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Introduction

Periodontitis is an inflammatory response of periodon-
tal tissues to the microbiota, characterized by the loss of 
periodontal attachment, eventually leading to tooth loss 
(1-3). Periodontal therapy halts disease progression and 
resolves inflammation by eliminating the microbiota. Me-
chanical debridement using either manual or power-driven 
instruments is the primary means of removing supragin-
gival and subgingival deposits from root surfaces (4). In 
most cases, clinical parameters improve following this 
gold-standard non-surgical therapy. However, in certain 
situations, non-surgical mechanical therapy may not com-
pletely remove the pathogenic microbiota in the subgingi-
val region, such as in the case of microbial communities 
invading the periodontal tissues or residing in deep perio-
dontal pockets, which severely impairs periodontal the-
rapy and the healing process. In non-surgical periodontal 
therapy, microbial biofilms are minimized or eliminated 
using mechanical and chemotherapeutic methods. Seve-
ral chemotherapeutic methods are used to prevent plaque 
from accumulating and to disinfect the periodontal tissues 
and root surfaces. This is accomplished through the local 
application of various antimicrobial agents or drugs that 
are used to deliver local nidus over a prolonged period. 
Plaque removal in deep pockets may not be possible 
through mechanical therapy, leading to treatment failure 
as bacterial plaque accumulates post-therapy. Therefore, 
combining mechanical therapy with chemotherapeutic 
agents is a critical approach to periodontitis treatment.

Recently, in situ polymerized hydrogel systems have 
garnered significant interest because of their exceptio-
nal adhesive properties and drug release profiles under 
controlled conditions (5). These systems are particularly 

effective in periodontal applications because they offer ad-
vantages over traditional delivery systems. In situ systems 
typically comprise mixtures of intelligent polymers with 
stimuli-responsive properties that transition from the solid 
state to the gel state upon contact with some biological sti-
mulation, such as changes in pH, solvent composition, ion 
concentration, and temperature (6). Despite the immense 
advantages and potential of in situ gel systems, there are 
limitations in selecting appropriate polymers, complex 
formulation systems, and utilizing polymer concentrations 
to provide the desired drug release profiles for prolonged 
periods. Furthermore, efficacious treatment for periodonti-
tis needs the maintenance of drug concentration in the 
periodontal pocket above the minimum inhibitory concen-
tration (MIC); this necessitates the development of an 
effective periodontitis formulation system. In this regard, 
the use of biodegradable polymer nanoparticles in drug 
delivery research has been widely explored for control-
ling drug release profiles ranging from days to weeks and 
potentially months. Moreover, nanoparticles are conside-
red effective primarily because of their small size, which 
can help them reach the gingival crevice as well as deep 
periodontal pockets (7). Therefore, the development of in 
situ gel formulations loaded with nanoparticle cargo that 
transition from a sol state to a gel state upon contact with 
human periodontal tissue has been devised to extend its 
residence time in the periodontal pocket (8).

To date, various drugs with antibacterial, antioxidant, 
and anti-inflammatory properties have been used to treat 
periodontitis. Boric acid (BA) is one such drug that has 
recently been evaluated for its use in locally treating chro-
nic periodontitis (9). BA and borates naturally occur as 
boron and possess many metallic and nonmetallic proper-
ties. It has been reported that boron possesses antibacte-
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rial properties; furthermore, it regulates inflammation and 
immune response. In 2014, a study showed that BA could 
alleviate the inflammation and alveolar bone loss associa-
ted with diabetic periodontitis induced by ligatures (10). 
BA exhibits antibacterial and anti-inflammatory properties 
due to the presence of boron (11). This compound reduces 
the release of tumor necrosis factor-alpha (TNF-α) by li-
popolysaccharide-induced human monocytes, endowing 
BA with anti-inflammatory and antibacterial properties. 
BA also increases osteogenic activity by stimulating the 
synthesis of bone formation-related marker genes in hu-
man bone marrow stromal cells during their proliferation 
and differentiation cycles. The structural basis of the boric 
acid ester bond is an ester bond formed dynamically by 
boric acid and cis-diol, which is applied extensively in 
medicine for regenerative processes and drug delivery. In 
addition, B-N coordination bonds formed between boron 
atoms and secondary amines can increase hydrolytic stabi-
lity (12). A combination of mechanical viscoelasticity and 
controlled arginine release can be achieved by incorpora-
ting arginine into borate hydrogels (13).

