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ABSTRACT: Periodontitis, the chronic inflammation of the
periodontal tissues caused by bacteria in plaque, is the leading
cause of tooth loss in adults in the world. Currently, periodontitis is
effectively treated with mechanical cleaning and the use of antibiotics.
However, these treatments only temporarily remove plaque, which
can rapidly proliferate and multiply in periodontal pockets over time.
Although antibiotics have positive antimicrobial effects, their long-
term use increases the risk of the emergence of drug-resistant strains.
The emergence of resistant strains reduces the effectiveness of
periodontitis treatment and makes the disease more difficult to
control. Herein, this paper reports the development of an injectable
self-oxygenating composite hydrogel for periodontal therapy, which
was produced by loading CaO2 nanoparticles and ascorbic acid into
an injectable alginate hydrogel. CaO2 can improve the periodontal
pocket microenvironment by reacting with water to generate oxygen, calcium ions can be used as a bone regeneration material, and
ascorbic acid protects cells. The authors further showed that the composite hydrogel inhibited growth and colonization of anaerobic
bacteria, reduced the degree of inflammation, and promoted alveolar bone regeneration. In conclusion, these findings suggest that
the composite hydrogel can be used as a biocompatible, convenient, and effective method for periodontitis treatment.

■ INTRODUCTION
Periodontitis is the chronic inflammation of periodontal tissue
caused by bacteria in subgingival plaque and is a common
disease of the oral cavity.1 A total of 538 million people
worldwide suffer from severe periodontal disease, and 276
million have lost their teeth as a result. These numbers will
continue to increase as the population grows and ages.2 The
early manifestations of periodontitis are redness and swelling of
the gums and infiltration of periodontal tissue by neutrophils
followed by destruction of periodontal connective tissue,
formation of periodontal pockets, and resorption of alveolar
bone, leading to the loosening and loss of teeth. The
pathogenesis of periodontitis depends critically on the attack
of pathogenic bacteria on the body and the consequent
autoimmune response of the body.3,4 Periodontitis is currently
the leading cause of tooth loss in adults worldwide and
seriously affects the physical and mental health of patients.

The current treatment of periodontitis is mainly to remove
plaque and tartar from periodontal pockets by mechanical
methods such as supragingival scraping and subgingival
scraping supplemented by antibiotic treatment. The broad
use of antibiotics can lead to bacterial resistance, which reduces
the efficacy of antibiotics and ultimately affects the treatment

outcome.5 Therefore, the development of a new nonantibiotic
antiplaque drug is essential. The plaque in periodontal pockets
is mainly Gram-negative anaerobic bacteria, such as Porphyr-
omonas gingivalis (P. gingivalis) and Fusobacterium nucleatum
(F. nucleatum).6 Anaerobic bacteria are sensitive to oxygen
content, and increasing the oxygen content can significantly
inhibit the growth of anaerobic bacteria,7 Therefore, an
oxygen-producing drug could be developed to inhibit and kill
anaerobic bacteria in subgingival plaque. In addition, increasing
the oxygen content can also promote the regeneration of bone
tissue8 and facilitate the regeneration of periodontal tissue. In
summary, strategies that can be used to increase the oxygen
content of periodontal pockets with oxygen-producing drugs
may be effective in the treatment of periodontitis.

An ideal oxygen-releasing material should have sustainable
oxygen release properties, low toxicity, and high biocompat-
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ibility. Oxygen-releasing materials can be divided into two
types: The first is oxygen-producing materials, which produce
oxygen through chemical reactions; the most common oxygen-
producing materials are peroxides, such as calcium peroxide
(CaO2), magnesium peroxide (MgO2), and sodium percar-
bonate (SPO). The second is oxygen-carrying materials, which
do not produce oxygen,9 such as perfluorinated carbons (PFC)
emulsions,10,11 PFC-cyclodextrin complexes,12 hemoglobin
particles,13 fluorinated zeolite particles,14 and polymers
encapsulating PFC.15,16 As a commonly used solid oxygen-
producing material, CaO2 has been studied more frequently in
oxygen-releasing systems of peroxides. CaO2 has a long oxygen
release time and dissolution rate between SPO and MgO2,

17

and calcium ions can be used as a raw material for bone
regeneration. Therefore, CaO2 was chosen as the drug to
provide oxygen in the periodontal pocket.

When CaO2 meets water, it condenses into clumps, which
affects the rate of oxygen release. In 2017, Liu et al. utilized the
hydrophobic cavity and hydrophobic layer of liposomes loaded
with methylene blue and CaO2 nanoparticles (NPs) to
construct a self-oxidizing LipoMB/CaO2.

