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Periodontal tissue regeneration continues to face significant clinical challenges. Periodontitis leads to
alveolar bone resorption and even tooth loss due to persistent microbial infection and persistent
inflammatory response. As a promising topical drug delivery system, the application of hydrogels in the
controlled release of periodontal bioactive drugs has aroused great interest. Therefore, the design and
preparation of an injectable hydrogel with self-repairing properties for periodontitis treatment is still in
great demand. In this study, polysaccharide-based self-healing hydrogels with antimicrobial osteogenic
properties were developed. Zinc ions are introduced into a dynamic cross-linking network formed by

dynamic Schiff bases between carboxymethyl chitosan and oxidized hyaluronic acid via coordination
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Accepted 1st June 2024 bonds. The OC-Zn hydrogels exhibited good tissue adhesion, good fatigue resistance, excellent self-
healing ability, low cytotoxicity, good broad-spectrum antimicrobial activity, and osteogenic activity.

DOI: 10.1039/d4ra00546e Therefore, the designed hydrogels allow the development of drug delivery systems as a potential

Open Access Article. Published on 17 June 2024. Downloaded on 11/24/2025 3:33:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances treatment for periodontitis.

Introduction

Periodontitis is an inflammatory disease caused by a biofilm
that leads to loss of gingival attachment, periodontal pocket
formation, and alveolar bone resorption, which may eventually
progress to tooth loss if left untreated." Periodontitis is one of
the most common dental diseases, affecting 90% of the global
population, and is strongly associated with chronic non-
communicable diseases such as cerebrovascular disease, coro-
nary heart disease, cardiovascular disease, and cancer.* Long-
term, effective control of infection and inflammation is the key
to the treatment of periodontitis. Traditionally, mechanical
debridement combined with adjunctive antibiotic therapy has
been considered the mainstay of treatment for periodontal
disease and imposes a heavy financial burden on patients.*®
However, due to the complex anatomy of periodontal pockets
and antibiotic resistance, it is almost difficult to completely
remove microorganisms and pathogens deep inside the peri-
odontal pockets using conventional treatments.® It has been
reported that 74.2% of patients with chronic periodontitis show
subgingival pathogens resistant to one or more of the experi-
mental antibiotics, and these challenges will limit the thera-
peutic outcomes and the future application of antibiotic-based
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topical drug delivery systems.” To overcome these challenges,
extensive research has been devoted to the development of
novel topical antimicrobial systems to improve the therapeutic
outcome of periodontitis.>®

Hydrogels, with good hydrophilicity and three-dimensional
porous structure, are an ideal platform for periodontal drug
delivery.’*™® Compared to pre-formed scaffolds, injectable
hydrogels are administered in a minimally invasive manner,
which is ideal for irregularly shaped areas and reduces the risk
of infection."*** The hydrogel is injected into the periodontal
pocket and then cured in situ. Self-healing hydrogels are trig-
gered by the inherent regenerative capacity of natural tissues
that develop through dynamic covalent bonding and non-
covalent interactions.'®"” Self-healing hydrogels can self-repair
after minor injuries and maintain structural integrity in
a timely manner, facilitating drug delivery in dynamic
environments.'®2°

Chitosan (CS) is a biocompatible and cationic poly-
saccharide with intrinsic antimicrobial activity by binding to
negatively charged bacterial cell membranes or biomolecules,
disrupting cell membranes and metabolism.** Carboxymethyl
chitosan (CMCS), as a water-soluble derivative of CS, is
a promising candidate for treating periodontal diseases due to
its excellent antimicrobial properties, biodegradability, and
biocompatibility.?” In addition, hyaluronic acid (HA), another
polysaccharide commonly found in the extracellular matrix,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of the fabrication route of multifunctional OC-Zn hydrogels with the potential for periodontitis.

accumulates at the wound site during the healing process.”® It
regulates cellular function by interacting directly with receptors
on the cell membrane or indirectly with cytokines in the extra-
cellular matrix.”* Metal ions have been used as a therapeutic
agent for various biomedical applications due to their avail-
ability, low cost, stability, and enhanced safety.”> Among metal
ions, zinc is a micronutrient that aids in wound healing and
inhibits bacterial growth during the healing process.*® To the
best of our knowledge, there are no studies on the synthesis and
characterization of self-healing hydrogels based on CMCS,
aldehyde-hyaluronic acid, and zinc.