Therefore, to satisfy the complex environmental requi-
rements for treating periodontitis, we have designed a pH-
responsive hydrogel material. First, we covalently modify 
phenylboronic acid (PBA) onto methacrylated alginate 
(AlgMA) through an amidation reaction under the action 
of N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) and N-Hydroxysuccinimide (NHS). 
Subsequently, polydopamine particles loaded with gen-
tamicin were added. Finally, the hydrogel was rapidly 
formed under ultraviolet (UV) irradiation. Boronate-
based hydrogel materials can break down in the low-pH 
region of inflammation, thereby accelerating drug release; 
meanwhile, rapid UV polymerization can meet the requi-
rements of special wound sites by concentrating the drug 
at the wound site. In vitro experiments show that this 
hydrogel significantly increases the drug release rate in a 
low-pH environment, effectively inhibiting inflammation. 
In addition, this hydrogel is nontoxic to living organisms 
and is worthy of further clinical application.

Materials and Methods

Reagents and chemicals
AlgMA was provided by Macklin (China). PBA, EDC, 

NHS, 2-(N-morpholino) ethanesulfonic acid hydrate 
(MES), and dopamine (DA) were supplied by Aladdin 
(China). The α-minimum essential medium (α-MEM) and 
phosphate-buffered saline (PBS) were sourced from Hy-
clone (USA). In addition, fetal bovine serum (FBS) was 
brought from Gibco (USA), and cell counting kit-8 (CCK-
8) was obtained from Beyotime (China).

Characterization of hydrogel
Fourier-transform infrared spectroscopy was applied to 

elucidate the chemical structure of the polymer. A Mal-
vern Zetasizer Nano-ZS90 instrument (Malvern, UK) 

was utilized to detect zeta potential and size distribution. 
Scanning electron microscopy (SEM, Hitachi, Japan) was 
employed to visualize the structures of freeze-dried hydro-
gels as well as micelles. The micelle shapes were obser-
ved by transmission electron microscopy (Hitachi, Japan). 
Furthermore, the loading efficiency of the drugs into the 
hydrogel was evaluated by a UV-Vis spectrophotometer 
(Shimadzu, Japan).

Synthesis of AlgMA-PBA/PDA@Gentamicin (APPG) 

Preparation of AlgMA-PBA 
AlgMA-PBA was synthezised via the esterification of 

AlgMA and PBA. In short, AlgMA (1 g) was solubilized 
in MES buffer (0.1 M) to make a 1% solution. Next, 5 mL 
of 1% PBA dissolved in dimethyl sulfoxide was added. 
After thorough dissolution, EDC (0.5 g) and NHS (0.5 g) 
were added, and the mixture was stirred at room tempe-
rature (RT) for 24 h. The mixture was then centrifuged 
to dislodge any non-reacted PBA. At last, the supernatant 
(MWCO 3500) was dialyzed for 5 d using deionized water 
and freeze-dried. 

Preparation of PDA 
Then, ammonia (3 mL) was added to a mixture contai-

ning 90 mL of deionized water and 40 mL of anhydrous 
ethanol to modulate the pH value to 8.5. Afterward, the 
solution was stirred for 0.5 h at RT. Next, Dopamine 
hydrochloride (0.5 g) was added to the mixture and dis-
solved thoroughly. The solution was stood for 24 h before 
undergoing centrifugation to collect the precipitate. After 
washing, the PDA was dried in a freeze-dryer for 24 h and 
then stored for further use. 