18 In 2019, Zhang
et al. synthesized PCL/CaO2 composite microspheres using
polycaprolactone (PCL) as a CaO2-containing matrix, which
ensured the CaO2 steady state without affecting the oxygen
release function.19 Therefore, limiting the contact of CaO2
with water is an effective solution. Based on the above ideas,
this study uses biodegradable materials as the matrix and wraps
CaO2 as the oxygen source, which avoids the agglomeration
problem of CaO2 without affecting the oxygen production
efficiency. Consequently, we synthesized the sodium alginate
(SA) hydrogel,20 endowed it with mobility to injection into

periodontal pockets, and successfully loaded CaO2 NPs into
the SA hydrogel. Encapsulation of CaO2 NPs in a hydrogel
limits its exposure to water, thereby controlling the rate of
oxygen release.

Hydrogels are three-dimensional networks characterized by
high water content and absorption properties; they are
composed of large molecular polymers, which exhibit excellent
biocompatibility. These materials can be classified into two
main categories: natural hydrogel polymers and synthetic
hydrogel polymers.21,22 Although natural hydrogels demon-
strate favorable biocompatibility, safety, and nontoxicity, they
also present limitations such as poor solubility in water,
inadequate mechanical strength, and insufficient stability�
factors that constrain their application in the biomedical field
to some extent. In recent years, significant advancements have
been made in the development of synthetic hydrogels; these
artificially synthesized materials not only retain the inherent
advantages of natural hydrogels but also mitigate their
shortcomings, thereby enhancing the overall applicability of
hydrogels.23−26 Nanoparticles, owing to their diminutive size,
enhance penetration and biointeraction at the wound site.
Their high specific surface area facilitates cell adhesion, thereby
expediting the healing process of various wounds or ulcers.
Hydrogel serves as a porous scaffold capable of encapsulating
drugs or biomolecules. By integrating these two materials to
create a composite platform known as a nanocomposite
hydrogel, researchers have employed diverse nanomaterials to
develop multifunctional hydrogels exhibiting pronounced
antibacterial, anti-inflammatory, and antioxidant proper-
ties.27−29

Figure 1. Preparation process of the composite hydrogel and schematic illustration of the antimicrobial and anti-inflammatory effects in vitro and
the promotion of alveolar bone regeneration in vivo. (a) Process for making the injectable composite hydrogel. (b) Schematic diagram of the
composite hydrogel for anaerobic bacteria inhibition and anti-inflammation. (c) The composite hydrogel promotes alveolar bone regeneration
effect.
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Considering that CaO2 reacts with water to form calcium
hydroxide, which is an alkaline product, we added ascorbic acid
to the hydrogels. Ascorbic acid is an acidic antioxidant; on the
one hand, it can inhibit the excess hydrogen peroxide, reduce
the production of reactive oxygen species, and avoid the
damage of cellular DNA and proteins; on the other hand, it can
regulate the acid−base imbalance induced by calcium
hydroxide and avoid the cell death caused by calcium overload.
In addition, ascorbic acid can reduce the toxicity of the
hydrogel and promote the survival of cells encapsulated in
hydrogels.30−32

Here, based on the oxygen-producing capacity of CaO2 NPs
and the antioxidant capacity of ascorbic acid, we utilized a
highly mobile SA hydrogel as a carrier, thus creating an
injectable composite hydrogel (Figure 1a). The hydrogel has
good fluidity to be injected into periodontal pockets, and the
loaded CaO2 NPs and ascorbic acid can kill anaerobic bacteria,
promote alveolar bone regeneration, and inhibit the develop-
ment of inflammation (Figure 1b,c), which can be used for the
treatment of periodontitis. The SA hydrogel can be degraded
slowly, which avoids the problem of CaO2 NPs clumping while
guaranteeing the function of the drug. The favorable in vitro
cell compatibility and in vivo biocompatibility further
substantiate the overall biocompatibility of the hydrogel. In
conclusion, our research findings indicate that composite
hydrogels represent a promising and effective therapeutic
approach for periodontitis, attributed to their excellent
biocompatibility, user-friendliness, and efficacy.

■ EXPERIMENTAL SECTION
Materials and Test Instruments. Calcium chloride

(99.5%), hydrogen peroxide (35%), polyethylene glycol,
ammonia (25%), sodium hydroxide, calcium sulfate, chloro-
form, and absolute ethanol were purchased from Beijing
Chemical Co., Ltd. Ascorbic acid was purchased from Sigma-
Aldrich Reagent Co. Sodium alginate was purchased from
Aladdin Reagents, Inc. LIVE/DEAD BacLight TM Bacterial
Viability Kits were purchased from Introvigen Reagents. The
following instruments were used: cold field emission scanning
electron microscope (JSM-6700F, JEOL), infrared spectrom-
eter (FTIR, Nicolet AVATAR 360), GC-7920 vacuum closed
gas circulation system gas chromatograph (Beijing Zhongjiao
Jinyuan Technology Co., Ltd.), Empyrean X-ray diffractometer
(PANalytical B.V., The Netherlands), fluorescence microscope
(DP2-BSW, Olympus, Japan), and Micro-CT SCANCO
Medical AG HR10 rheometer (TA, USA).
Synthesis of CaO2 NPs. Six grams of calcium chloride was