This study aimed to develop and evaluate self-healing
hydrogels for periodontal disease. We constructed a drug-free
polysaccharide-based injectable hydrogel (OC-Zn) through
dynamic imine bonding and electrostatic interactions between
CMCS and OHA, as well as ligand bonding between zinc ions, as
shown in Scheme 1. The synthesized OC-Zn hydrogel showed
synergistic therapeutic potential to promote periodontal tissue
regeneration by killing pathogenic bacteria and modulating the
osteogenic microenvironment. The structural and physico-
chemical properties of OC-Zn hydrogels were systematically
characterized in terms of microstructure, gelation time,
swelling behavior, rheological and self-healing behavior,
mechanical properties, and tissue adhesion. In addition, the
hemocompatibility and cytotoxicity, in vitro antimicrobial
activity, and osteogenesis-promoting performance of OC-Zn
hydrogels were also evaluated.

Results and discussion
Preparation and characterization of the OC-Zn hydrogels

To address the multiple needs of periodontal treatment, a self-
healing, antibacterial, and osteogenic hydrogel was designed

© 2024 The Author(s). Published by the Royal Society of Chemistry

herein. The preparation diagram of the injectable hydrogel
comprised of OHA, CMCS, and ZnCl, is displayed in Scheme 1.
Aldehyde-decorated hyaluronate was synthesized through the
oxidation of hyaluronate in the presence of sodium periodate
and the structure was confirmed by '"H NMR and FTIR spec-
trum (Fig. 1).*** The "H NMR spectrum of OHA displayed
a triplet peak near 4.93, 5.02 and 5.15 ppm corresponding to
the ATR-FTIR absorption region of 1732 cm™ ", which indicates
the format of hydrogen on the skeleton of the open-loop b-
glucuronic acid unit in HA due to the stretching vibration of
the -C=0 bond in the aldehyde. These results confirm the
successful synthesis of OHA. Hydrogels can be quickly formed
at 37 °C via multiple crosslinking, including the electrostatic
interactions between macromolecular chains, Zn-O, Zn-N
coordination, and a Schiff's base reaction between the amino
group from CMCS and the aldehyde group from OHA.**?*
Fig. 1B shows the sol-gel process of OC-Zn hydrogel where the
OC-Zn hydrogel was successfully formed. Besides, the OC-Zn
hydrogel can instantly recover to its original state without any
damage after compression. Additionally, the OC-Zn series
hydrogels were further characterized by Fourier-transform
infrared (FTIR), and the results a new characteristic peak of
1607 cm ™! for the dynamic Schiff base (imine) C=N bond with
the disappearance of the aldehyde groups in OHA, which
confirmed the successful preparation of OC-Zn hydrogel.
Besides, scanning electron microscope (SEM) exhibited OC-Zn
hydrogels have a homogeneous microporous structure and the
internal pore size of the hydrogel decreased after increasing
Zn>" concentrations, which may be attributable to the good
crosslinking between OHA, CMCS via Schiff-based bond and
Zn-0, Zn-N coordination and simultaneous interactions.

RSC Adv, 2024, 14, 19312-19321 | 19313
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Fig.1 (A)'H NMR spectra of HA and OHA. (B) Photograph displaying the mixing of OHA/Zn?* and CMCS to form OC—-Zn hydrogel, as well as the
compression process of OC—-Zn hydrogel (scale bar: 1 cm). (C) and (D) FT-IR spectra of HA, OHA, OC and OC-Zn hydrogels. Gelation time (E),
representative SEM images (F) of OC and OC-Zn hydrogels. OC-Zn3, OC-Zn6, and OC-Zn12 represent hydrogels with final ZnCl, concen-

trations of 0.03, 0.06, and 0.12% (w/v), respectively.

