co., Ltd.). Chloroform, methanol, ethanol,
hydrogen peroxide (30%), and other chemical reagents were
purchased from Shanghai Reagent Chemical Co., Ltd. Glutaraldehyde
was purchased from Shanghai Maclin Biochemical Technology Co.,
Ltd; 20 mm glass-bottom dishes and cell culture dishes/plates were
obtained from NEST Biotechnology Co.,Ltd. Transwell cell chamber
was obtained from SAINING Biotechnology. Gibco α-MEM medium
was purchased from Thermo Fisher Scientific Inc. Fetal bovine serum
(FBS, BDAA0122-500 mL) were provided by Biodragon (Suzhou,
China). Penicillin−streptomycin solution (100×) was purchased from
Sperikon Life Science & Biotechnology Co., Ltd. SYTO 9 were
obtained from ThermoFisher Scientific Inc., Crystal violet (1%),
Hoechst 33342, NHS-Cyanine 5.5 (Cy-5.5) and propidium iodide
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(PI) were obtained from Beijing Solarbio Science & Technology Co.,
Ltd. 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlo-
rate (DIL), reactive oxygen species detection kit, MTT cell
proliferation and cytotoxicity assay kit, and Calcein AM/PI cell
activity and cytotoxicity assay kit were provided by Beyotime
Biotechnology. Keratinocyte basic medium was obtained from
Lonza (China) Investment Co. Ltd.
Incubation of P. gingivalis. P. gingivalis W83 was obtained from

the BeiNa Culture Collection and was cultured according to the
ATCC guidelines. The medium contained 30 g/L brain heart
infusion, 5 g/L yeast extract, 0.5 g/L cysteine hydrochloride, 0.5 mg/
mL hemin, and 0.1 mg/mL vitamin K1. Anaerobically, it was 37 °C.
Erythrocyte Extraction. Whole blood was obtained from healthy

female Sprague−Dawley (SD) rats. The erythrocytes were separated
by centrifugation (4000 rpm, 5 min) and washed twice with cold
phosphate-buffered saline (PBS, pH = 7.4).
Aggregation Between P. gingivalis and Erythrocyte. After

washing the erythrocyte with PBS, 1 mL (1 × 104/mL) of the
erythrocyte was cocultured with different bacteria including P.
gingivalis, S. mutans, and E. coli (1 × 108 CFU/mL, 200 μL). After
2 h, the mixture was centrifuged (4000 rpm, 5 min), and the
precipitation was washed twice with PBS, fixed with glutaraldehyde
(2.5%) for 4 h, then dehydrated with an ethanol gradient, and
prepared for scanning electron microscopy (Zeiss SIGMA)
observation.
Transwell Assay. After being washed with PBS, P. gingivalis (1 ×

108 CFU/mL) was dispersed in PBS, and 200 μL of the P. gingivalis
suspension was placed in the upper chamber of a transwell insert
(pore size: 0.4 μm). The lower chamber was filled with different
fluids: PBS, culture medium of P. gingivalis containing hemin, culture
medium of P. gingivalis without hemin, and culture medium of P.
gingivalis containing red blood cells, respectively. The transwell plates
were placed in an anaerobic environment and incubated overnight at
37 °C. After the treatment, the bottom of the upper chamber was
stained with crystal violet (1%), and the cells were observed and
counted by an inverted microscope.
Synthesis of Ga(PPIX)Cl (Gallium Porphyrin). The preparation

of Ga(PPIX)Cl was according to the previous literature.42

Protoporphyrin dimethyl ester (100 mg) was dissolved in
dimethylpyridine (6 mL) in a two-necked flask. Gallium chloride (1
g) was suspended in dimethylpyridine (4 mL) and subsequently
added dropwise to the flask. The mixture was pumped for 15 min and
then heated at 150 °C under an argon atmosphere for 1.5 h.
Following cooling to room temperature, the mixture was added to 100
mL of concentrated brine, then acidified to pH = 4 with 20% aqueous
citric acid. Finally, the purple precipitate was obtained by filtration
and washing with ultrapure water. The collected solid was dissolved in
anhydrous methanol, and the solvent was removed by spin
evaporation. The resulting product was then subjected to vacuum
drying and stored at −20 °C for future experiments.
Extraction of Erythrocyte Membrane. Whole blood was

obtained from healthy female SD rats. The erythrocytes were
separated by centrifugation (4000 rpm, 5 min) and washed twice
with cold phosphate-buffered saline (PBS, pH = 7.4). The washed
erythrocytes were suspended in 0.25 x M PBS in an ice bath for 30
min to induce red blood cell rupture. The solution was then
centrifuged at 10,000g for 10 min to collect the erythrocyte
membrane. These rupture and centrifugation treatments were
repeated until the precipitate was white. Finally, the erythrocyte
membrane was obtained by lyophilization and stored at −80 °C for
further use. The above procedures should be conducted on a super
clean bench whenever possible.
Synthesize of GLR. Briefly, 3 mL of chloroform was added into a

