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Background: Regenerating periodontal ligament (PDL) tissue is a vital challenge in dentistry that aims to restore periodontal function
and aesthetics. This study explores a tissue engineering strategy that combines polycaprolactone (PCL)/collagen/cellulose acetate
electrospun scaffolds with collagen hydrogels to deliver curcumin-loaded ZIF-8 nanoparticles fand periodontal ligament stem cells
(PDLSCs).

Methods: Scaffolds were fabricated via electrospinningand collagen hydrogels incorporated PDLSCs and curcumin-loaded ZIF-8
nanoparticles (CURZIF-8) were developed using cross-linking. In vitro assays evaluated biocompatibility, anti-inflammatory, and
antioxidative properties. In vivo efficacy was assessed in a rat PDL injury model using histological and ELISA analyses examining
tissue regeneration and inflammatory cytokine modulation.

Results: In vitro studies demonstrated that the scaffolds effectively supported PDLSC viability and migration. CURZIF-8 hydrogels
enhanced anti-inflammatory and antioxidative activities. In vivo study showed that the combined scaffold-hydrogel system signifi-
cantly promoted PDL regeneration. Tissue levels of bFGF, HGF, and TGF-f that are crucial for tissue repair, angiogenesis, and cell
proliferation were evaluated. Whereas, pro-inflammatory cytokines TNF-a and IL-6=were downregulated. Histological analysis
confirmed the formation of organized PDL structures and improved bone-cementum integration that arekey indicators of successful
periodontal regeneration.

Conclusion: The developed scaffold-hydrogel system facilitates PDL regeneration by modulating inflammation and promoting pro-
healing factor expression. This approach shows promise for advancing periodontal tissue engineering and warrants further investiga-
tion in clinical settings.

Keywords: periodontal ligament regeneration, periodontal ligament stem cells, electrospun scaffolds, collagen hydrogel, curcumin,

ZIF-8 nanoparticles, tissue engineering

Introduction

Periodontitis is primarily caused by bacterial biofilms such as Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola that colonize the gingival sulcus and trigger a host immune response.’> This leads to chronic
inflammation characterized by the release of pro-inflammatory cytokines like IL-1p, IL-6, and TNF-a that mediate the
destruction of periodontal tissues. Thisincludes the periodontal ligament, alveolar bone, and cementum.’ The
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Tissue healing

consequences of periodontitis extend beyond local tissue damage that result in periodontal bone loss and tooth loss that
compromise both the esthetic and functional aspects of the oral cavity. This condition also affects mastication and speech
that reduce the patient’s quality of life. Traditional periodontal treatments such as scaling and root planning, guided tissue
regeneration (GTR), and the use of barrier membranes, are effective in halting disease progression and promoting some
tissue repair.*® However, these approaches often fail to fully regenerate the intricate architecture of the periodontal
apparatus that include the periodontal ligament, alveolar bone, and cementum as shown by incomplete restoration of lost
tissue and compromised functional outcome studies that have shown that while GTR can lead to partial bone regenera-
tion. Similarly, boned barrier membranes do not consistently achieve true periodontal regeneration involving new
cementum and functional PDL fibers.”* Given these challenges, periodontal regeneration aims not only to repair but
also to fully restore the architecture and functionality of these tissues These objectives cannot be achieved by traditional
therapies. Recent advancements in tissue engineering such as PDLSC delivery via biomaterial scaffolds offer a promising
solution to these limitations.”'
PDLSCs that are type of mesenchymal stem cells found within the periodontal ligament, have demonstrated the
ability to differentiate into various cell types essential for periodontal regeneration such as osteoblasts, cementoblasts,
and fibroblasts. Their potential for self-renewal and differentiation makes them ideal candidates for regenerative therapies
aimed at restoring periodontal tissues.''"'> However, the success of PDLSC-based therapies is heavily dependent on the
development of suitable delivery systems that can support cell viability, proliferation, and differentiation.'* One
promising delivery system involves electrospun scaffolds composed of polycaprolactone (PCL), collagen, and cellulose
acetate. Electrospinning is a versatile technique for creating nanofibrous scaffolds that closely resemble the ECM and
provide a conducive environment for cell attachment and growth.'*'® Polycaprolactone (PCL) which is a biodegradable
polyester is widely used in tissue engineering due to its biocompatibility and mechanical properties. However, PCL alone
often lacks the bioactivity required for optimal cellular responses.'”'® By integrating PCL with natural polymers like
collagen and cellulose acetate, a composite material is created that leverages the advantages of each component.'
Collagen, the main structural protein in the ECM, promotes cell adhesion, proliferation, and differentiation.”’ Whereas,
cellulose acetate offers additional mechanical strength and stability.*' This composite scaffold not only mimics the
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fibrous nature of the periodontal ligament but also provides a supportive niche for PDLSCs, enhancing their regenerative
potential.