Evaluation of the injectable self-healing behavior, rheology,
swelling, adhesiveness performance of the OC-Zn hydrogels

To demonstrate that OC-Zn hydrogels can maintain the peri-
odontal microenvironment, it is vital that we confirm their
injectable self-healing behavior, rheology, adhesiveness, and
swelling performance. First, the injectable self-healing proper-
ties of the hydrogel are proven. As shown in Fig. 2A, OC-Zn
hydrogel could be injected into the shape of teeth and “QSH”
through commonly used-gauge needles, and subsequently re-
obtained their original shape integrity post-injection. The
excellent injectable properties of OC-Zn hydrogels will benefit
greatly from later in situ injection filling of periodontal pockets,
where they can be applied to irregular shapes.

As hydrogel is administered for periodontal tissues, their
great architecture stability after the swelling is crucial. The
swelling ratio of freeze-dried samples in PBS as the concentra-
tion of Zn increased. Meanwhile, the degradation behavior was
also observed, and the hydrogels could maintain the original

19314 | RSC Adv,, 2024, 14, 19312-19321

integral shape within 24 h (Fig. 2B). Due to external forces such
as oral chewing and the semi-enclosed anatomical position of
the periodontal tissue, hydrogels’ mechanical properties (e.g.,
recoverability, deformability, etc.) are particularly important.**>
As a promising candidate for periodontal use, OC-Zn hydrogels
formed by multiple dynamic cross-linking had satisfactory
mechanical properties, including excellent recoverability and
deformability.*® Rheological measurements were performed on
the OC-Zn hydrogels to explore their mechanical properties.
Here, the elasticity and flowability were evaluated in terms of
storage modulus and loss modulus, termed G’ and G”, respec-
tively. As shown in Fig. 2C, all the tested groups of hydrogels
exhibited elastic behavior, with G’ being greater than G”. To
evaluate the self-healing ability of OC-Zn hydrogel, the samples
that were stained with red and green pigments were split in half
and then recombined into the differently stained parts. After
20 min, the integrated hydrogels could lift under self-weight
(Fig. 2E). The results indicated that the OC-Zn hydrogels

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

Tissue

(A) Image of the injectable of OC-Zn hydrogel into various shapes. (B) Swelling ratio and degradation trend of the OC-Zn hydrogels at the

pH of 7.4. (C) Rheology characterizations (G’, G”) of OC, OC-Zn3, OC-Zn6, and OC-Zn12 hydrogels. (D) The OC-Zn hydrogel adapting to the
movement of the finger joint. (E) Self-healing property of OC-Zn3 hydrogel. (F) Hydrogel adhesion mechanism.

could rapidly self-heal even after damage, prevent mechanical
damage, and maintain the stability of periodontal tissue
delivery under oral movement. We proposed that the Schiff base
bonds between the -NH, of CMCS and —CHO of OHA and the
coordination bond between zinc ion and O, N undergo dynamic
cross-linking to achieve self-healing.® As exhibited in Fig. 2D,
OC-Zn hydrogel can be rotated arbitrarily on the model's finger
without shedding and shows good fatigue resistance in 10
bending cycles. The repeated bending and extension of the
finger did not affect its adhesion ability. This hydrogel could
produce instant tissue-material interfacial interactions with the
tissue through multiple forces, including electrostatic interac-
tions, hydrogen bonding, and Schiff base bonding (Fig. 2F).