Preparation of AlgMA-PBA/PDA@Gentamicin (APPG) 
To construct the APPG hydrogels, different concentra-

tions of AlgMA-PBA and PDA@Gentamicin were mixed 
with 1% Irgacure (v/v) 2959. The mixture was then irra-
diated with UV light for 10 s to form the hydrogel. The 
details about the composition of each sample are exhibited 
in Table 1.

Rheological testing of hydrogel
Rheological testing was performed at 37°C by a rota-

tional rheometer (Anton Paar, Austria). A syringe was used 
to mix the hydrogel uniformly before injecting 0.2 ml onto 
the rheometer plate. To reduce the rotor height, the plate 
distance was reduced by 1 mm and the surrounding hydro-
gel was removed. The storage (G′) and loss (G″) moduli 
of different APPG hydrogels were studied by frequency 
sweep in the range of 50–0.1 rad/s and 1% strain ampli-
tude.

Drug release from hydrogel
The effect of gentamicin release was measured by ul-

traviolet absorbance. We took 0.1 g APPG hydrogel and 
dissolved it in 10 mL buffer (pH=4.5 and 7.2) at 37℃ and 

Sample AlgMA-PBA (%) PDA@Gentamicin (%) Irgacure2959(%)
APPG-1 10 15 1
APPG-2 10 10 1
APPG-3 10 5 1

Table 1. Proportion of different components in the sample prepolymer.
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DA solution (10 μM) for 20 min. Finally, images were 
acquired with a fluorescence microscope.

Western Blotting
Upon washing, cells were lysed using RIPA buffer 

(Beyotime, China), loaded and run on a 10% sodium dode-
cyl sulfate-PolyacrylamideGel Electrophoresis, and trans-
ferred to Polyvinylidene difluoride membranes (Millipore, 
USA). After blocking with 5% non-fat milk, the mem-
branes were probed by the primary antibodies against IL-
10 (ab133575, Abcam, China) at 1:1,000 overnight at 4℃. 
On the second day, the membrane reacted with secondary 
antibodies. Thereafter, the protein blots were developed 
and β-actin was served as a control.

Scratch assay 
HPDLCs were cultured to 90% confluence and marked 

with a horizontal line for image acquisition in 6-well 
plates. After scratching the cells with a 10-l pipette tip, 
the plates were washed carefully to remove the dislodged 
cells before being cultured in 4% FBS/α-MEM for 48 h. 
By using ImageJ software (National Institutes of Health, 
USA), cells were photographed, and the width of cell-free 
regions was quantified.

Statistical analysis
The analysis of the study was conducted by SPSS V19.0, 

and the calculated results were shown as means±SD. Mul-
tiple group comparisons were examined using one-way 
ANOVA and Tukey tests. In addition, the Kruskal-Wallis 
H test was utilized when the variances were not homoge-
neous. A statistically significant result was defined as 
P<0.05 in all cases.

Results

Synthesis and characterization of the polymer
The carboxyl groups were activated using EDC and 

NHS and the BA moiety was introduced into the AlgMA 
skeleton (Figure 1).

A new peak was shown at 1670 cm-1 in the infrared 
spectrum as the C=O stretching vibration of the amide 
bond (Figure 2A). Similarly, the bending vibration of the 
phenyl ring carbon-carbon double bond was observed at 
1500-1600 cm-1, whereas the B-O stretching vibration of 
the boronic acid moiety occurred at 1340 cm-1. Additio-
nally, the C-H bending vibration of the BA phenyl group 
was observed at 700 cm-1. The UV spectrum of PDA@
Gen showed a clear absorption peak at 280 nm, indicating 
the successful loading of the drug (Figure 2B). The zeta 
potential of the APPG was shown in Figure 2C, and the 
zeta potential value after loading drugs was less than -22.6 
mV. Polymers and micelles were successfully prepared, 

100 rpm Fresh buffer was added at every time point, fol-
lowed by the collection of 1 mL of the supernatant. A UV 
spectrophotometer was employed to detect the concentra-
tion of gentamicin in hydrogels at λ=280 nm. The concen-
tration of gentamicin released from hydrogels was calcu-
lated using a standard curve. 