In addition to creating a supportive scaffold, addressing inflammation and microbial challenges is crucial for successful
periodontal regeneration.”> Curcumin possesses potent anti-inflammatory, antioxidant, and antimicrobial properties that make
it a valuable agent in promoting periodontal regeneration.*** However, curcumin’s poor solubility and rapid degradation in
physiological conditions limit its therapeutic efficacy.”” To overcome these challenges, curcumin can be encapsulated in
metal-organic frameworks (MOFs) such as Zeolitic Imidazolate Framework-8 (ZIF-8). ZIF-8 which are composed of zinc
ions and imidazolate linkers and offers a high surface area and tunable porosity.”**’ Encapsulating curcumin in ZIF-8
nanoparticles not only protects it from degradation but also ensures sustained and targeted release at the site of periodontal
injury.*®

To maximize the therapeutic potential, PDLSCs and curcumin-encapsulated ZIF-8 nanoparticles can be incorporated
into a collagen hydrogel. Collagen hydrogels are known for their biocompatibility and ability to support cell migration
and proliferation.’’>° This combination enhances the therapeutic environment by providing sustained release of
curcumin and a biomimetic scaffold for PDLSCs function to create a conducive environment for tissue regeneration.

The utilization of PDLSCs-seeded PCL/collagen/cellulose acetate scaffolds along with PDLSCs and curcumin-
encapsulated ZIF-8 nanoparticles loaded in a collagen hydrogel represents a multifaceted approach to periodontal
regeneration. The aim of the current research is to investigate the healing activity of this complex system in a rat
model of periodontal ligament injury.

Methods and Materials

Fabrication of PCL/Collagen/Cellulose Acetate Electrospun Scaffolds

PCL (Mn80000, Sigma Aldrich, USA) was dissolved in HFIP (Merck, Germany) at 12 wt.% concentration for 12hours at
room temperature. Then collagen (rat tail, Sigma Aldrich, USA) and cellulose acetate (Sigma Aldrich, USA) were added
to the PCL solution at 10 w/w and 5 w/w%, respectively. Then, the polymeric solution was loaded into a disposable
syringe (10 mL) and connected to an electrospinning pump. The electrospinning began by applying a positive charge (18
kV) to the polymer at feeding rate of 0.75 mL/hour. The needle gauge was 18 and the needle to collector distance was
about 15 cm. The turning rate of the mandrel fluctuated between 500-600 rpm. After fabricating the samples, they were
placed under vacuum for 6hours to remove residual solvents. Subsequently, the samples were thoroughly rinsed with
PBS 5-7 times to ensure complete elimination of HFIP toxicity. The produced scaffolds were named PCLCOLCELL.

Fabrication of Curcumin-Loaded ZIF-8 Nanoparticles

ZIF-8 nanoparticles (Nanosadra, Tehran, Iran) were pre-heated at 600°C for 45minutes to dry the nanocarriers. These
nanoparticles were then used to encapsulate curcumin (Sigma Aldrich, USA). The encapsulation process involved mixing
a solution of curcumin (1 grams in 100 mL of ethanol) alongside 20 grams of ZIF-8 nanoparticles. The mixture was
magnetically stirred for 48hours. The drug-loaded ZIF-8 nanoparticles were collected by centrifugation at 15,000x g for
60minutes and washed with deionized water. The resulting solutions were lyophilized for 48hours to obtain the drug-
loaded ZIF-8 nanoparticles that were designated as CURZIF-8.

Preparation of Collagen Hydrogel Loaded with CURZIF-8 and PDLSCs

A collagen solution (rat tail, 2 mg/mL, Sigma Aldrich, USA) was mixed with three different concentrations of CURZIF-8:
1 w/w%, 2 w/w%, and 10 w/w% mixed for 1 hour on ice. Next, 500,000 PDLSCs (passage 3, ATCC) were added to the
collagen/CURZIF-8 mixture at a 1:1 volume ratio and mixed for another hour. The resulting solution was then incubated at
37°C for 1 hour to allow auto-crosslinking. For the in vivo study, the collagen solution was removed from the ice and
injected at the injury site. The prepared hydrogels loaded with 1 w/w%, 2 w/w%, and 10 w/w% CURZIF-8 nanoparticles
were named as COLPDLSCZIF-8-1, COLPDLSCZIF-8-2, and COLPDLSCZIF-8-10, respectively.
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Microstructure Studies

The microstructure of electrospun scaffolds and ZIF-8 nanoparticles was examined using SEM imaging. The samples
were gold-coated for 250seconds and imaged under an accelerating voltage of 20 kV. For the collagen hydrogels, the
hydrogel system was fixed in 3.7% formalin for 15minutes and then washed five times with phosphate-buffered saline
(PBS). The tissues were then embedded in paraffin, sectioned into Sum thick slices, and stained with Masson’s
trichrome (MT).

Cell Viability Assay

To assess cell viability, an MTT assay was performed. In summary, 100puL of the hydrogel system containing 7000 cells
was placed into 96-well plates and maintained for a duration of 5 days. The cellular metabolic activity was evaluated on
days 1, 3, and 5 using an MTT assay kit (Abcam, USA). Regarding the electrospun scaffolds, the constructs were cut to
fit the dimensions of 96-well plates. The, they were sterilized with 70% ethanol for 1 hour, and subsequently rinsed
thoroughly with sterile PBS. The samples were then allowed to dry under sterile conditions and incubated with FBS for
24hours. PDLSCs were then seeded onto the scaffolds at a density of 7000 cells per scaffold in 25uL of culture medium
and cultured for 5 days. Cell viability was assessed on days 1, 3, and 5 using the MTT assay kit (Abcam, USA),
according to the manufacturer’s instructions. Control is the cells cultured on the tissue culture plate.