Evaluation of the biocompatibility of the OC-Zn hydrogels

Good biocompatibility is an essential factor for biomaterials.?”**
Here, the in vitro hemolysis test was performed to estimate the
hemocompatibility of the OC-Zn hydrogels. Fig. 3A shows the
distinct differences in color between the four hydrogel groups,

© 2024 The Author(s). Published by the Royal Society of Chemistry

the negative control (NS) and the positive control (Triton X-100).
All four hydrogel groups were colorless and transparent, similar
to the negative control, while the deionized water group was
bright red. From the quantitative data in Fig. 3A, the hemolysis
rate of the OC-Zn hydrogel was extremely low compared to the
OC hydrogel (~1.3%), indicating that the hemolysis rate was
significantly reduced by the addition of zinc ions. Furthermore,
hPDLSCs and MC3T3 cells were used to evaluate the cyto-
compatibility through the cytoskeleton/nuclear and cell count-
ing kit-8 (CCKS8) assays. As shown in Fig. 3C, the morphology of
the cytoskeleton and nucleus in the hydrogel groups presented
normal structural characteristics like those of the control group.
The CCK8 assay examined the cell proliferation rate in the
hydrogel extract. The cell vitality in OC-Zn12 group was
significantly lower than that of the other groups at 1 day and 3
days. Nonetheless, no significant difference was observed in the
proliferation rate of each hydrogel group compared to the
control at 5 days. Overall, all experiments confirmed that the
OC-Zn hydrogels had excellent biocompatibility.

RSC Adv, 2024, 14, 19312-19321 | 19315
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Evaluation of the anti-bacterial activity of the OC-Zn
hydrogels

Microbial infections are an extremely distressing problem that
can accelerate alveolar bone degeneration and aggravate peri-
odontal disease.**** Two common pathogens — Fusobacterium
nucleatum (F. nucleatum) and Staphylococcus aureus (S. aureus) in
periodontal pockets were used as representative pathogenic
bacteria to evaluate the antibacterial activity of these hydrogels.
The microbial proliferation was assessed by colony assay.** The
images of the spread plates of F. nucleatum and S. aureus

19316 | RSC Adv, 2024, 14, 19312-19321

disclosed a lower bacterial count in the hydrogel groups
compared to the control group, and the bactericidal effect was
significantly enhanced with increasing zinc ion concentration
(p < 0.05). In the time kill assay (Fig. 4C, p < 0.05), it can be seen
that the antibacterial ability of hydrogel increases with the
increase of time, which may be due to the slow release of
components in hydrogel. CMCS is one of the main antibacterial
active ingredients of hydrogels. The pristine OC hydrogel
(without ZnCl,) exhibits good antimicrobial capacity by
continuously releasing cations to disrupt bacterial cell walls and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Antibacterial activity evaluation of prepared hydrogels. (A) Representative photographs (106-fold dilution) and (B) quantitative results of
survival bacteria colonies on agar plates after incubating the bacterial suspension with the prepared hydrogels (***: p < 0.001). (C) Quantitative
results of survival bacteria colonies on agar plates after incubating the bacterial suspension with the prepared hydrogels within 24 h. (D) TEM
images of bacterial morphology of control group and treated with OC-Zn12 hydrogel.

boost cell membrane permeability, leading to the lysis of the
bacteria and the exudation of cell contents.***® On the other
hand, zinc ions might generate reactive oxygen species (ROS) in
cells, induce gene expression related to oxidative stress, inhibit

Control Minocycline 0OC-Zn3
oAl - - S _

F.nucleatum >

S.aureus
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(¢}

F.nucleatum
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the synthesis of the cell wall, and thus result in microbial
growth inhibition and death.’”*® The integrity of the bacterial
wall was further detected using TEM. As depicted in Fig. 4D, the
bacteria in the control group showed a typical shaped
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I
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Fig. 5 Anti-biofilm activity evaluation of prepared hydrogels. (A) Representative crystal violet staining images of biofilm treated with different
hydrogels and (B) the biofilm biomass (n = 3). (C) CLSM images of F. nucleatum and S. aureus biofilms grown for 48 h and treated with hydrogels

for 12 h. Green is live cells. Red is dead cells.
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morphology with integrated cell walls. As we suspected, after
OC-Zn12 treatment, the bacterial surface disintegrated into the
fuzzy boundary. Thus, these results imply that cellular leakage
caused by bacterial wall disruption may be one of the antimi-
crobial mechanisms of the prepared hydrogel. Therefore, the
high antibacterial efficiency of OC-Zn hydrogels may be due to
the synergistic attributes of both CMCS and zinc ions.