Isolation and culture of human periodontal ligament 
fibroblasts

Five healthy individuals (15-25 years old) provided 
healthy human premolars for the study. Periodontal tissues 
were harvested from the roots and cultured in α-MEM 
containing 5% FBS as well as 0.5% penicillin/streptomy-
cin. Informed consent was obtained from all subjects.

Identification of human periodontal ligament fibro-
blasts

Vimentin is a marker of fibroblasts, and keratin is a 
marker of epithelial cells. A 12-well plate was seeded with 
HPDLCs and the slices were allowed to climb. After pre-
treatment, the cells were treated with 4% fixative and per-
meabilized with 0.5% Triton X-100 in PBS. After blocking 
in 5% BSA, the cells were acted overnight at 4°C with 
primary antibodies at the dilution of 1:250. Upon DAPI 
staining, the cells were hatched with secondary antibodies 
for another 1 h. Finally, ImageJ was applied to quantify the 
mean fluorescence intensity of proteins. 

Live/dead staining
The medium in the plate was discarded and washed. 

Then, the gel was introduced to the well-plate that had for-
med the membrane followed by an incubation at 37°C. The 
well plate was taken out at pre-set time intervals (24 and 
48 h), and the gel imparted with the cells was collected. 
After that, PBS (1 mL) was added to each well, and then 
5 μL of fluorescein diacetate (FDA) and propidium iodide 
(PI) were added to each well to stain the cell membranes. 
After staining in the dark for 3 min under a fluorescence 
microscope, cells were observed and photographed.

Cytotoxicity assay 
Using a CCK-8 assay kit, the cytotoxicity of the hydro-

gels was assessed. We discarded the culture medium and 
added 3 mL of trypsin after washing with PBS, and the 
cells were incubated at 37°C. Following centrifugation, 
cell suspensions were cultivated in 12-well culture dishes 
at 37°C in 5% CO2. Next, 10 mL FBS was added to 90 mL 
supernatant, and the solution was carefully transferred to a 
new 96-well plate. After incubation at 37°C for 24 or 48 h, 
each well was added with CCK-8. After 4 h, a Multiskan 
FC Microplate Reader (Thermo, US) was utilized to count 
cell viability at 450 nm based on the following equation:

Cell viability =  × 100%

AT (sample groups), A0 (control group); AC ( blank 
group)

Reactive oxygen species
The antioxidant activity of the APPG hydrogel was de-

tected using the ROS assay kit. First, HPDLCs were cultu-
red in α-MEM with H2O2 for 12 h. The hydrogel extract 
was then added to the medium and incubated for another 
12 h. Afterward, the HPDLCs were stained with a DCFH- Figure 1. Synthesis of AlgMA-PBA/PDA@Gentamicin.
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confirming their effectiveness for preparing drug-contai-
ning micelle hydrogels.

Preparation and characterization of the hydrogel
The purpose of this test was to determine if the APPG 

solution would form a hydrogel. The pre-polymer solution 
was placed under a UV lamp, and it was notable to find 
that a hydrogel could be formed in just 10 s. Photogra-
phs captured before and after in situ gelation are shown 
in Figure 3A. SEM was used to determine the hydrogels’ 
porosity as well as surface structure, which exhibited a 
uniform porous structure (Figure 3B). As shown in Figure 
3C, the APPG hydrogel exhibited injection and reshaping 
characteristics. As shown in Figure 3D, the G' and G′′ of 
all groups was shown in Figure 3D.

pH-responsive behavior and drug release of hydrogels 
As shown in Figure 4A, the collapse of the hydrogel 

was induced by the pH-dependent dissociation of the bo-
ronic ester bonds between the polymer chains after the pH 
of the solution was adjusted to 4.5. The release of gentami-
cin sulfate varies at different pH values; this is consistent 
with previous reports on the pH-responsive behavior of 
boronic ester bonds. Specifically, up to 45.6% of gentami-
cin sulfate was released in the first 24 h at pH 4.5 and was 
continuously released in the subsequent 24 h, whereas less 

than 40% of gentamicin was released within 48 h at pH 7.2 
(Figure 4B). Figure 4C showed the APPG Hydrogels with 
varying compositions for the release of the drug.