round-bottomed flask and stirred for 10 min. Then, 100 μL of DOPC
(10 mg/mL, dissolved in methanol) and 200 μL of Ga(PPIX)Cl (1
mg/mL, dissolved in methanol) were added to the flask drop by drop
and stirred at room temperature. After 15 min of stirring (MS7-S
magnetic stirrer, DLAB Scientific Co., Ltd) , the lipid membrane was
ultrasonically dispersed in 2 mL of HEPES (pH = 7.4) buffer
containing 0.32 mg of erythrocyte membrane to form a turbid

suspension. Finally, the rehydrated solution was extruded through a
0.4 μm PCTE film, and the unencapsulated Ga(PPIX)Cl was
removed by centrifugation (14,000 rpm, 15 min). The above
procedures should be conducted on a super clean bench whenever
possible.
Characterization of GLR. The potential and particle size of LP,

LR, GLP, and GLR were detected by Nano-Zszen 3600 (Malvern
Instruments). The particle size and morphology of GLR were
observed by scanning electron microscopy (SEM, Zeiss SIGMA) and
transmission electron microscopy (TEM, JEM-2100 Plus). The
protein on GLR was detected by SDS−PAGE. The UV and
fluorescence characteristic peaks of GLR were detected by a
fluorescence spectrometer (PerkinElmer) and ultraviolet absorption
analyzer (Lambda Bio40, PerkinElmer).

The encapsulation rate of gallium porphyrin (G) was calculated by
the following formula: M (loaded G)/M (loaded G + unloaded G) ×
100%, and the loading rate was calculated by the following formula: M
(G)/M (total) × 100%.

The ROS generation of GLR under blue light was captured by
DCFH and detected by a fluorescence spectrometer: In brief, 20 μL
of DCFH (20 μM) solution was added to 1 mL of G, LP, LR, GLP, or
GLR (same content of DOPC, G: 10 μg/mL) solution, 30 s after blue
light irradiation (410 nm, 25 w), and the fluorescence intensities of
the solution in different groups were recorded by a fluorescence
spectrometer (LS55 luminescence spectrometer, PerkinElmer).
Extraction of Primary Gingival Fibroblasts. The fresh gingival

tissues were collected from healthy female rats and immersed in 5 mL
of pre-cooled phosphate-buffered saline (PBS) supplemented with 3%
penicillin/streptomycin for 5 min. The tissues were then cut into 1
mm 3 pieces, uniformly dispersed in a cell culture dish, and incubated
with 8 mL of α-MEM medium in a 5% CO2 incubator at 37 °C. The
medium was replaced with fresh medium every 2 days. When the
primary gingival fibroblasts have propagated to 5 mm in diameter
around the tissue pieces, the gingival tissue pieces are removed. The
primary gingival fibroblasts were collected and cultured for future use.
Cytocompatibility Assay In Vitro. The primary gingival

fibroblasts were seeded on a 96-well plate at a density of 1 × 104
and cultured for 24 h. Next, GLR (final concentration of G: 40, 20,
10, 5, 2.5, 1.25, 0 μg/mL) was added and cocultured for 12 h. After
that, the medium containing the GLR was removed and replaced with
a fresh medium, and incubation was continued for 12 h. The
cytocompatibility was evaluated by using an MTT assay. In detail,
MTT solution was then added to each well of the 96-well plate for 4
h. The supernatant was replaced with 150 μL of dimethyl sulfoxide
(DMSO, Cat. No: 1083196, leyan, shanghai, China), and the optical
density (OD) (570 nm) of the solution was observed using a
microplate reader (Thermo Scientific Multiskan Go).
Adhesion between P. gingivalis and GLR. To evaluate the

adhesion between GLR and P. gingivalis, 200 μL of GLR (G: 10 μg/
mL, labeled by Cy5.5) was added into the solution of P. gingivalis (1 ×
108 CFU/mL, 200 μL, labeled by SYTO 9). After coincubation for 2
h, the mixture was washed with PBS three times, placed in 20 mm
glass-bottom dishes, and observed by high-resolution confocal
fluorescence. Besides, 1 mL of P. gingivalis (1 × 108 CFU/mL) was
centrifugated (6000 rpm, 5 min) and dispersed in 1 mL of PBS, GLP
(G: 10 μg/mL), or GLR (G: 10 μg/mL) for 30 min, and then, the
bacterial precipitate was obtained by centrifugation (6000 rpm, 5
min). The concentration of gallium ions in the bacterial precipitate
was detected by ICP analysis.