Evaluation of the anti-biofilm activity of the OC-Zn hydrogels

Biofilms composed of microorganisms and extracellular poly-
meric substances (EPS) can induce persistent bacterial infec-
tions.?**® First, the biomass of biofilm after different treatments
was quantitatively determined by crystal violet staining. As
shown in Fig. 5A/B, all hydrogel groups had different degrees of
anti-biofilm effect, but there was no significant difference
between groups. To investigate the effect of hydrogels on
bacterial biofilms, biofilms cultured for 48 h were treated with
the prepared hydrogels for 12 h. The biofilms were stained with
live/dead fluorescence kits, and the disruptive effect was
observed with CLSM.**** As shown in Fig. 5C, the CLSM image
showed that the blank group was covered by biofilm. Impor-
tantly, with the increase of zinc ion concentration, the number
of dead red bacteria embedded in the biofilm increased,
demonstrating the good biofilm eradication capacity of the
hydrogel.

Evaluation of the OC-Zn hydrogels

ALP staining and alizarin red staining (ARS) were used to detect
the osteogenic properties of OC and OC-Zn hydrogels and their
effects on the osteogenic differentiation of hPDLSCs. As shown
in Fig. 6A, zinc-based hydrogels significantly increased the
expression level of ALP compared with the blank control group.
However, with the increase in zinc ion concentration, the cell
viability of hPDLSCs decreased. Among them, OC-Zn3 has been
shown to maintain the survival rate and osteogenic differenti-
ation of hPDLSCs. As can be seen from ARS images, OC-Zn3
significantly promoted the mineralization of osteogenic differ-
entiated hPDLSCs, which further confirms the osteogenic effi-
cacy of zinc-containing hydrogel.****

19318 | RSC Adv, 2024, 14, 19312-19321

(A) ALP staining of hPDLSCs on day 7 (scale bar: 100 pm). (B) ARS staining on day 21 (scale bar: 100 pm).

Materials and methods
Materials

Sodium hyaluronate (HA, molecular weight 40-80 kDa), sodium
(meta) periodate and glycol were purchased from Aladdin
Biochemical Technology Co. Ltd (Shanghai, China). Carbox-
ymethyl chitosan (CMCS) was purchased from Solarbio® Life
Sciences. All the chemicals were used without further purification.

Synthesis and characterization of oxidized hyaluronate (OHA)

HA (1 g) was first dissolved in deionized water to obtain 1.0% w/
v solution. Then, 10 mL of sodium (meta) periodate aqueous
solution (0.5 M) was added dropwise to the solution. The reac-
tion was stirred vigorously in the dark at room temperature for
24 h (as the sodium meta periodate is light sensitive)."*** The
reaction was terminated by adding glycol (0.05% v/v) and kept
for 1 h. Afterward, the oxidized HA solution was dialyzed against
deionized water for 72 h (molecular weight cutoff 3500 D,
Solarbio® Life Sciences). Samples were frozen and lyophilized
in a freezer and stored at 4 °C until further processing. The
formation of aldehyde functional groups was confirmed by
using Attenuated Total Reflectance Fourier transformed
Infrared Spectroscopy (ATR-FTIR, Nicolet iN10 FTIR spectrom-
eter in the 400-4000 cm ™, Thermo Fisher Scientific, Waltham,
MA, USA). Proton nuclear magnetic resonance ("H NMR, Bruker
Advance III, Germany) measurement was performed to further
validate the successful OHA and the degree of modification.