Anti-Inflammatory Assay

For this experiment, the hydrogels (200 pL containing 50000 PDLSCs) were placed in 24-well plates. Mouse macro-
phages (J774A.1 cell line, ATCC) were then seeded onto the hydrogels at a concentration of 30000 cells per cm? and
cultured for three days. The cells were subsequently stimulated with 1pg/mL ultrapure LPS (Sigma Aldrich, USA) for 12
hours. Pro-inflammatory cytokines (TNF-o, IL-6, and IL-1) released by the cells were quantified using ELISA kits
(Abcam, USA). All experiments were conducted in triplicate. Control is the cells cultured on the tissue culture plate.

Swelling Assay

The COLPDLSCZIF-8hydrogels with varying levels of CURZIF-8 were weighed and then submerged in 10 mL of
DMEM (ThermoFisher, USA) with 10% FBS (Sigma Aldrich, USA) and 1% antibiotics (Sigma Aldrich, USA)and then
incubated for 48hours. At various time intervals, the hydrogels were removed from the medium and weighed. The
swelling capacity of the samples was determined using the following formula.

MO — M1
Swelling (%)= (OMiO) x100

Where MO is the weight of the samples before immersing in the culture media and M1 is their weight after the
immersing.

Anti-Oxidative Assay

The radical scavenging activity of ZIF-8 and CURZIF-8 nanoparticles was assessed using the DPPH assay as described
previously. For the free curcumin, it was dissolved in ethanol at various concentrations to create a stock solution. ZIF-8
and CURZIF-8 nanoparticles were suspended in distilled water at different concentrations. DPPH was prepared at
a concentration of 0.1mM using methanol as the solvent. Serial dilutions of each sample were made and mixed with the
DPPH solution in a 1:1 volume ratio. These mixtures were then incubated in the dark for 1 hour to allow for interaction
between the samples and DPPH radicals. After incubation, the absorbance of each sample was measured at 517 nm. The
radical scavenging activity of each sample was then determined using a previously described method.*'

Cytoprotecting Assay Under Oxidative Stress

The cytoprotective function of COLPDLSCZIF-8hydrogels conditioned media on the 1929 fibroblast cells (ATCC) was
assessed using a method as described previously.>? In short, 1 mL of hydrogels was submerged in 5 mL of full culture
medium and maintained for three days. Afterward, the treated medium was collected and stored at —80 °C. For the
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experiment, 1.929 cells (murine fibroblast cell line) were exposed to a 1:1 mixture of hydrogel-conditioned medium and
fresh medium for 48hours. Subsequently, the culture medium was supplemented with 1% v/v H,O, and the cells were
incubated for one hour. Finally, cell viability was assessed using the MTT assay.

Release Assay

The release of curcumin from the CURZIF-8 nanoparticles was evaluated using UV-visible spectroscopy at a wavelength
of 420 nm. In summary, 500 mg of the nanocarriers were suspended in 15 mL of PBS and left for seven days. At various
intervals, 0.5 mL of the PBS was taken and its optical density was determined. Subsequently, 0.5 mL of fresh PBS was
added back to the primary release medium. The cumulative drug release was then calculated using the following formula.

. Amount of the released drug at each time point
Cumulative drug release(%):( Initial amount of the loaded drug X100

Cell Migration Assay

The migratory behavior of PDLSCs (passage 3, ATCC) in response to the conditioned media from COLPDLSCZIF-8-1,
COLPDLSCZIF-8-2, and COLPDLSCZIF-8-10hydrogels was assessed using an in vitro scratch assay. Briefly, the 1 mL
of the hydrogels were immersed in 5 mL of complete media for three days. Then, their conditioned media was collected,
filtered, and stored at —80 °C. PDLSCs were cultured in 24-well plates until confluent. A sterile pipette was used to create
a straight scratch in the center of the wells and cell debris was removed by washing with PBS. The cells were then
incubated with the conditioned media from the nanocomposite hydrogels for 48hours. Then, images of the scratch area
were taken using a light microscope and analyzed with ImageJ software (NIH, USA) to determine the percentage
reduction in wound size.

FTIR Assay

The characteristics of ZIF-8 and CURZIF-8 nanoparticles was examined through FTIR (Bruker). The FTIR analysis was
conducted over a wavelength range of 400 to 4000 cm”—1. The reading encompassed both the fingerprint area and the
regions specific to functional groups in the infrared spectrum.