Furthermore, 1 mL of P. gingivalis (1 × 108 CFU/mL) was
dispersed in 1 mL of GLP (G: 10 μg/mL) or GLR (G: 10 μg/mL).
After being mixed for 30 min, the bacteria was sampled and detected
by Nano-Zszen 3600 and observed by TEM. After being mixed with 4
h, the bacteria were sampled and observed by HAADF-STEM to
observe the element distribution of C, O, and Ga.

Next, GLP or GLR was labeled red with DIL, and P. gingivalis was
labeled green with SYTO 9. Then, 1 mL of P. gingivalis (1 × 108
CFU/mL) was dispersed in 1 mL of GLP or GLR (G: 10 μg/mL) for
30 min; after being centrifuged and washed with PBS, the samples
were conducted by flow cytometer analysis.
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To further explore the aggregation between GLR and P. gingivalis
in a physiological environment, the periodontitis subgingival dental
plaque was resuscitation and cultured to form biofilm and labeled blue
with Hoechst 33342, and then, P. gingivalis (1 × 108 CFU/mL, 200
μL) labeled green with SYTO 9 was added. After coculturing for 8 h,
multispecies plaque biofilm containing P. gingivalis was formed, and
then, 1 mL of GLR (labeled with DIL, G: 10 μg/mL) was added and
incubated for 30 min. After that, the aggregation between GLR and P.
gingivalis was observed by an inverted microscope.
ROS Intracellular and Extracellular Detection. P. gingivalis (1

× 108 CFU/mL, 1 mL) was dispersed in 1 mL of PBS, LP, LR, GLP,
or GLR (same content of DOPC, G: 10 μg/mL) for 30 min. After the
blue light radiated (410 nm, 25 w, 30 s), the extracellular ROS
produced was captured by DCFH and observed using a fluorescence
spectrometer. In addition, another group of P. gingivalis treated with
the above materials was centrifuged to remove the supernatant, and
the obtained precipitates were dispersed in PBS and then irradiated
with blue light (30 s). The intracellular ROS produced in the bacteria
cells were captured by DCFH-DA and measured by flow cytometer
analysis.
Degradation of GLR. One milliliter portion of GLR (G: 20 μg/

mL) dispersion was added with 200 μL of the P. gingivalis culture
supernatant or PBS and treated for different times (0, 2, 6, 12, 18, and
24 h) at room temperature. The size and PDI of GLR were analyzed
by dynamic light scattering and the mixed solution was sampled and
observed by transmission electron microscopy to investigate the status
of GLR.
Release of Gallium Porphyrins in GLR. To investigate the

release of gallium porphyrins in GLR, the solubility of gallium
porphyrins in PBS (37 °C, pH = 7.4) was determined to be 15.4 μg/
mL, and the standard curve of gallium porphyrins in PBS was
measured by fluorescence emission spectrometry. Then, the prepared
GLR (G: 60 μg/mL, 1 mL) was added with 2 mL of PBS that
contained P. gingivalis (1 × 108 CFU/mL, 200 μL) or not. The 3 mL
dispersion was placed in a dialysis bag, which was then placed in a
centrifuge tube, and the liquid outside the dialysis bag was 7 mL of
PBS. The centrifuge tube was placed on a shaker (100 rpm, 37 °C).
The liquid outside the dialysis bag was collected at different time
points, and the concentration of gallium porphyrin in the liquid was
measured by fluorescence emission spectrometry to calculate the
release rate of gallium porphyrin.
Antibacterial Effect Evaluation. First, P. gingivalis (1 × 108

CFU/mL, 100 μL) was placed in 96-well plates and treated with
different concentrations of GLR (final concentration of G: 40, 20, 10,
5, 2.5, 0 μg/mL). After treatment overnight, the OD values (600 nm)
of P. gingivalis were observed after applying or not applying blue light.

Next, P. gingivalis (1 × 108 CFU/mL, 1 mL) was centrifuged and
dispersed in 1 mL of PBS, LP, LR, GLR, or GLR (same content of
DOPC, G: 20 μg/mL) respectively. After incubating overnight, blue
light was applied for 30 s or not. After treatment, the mixture was
stained with PI (5 μg/mL), washed with PBS, and then observed by
flow cytometry. Furthermore, the tolerance of P. gingivalis to
hydrogen peroxide was investigated. P. gingivalis (1 × 108 CFU/
mL, 1 mL) was centrifuged, and dispersed in 1 mL of culture medium
that contained different concentrations of hydrogen peroxide (40, 20,
10, 5, 2.5, 1.25, 0.625, 0 mM), and OD values of P. gingivalis were
measured after overnight incubation. Then, P. gingivalis that
pretreated with PBS, LP, LR, GLR, or GLR (same content of
DOPC, G: 20 μg/mL) overnight was added with 5 mM hydrogen
peroxide. After treatment, the mixture was stained with PI (5 μg/mL),
washed with PBS, and then observed by flow cytometry analysis. After
treatment with 1 mL of PBS, GLR (G: 20 μg/mL), hydrogen
peroxide (5 mM), blue light (30 s), GLR (G: 20 μg/mL) + hydrogen
peroxide (5 mM), or GLR (G: 20 μg/mL) + blue light (30 s), the
number of P. gingivalis was determined by the plate spreading method
and the status of P. gingivalis was observed using SEM.
Biofilm Formation. In our studies,46 we collected human

subgingival dental plaque samples to construct biofilms, and the
plaque samples were cryopreserved. In this section, dental plaque
samples were resuscitated using the same medium as that for P.