Preparation of oxidized hyaluronate (OHA)/carboxymethyl
chitosan (OC) and ZnCl, cross-linked OC-Zn hydrogel

OHA was dissolved in deionized water to a final concentration
of 5% (w/v). CMCS was dissolved in deionized water to obtain
the final concentration of 3% (w/v). The above solutions were
blended in equal volumes to prepare the OC hydrogel. To endow
the self-healing hydrogels with more antibacterial and osteo-
genic functions, a certain amount of ZnCl, was dissolved in the
OHA solution. The final concentration of ZnCl, in the hydrogel
was 0.03, 0.06, and 0.12% (w/v), respectively. These three
hydrogels are named OC-Zn3, OC-Zn6, and OC-Zn12.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Characterization of the hydrogels

Gelation time test. The gelation time at 37 °C was determined
by the tilt method.***” Equal volumes of OHA and CMCS solutions
were mixed in a vial. The time when the liquid did not flow in the
inverted vial was recorded as the gelation time (n = 3).

FTIR analysis. ATR-FTIR was used to characterize the OC and
OC-Zn hydrogels to confirm the interaction among CMCS,
OHA, and ZnCl,. The FTIR spectra were recorded in the wave-
number region of 4000-400 cm ™" at 25 °C using the dried
hydrogel samples.

Micromorphology. The morphology of the dried hydrogel
samples was observed using scanning electron microscopy
(SEM, TESCAN VEGA3, Czech).

Rheological analysis. A TA rheometer (DHR-2) was employed
to test the rheological properties of these hydrogels. 500 uL of
hydrogel disk was placed between the parallel plates of 20 mm
diameter.

Self-healing experiment. The self-repairing behavior of the
samples was evaluated by macroscopic observation. First, two
sample plates stretched with red and green dyes were cut into
halves. Then, two semicircles of different colors were put
together at room temperature for 20 min.

Swelling ratio (SR) and stability. The swelling behavior was
evaluated by measuring the mass difference before and after
incubation of the hydrogel samples in PBS solution (0.1 M, PH
7.4).** In brief, the dry hydrogels weighted Wy were immersed
into 30 mL of PBS in the sealed vials at 37 °C. And then at
a predetermined time point, the samples were taken out and the
residual liquid on the hydrogel surface was carefully wiped off
with filter paper. The swelled samples were weighed (W) and
subsequently put back into the same vial. Samples were used in
triplicate. The SR of the samples was calculated according to the
following formula (1):

Wa

W, —
SR= ———
Wa

x 100% (1)

Cell culture. Human periodontal ligament stem cells
(hPDLSCs) were obtained according to previous studies.*
hPDLSCs from the periodontal ligament of healthy third molars
without any dental and periodontal tissue disease. The third
molars used were all from patients (18-25 years old) without
systemic diseases. All the patients came to Qingdao Stomato-
logical Hospital for oral and maxillofacial surgery and signed
the informed consent. hPDLSCs were extracted from tissue
blocks, and the 3-6 generations of hPDLSCs were used in this
study. According to different experiments, different concentra-
tions of fetal bovine serum (FBS, Procell, Wuhan, China) and
1% penicillin-streptomycin were added into «-MEM medium
(Biological Industries, Israel) to culture hPDLSCs. All cells were
cultured at 37 °C, 5% CO, under constant humidity conditions.