dissolved in 60 mL of deionized water; 30 mL of 1 mol/L
ammonia solution and 240 mL of polyethylene glycol were
added and stirred well at room temperature; 30 mL of 30%
hydrogen peroxide solution was added; and the pH was
adjusted to 10 by adding ammonia solution. The precipitate
was dried for 2 h in a vacuum oven at 80 °C to obtain CaO2
NPs.33,34

Synthesis of the Injectable SA Hydrogel. The SA
hydrogel was obtained by adding 10 mL of saturated sodium
sulfate solution to 10 mL of 1 wt % aqueous sodium alginate
solution, mixing well, and centrifuging to remove air bubbles.
Synthesis of the Injectable Composite Hydrogel. Ten

milliliters of saturated sodium sulfate solution was added to 10
mL of 1% aqueous sodium alginate solution, and 4 mg of CaO2
NPs and 6 mg of ascorbic acid were added after mixing and
centrifuged to remove the air bubbles. The injectable

composite hydrogel loaded with CaO2 NPs and ascorbic acid
was obtained.35,36

Characterization of Injectable Composite Hydrogels.
The hydrogel was lyophilized, and the morphology was
observed by scanning electron microscopy. Then the Fourier
transform infrared spectra of CaO2 NPs, ascorbic acid, sodium
alginate hydrogels, and sodium alginate hydrogels loaded with
calcium peroxide and ascorbic acid were tested separately, and
the presence of each component in the composite hydrogel
was confirmed by comparing the characteristic peak positions.
Finally, the mechanical properties of the hydrogel were tested
by using a rheometer.
Oxygen Production Capacity Testing of Injectable

Composite Hydrogels. The composite hydrogel was added
to 50 mL of water, evacuated to remove the air, and then
passed through a gas collection device and connected to a gas
chromatograph to measure the amount of oxygen produced
once a day. At the same time, the same hydrogel was placed in
several times the volume of neutral water to observe the
degradation time and to detect the pH value of the degraded
liquid.

In Vitro Inhibition of Anaerobic Bacteria. After
introducing the composite hydrogels into the culture medium,
P. gingivalis and F. nucleatum were cocultured anaerobically at
37 °C (P. gingivalis for 72 h and F. nucleatum for 24 h). During
the logarithmic phase, the bacterial mixture was spread onto
Columbia blood agar plates and incubated in an anaerobic
environment at 37 °C. Subsequently, the same procedure was
repeated using a pure culture medium and SA hydrogels
instead of composite hydrogels.
Staining of Live/Dead Bacteria. The bacterial solution in

the logarithmic phase mentioned above was stained with
NucGreen and EthD-III. The mixture was observed, and
images were captured using a laser confocal microscope
utilizing an FITC filter to visualize green fluorescence as
indicative of live bacteria while employing a PI filter to detect
red fluorescence as an indication of dead bacteria.
Biosafety of the Composite Hydrogel. The L929 cells

with good cell morphology were taken as the study object;
inoculated in 96-well plates at 105 cells/well, 100 mL per well;
and incubated in a cell incubator at 37 °C and 5% CO2. The
control group, SA hydrogel group, and composite hydrogel
group were established. The cells were incubated in a cell
incubator at 37 °C with 5% CO2 for 24 h. After 24 h, the liquid
was aspirated, and the cells were rinsed with PBS three times
to ensure the removal of residual water. Ninety milliliters of
complete medium and 10 mL of CCK-8 solution were added
to each well, and the cytotoxicity of the composite hydrogel
was calculated by measuring the absorbance of each well at 450
nm after incubation for 2 h protected from light.

Forty-five 6 week old SD rats were randomly divided into
the control group, the SA hydrogel group, and the composite
hydrogel group (15 rats/group). Each group was then injected
with saline, sodium alginate hydrogels, and self-produced
oxygen composite hydrogels into the periodontal pockets of
the rats once a week. The rats in each group were killed at 4
and 8 weeks (five rats each time). The hearts, livers, spleens,
and lungs were fixed in 4% paraformaldehyde solution for
histopathological examination, and venous blood was taken
from rats for liver and kidney functions.
Establishment of a Cellular Model of Periodontitis.