In vivo Study

This study was approved by the Ethical Committee of Shanxi Bethune Hospital (Approval No. YXLL-2023-322). All
procedures involving animals were reviewed and approved by the Institutional Animal Care and Use Committee by the of
the Ethics Committee of Shanxi Province Hospital of Traditional Chinese medicine. Measures were taken to alleviate animal
distress and limit the number of animals used. ARRIVE guidelines have been followed for the in vivo study. During the
procedure, the animals were sedated with intraperitoneal injections of ketamine hydrochloride (80 mg/kg) and xylazine
hydrochloride (10 mg/kg). The upper and lower jaws of the rats were operated individually to reveal the surgical area. A 2%
lidocaine solution was administered at the surgical site to minimize pain. A vertical full-thickness incision was made on the
proximal palatal side of the left maxillary first molars. Using round burs and ample saline irrigation, the cementum covering
the roots, periodontal ligament (PDL), and alveolar bone were removed. Subsequently, a rectangular periodontal defect with
dimensions of 3 mm x 2 mm x 1 mm was created. Then, the animals were randomly assigned into 5 groups (5 animals per
group): 1- HYDELC-CELLs-CURZIF-8 groupin which a small piece of cell-laden electrospun scaffolds (300 x 300pm?) with
about 15000 PDLSCs was inserted into the defect. Then, injecting SOuL (containing approximately 25000 PDLSCs) of
COLPDLSCZIF-8-2hydrogels, 2- HYDELC-CURZIF-8 group in which the electrospun scaffolds and hydrogels with 2 w/w
% CURZIF-8 nanoparticles but without PDLSCs were used to treat the defects, 3- HYDELC-CELLs group in which the
animals were treated with cell-loaded electrospun scaffolds and hydrogels but without CURZIF-8, 4- negative control group in
which the animals received no treatment post-injury, 5- sham control group in which surgery exposed the maxillary first molar
along the alveolar ridge but no tooth defect was created. Table 1 summarizes study groups. After placing the scaffolds, the flap
was repositioned and closed with absorbable sutures. The animals were monitored for 6weeks and then euthanized using an
overdose of pentobarbital sodium and their jaws were carefully dissected to expose the experimental site. Using fine surgical
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Table 1 Summary of Study Groups in the in vivo Study

Group Treatment

HYDELC-CELLs-CURZIF-8 | Cell-laden electrospun scaffolds with CURZIF-8 nanoparticles and PDLSCs

HYDELC-CURZIF-8 Electrospun scaffolds with CURZIF-8 nanoparticles, without PDLSCs
HYDELC-CELLs Cell-laden electrospun scaffolds without CURZIF-8

Negative Control No treatment post-injury

Sham Control Surgical exposure without creating a defect

instruments, the periodontal ligament (PDL) was meticulously removed from the root surfaces of the maxillary first molar by
gently scraping the area to ensure complete collection of the tissue. All tissue samples were immediately fixed in 3.7%
formalin (Merck, Germany) for 48 hours to preserve cellular and extracellular structures. Following fixation, the samples were
embedded in paraffin. The paraffin-embedded tissues were sectioned at a thickness of Spm using a microtome and then stained
with Hematoxylin and Eosin (H&E) for general histological examination and Masson’s trichrome for the evaluation of
collagen and fibrous tissue. A histomorphometric analysis was conducted by an independent pathologist who was blind to the
study, following a previously described method.*”

ELISA Assay

After the animals were sacrificed, the periodontal ligament tissues were collected and processed to evaluate the
expression of TGF-B, b-FGF, HGF, IL-6, and TNF-o. This was done using ELISA assay kits from Abcam (USA)
according to the manufacturer’s instructions.

Statistical Analysis

We employed parametric tests such as Student’s -test and one-way ANOVA for r data that met the assumptions of normality and
homogeneity of variances. One-way ANOVA was used to evaluate the effects of different scaffold compositions on cell viability,
anti-inflammatory activity, and other key outcomes across multiple groups, with post hoc Tukey’s tests that identified significant
differences between individual groups. For direct comparisons between two experimental conditions, Student’s -test was applied.
Statistical significance was set at p < 0.05. Adjustments for multiple comparisons were made using Tukey’s test to minimize Type
I error. All analyses were performed using GraphPad Prism Version 5.

Results

Microstructure Studies

Results (Figure 1A-D) demonstrated that the PCLCOLCELL scaffolds were composed of smooth fibers with a web-like
structure. The fibers remained intact without any disintegration or bead formation. Measurements indicated that the
electrospun scaffolds had an average fiber diameter of approximately 1848.25 + 453.19 nm.

SEM images of ZIF and CURZIF-8 nanoparticles (Figure 1E and F) showed that the particles had smooth plane surfaces
with sharp edges. The average particle size for ZIF and CURZIF-8 nanoparticles was measured to be 84.19 +21.97 nm and
105.85 £ 43.83 nm, respectively (Figure 2).

Masson’s Trichrome staining images (Figure 3) of the hydrogels showed that PDLSCs were evenly distributed
throughout the hydrogel system and the scaffolds were composed of fibrous microstructure.

Cell Viability Assay Results

MTT assay results (Figure 4) indicated that COLPDLSCZIF-8-10hydrogels imparted significant toxicity towards
PDLSCs on all of the studied time points. On day 1, the COLPDLSCZIF-8-1 and COLPDLSCZIF-8-2hydrogels had
significantly higher cell viability than the PCLCOLCELL scaffolds. However, on days 3 and 5, differences between the
PCLCOLCELL, COLPDLSCZIF-8-1 and COLPDLSCZIF-8-2 scaffolds were not significant.
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Figure 2 Size distribution of (A) PCLCOLCELL scaffolds, (B) ZIF-8 nanoparticles, and (C) CURZIF-8 nanoparticles.