gingivalis, and the samples were mixed with P. gingivalis (1 × 108
CFU/mL, 200 μL) and inoculated in confocal plates. After 1−2 days
of culture, the biofilm visible to the naked eye can be observed at the
bottom of the confocal dish. After the biofilms were successfully
constructed, 1 mL of PBS, LP, LR, GLP, and GLR were added to the
biofilm respectively (the DOPC content was the same, G: 20 μg/mL),
and blue light was applied after incubation overnight. The biofilms
were stained with SYTO 9 and then observed by Fluorescent confocal
microscopy.
RNA Transcriptome Sequencing and Data Analysis. One mL

of P. gingivalis (1 × 108 CFU/mL) was washed and dispersed in 1 mL
of PBS that contained GLR (20 μg/mL) was added for an 8 h
treatment. After treatment, the bacteria were centrifuged and rapidly
frozen in liquid nitrogen for subsequent sequencing. In brief, total
RNA was extracted from bacteria using the CTAB method, and high-
quality RNA samples were utilized for subsequent library con-
struction. RNA libraries were constructed using Illumina Stranded
mRNA Prep and Ligation from Illumina (San Diego, CA). Double-
ended RNA-seq sequencing was performed using Illumina sequencers
(NovaSeq6000). The data generated by the Illumina platform were
subjected to bioinformatics analysis. All analyses were performed
using cloud.majorbio.com, the cloud platform provided by Shanghai
Majorbio Biopharm Technology Co., Ltd.
Invasion on Epithelial Cells. Human oral epithelial cells

(HOEC) were cultured in a keratinocyte basic medium (KBM) in
a 37 °C incubator containing 5% CO2. The invasion ability of P.
gingivalis treated with different materials on epithelial cells was
evaluated. One milliliter of P. gingivalis (1 × 108 CFU/mL, labeled red
by NHS-Cy5.5) was pretreated with different materials (PBS, LP, LR,
GLP, or GLR (same content of DOPC, G: 20 μg/mL)). HOEC cells
were cultured in a T25 cell culture flask for 24 h, and 200 μL of
treated P. gingivalis was added to HOEC cells for 8 h; then, the cells
were stained with DAPI (Cat. No. C3362, APExBIO, Houston, USA),
and the intracellular ROS was captured by DCHF-DA. The cells were
observed by confocal microscopy, and the produced ROS was
quantified by flow cytometry. In addition, the cell precipitate was
collected and dispersed in a 2.5% glutaraldehyde solution for
bioelectro microscopy.
Periodontitis Model. The establishment of an experimental

periodontitis model in rats was based on the previous literature.46

Briefly, 8-week-old female Sprague−Dawley rats were anesthetized
with pentobarbital sodium (30 mg/kg). The rats were placed on a
heated operating table. The maxilla and mandible are stabilized in the
open position using silk thread, with the maxilla being stabilized more
horizontally. The 3−0 sterile silk thread was ligated around the necks
of the first and second maxillary molars (M1, M2) using a continuous
“∞- ligation” method, and then, 100 μL of P. gingivalis (1 × 108
CFU/mL) were orally administrated. Ligature was performed for 7
days, with bandages checked every day. After 24 h of suture, the rats
were treated with PBS, Hv, or GLR combined Hv (GLR/Hv). The
rats were administered 200 μL of PBS at the ligature site in the PBS
group while being administered 200 μL of GLR (G: 60 μg/mL) at the
ligature site in the GLR/Hv groups. For Hv treatment, the rats in the
Hv and GLR/Hv groups were irradiated with a 410 nm laser (25 w,
30 s). All treatments were repeated twice a day for 7 days. At the end
of the experiment, the gingival bleeding index (GBI) was evaluated.
Then, the blood of the rats was collected for blood routine analysis
(Auto Hematology Analyzer, MC-6200VET), and the maxillary
specimens were obtained for CT scanning and histological analysis.
Statistics Analysis. The data were analyzed using GraphPad

Prism 7 and SPSS 17.0 software. Results in this study were presented
as mean ± SD. Statistical significance between the two groups was
assessed by a two-tailed unpaired student’s t-test, and statistical
significance among multiple groups was assessed via one-way analysis
of variance (ANOVA).
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