Raw264.7 cells with good cell morphology were taken as the
study object; inoculated in 96-well plates at 105 cells/mL, 100
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mL per well; and placed in a cell incubator at 37 °C with 5%
CO2 for 24 h. After 24 h, it was changed to an H-DMEM
without fetal bovine serum. Control and LPS groups were
established, in which 100 mL of the complete medium was
added to the blank control group, and the concentration of the
LPS group was set to 0.1, 0.5, 1, and 2 μg/mL, respectively;
100 mL of configured LPS solution was added to each well,
and four replicate wells were set in each group. After 24 h, the
cell supernatant was collected and centrifuged to determine the
NO content by a Nitric Oxide Assay Kit, and the cells in 96-
well plates were used to determine the cell viability by CCK-8
to screen the appropriate LPS modeling concentration.
Anti-inflammatory Effect of the Composite Hydrogel.

Quantitative Real-Time PCR (qRT-PCR) for the Detection of
Inflammatory Factor Gene Expression. Raw264.7 cells were
inoculated in six-well plates at a density of 2 × 105 cells/well
and placed in a 37 °C, 5% CO2 incubator for 24 h. After 24 h,
the medium was changed to simple H-DMEM, and the cells
were starved overnight. Control, LPS, LPS + SA hydrogel (200
mg/mL), and LPS + composite hydrogel (200 mg/mL) groups
were established, and the cells were collected 24 h later for
RNA extraction. Samples with OD 260/280 values in the range
of 1.8−2.0 were screened for reverse transcription to cDNA.
Add 1 μg mRNA to the RNase free centrifuge tube, 3 μL 5
μgDNA Digester Mix, then add RNase free H2O to 15 μL,
centrifuge quickly and briefly, and 42 °C incubation for 2 min.
The obtained mRNA was reverse transcribed. The 4× Hifair
III SuperMix plus was added directly to the reaction tube in
step 1, and after fast and brief centrifugation, the reaction was
incubated at 25 °C for 5 min, 55 °C for 15 min, and 85 °C for
5 min for reverse transcription. The primers were designed and
synthesized by Shanghai Biotechnology Company, and the
primer sequences are shown in Table 1. The qRT-PCR reagent
ratios and machine settings are as in Tables 2 and 3.

Detection of Secreted Proteins in Cell Supernatants by an
Enzyme-Linked Immunosorbent Assay (ELISA). The cells
were cultivated as described above, and the cell supernatant
was collected. The standard, zero, and experimental group
wells were prepared. The reaction wells were sealed with a
plate sealing mold and incubated at 37 °C for 2 h. The liquid
was discarded, and the supernatant was dried and washed four

times by adding washing solution. The detection antibody
(100 μL) was added and incubated at 37 °C for 1 h; after
washing four times, 100 μL of HRP-labeled streptavidin was
added and incubated at 37 °C for 40 min; after washing four
times, 100 μL of TMB chromogenic solution was added to
each well; 100 μL of TMB color development solution was
added to each well and incubated at 37 °C for 15 min away
from light; 100 μL of termination solution was added, and the
absorbance of each well was measured at 450 nm. The
standard curve was calculated and plotted according to the
standard curve equation to calculate the concentration value in
each experimental group.

Therapeutic Efficacy of Composite Hydrogels in a
Periodontitis Rat Model. Forty-five 6 week old SD rats were
randomly divided into a control group, an SA hydrogel group,
and a self-produced oxygen composite hydrogel group (15
rats/group). The necks of the left maxillary second molars
were ligated and removed after 2 weeks to create a rat model of
periodontitis, and then each group was injected with saline, SA
hydrogels, and self-produced oxygen composite hydrogels into
the periodontal pockets of rats once a week. The rats in each
group were executed at 4 and 8 weeks after the operation (five
rats each time). The maxillae of rats were taken and fixed in a
4% paraformaldehyde solution for histopathology and micro-
CT analysis.

Statistical Analysis. The data of this experiment were
analyzed using GraphPad Prism 9 software, and the resultant
data were expressed as mean ± SD. The data of each
experiment conformed to the normal distribution with chi-
square variance. p < 0.05 (*), p < 0.01 (**), and p < 0.001
(***) were used to represent statistical difference. Images and
fluorescence intensities were processed or analyzed by the
ImageJ software.

■ RESULT AND DISCUSSION
Synthesis and Characterizations of the Composite

Hydrogel. Periodontal pockets in patients with periodontitis
are small and differently shaped, making it difficult for drugs to
be inserted into them. Hydrogels with a certain fluidity can be
injected directly into the periodontal pockets, which are ideal
for intrapocket drug delivery. We synthesized a hydrogel with a
certain degree of fluidity by modifying the cross-linking state of
the SA hydrogels. As shown in Figure 2a, this composite
hydrogel is flowable and will flow when the container is tilted
or inverted.