Anti-Inflammatory Assay Results
Results (Figure 5) showed that the concentrations of proinflammatory cytokines in the COLPDLSCZIF-8-10 and control
groups were significantly higher than the COLPDLSCZIF-8-1 and COLPDLSCZIF-8-2 groups. The concentrations of
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Figure 3 Representative Masson’s trichrome staining images of (A) COLPDLSCZIF-8-1, (B) COLPDLSCZIF-8-2, (C) COLPDLSCZIF-8-10, and (D) PDLSCs-loaded collagen
hydrogels without ZIF-8 nanoparticles. Arrows show the PDLSCs encapsulated within the hydrogel matrix.

IL-6 and IL-1P between the COLPDLSCZIF-8-1 and COLPDLSCZIF-8-2 groups were not statistically significant. TNF-
a concentration in the COLPDLSCZIF-8-2 group was significantly lower than the COLPDLSCZIF-8-1 group.

Swelling Assay Results
Results (Figure 6) showed that the COLPDLSCZIF-8-1, COLPDLSCZIF-8-2, and COLPDLSCZIF-8-10hydrogels had
a similar swelling pattern when incubated in complete culture media. At hour 2, the swelling percentage for
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Figure 4 MTT assay results with PDLSCs cultured on/in electrospun and hydrogel scaffolds during 5-days culture period. a, b, ¢, and d show p-value < 0.05 relative to
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Figure 5 The anti-inflammatory activity of J774A.1 cells cultured on the COLPDLSCZIF-8-1, COLPDLSCZIF-8-2, and COLPDLSCZIF-8- 10 hydrogels. The cells cultured on
the tissue culture plate served as the control. a and b show p-value < 0.05 relative to COLPDLSCZIF-8-1 and COLPDLSCZIF-8-2 groups, respectively.

250~
-e- COLPDLSCZIF-8-1
200+ -m- COLPDLSCZIF-8-2
< Ao- COLPDLSCZIF-8-10
<, 1501 -y
£ ;‘ S S
T 1004/ ii““*‘“"’
= [
n |
50
0" L) I I
(] 20 40 60

Time (Hour)

Figure 6 Swelling behavior of COLPDLSCZIF-8-1, COLPDLSCZIF-8-2, and COLPDLSCZIF-8-10 hydrogels while being incubated in complete culture media for 48 hours.
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COLPDLSCZIF-8-1, COLPDLSCZIF-8-2, and COLPDLSCZIF-8-10hydrogels was measured to be around 163.54 +
9.51, 167.71 £ 16.41, and 166.43 + 24.52, respectively. From this time point on, the swelling percentage for all of the
hydrogels started to diminish and reached its minimum level at the end of the 48th hour post-immersion in culture media.

DPPH Assay Results

Results (Figure 7) showed that at all concentrations, the radical scavenging activity of ascorbic was significantly higher
than the ZIF-8 and CURZIF-8 nanoparticles. In addition, the CURZIF-8 nanoparticles had significantly higher radical
scavenging activity than the ZIF-8 nanocarriers.

Cytoprotection Assay

Results (Figure 8) showed that under oxidative stress, fibroblast cells cultured with the conditioned media of
COLPDLSCZIF-8-2hydrogels had significantly higher viability compared to other groups. This result implies that the
COLPDLSCZIF-8-2hydrogel system had higher protective effects against oxidative stress.

Release Assay Results

Results (Figure 9) indicated that curcumin was released from CURZIF-8 nanoparticles in a sustained manner. There were
two distinct phases of drug release: an initial rapid release phase and a subsequent sustained release phase. In the first few
hours, a burst release occurred, resulting in 29.27 + 3.98% of the drug being released by the 12" hour of immersion in
PBS. Following this, the release rate gradually increased, reaching 77.84 + 4.97% by the 168™ hour.

Cell Migration Assay

Results (Figure 10) showed that at the 24th hour, there was no statistically significant difference in the migration activity
of PDLSCs among the studied groups. However, by the 48th hour, all hydrogels exhibited significantly higher migration
activity compared to the control group. Statistically, no significant difference was found among the hydrogel systems.

FTIR Assay Results

The FTIR spectra of ZIF-8 nanoparticles (Figure 11) displayed characteristic peaks corresponding to its structural
components. The presence of the Zn—N bond in the imidazole ring was confirmed by a distinct peak observed around
421 cm™'. Peaks at 3135 cm™! and 2929 cm™' were attributed to the C—H stretching vibrations of the aromatic ring and
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Figure 7 Radical scavenging activity of ZIF-8 and CURZIF-8 nanoparticles compared with ascorbic acid as the control. # indicates p-value < 0.05 relative to ZIF-8 and
CURZIF-8 groups, and *indicates p-value < 0.05 relative to the ZIF-8 group.
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Figure 9 Release of curcumin from CURZIF-8 nanoparticles immersed in PBS for 7 days. Acquired by UV-visible spectroscopy at 420 nm.
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Figure 10 Migration activity of the PDLSCs in control group (A-C), COLPDLSCZIF-8-1 group (D-F), COLPDLSCZIF-8-2 group (G-l), COLPDLSCZIF-8-10 group (J-L),
control is the cells cultured with the normal culture media. a, b, and ¢ show p-value < 0.05 relative to COLPDLSCZIF-8-1, COLPDLSCZIF-8-2, and COLPDLSCZIF-8-10
groups, respectively.
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aliphatic chain, respectively. Additionally, the peaks around 1584 cm™' and 1146 cm™' were associated with the C=N
stretching and C-N stretching vibrations of the imidazole ring.

