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Abstract

The bidirectional association between diabetes mellitus (DM) and periodontitis remains a major
focus in oral and systemic health research. DM is a key risk factor influencing the onset,
progression, and severity of periodontitis, yet the molecular mechanisms underlying this
relationship are not fully understood. Periodontitis is characterized by bacterial biofilm formation
and a destructive host immune-inflammatory response. In this study, we explored the therapeutic
potential of Ti;C,T, MXene, a two-dimensional nanomaterial, for enhancing gingival wound
healing in diabetic conditions. Ti;C,T, MXene treatment of fibroblast cells derived from diabetic
rat gingival tissue modulated oxidative stress and restored glutathione balance. The material
exhibited significant biocompatibility, preserved mitochondrial membrane potential, and reduced
intracellular reactive oxygen species (ROS) levels. Moreover, Ti;C,T, MXene influenced lipid
peroxidation and cytochrome c release, contributing to controlled caspase activation and balanced
apoptotic responses. These results suggest that Ti;C, T, MXene supports cellular and mitochondrial
homeostasis, promoting improved wound repair in diabetic gingiva. Collectively, this study
presents the first evidence of Ti;C,T, MXene as a promising nanotherapeutic platform for
managing diabetic oral wounds and potentially other chronic wounds, paving the way for future

applications in nano-enabled topical formulations and interdisciplinary oral healthcare strategies.

Keywords: Ti;C,T, MXene, Periodontitis, Diabetes, Gingival Wound Healing, Oxidative Stress.

Introduction Diabetes

mellitus (DM) is a metabolic disorder marked by persistently high blood glucose levels. It is
recognized as one of the major causes of both macrovascular and microvascular complications. -2
Individuals with diabetes tend to experience a higher incidence and faster progression of
periodontal disease, largely due to their increased vulnerability to infections.? Periodontal disease
involves inflammation of the gums triggered by pathogenic bacteria, which results in gradual
destruction of the alveolar bone surrounding affected teeth. Growing evidence supports a two-way
relationship between DM and periodontal disease.* In diabetic patients, dental healing is often
compromised. This impaired repair process involves reduced neutrophil function, limited
fibroblast migration and proliferation, and hindered angiogenesis under diabetic conditions.”-
Consequently, diabetic individuals generally respond less favorably to periodontal therapy.® 10

Elevated levels of advanced glycation end products (AGEs) are found in the gingival tissues of

2
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52  diabetic patients!! contributing to oxidative stress and promoting more rapid tissue damage. These
53  AGEs disrupt normal cell-matrix interactions by modifying extracellular matrix cross-linking,
54  further delaying wound healing.!> Traditionally, wound management has relied on medications
55  combined with natural or synthetic materials that maintain a warm, moist environment to support
56 healing and minimize microbial infection. Despite their widespread use, these conventional
57  approaches often show limited efficacy because therapeutic agents can be absorbed systemically,
58  diminishing their targeted action at the wound site.!3> To overcome these limitations, researchers
59  have investigated new materials and technologies for diabetic wound repair, including growth
60  factors,' engineered grafts,!> 16 hydrofibers,!” synthetic polymers,'® hydrocolloid dressings,' and
61  silver-based dressings.?’ Yet, these advanced therapies also face several obstacles—such as
62  delayed epithelialization, allergic responses, irregular bioactive compound release, cytotoxicity,
63  impaired angiogenesis, physiological rejection, and degradation of growth factors at diabetic ulcer
64  sites.!> More recently, attention has shifted toward nanotechnology-driven solutions in clinical
65  practice, primarily due to the unique characteristics of nanomaterials.?! With particle sizes
66  typically between 1 and 100 nm, they possess a high surface-area-to-volume ratio and exhibit
67  distinctive optical, electrical, and thermal properties.??>>> These nanoscale materials hold promise

68  for improving treatment efficacy and reducing adverse effects in chronic diabetic wound care.?