The morphology of SA hydrogels20 and composite hydrogels
was analyzed using scanning electron microscopy(SEM) after
freeze-drying. The SEM reveals a distinct porous structure in
both hydrogels. Further element distribution analysis showed
that carbon, oxygen, and sodium were evenly distributed in
both types of hydrogels, confirming that SA is the main
component of both hydrogels (Figure 2c). The results also
confirmed the uniform distribution of sulfur and calcium in the
hydrogel skeleton for the other major component, calcium

Table 1. Primer Sequences

gene name primer sequences

IL-1β F: TCCAGGATGAGGACATGAGCAC
TNF-α R: GAACGTCACACACCAGCAGGTTA
IL-6 F: CTCATGCACCACCACCAAGGACTC

R: AGACAGAGGCAACCCGACCACTC
F: GAACGTCACACACCAGCAGGTTA
R: CCAGTTTGGTAGCATCCATCATTTC

Table 2. qRT-PCR System

reagents
20 μL reaction
system (μL)

final
concentration

Hieff qRT-PCR SYBR Green Master
Mix (Low Rox Plus)

10 1×
0.2 μM

forward primer (10 μM) 0.4 0.2 μM
reverse primer (10 μM) 0.4
template DNA 0.6
DEPC water 8.6

Table 3. PCR Conditions

cycle steps temperature time number of cycles

predenaturation 95 °C 5 min 1
denaturation 95 °C 10 s 40
annealing/extension 60 °C 30 s 40
dissolution curve stage instrument default

settings
1
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sulfate. The elemental composition analysis of the hydrogel
based on the characteristic energy of X-ray photons confirmed
the presence of carbon, oxygen, sodium, sulfur, and calcium
(Figure 2b). We further compared the overall elemental mass
fraction of the two hydrogels. The change in elemental mass
fraction in the composite hydrogels, as compared to that of the
SA hydrogels, indicates the successful loading of CaO2 NPs
and ascorbic acid, particularly evidenced by an increase in
calcium content from 3.64 to 5.46% (Table 4).

The composite hydrogel was supplemented with ascorbic
acid to provide cellular protection. The Fourier transform
infrared (FTIR) spectra presented in Figure 2d reveal
characteristic peaks associated with sodium alginate hydrogels,
calcium peroxide, and ascorbic acid, thereby confirming the
successful integration of these three components into the
composite hydrogels. The mechanical properties of the

hydrogel were assessed by using a rheometer, as depicted in
Figure 2e. The storage modulus of the sample exceeds that of
the loss modulus, thereby confirming the successful synthesis
of the hydrogel. Nevertheless, the comparatively lower storage
modulus suggests that the hydrogel exists in a weak gel state.
At sufficiently high shear frequencies, an intersection between
the storage and loss moduli was observed, indicating a

Figure 2. (a) Hydrogel exists as a fluid at ambient temperature and transitions to a solid state following freeze-drying. (b) EDS total spectrum of
the SA hydrogel and composite hydrogel. (c) SEM images of the SA hydrogel and composite hydrogel. The scale bar is 100 μm. (d) FITR spectra
of L-ascorbic acid, CaO2, SA hydrogel, and composite hydrogel. (e) Rheological analysis of the composite hydrogel. (f) Viscosity test of the
composite hydrogel.

Table 4. Elemental Mass Fraction

chemical elements SA hydrogel composite hydrogel

C 22.61% 21.93%
O 66.56% 65.39%
Na 5.13% 5.23%
S 2.07% 1.99%
Ca 3.64% 5.46%
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transition from gel to solution phase. At this critical point,
structural integrity is compromised, exhibiting characteristics
typical of a solution. The viscosity of the composite hydrogel
was further investigated. As illustrated in Figure 2f, an increase
in cutting frequency leads to a progressive reduction in
viscosity, thereby exemplifying the phenomenon of shear
thinning.

The storage modulus of the sample exceeds that of the loss
modulus, thereby confirming the successful synthesis of the
hydrogel. Nevertheless, the comparatively lower storage
modulus suggests that the hydrogel exists in a weak gel state.
At sufficiently high shear frequencies, an intersection between
the storage and loss moduli was observed, indicating a
transition from gel to solution phase. At this critical point,
structural integrity is compromised, exhibiting characteristics
typical of a solution.
Revising the Assessment of Oxygen Generation

Capability. In patients with periodontal disease, the presence
of reduced oxygen levels within the periodontal pockets
facilitates the proliferation of anaerobic bacteria. The
composite hydrogel exhibits the ability to generate oxygen
and effectively inhibit the growth of anaerobic pathogenic
bacteria. To evaluate its efficacy in oxygen generation, gas
chromatography was employed (Figure 3a). The findings
(Figure 3b) demonstrate that the composite hydrogel
consistently generates oxygen over a period of 8 days. The
production of oxygen exhibited a noticeable decline after a
span of 8 days. Similarly, the composite hydrogel should
exhibit excellent biodegradability, thereby enabling precise
control over the rate of oxygen release. The hydrogel was
observed to undergo continuous degradation with complete
degradation achievable within a span of 8−10 days (Figure 3c).
Analysis of the pH level in the solution containing the
degradation products revealed that it maintained a pH range of
7.2 to 7.4, closely resembling the physiological pH of the
human body.