Hemolysis analysis. The hemolytic activity of hydrogels was
measured by a direct contact method in reference to previous
studies.””®* Whole human blood was selected to assess the
hemolysis of samples. Anticoagulated human blood (1 mL) was
diluted with 5 mL of normal saline (NS). NS (1 mL)-containing
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different specimens (20 mg) were prepared at 37 °C. Then 200
pL of diluted blood was added into 1 mL of (i) the sample
suspensions; (ii) 1 mL of NS, the negative control; and (iii) 1 mL of
Triton X-100, the positive control. The above solutions were
incubated at 37 °C for 1 h, and then centrifuged at 1500 rpm for
5 min. The supernatants in all groups were carefully transferred to
the 96-well plate, and the optical density (OD) values were
analyzed at 540 nm. Each group was repeated in triplicate. The
hemolysis ratio (HR) was calculated according to the formula (2):

ODspecimen - ODnegative %

HR% =
! ODpositive - ODnegalive

100% )

Cell viability assay. The cell viability and proliferation were
quantitatively analyzed by Cell Counting Kit-8 (CCK-8; Absin
Bioscience Inc., Shanghai, China). Briefly, hPDLSCs from
passages 3 to 5 were seeded into 96-well plates at an initial
concentration of 5 x 10° cells per well and cultured in
a humidified incubator containing 5% CO, at 37 °C for 24 h.
The culture medium was replaced by the extract solutions (the
hydrogels were prepared and washed with sterile PBS three
times to remove any uncross-linked pregel solution and ensure
the pH balance. Then, 3 mL of culture medium was co-
incubated with hydrogel samples (220 pL) with overnight
shaking at 37 °C). After culturing for 1, 3, and 5 days, the cells
were incubated with medium containing the CCK-8 reagent
(10%) for 2 h, and the absorbance of the medium at 450 nm was
detected by a microplate reader (800TS, Bio-Tek, China). Cells
seeded on plates without extract solutions and pristine were
used as the control group and the blank group, respectively. The
equation for calculating the cell viability is as follows (3):

ODsamples - ODblank
ODcontml - ODblank

Cell viability = x 100% (3)

Cell adhesion performance. After being co-cultured with
different concentrations of sample solutions in 24-well plates at
a concentration of fifty thousand cells per well, the hPDLSCs
were fixed with 4% paraformaldehyde for 20 min and treated
with 0.5% Triton X-100 for 3 min. Then, the cells were stained
with TRITC-Phalloidin and DAPI for the cytoskeleton and
nucleus according to the manufacturer's instructions. The
different images of the cells were captured via inverted fluo-
rescence microscopy (Nikon A1 MP, Japan).

Culture of bacteria and their biofilms. Fusobacterium nucle-
atum (F. nucleatum) and Staphylococcus aureus (S. aureus) were
used as Gram-negative and Gram-positive bacteria, respectively,
to evaluate the antibacterial and antibiofilm performance of the
hydrogel.”> The frozen bacteria were activated in Tryptic Soy
Broth (TSB) medium and quadrant-streaked on an agar plate. A
single bacteria colony on the agar growth plate was isolated and
cultured with 10 mL of TSB in an orbital shaker (BHWY-200,
Saifu, China) overnight at 37 °C. The bacterial suspension was
diluted with TSB media to obtain the fixed OD600 value of ~0.05
(approximately equal to 10® colony-forming units (CFU) mL ™)
for further use. To obtain the biofilm, 500 uL of F. nucleatum
suspension (1 x 10° CFU mL ") was dripped into a 24-well plate
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(with 14 mm diameter glass coverslips) and incubated in
a biochemical incubator (SPX-150, Saifu, China) for 48 h. After
discarding the medium carefully and gently, a visible performed
biofilm was observed on the glass coverslips. Then the biofilm
was washed with normal saline three times slower to remove the
planktonic bacteria for subsequent experiments.