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

69  MXenes are a novel class of two-dimensional (2D) nanomaterials composed of transition metal

70  carbides, nitrides, or carbonitrides. They follow the general formula M,.; X[ T, (n = 1-3), where
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71 M represents an early transition metal such as titanium (Ti), niobium (Nb), or molybdenum (Mo);

(cc)

72 X denotes carbon and/or nitrogen; and T, corresponds to surface terminations like —-O, —F, —Cl, or
73 —OH.?"> 28 Since its discovery,”” MXenes have garnered increasing attention owing to their
74 graphene-like features and superior physicochemical properties, including large specific surface
75 area, high electrical conductivity, remarkable mechanical strength, , hydrophilicity, and efficient
76  photothermal conversion.’® 3! Owing to their unique properties, MXenes have emerged as
77  promising candidates for energy conversion and storage, catalysis, antimicrobial membranes, and
78  a wide range of biomedical applications.?* 28, 32-34

79 To date, only a few types of MXenes have been explored for biological and biomedical
80 applications,® such as Ti,CT,,’® Ti;C,T, >’ and Nb,CT,.*® Among these, Ti;C,T, has been the
81  most extensively investigated, primarily due to its relatively straightforward synthesis process. A
82  notable attribute of MXenes is their strong near-infrared absorption, which shows promise in

83  theranostic platforms and photothermal therapies, including combination cancer treatments.3%-44
3
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Their hydrophilic nature and rich surface functionalities, provide versatile sites for binding
biologically active molecules, making them excellent candidates for biomedical interfacing.*’
However, a key concern surrounding the application of MXenes in biological systems is their
potential cytotoxicity. Cytotoxicity refers to the capacity of a substance to damage or kill cells,
typically through mechanisms involving oxidative stress, excessive generation of reactive oxygen
species (ROS), and subsequent cellular apoptosis or necrosis.*® While some toxicity stems from
intrinsic biological variations such as genetic and metabolic differences, extrinsic factors related
to the nanomaterial itself including chemical composition, solubility, size, surface chemistry,
morphology, and aggregation play a significant role. Toxic substances may compromise cell
membrane integrity, reduce cell viability, and hinder cellular proliferation.#’” Current evidence
indicates that the cytotoxicity and biocompatibility of MXenes are highly dependent on multiple
physicochemical and experimental factors, including synthesis method, oxidation state, surface
functionalization, layer structure (single- versus multilayered), particle size, concentration,
exposure duration, and route of administration. Both in vitro and in vivo studies consistently show
that variations in these parameters determine whether MXenes elicit toxic or biocompatible
responses.*-48-31 Notably, pristine single-layer Ti3;C,T, nanosheets exhibit high compatibility with
a variety of cell types and have shown promise as scaffolds for tissue culture applications.*?

Despite the growing scientific interest in MXenes for a wide range of technological applications,
studies assessing their cytotoxicity remain relatively scarce. A MXene-based composite has been
reported to detect hydrogen peroxide for the indication of periodontal disease >? and an injectable
MXene-loaded hydrogel was investigated in management of inflammation control and bone
regeneration in severe periodontitis,>* however, to the best of our knowledge, there is no
investigation of the effect of MXene in diabetic gingival wound healing. In the present study, we
prepared Ti3C, T, MXene-based nanodrug formulations and investigated their therapeutic potential
in promoting the healing of diabetic gingival wound by regulating oxidative stress pathways and

boosting glutathione activity in fibroblast cells isolated from diabetic rat models.