In the FTIR spectra of CURZIF-8 nanoparticles, additional peaks were observed alongside those characteristics of
ZIF-8, indicating successful loading of curcumin into the ZIF-8 framework. The prominent peak at around 1627 cm™!
was attributed to the C=0 stretching vibration of the curcumin, which overlapped with the C=N stretching vibration of
the ZIF-8 framework. Furthermore, peaks at 1508 cm™!' and 1275 cm™' were indicative of the aromatic C=C stretching
and C-O stretching vibrations of curcumin, respectively. The presence of these peaks confirmed the incorporation of
curcumin into the ZIF-8 structure. The broadening and slight shifts in the peaks at 3135 cm™! and 2929 cm™! suggested
interactions between the curcumin and the ZIF-8 framework, possibly through hydrogen bonding or van der Waals
forces.

In vivo Study Results

Histological Evaluation Results

H&E staining images of the sham control group (Figure 12) demonstrated that cells and fibers were evenly distributed,
and the PDL was well-integrated from multiple angles towards the tooth root. In the HYDELC-CELLs-CURZIF-8 group,
there was a notable accumulation of osteoblasts near the newly formed bone, and the newly formed PDLs were
directionally oriented, connecting the bone and the root surface. In the HYDELC-CURZIF-8 group, clusters of
osteoblasts were evident, indicating bone formation; however, the new PDLs were not prominently observed. The
HYDELC-CELLSs group showed localized accumulation of osteoblast cells and attachment of PDLs to the root surface in
some areas. In the negative control group, the distribution of cells and fibers was disorganized, with newly formed PDLs
being multi-directional and lacking a clear connection to the tooth root.

Masson’s trichrome staining images (Figure 13) corroborated these observations. In the sham control group, the PDL
appeared uniformly integrated, with a consistent orientation towards the tooth root. The HYDELC-CELLs-CURZIF-8
group exhibited a structured arrangement of osteoblasts and newly formed PDLs, indicating successful integration with
the bone and root surface. Conversely, the HY DELC-CURZIF-8 group displayed significant osteoblast activity and bone
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Figure 12 Representative H&E images of periodontal ligament tissue in (A) sham control group, (B) HYDELC-CELLs-CURZIF-8 group, (C) HYDELC-CURZIF-8 group, (D)
HYDELC-CELLs group, and (E) negative control group. Arrows show periodontal ligament and arrow heads show connective tissue.
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Figure 13 Representative Masson’s trichrome staining images of periodontal ligament tissue in the (A) sham control group, (B) HYDELC-CELLs-CURZIF-8 group, (C)
HYDELC-CURZIF-8 group, (D) HYDELC-CELLs group, and (E) negative control group. Arrows show periodontal ligament and arrow heads show connective tissue.
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formation, but the formation of new PDLs was minimal. The HYDELC-CELLSs group showed partial PDL attachment to
the root surface, with osteoblast accumulation in specific areas. The negative control group presented a disordered cell
and fiber distribution, with multi-directional PDLs that lacked proper integration with the tooth root.

Histomorphometry Analysis

Results (Figure 14) showed that the percentage of new bone, cementum, and periodontal ligament formation in the
HYDELC-CELLs-CURZIF-8 group was significantly higher than in the other experimental groups. These values in the
HYDELC-CURZIF-8 and HYDELC-CELLs groups were significantly higher than in the negative control group. The
percentage of junctional epithelium and connective tissue in the HYDELC-CELLs-CURZIF-8 group was significantly
lower than in the other hydrogel and negative control groups. These values in the HYDELC-CURZIF-8 and HYDELC-
CELLs groups were significantly lower than in the negative control group.

ELISA Assay Results

Results (Figure 15) showed that the tissue concentrations of TGF-f, b-FGF, and HGF in the HYDELC-CELLs-CURZIF-8
group were significantly higher than in the HYDELC-CURZIF-8, HYDELC-CELLs, and negative control groups. In
addition, the tissue concentrations of IL-6 and TNF-a in the HYDELC-CELLs-CURZIF-8 group were significantly lower
than in the HYDELC-CURZIF-8, HYDELC-CELLs, and negative control groups. The sham control group had signifi-
cantly higher tissue expression levels of TGF-f, b-FGF, and HGF than the other groups. This group also had significantly
lower tissue concentrations of IL-6 and TNF-a than the other experimental groups.

Discussion

Hydrogels are considered as potential materials for the restoration and regeneration of the periodontal ligament owing to their
distinctive characteristics and capacity to replicate the extracellular matrix. In this context, the cell and drug-delivering
hydrogel systems are of paramount importance.***> In the current research, we utilized a nanocomposite delivery system for
PDLSCs and curcumin to accelerate the healing process in a rat model of periodontal ligament injury. The developed
hydrogels had a fibrous architecture and provided a non-toxic environment for PDLSCs growth. SEM images showed the
ECM-like architecture of electrospun scaffolds. These constructs have been shown to promote the adhesion and proliferation
of PDLCs. Hua et al showed that electrospun PLA/PCL scaffolds augmented the adhesion and proliferation of PDLSCs
in vitro.?® Indeed, collagen hydrogel enables effective cell delivery and supports cell viability, proliferation, and differentiation
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Figure 14 Histomorphometry analysis using the H&E-stained images of tissue slides in different experimental groups. a, b, ¢, d, and e show p-value < 0.05 relative to
HYDELC-CELLs-CURZIF-8, HYDELC-CURZIF-8, HYDELC-CELLs, negative control, and sham control groups, respectively.
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Figure 15 ELISA assay results in the periodontal ligament tissues treated with different hydrogel systems. a, b, ¢, d, and e show p-value < 0.05 relative to HYDELC-CELLs-
CURZIF-8, HYDELC-CURZIF-8, HYDELC-CELLs, negative control, and sham control groups, respectively.