Biocompatibility of hydrogels
HPDLCs culture and identification were successful 

(Figure 5A and 5B). The proliferation of HPDLCs at 24 
and 48 h was exhibited in Figures 5C and 5D.

Anti-inflammatory effect of hydrogels 
The viability of the HPDLCs was unaffected when 

co-cultured with APPG-1, APPG-2, or APPG-3 for 48 h. 
HPDLCs were cocultured with APPG for 24 h to assess 
their capacity to clear ROS. The results of the experiment 
are shown in Figure 6A and 6B.

To determine whether the hydrogels affected cell via-
bility and migration, a scratch assay was performed. To 
calculate the wound closure rate, images of scratched cells 
were captured at 0 and 24 h (Figure 6C).

As shown in Figure 6D, the level of IL-10 expression 
was observed in the APPG-1 hydrogels and the control 
hydrogels (AlgMA).

Discussion

It has been reported that approximately 50% of adults 

Figure 3. The characterization of the hydrogel; (A) Hydrogel phase 
transitions by UV. (B) SEM images of APPG hydrogel. (C) the injec-
tion and reshaping characteristics of APPG hydrogel. (D)the storage 
modulus (G′) and loss modulus (G′′) of APPG hydrogels.

Figure 4. The characterization of the hydrogel; (A) Hydrogel phase 
transitions by UV. (B) SEM images of APPG hydrogel. (C) the injec-
tion and reshaping characteristics of APPG hydrogel. (D)the storage 
modulus (G′) and loss modulus (G′′) of APPG hydrogels.

Figure 5. Biocompatibility of hydrogels; (A) Morphological obser-
vation of HPDLCs, scale bars:50μm. (B) Co-staining of periodontal 
fibroblasts DAPI (blue)/Vimentin (green) and DAPI (blue)/Keratin 
(red), Scale bar:50 μm. (C) and (D) CCK-8 for 24 h and 48 h to eva-
luate the bioactivity of HPDLCs treated with APPG-1, APPG-2 and 
APPG-3.

Figure 2. The characterization of the polymer; (A)Infrared spectrum 
of AlgMA and AlgMA-PBA. (B) UV spectrum of PDA and PDA@
Gen. (C) Zeta potential of PDA and PDA@Gen at different pH.
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in the U.S. is affected by periodontitis, with 20% having 
moderate, and 10% severe periodontitis (14). However, 
there are few therapeutic options for periodontitis. In this 
study, we developed a kind of injectable, pH-responsive 
hybrid hydrogel and found the hydrogel has tremendous 
potential for the treatment of periodontitis.

The UV spectrum of PDA@Gen of hydrogels indica-
ted the successful loading of the drug and the zeta poten-
tial value after loading drugs was less than -22.6 mV. Poly-
mers and micelles were successfully prepared, confirming 
their effectiveness for preparing drug-containing micelle 
hydrogels. The result of SEM and hydrogel phase tran-
sitions by UV showed the dynamic bond rearrangement 
within the APPG hydrogel occurred at the molecular level, 
which is different from the typical rigid covalent network-
based hydrogels. Therefore, the formation-disruption cycle 
of dynamic bonds may lead to many unique properties of 
the hydrogel, such as self-healing (15). Injectable hydro-
gels were widely used in therapy such as periodontitis and 
tendon and ligament tissue engineering (16, 17). Hydrogel 
can be formed into different letters, such as "A" or "1," in-
dicating that the hydrogel is injectable and liquid (18). Due 
to reversible bond rearrangement, the fabricated hydrogel 
can be easily molded into shapes such as clock towers and 
hearts. The G′ and G′′ of the hydrogel were measured at 
different frequencies and strain test models were used to 
investigate its dynamic mechanical properties. As shown 
in Figure 3D, the G' of all groups of hydrogels was greater 
than their G′′, indicating that the hydrogel had formed (19, 
20).