2. Materials and Methods

2.1. Chemicals and Materials
Ti;AlC, (325 Mesh, Purity: 99+%) was purchased from Nanografi (Ankara, Turkey). Lithium

fluoride (LiF) and concentrated HCI were obtained from ThermoFisher Scientific and Merck,

respectively. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), dimethyl

4
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115  sulfide (DMSO), 2',7'-dichlorofluorescein diacetate (DCFH-DA) probes, malondialdehyde
116 (MDA), thiobarbituric acid (TBA), N-butanol, tetramethoxypropane (TEP), O-phthalaldehyde,
117  (OPA) probe, N-ethylmaleimide (NEM) probe were purchased from Sigma-Aldrich. Mouse/Rat
118 Cytochrome C ELISA Kit (AB210575) was purchased from Abcam. Annexin V-FITC/PI
119  Apoptosis Kit (E-CK-A211) and Acridine Orange (A1301) were purchased from Elabscience and
120  Invitrogen, respectively, blood glucose meter (GLUCOCARD G Black, ARKRAY, Inc.)

121 2.2. Instruments
122 Incubator 37 °C, Sensor CO, Sanyo, Japan MCO,; Refrigerated Centrifugation, Sanyo, Harrier

123 18/80, Japan; Floremetry, Shimadzu RF-5000, Japan; Digital scale Japan; Shaker, REAX2000,
124 Iran; ELISA reader, Infinite 200 PRO, Tecan, Basel Switzerland; Flowcytometry, BD Biosciences
125  FACS Calibure TM flow cytometer, USA. The structure MAX phase and MXene were analyzed
126  using an X-ray diffractometer (XRD) (Bruker D2 advance, Germany) with monochromatized Cu-
127 Ko radiation (A = 1.54184 A) generated at 30 kV and 10 mA, with a scan rate of 1°/min and a step
128  size 0of 0.05°. The morphological structure of the materials was visualized by JSM-6010LA. X-ray
129  photoelectron spectroscopy (XPS, the Thermo Scientific KAlpha) was used to analyze the
130  compositions of the samples. The hydrodynamic diameters and zeta potential of aqueous samples

131  in ultrapure water were determined at 25 °C using a Zetasizer Pro (Model MAL1256845, Malvern

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

132 Panalytical Ltd., UK). Each test was repeated three times, and an averaged value was derived to

133 ensure accuracy.

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

134  2.3. Synthesis of Ti;C, T, MXene
135  Ti;C,T, MXenes was synthesized according to previous literature.3>37 2 g of LiF was mixed with

(cc)

136 40 ml of 6 M HCI and stirred for 10 minutes. Subsequently, 2 g of Ti3AlC, powder was gradually
137  introduced into the mixture and agitated at a temperature of 40 °C for 45 hours. Following the
138  etching procedure, the sediments obtained were rinsed several times using deionized water and
139  subjected to centrifugation at a speed of 3500 rpm for 5 minutes, until the pH approached nearly
140 6. Additional water was introduced to the sediment, which was then bath sonicated for 30 minutes
141  under N, gas and centrifuged at a speed of 10000 rpm for 30 minutes to collect the supernatant as
142 few-layer MXene. The final product was obtained by freeze-drying after 3 days.
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2.4. Experimental design
2.4.1. Preparation of animals

We acquired Sprague-Dawley male rats (total number =20, 5 animals per group) from Tehran
Medical University in Tehran, Iran. The sample size was established based on a priori power
analysis, utilizing an expected effect size derived from preliminary studies. This analysis indicated
adequate power (>80%) to identify statistically significant differences (0=0.05) in the primary
outcomes related to cell population metrics. This methodology ensures the collection of reliable
data while strictly adhering to the 3Rs principle, which emphasizes the reduction of animal use in
research. Furthermore, the subsequent cellular analyses involved the quantification of over 10,000
individual cells from these biological replicates, thereby increasing the statistical confidence in the
resulting population data. These rats were all the same age, measuring around 8-10 weeks, and
weighing approximately 150 g. They were housed in controlled conditions, including a
temperature range of 20-12 °C, humidity levels between 50-60%, and a consistent 12-hour cycle
of light and dark. Furthermore, the rats had unrestricted access to tap water and were given standard
food.