Inhibition of Anaerobic Bacteria In Vitro. Gram-
negative pathogenic bacteria in subgingival plaque in
periodontal pockets are important in the development of
periodontitis, and their causative organisms include P.
gingivalis, F. nucleatum, etc.37,38 The oxygen partial pressure
in the gingival sulcus fluid and periodontal pockets of patients
with periodontitis is low, which favors the colonization of
specific microbial flora such as anaerobic bacteria, which may
lead to an imbalance in the host’s internal homeostasis,
inducing a destructive inflammatory process and affecting the
host’s immune system.39 The antibacterial effects of composite
hydrogels were investigated by testing two distinct bacterial
strains: P. gingivalis and F. nucleatum.

After incorporating two hydrogels into the P. gingivalis
medium and incubating for 72 h, the impact of SA hydrogels
on the quantity of colony forming units (CFU) can be
disregarded, whereas there were almost no surviving bacteria in
the composite hydrogel group (Figure 4a). This phenomenon
may be attributed to oxygen generation by the composite
hydrogels upon reaction with water, thereby impeding P.
gingivalis growth. To further verify the antibacterial perform-
ance of the system against other anaerobic bacterium in the
oral cavity, we selected F. nucleatum as representatives. The
composite hydrogel significantly reduced the number of F.
nucleatum after 24 h of treatment (Figure 4b). These findings
highlight the broad-spectrum antibacterial activity of the
composite hydrogel against anaerobic bacteria.

To further investigate the inhibitory effect of the composite
hydrogel on anaerobic bacteria, we performed live/dead
staining assays and observed the samples using a laser scanning
confocal microscope. As depicted in Figure 4c, the SA hydrogel
group exhibited a substantial presence of viable P. gingivalis,
while the composite hydrogel group displayed a significant
proportion of nonviable bacteria with minimal live bacterial
count. Similar results were observed for F. nucleatum
fluorescence statistics on the percentage of live and dead
bacteria (Figure 4d). After conducting statistical analysis, it was

Figure 3. (a) A schematic diagram is presented for the assessment of oxygen generation and degradation performance in the composite hydrogel.
(b) The oxygen content has exhibited a gradual upward trend over the past 8 days; however, no significant fluctuations were observed during the
subsequent 8 day period. (c) The pH value of degradation products remained neutral, closely resembling the physiological pH of body fluids.
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determined that the composite hydrogel group exhibited
approximately 24.5% viability of P. gingivalis (Figure 4c),
whereas the composite hydrogel group demonstrated around
9.5% viability of F. nucleatum (Figure 4d). These findings
suggest that the composite hydrogel possesses potent
antimicrobial properties against anaerobic bacteria.
Biosafety of the Composite Hydrogel. The biocompat-

ibility of biomaterials plays a pivotal role in their application.
Histopathological examination of the major organs in rats was
conducted to assess the potential toxicity of this hydrogel. The
picture in Figure 5a shows the effects of the control group and
SA hydrogel group as well as the composite hydrogel group on
different organs. The SA hydrogel group and composite
hydrogel group exhibited no significant histopathological
abnormalities in the major organs (heart, liver, spleen, lungs,
and kidneys) as observed in the H&E-stained tissue sections
when compared to the control group. The blood samples of
rats were collected to assess liver and kidney function. As
depicted in Figure 5c−f, no significant differences were
observed in the key functional parameters of the liver and
kidney between the control group, the SA hydrogel group, and
the composite hydrogel group, including bilirubin, uric acid,
creatinine, albumin, serum globulin, total protein, transferase
enzymes, alkaline phosphatase levels, serum electrolytes

(phosphorus, magnesium, calcium), and bicarbonate concen-
trations. To further evaluate the cytocompatibility of these
hydrogels, a direct contact test between the L929 cells and
hydrogels was carried out. The results demonstrated that
neither the SA hydrogel nor the composite hydrogel at various
concentrations (100−500 mg/mL) exhibited any discernible
impact on the viability of L929 cells (Figure 5b).
Anti-inflammatory Effect of the Composite Hydrogel.