for tissue engineering and regenerative medicine applications. Ivanov et al showed that PDLSCs differentiated into osteoblast-
like and odontoblast-like cells cultured in a type I collagen hydrogel.>” Cell toxicity assay showed that the developed
hydrogels were generally non-toxic against PDLSCs. However, our results indicated that COLPDLSCZIF-8-10hydrogels
reduced the viability of these cells. It could be that at higher concentrations, ZIF-8 nanoparticles exhibit dose-dependent
toxicity. Yang et al showed that at higher concentrations, ZIF-8 nanocarriers imparted significant tissue toxicity in corbicula
fluminea.*® The toxicity of ZIF-8 is primarily associated with the buildup of zinc inside cells. Excessive zinc accumulation
results in increased reactive oxygen species (ROS) levels and cellular inflammation that eventually causes necrocytosis.>”
Although HFIP is known to be toxic to mammalian cells, our cell viability assay demonstrated that the method used to remove
residual HFIP from the matrix of electrospun scaffolds was effective. As a result, these constructs did not exhibit significant
toxicity toward PDLSCs. Anti-inflammatory assay results showed that the COLPDLSCZIF-8-2 had significantly higher
immunomodulatory activity compared with other samples. This result can be attributed to the presence of PDLSCs and
curcumin in these hydrogels. Curcumin suppresses the NF-kB pathway which is a key controller of inflammatory responses.*’
It also inhibits other inflammatory pathways like MAPK, AP-1, and JAK/STAT.*! Curcumin reduces the production of
inflammatory prostaglandins by inhibiting cyclooxygenase-2 (COX-2) and microsomal prostaglandin E synthase-1.*2
PDLSCs secrete soluble factors including TGF-p, HGF, and IDO which suppress inflammatory cells proliferation.** In
addition, these cells can reduce T lymphocyte growth and decrease the generation of pro-inflammatory molecules such as
TNF-o0 and IFN-y. They encourage a transition from pro-inflammatory Th17 cells to anti-inflammatory regulatory T cells.***
The swelling behavior observed in our developed hydrogels likely reflects the system reaching a swelling equilibrium. This
phenamenon ensures optimal hydration and mechanical stability within the periodontal lesion. This initial swelling is
beneficial as it allows the scaffold to conform closely to the defect site. Additionally, the gradual decrease in swelling over
time can be attributed to the controlled degradation of the hydrogel matrix. This degradation facilitates the sustained release of
therapeutic agents and provides a dynamic environment that supports tissue regeneration and healing."® The radical scaven-
ging assay indicated a significant improvement in the antioxidative function of the ZIF-8 nanoparticles when loaded with
curcumin. Curcumin’s primary antioxidant mechanism involves donating hydrogen atoms from its phenolic OH groups and
the methylene CH2 group in its B-diketone moiety to neutralize free radicals.***” Additionally, curcumin can transfer single
electrons to free radicals and form stabilized curcumin radicals through resonance. It can also undergo sequential hydrogen
abstraction and addition reactionsand scavenge up to eight hydroxyl radicals per molecule.*® Cytoprotection assay showed that
the cells cultured with the conditioned media of COLPDLSCZIF-8-2hydrogels had significantly higher viability under
oxidative stress conditions. This result could be attributed to the protective effects of curcumin and PDLSCs secretome
against oxidative stress. Curcumin has been shown to mitigate oxidative stress-induced mitochondrial damage by enhancing
parkin-dependent mitophagy via the AMPK-TFEB pathway.*” While the exact mechanisms remain unclear, it has been
demonstrated that stromal cell-derived factor 1 (SDF-1) can shield cells from apoptosis caused by oxidative stress.”>' Under
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physiological conditions, the drug release from ZIF-8 nanoparticles occurs through diffusion mechanism. The sustained drug
release maintains the bioactive agents bioavailability and enhance their therapeutic index.>? Cell migration assay showed that
the migration activity of PDLSCs cultured with the conditioned media of the COLPDLSCZIF-8-2hydrogels was significantly
higher than other groups. Curcumin has been found to boost the growth and migration of stromal cells. This process occurs via
the suppression of glycogen synthase kinase-3 beta (GSK3-f) and stabilizes f-catenin. The stabilized B-catenin then enhances
cell proliferation and migration.”® Banlue et al demonstrated that conditioned media from PDLSCs enhanced the migration
activity and collagen production of human gingival fibroblast cells.>* The curcumin-specific peaks that appeared in the FTIR
spectra confirm the successful integration of curcumin within the ZIF-8 nanoparticles. It appears that the mechanism of drug
loading within ZIF-8 nanoparticles is due to physical encapsulation inside the pores.”” The in vivo study results showed that
the HYDELC-CELLs-CURZIF-8 group had significantly higher healing function compared to other experimental groups.
This observed healing effect may be attributed to the synergistic healing potential of curcumin and PDLSCs. PDLSCs have the
ability to transform into multiple cell types essential for the restoration of periodontal tissues such as cementoblasts,
osteoblasts, and fibroblasts. When integrated with appropriate scaffolding materials, they are capable of generating structures
similar to the periodontal ligament and tissue resembling cementum on dentin surfaces.”> Chang et al demonstrated that