Animals were divided into 4 groups which were treated as following: Group 1: Control group
received only sterile phosphate-buffered saline (PBS) and served as the healthy control groups
(CH). Group 2: Diabetic group received PBS and served as the disease control groups (CD). Group
3: Diabetic group and gingival wound (CDD). Group 4: Diabetic group with gingival wound that
received Ti;C, T, MXene (CDDM). All experiments were approved by research ethic committee

of Iran University of Medical Sciences with IR JUMS.AEC.1403.009 Ethical code.

2.4.2. Preparation of animal models and surgical procedure

The animals were injected with streptozotocin (STZ) at a dose of 65 mg/kg of body weight via
intravenous administration. STZ induces diabetes within three days by destroying the beta cells.
Diabetic and non-diabetic control groups were housed individually in metabolic cages, where their
feeding and metabolism were monitored, and blood glucose levels were measured using a
commercial glucometer. Rats with blood glucose levels exceeding 10 mmol/L were classified as
diabetic. Prior to anesthetic induction, the rats were fasted for 4 to 6 hours, while maintaining ad
libitum access to water. Anesthesia was initiated by placing the animals in an induction chamber

with 3.0—4.0% isoflurane vapor delivered in oxygen until all motor reflexes were abolished. For
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173  maintenance, the animals were transferred to a heated surgical surface set at 37°C and were
174  ventilated via a nose cone delivering 1.2-2.0% isoflurane.>* Blood was collected from the tail vein
175  of each animal without anesthesia between 9:00 and 10:00 AM using heparin-coated or EDTA-
176  coated microhematocrit capillaries at baseline and on days 0, 7, 14, 21, and 28. Blood glucose
177  levels were measured using a glucometer. The HA-8180T device assesses HbAlc levels using
178  reversed-phase distribution exchange chromatography. A blood sample, diluted with a hemolysis
179  and washing solution, is loaded onto the column, where it is fractionated and eluted into each Hb
180  component using HPLC. The eluted components are quantified with an ELISA reader operating at
181  wavelengths of 420 nm and 500 nm.>>

182  Operations were performed under sterile conditions. Rats were anesthetized by intracardiac
183  injection of sodium pentobarbital. Anesthesia was maintained by inhalation of halothane (1.5-2.0
184  vol %). The root of the nose was shaved and disinfected using 70% ethanol. Local anesthesia was
185  implemented using 2% xylocaine/epinephrine. A mucosal flap was made to expose the gum
186 laterally. Dental holes were made at the eye level and 7 mm lateral toward the midline into the
187  gum area, using a 1-mm diameter, 4-mm long slow-speed dental drill under sterile saline irrigation.
188  The Ti;C,T, MXene was inserted into the hole using a sterile spatula. Tetracycline hydrochloride

189  paste was injected into the surgical site to prevent bacterial infection.>

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

190  2.4.3. Preparation of Ti;C,T, MXene suspension for topical application

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

191  The dose per application was calculated based on the wound surface area and a target dose range

192 of 330 ug/mL. This dose range was selected to achieve a local effective concentration (the IC50

(cc)

193  of Ti3C,Tx MXene was 34.83 pug/mL, aiming for 175-350 pg/mL in non-surgical tissue, after 72h)
194  while accounting for the small wound size and the potential for rapid clearance. A volume of 3 uLL
195  of the respective Ti;C,Tx MXene was carefully applied directly onto the wound surface using a

196  micropipette.