In the progression of periodontitis, inflammatory factors, such
as interleukin-6 (IL-6), IL-1β, and tumor necrosis factor-alpha
(TNF-α), play a pivotal role in the degradation of periodontal
tissues.40 Several scholars have observed a significant elevation
in the level of IL-6 within the gingival crevicular fluid of
patients diagnosed with chronic periodontitis.41,42 Accumulat-
ing evidence suggests that IL-6 plays a crucial role in the
initiation of the early inflammatory response in periodontitis
by promoting osteoclast genesis and subsequent bone
resorption.43,44 Likewise, there have been investigations
demonstrating a correlation between levels of IL-1β and the
severity of periodontitis.45,46 TNF-α can be detected in both
the gingival crevicular fluid and serum of patients suffering
from chronic periodontitis.47,48 Previous studies have demon-
strated that TNF induces apoptosis in gingival epithelial cells
and fibroblasts while also inhibiting extracellular matrix

Figure 4. (a, b) The inhibitory effects of the composite hydrogel on P. gingivalis and F. nucleatum were observed by quantifying CFU. (a) P.
gingivalis, (b) F. nucleatum. (c, d) Bacteriostatic action of the SA hydrogel and composite hydrogel. Green fluorescence represents living bacteria,
red fluorescence represents dead bacteria, and three groups of green fluorescent areas were used to quantitatively compare the bacteria survival rate.
(c) P. gingivalis. (d) F. nucleatum. **P < 0.01.
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production by periodontal fibroblasts,49,50 thus suggesting its
involvement in oral mucosal damage and initiation of
periodontitis. Therefore, reducing the secretion of inflamma-
tory factors by cells in an inflammatory state has significant
implications for the treatment of inflammation. Investigating
the protective effect of composite hydrogels on mouse
macrophages (Rwa264.7) under lipopolysaccharide (LPS)-
induced inflammatory conditions and exploring their potential
for medical applications in inflammatory diseases. Upon direct
contact of LPS with Rwa264.7 cells, we observed no significant
difference in the amount of nitric oxide (NO) production
induced by LPS at various concentrations. The cell viability of
Rwa264.7 cells remained unaffected by LPS concentrations
ranging from 0 to 1 μg/mL. However, a concentration of 2 μg/
mL significantly inhibited cell growth. Consequently, we
selected a concentration of 1 μg/mL for inducing an
inflammation model in Rwa264.7 cells (Figure 6a).

By detecting the mRNA levels of inflammatory factors, one
can deduce the corresponding gene expression. The mRNA
expression of IL-1β, IL-6, and TNF-α in Raw264.7 cells was
assessed using real-time quantitative PCR (qRT-PCR) in this
experiment. The composite hydrogel group exhibited signifi-
cantly reduced expression of IL-1β, IL-6, and TNF-α mRNA
compared to both the SA hydrogel group and positive control
group, with no significant difference observed in the negative
control group (Figure 6b). To further investigate the secretion
of inflammatory factors, the enzyme-linked immunosorbent
assay (ELISA) was employed. The concentrations of IL-1β, IL-
6, and TNF-α proteins in the composite hydrogel exhibited a
significant reduction compared to those observed in the
positive control group; however, no statistically significant
difference was observed when compared to that of the negative
control group (Figure 6c). It has been demonstrated that the
aggregation of inflammatory cells in the alveolar bone can be

Figure 5. (a) Histopathological examination of the heart, liver, spleen, lung, and kidney was conducted in each experimental group. (b) Effect of
the SA hydrogel and composite hydrogel on L929 cell viability. (c−f) Functional evaluations of the liver and kidney in every group. ns: not
statistically significant.
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effectively reduced by local injection of IL-1β, IL-6, and TNF-
α receptor blockers in an experimental periodontitis model,
which reduced bone resorption by about 60%.51 The
composite hydrogel downregulates the mRNA expression of
IL-1β, IL-6, and TNF-α in Raw264.7 cells under an
inflammatory state while decreasing IL-1β, IL-6, and TNF-α
production. Therefore, the composite hydrogel presented
herein demonstrates the capability to mitigate inflammatory
responses by effectively reducing the production and secretion
of inflammatory cytokines.
Therapeutic Efficacy of Composite Hydrogels in a

Periodontitis Rat Model. Patients suffering from perio-
dontitis undergo bone resorption, ultimately resulting in tooth
loss. Hence, it is of paramount importance to impede bone
resorption and promote regeneration for effective periodontitis
treatment. The rat periodontitis model was established through
ligature-induced inflammation, and local drug delivery was
employed to investigate the therapeutic efficacy of the
composite hydrogel in treating periodontitis (Figure 7a). As
depicted in Figure 7b, at the 4 week mark, both the control
group and SA hydrogel group exhibited evident resorption of
the alveolar ridge and reduction in the height of the alveolar
crest, resulting in exposure of root bifurcation and
intercommunication between sides. However, in the composite
hydrogel group, minimal resorption of alveolar bone was
observed with only minor exposure to root bifurcation. At 8

weeks, both the control group and the SA hydrogel group
exhibited a slight improvement in alveolar bone resorption
accompanied by gradual elevation of the crest of the alveolar
ridge and partial exposure of root bifurcations. In contrast, rats
treated with composite hydrogels showed a significant increase
in the alveolar bone height, resulting in the complete coverage
of root bifurcations by newly formed bone tissue.