1.>® Clinical studies have shown that

collagen scaffolds loaded with PDLSCs enhanced periodontal regeneration in a rat mode
autologous transplantation of PDLSC sheets, combined with B-tricalcium phosphate granules led to a significant improve-
ments in periodontal pocket depth, clinical attachment level, and radiographic bone height in patients suffering from severe
alveolar bone defects.”” Curcumin has been shown to enhance the osteogenic differentiation of PDLSCs. In a study, treating
these cells with 10umol/L of curcumin significantly boosted cell viability, alkaline phosphatase activity, mineralization, and
the expression of osteogenic markers such as RUNX2, osteocalcin, osteopontin, and collagen I. The osteogenic effects of
curcumin on PDLSCs are thought to be mediated by the upregulation of the early growth response gene 1.>® Recent studies
have investigated the use of curcumin-primed PDLSC -derived extracellular vesicles for enhancing periodontal regeneration.
These vesicles demonstrated a stronger pro-osteogenic capacity compared to standard PDLSC-derived extracellular vesicles.
The enhanced osteogenic effects of these vesicles were attributed to the activation of the Wnt/p-catenin signaling pathway.>
Therefore, it is possible that curcumin influenced the composition of PDLSC-derived vesicles and enhanced their healing
activity. Our ELISA assay results implied that downregulation of inflammation and upregulation of pro-healing factors
contributed to the observed healing effects. TGF-p, b-FGF, and HGF are crucial growth factors involved in tissue repair. TGF-
B regulates cell proliferation and differentiation that aid in wound healing.®® b-FGF promotes angiogenesis and tissue
regeneration.®’ HGF enhances cell migration and growth and contribute to tissue repair and regeneration.> Together, these
factors play a vital role in healing and restoring damaged tissues. It is also possible that other signaling pathways contributed to
the observed healing effects that were not examined in this study and require further investigation. Understanding these
pathways could provide a more comprehensive insight into the mechanisms behind the enhanced regenerative capabilities
PDLSCs when delivered locally with curcumin-loaded nanocomposite scaffolds. In a similar approach to our study, Wang et al
developed an aligned porous hydrogel scaffold and loaded it with PDLSCs or gingival mesenchymal stem cells (GMSCs) to
treat periodontitis. The scaffold demonstrated biocompatibility with both cell types in vitro and showed enhanced bone tissue
repair and periodontal ligament formation in a rat periodontal defect model. Immunohistochemical analysis revealed
upregulation of osteogenic markers in treated groups.>> A kato et al evaluated the effects of combining bone morphogenetic
protein (BMP-2) modification with collagen hydrogel scaffold implantation on periodontal wound healing in dogs.®* One-wall
infrabony defects were surgically created in six beagle dogs and treated with either BMP-2, collagen hydrogel scaffolds, or
a combination of both. BMP-2 alone promoted alveolar bone formation but caused ankylosis. In contrast, the combination
treatment significantly enhanced periodontal attachment regeneration. Our proposed approach for periodontal regeneration
offers notable advancements over traditional methods. This system effectively supports PDLSCs delivery, enhances anti-
inflammatory and antioxidative activities, and promotes organized tissue regeneration. Unlike GTR and barrier membranes,
which often fail to restore the full functionality of periodontal tissues, the proposed method achieves improved bone-
cementum integration and a more robust regenerative outcome. The sustained drug release of curcumin encapsulated in
ZIF-8 nanoparticles addresses rapid degradation issues seen in earlier delivery systems while enhancing PDLSC-mediated
tissue repair. However, the preclinical nature of this study limits the direct applicability of findings to humans. The dose-
dependent toxicity of ZIF-8 nanoparticles also necessitates further optimization to ensure safety without compromising
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efficacy. While short-term results are promising, the lack of long-term data on the stability and functionality of regenerated
tissues highlights the need for extended studies. Future work should focus on refining scaffold composition, testing in larger
animal models, and initiating clinical trials to validate this method’s potential for therapeutic application.

Conclusion

Our findings indicate that the developed system provided a protective environment for PDLSCs against oxidative stress. In vivo
experiments conducted in a rat model underscored the system’s efficacy in promoting robust PDL regeneration. This was
evidenced by histological assessments tgat revealed enhanced tissue architecture and ELISA analyses demonsted the increased
expression of essential growth factors such as bFGF, HGF, and TGF-B. Concurrently, the observed decrease in pro-
inflammatory cytokines TNF-a and IL-6 further validated the anti-inflammatory properties of the delivery system. The
outcomes of this study suggest that our developed approach holds promise as an advanced strategy for augmenting PDL
repair mechanisms through targeted modulation of inflammation and promotion of pro-healing factors within the periodontal
microenvironment. Future research efforts should focus on further optimizing the scaffold design and exploring long-term
efficacy and safety in larger animal models.
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