197  2.5. Isolation of skin fibroblast cells

198  The tissue was extracted and washed in PBS and left for 10 minutes in an incubator at 37 °C with
199 5% CO; and 85% humidity, to enhance their adhesion to the plastic surface. DMEM culture
200 medium was then carefully added. Tissue cultures were incubated at 37°C in a humidified

201  incubator with 5% CO, until confluent fibroblast layers were obtained.>’
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2.6. Cellular toxicity assay test

2.6.1. Morphology of cell

Cells from the minced animal’s tissue were subjected to flow cytometry cell sorting. The crude
cells were dissolved in 0.5 mL PBS. 100 pL of aliquots was redistributed to the BD flow cytometry
tube. Results of the light scattering (forward/side scatter; FSC/SSC) were analyzed for at least
10,000 counts per sample in the flow cytometer. (FSC indicated cell morphology and SSC showed

cell granularity).>8

2.6.2. Cell viability

We used a rat model with a diabetic gingival wound to assess in vivo toxicity of Ti;C,T, MXene.
We found that the IC50 of Ti;C, Ty MXene was 34.83 ug/mL, aiming for 330 pg/mL in surgical
tissue, and we used the IC50 for cellular toxicity factors (Fig. S1). Cells cultured from the minced
rat diabetic gingival wound tissues were subjected to flow cytometry cell sorting based on cell
morphology information (side scatter (SSC) and forward scatter (FSC)). The crude cells were
dissolved in 0.5 mL of PBS. One hundred microliter aliquots were redistributed into BD flow
cytometry tubes. The light scattering results were analyzed for at least 10,000 counts per sample

using the flow cytometer.

Cell viability was evaluated by the MTT test. We prepare cells (1x10* cells/well) and incubated
them in 96-well plates in a final volume of 50 ml. 20 mL of MTT was added to each well and then
incubated for a supplementary 4h at 37 °C. The purple-blue MTT formazan precipitate was
dissolved in 100 ml of DMSO and the absorbance at 570 nm was measured with an ELISA reader.

Each test/group was examined with three replicates for each sample.>

2.6.3. Reactive Oxygen Species assay

In this experiment, isolated cells (1x10° cells), were placed in respiration buffer. Afterwards, 10
uM DCFH was added to the cellular suspension and then incubated for 15 min at 37 °C. In the
next step, the fluorescence was measured using Shimadzu RF-5000U fluorescence
spectrophotometer at the excitation and emission wavelengths of at Aeitation/Aemission 488 nm /527

nm. Each group was examined with three replicates for each sample.®
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229  2.6.4. Lipid Peroxidation (LPO) assay

230  The LPO was assayed by the determination of the amount of thiobarbituric acid reactive substances
231  (TBARS) formed during the decomposition of lipid hydroperoxides on isolated cells (1x10° cells)
232 by following the absorbance at 532 nm in an ELISA reader analyzer by determining the MDA
233 level following the manufacturer's instructions. Each group was examined with three replicates for

234  each sample.5!

235  2.6.5. Protein carbonyl content assay

236  Protein was precipitated by adding an equal volume of 20% TCA and centrifuged on 11,000 g, 5
237  min. Cell (1x10° cells/well) were re-suspended in 10 mmol/L 2,4-dinitrophenylhydrazine solution
238  for 15-30 min at room temperature before 20% TCA was added. The samples were centrifuged
239 11,000 g, 3 min. The carbonyl content was measured at 450 nm using ELISA reader. Each group

240  was examined with three replicates for each sample.®?

241 2.6.6. Glutathione assay

242 On isolated cells, (1x10° cells), reduced form glutathione Reductase (GSH) by OPA probe and
243  glutathione Peroxidase form (GSSG) by NEM probe are the most important scavengers of ROS

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

244  that can be utilized as a biomarker of the redox balance. Each sample was measured in quartz

245  cuvettes using a Shimadzu RF-5000U fluorescence spectrophotometer set at Acxitation/Aemission

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

246 350/420 nm wavelengths. Each group was examined with three replicates for each sample.®

(cc)

247  2.6.7. Cytochrome c release assay

248  Cytochrome c release was determined at 450 nm according to the instructions provided by the
249  manufacturer of the Kit. All analysis stages were carried out using an ELISA reader at desired

250  concentrations in all groups. Each group was examined with three replicates for each sample.