Anti-F. nucleatum and S. aureus test. The antimicrobial
experiments were carried out by co-culture of bacterial
suspension with hydrogels. The hydrogels were prepared and
washed with sterile PBS three times to remove any uncross-
linked pregel solution and ensure the pH balance. Then, 3 mL
of bacterial suspension was co-incubated with hydrogel samples
(220 pL) with overnight shaking at 37 °C. Commercially avail-
able minocycline (5 mg) served as a positive control group. After
that, 20 pL of the gradient-diluted bacterial suspensions were
spread evenly on the agar plates at 0, 0.5, 1, 2, 3, 4, 6, 8, 12 and
24 hours. These plates were incubated for 24 h in a biochemical
incubator at 37 °C, and the number of colonies was counted.
TSB medium co-cultured with bacterial suspensions as the
negative control group. Tests were repeated five times for each
group, and the results were described as bacterial kill%:

CFU, — CFU;,

3 1110 —
Bacterial kill% = CEU,

x 100% (4)
where CFU, and CFU; are the number of bacteria colonies per
milliliter on the agar plate without any treatment and experi-
mental groups, respectively.

Morphological changes of F. nucleatum and S. aureus. The
morphology of bacterial morphology and the integrities of the
bacterial membrane after different treatments were also
observed by TEM. In short, the blank, OC-Zn12 groups were co-
cultured with bacterial suspensions for 20 h. Then they were
centrifuged at 8000 rpm for 5 min, washed three times with PBS,
and fixed with 2.5% glutaraldehyde. 200 pL of bacterial
suspension was observed by TEM.

Antibiofilm tests. Firstly, the biofilms treated with the
hydrogels (1 mL) were examined by crystal violet (CV) staining.
Each group was added with 300 pL of 0.1% CV solution, incu-
bated at room temperature for 15 min, and then gently and
slowly washed with PBS. Then, anhydrous ethanol was added
and treated for 15 min. The absorbance at 570 nm was recorded
with a microplate reader (Bio-TEK, USA). Subsequently, hydro-
gels of different concentrations of ZnCl, were added into the 24-
well plate in which biofilm had formed and co-cultured for 12 h.
The biofilm formed on the coverslips was stained with the LIVE/
DEAD BacLight™ Bacterial Viability Kit. The fluorescence
intensity of the biofilm was observed using a confocal laser
scanning microscope (CLSM, Leica TCS SP8, Germany).

In vitro osteogenic differentiation. To evaluate the osteoin-
ductive property of the hydrogels, the PDLSCs were first seeded
in 6-well plates. When they reached 90% confluence, the culture
medium was replaced with extracts of hydrogels. Alkaline
phosphatase (ALP) activity and Alizarin Red Staining (ARS) were
performed to evaluate the osteogenic potential. ALP activity
assay and NBT/BCIP ALP staining kits (Beyotime Biotechnology,
China) were used to analyze the ALP activity according to the
manufacturer's instructions on day 7. For ARS staining, 10%
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ARS solution (Sigma-Aldrich) was used to stain cells on day 21
for 5 min and washed with water.

Statistical analysis. All values are expressed as mean =+
standard deviation (mean + SD). Graphpad Prism 9.0 was used
to calculate data and measure differences between the experi-
mental groups using Student's ¢-test, one-way and two-way
ANOVA tests followed by a Tukey post hoc test for pairwise
comparison. A value of p = 0.05 was considered statistically
significant.

Conclusion

In summary, OC-Zn hydrogels were successfully designed and
prepared in this study. The formation of dynamic Schiff base
(imine) bonds between -CHO in OHA and -NH, in CMCS, and
dynamic coordination bonds between COO-, -NH,, and -OH in
polysaccharides and Zn”>* constitute a dynamic network that
forms injectable and self-healing hydrogels. The hydrogels
exhibited rapid gelation and shear thinning, which contributed
to their injectability, as well as rapid and reproducible self-
healing properties. In addition, tunable mechanical and
swelling degradation was achieved by adding different
concentrations of Zn*" to form different ratios of bi-dynamic
bonds. The addition of zinc ions enhanced the antimicrobial
properties of the hydrogel while conferring satisfactory osteo-
genic activity to the hydrogel (OC-Zn3). The developed hydrogel
has great potential as a drug delivery system for periodontitis.
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