Owing to the pH-responsive boronic ester bond, the 
sustained-release effect of the hydrogels varies at different 
pH values (21). Owing to the pH-responsive boronic ester 
bond, the sustained-release effect of the hydrogels varies 
at different pH values (21). In addition, we investigated 
the sustained-release behavior of hydrogels with different 
compositions and found that the release of drugs decreased 
with decreasing PDA content at the same time point. Pe-
riodontitis is initiated by bacterial plaque and involves the 

adhesion of microorganisms and the formation of biofilms 
on the tooth surface and in the periodontal pockets. During 
glucose fermentation, the pH in the biofilm matrix falls 
rapidly to 5.0 or below, leading to a consistently low-pH 
environment in plaque biofilms (22). Acid-tolerant orga-
nisms thrive in dental niches in low-pH environments 
because they disrupt microbial homeostasis (23). pH-res-
ponsive hydrogels were successfully synthesized for the 
controlled release of drugs from periodontitis pockets.

Biological safety, particularly biocompatibility, is cru-
cial for newly developed biomaterials (24). The result of 
CCK8 indicated that none of the hydrogels showed any in-
hibitory effect on the growth of fibroblasts after co-cultu-
ring for 24 and 48 h. These results demonstrated the good 
biocompatibility of the hydrogels for biomedical applica-
tions.

Wound healing requires specific cellular and mole-
cular mechanisms (25). Wound healing is facilitated by 
inflammatory cells that mobilize defenses based on local 
and systemic factors, and the production of several inflam-
matory cytokines is also important for injury repair (26, 
27). HPDLCs were preactivated with TNF to mimic an 
inflammatory environment. In the microenvironment, 
pH decreased and ROS levels increased owing to the in-
creased activity of cells after TNF activation, so the dual-
responsive hydrogel could demonstrate its anti-inflam-
matory properties. A large amount of ROS is generated 
at the site of inflammation in patients with periodontitis, 
hindering wound healing (28, 29). The green fluorescence 
signal of ROS in the APPG hydrogel group was signifi-
cantly decreased, indicating that the hydrogel effecti-
vely cleared ROS inside the cells, and APPG-1 had the 
strongest capacity to inhibit ROS production. We detected 
the anti-inflammatory and wound-healing capacities of 
APPG-1 using western blotting and scratch assays. The 
result showed that cell growth and migration were slower 
in the control groups but faster in the hydrogel APPG-1 
groups. Substantial evidence shows that IL-10 is closely 
related to periodontitis (30, 31). As shown in Figure 6D, 
a significantly lower level of IL-10 expression was obser-
ved in the APPG-1 hydrogels than in the control hydrogels 
(AlgMA). 

We have developed a novel pH-responsive hydrogel, 
APPG, for the treatment and healing of periodontitis. The 
hydrogel exhibits excellent biocompatibility and enables 
rapid UV polymerization. It not only meets the demands 
of a complex oral environment but also exhibits pH res-
ponsiveness. In low-pH areas of oral inflammation, the hy-
drogel can accelerate drug release, greatly enhancing the 
efficacy of the medication. Furthermore, the APPG hydro-
gel also exhibits anti-inflammatory effects by effectively 
reducing ROS levels and alleviating inflammation. Further 
experiments have demonstrated that inflammatory factors 
can be reduced and cell migration can be promoted by the 
created hydrogels. Overall, our novel pH-responsive hy-
drogel platform has tremendous potential for periodontitis 
treatment.
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