251  2.6.8. Lysosome damage assay

252  Constancy of lysosome membrane was distinguished from the fluorescent dye redistribution and
253  AO; hence, allocated cells (1x10° cells) suspension were stained by AO (5 uM) in which cells
254  separated from the incubation plate by centrifugation with 1 min at 1000 rpm. As a result, the cells
255  pellet replaced in 2 mL of fresh DMEM medium. The wash process was performed twice to
256  remove the shiny fluorescent dye from the media. AO redistribution in the cell’s suspension was

9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00505e

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

257
258

259

260
261
262
263
264
265

266

267
268
269
270
271
272
273
274
275

276

277
278
279
280
281
282
283
284
285

Journal of Materials Chemistry B

Page 10 of 30

View Article Online
DOI: 10.1039/D6TBO0505E

then measured Shimadzu RF-5000U fluorescence spectrophotometer set as Aexitation/Aemission 490

and 535 nm. Each group was examined with three replicates for each sample.®

2.6.9. Apoptosis and Necrosis assay

After the treatment, the cells (1x10° cells) were stained with 5 ml of Annexin V and 5 ml of PI at
room temperature for 20 min. The cells were diluted in the banding buffer (400 ml) and analyzed
with flow cytometry. The fluorescence signals of Annexin V and PI were measured by flow
cytometry on the FL1 and FL3 channels. Supplied with the software 1.2.5 and each determination
was based on the mean fluorescence intensity of 10,000 counts and following the manufacturer's

instructions.

2.7. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism Software, version 10.0 (San Diego,
CA, USA). The data are presented as mean + standard deviation (SD). The Shapiro—Wilk test was
employed to assess the normality of the data distribution. For experiments comparing the means
of three or more independent groups, a One-Way Analysis of Variance (ANOVA) was performed
initially. In cases where two independent factors were analyzed simultaneously (e.g., Treatment
and Time), a Two-Way Analysis of Variance (ANOVA) was applied. To control for the Family-
Wise Error Rate and to adjust P-values following the ANOVA, Tukey’s post-hoc test was
conducted for all necessary pairwise comparisons. Statistical significance for all tests was

established using a threshold of P < 0.05.

3. Results and discussion

Diabetes mellitus (DM) is a significant global health burden, currently affecting approximately
463 million adults globally.®> It is a long-term systemic metabolic condition characterized by
defective insulin secretion and/or activity, resulting in sustained high blood glucose levels and
multiple microvascular complications.®® People with DM frequently experience various oral health
issues, such as tooth loss, slow wound healing, dry mouth (xerostomia), dental decay, burning
mouth syndrome, oral lichen planus, and, in advanced cases, bacterial osteomyelitis of the jaw.
These manifestations often complicate dental management and can adversely affect treatment
outcomes.®” Hyperglycemia is closely linked to both systemic and oral health deterioration. Poor

glycemic control compromises the immune response, particularly the function of neutrophils,

10
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286  which are the body’s primary defense against oral bacterial infections.®® Evidence suggests that
287  maintaining optimal blood glucose levels significantly reduces the risk of diabetes-associated
288  complications, including those affecting oral health, as well as cardiovascular, neural, and ocular
289  systems.

290 Individuals with diabetes often present a range of oral health disorders, the most common of which
291  include bad breath (halitosis), impaired wound healing, dental cavities, dysfunction of the salivary
292 glands, oral lichen planus, tongue lesions, various oral infections, and periodontal disease.®® These
293  complications are largely attributed to microvascular damage and sustained hyperglycemia.
294  Epidemiological studies indicate that over 90% of individuals with DM develop oral health issues,
295 and the prevalence of oral mucosal disorders is significantly higher among diabetic patients
296  compared to non-diabetic populations.” With DM affecting roughly 8.5% of the global adult
297  population, the burden of oral complications in this group warrants heightened clinical attention.”!
298 2D nanomaterials possess exceptional properties, including high biocompatibility, potent
299  antimicrobial effects, tunable phototherapeutic capabilities, and enhanced electrostimulation.
300 These characteristics allow them to precisely modulate the wound microenvironment, leading to
301 their widespread and successful application in tissue repair.”> Thus, in this research, we studied