Early manifestations of periodontitis are redness and
swelling of the gums, vasodilatation, and infiltration of
periodontal tissues by neutrophils followed by destruction of
periodontal tissues, resorption of alveolar bone, formation of
periodontal pockets, and tooth movement. We further
examined the gingival tissues of rats by HE staining for
inflammation and tissue healing. As depicted in Figure 7c, the
control group exhibited disrupted gingival epithelium with a
significant infiltration of inflammatory cells at week 4; by week
8, no epithelial repair was observed, and blood vessels
remained dilated and infiltrated with inflammatory cells. In
the SA hydrogel group, a small amount of epithelial formation
and exudation of inflammatory cells were observed at the
fourth week; by the eighth week, thinner epithelium without
peg formation was evident along with continued inflammatory
cell infiltration. Conversely, the composite hydrogel group

Figure 6. (a) The impact of LPS on NO production and cellular
viability in Raw264.7 cells. (b) Effects of the SA hydrogel and
composite hydrogel on LPS-stimulated Raw264.7 inflammatory factor
mRNA expression. (c) Effect of the SA hydrogel and composite
hydrogel on inflammatory factor content in the supernatant of LPS-
stimulated Raw264.7 cells. ns: not statistically significant. ***p <
0.001 and ****p < 0.0001. Figure 7. (a) This diagram illustrates the method of applying

hydrogels in the periodontal disease model. (b) Micro-CT images of
the rat mandible 4 and 8 weeks after the surgery. (c) H&E-stained
images of the rat gingiva 4 and 8 weeks after the surgery. All the
images were magnified at 40 or 400×.
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displayed thicker epithelial formation with some areas
exhibiting epithelial pinnacles and reduced inflammatory cell
infiltration at the fourth week; by the eighth week, normal-like
epithelial formation with visible pinnacles and decreased
inflammatory cell infiltration was observed. The above findings
demonstrate the efficacy of composite hydrogels in mitigating
periodontal inflammation and facilitating bone regeneration
within periodontal tissue.

■ CONCLUSIONS
In this study, a successful preparation of a sodium alginate
hydrogel containing CaO2 NPs and ascorbic acid was achieved.
The hydrogel not only exhibits excellent physical properties
but also possesses a variety of potential biomedical
applications. Specifically, the hydrogel has a good porous
structure, which enables effective promotion of nutrient and
gas exchange, providing the necessary growth environment for
cells. Additionally, the stable rheological properties ensure the
material’s operability in practical applications, ensuring that it
will not clog or be unevenly distributed during injection or
application. From the perspective of degradation performance,
the hydrogel exhibits a gradual biodegradation process within
the body, facilitating the sustained release of active ingredients.
This mechanism aids in maintaining the stability of the local
microenvironment and provides continuous therapeutic effects,
thereby alleviating the burden of frequent drug administration
for patients. Furthermore, the excellent biocompatibility of this
material fosters favorable interactions with human tissues,
minimizing any significant adverse reactions. Moreover, the
hydrogel demonstrated an optimal oxygen release rate
attributed to the incorporation of CaO2 NPs, which facilitate
oxygen generation through a chemical reaction, thereby
enhancing cellular metabolic activity during tissue repair
under hypoxic conditions. Studies have indicated that the
hydrogel effectively suppresses the expression of key
inflammatory mediators, contributing to a reduction in local
inflammation. Notably, in a series of experiments encompass-
ing in vitro inflammation models and antibacterial efficacy
assessments, the hydrogel exhibited significant reductions in
inflammatory responses and inhibited the growth and
reproduction of anaerobic pathogenic bacteria (including
specific oral anaerobes). These findings establish a foundation
for clinical applications and suggest that this material may
represent a novel therapeutic strategy.

Finally, an 8 week study utilizing a rat model of periodontitis
demonstrated the promising therapeutic efficacy of the
multifunctional hydrogel in managing this condition. Through
careful observation of oral health status, alterations in gingival
tissue, and relevant biochemical markers across the exper-
imental groups, it was evident that rats treated with the
multifunctional hydrogel exhibited significant improvements
compared to those in the control group. These comprehensive
findings underscore that a multifunctional hydrogel charac-
terized by fluidity, oxygen-generating capabilities, anti-inflam-
matory properties, and the potential for bone regeneration
represents a vital candidate material for addressing perio-
dontitis and related disorders, thereby providing both
theoretical foundations and practical insights for future clinical
applications.
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