302 the effect of Ti;C,T, MXene in gingival wound healing.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

303 MXene was synthesized by selective etching of the aluminum (Al) layer from the Ti;AIC, MAX
304 phase. XRD analysis was used to investigate the structural properties of both the MAX phase and

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

305 the resulting MXene (Fig. 1a). The diffraction pattern of the MAX phase exhibited sharp peaks at
306 20 values of approximately 9.71° (002), 19.3° (004), and 39.10° (104), reflecting its well-ordered

(cc)

307  crystalline structure.’? In contrast, the disappearance of the (104) peak and the shift and broadening
308  of the (002) peak in the Ti;C,T, MXene confirmed the successful removal of the Al layer during
309 the etching process. The morphology of MXene is shown in Fig. 1b Delaminated few-layer MXene
310  sheets were obtained after sonication. Similar to graphene oxide,”? the MXene flakes are wrinkled

311  and curved at the edges.>?

11
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Fig. 1. a) The XRD patterns of MAX phase and MXene, b) SEM image of MXene, (c) the XPS
survey scan of MXene, the high-resolution XPS spectra of d) Ti 2p, e) C 1s, f) Ols of MXene.

The XPS analysis was carried out to identify the surface species and corresponding chemical states
of the MXene. The survey spectrum in Fig. 1¢ confirms the presence of Ti, C, O, and F signals.?”
The deconvoluted high-resolution spectra for Ti2p, Cls, and Ols are presented in Fig. 12d-f.
Analysis of the Ti2ps, (2py2) region shows four doublets assigned to Ti—C, Ti(Il), Ti(Ill), and
TiO,, with binding energies of 455.78 eV (461.88 eV), 456.28 eV (462.38 eV), 457.38 eV (463.78
eV), and 459.48 eV (464.78 eV), respectively.’> The Cls spectrum is resolved into five
components at 282.28 eV (C-T1i), 283.38 eV (C-Ti-O/F), 285.08 eV (C-C), 285.8 eV (C-0), and
286.88 eV (O—C=0). Similarly, the Ols envelope consists of peaks at 530.58 eV (Ti-O), 530.98
eV (C-Ti—0y), 532.19 eV (C-Ti—~(OH)y), 533.28 ¢V (C-0), and 534.48 eV (adsorbed H,0).
Dynamic light scattering (DLS) analysis showed that the hydrodynamic diameter of MXene was
approximately 198 nm. The zeta potential measurements confirmed the high colloidal stability of
the MXene which exhibited zeta potentials of -38.13 mV, consistent with their inherent negative
surface charges.

In this study, we investigated the impact of Ti;C,T, MXene on oxidative stress pathways in

fibroblast cells. Previous studies have explored the biocompatibility and safety of Ti;C,T, MXene
12
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331 in various vivo models. For instance, Nasrallah et al. employed a zebrafish embryo model to
332 evaluate the toxicity of Ti;C,T, nanosheets and reported that concentrations up to 50 pg/mL did
333  not impair neuronal or muscular activity.’! Zhang et al. implanted Ti;C,T, MXene films into
334  subcutaneous tissues and calvarial defect sites in rats, followed by micro-CT imaging and
335 histological analysis, revealing favorable bone regeneration and osteoinductive properties without
336  evidence of toxicity or inflammation.”* Li et al. synthesized Bi,S;/Ti;C,T, which exhibited
337 excellent cytocompatibility and biocompatibility, promoted collagen fiber formation, and
338 accelerated wound healing. Furthermore, the material’s Schottky junction demonstrated
339  outstanding biosafety in vivo 7. Recently, Zahrabi et al. showed that melt electrowritten (3-
340 aminopropyl)triethoxysilane-modified Ti3C,T./polycaprolactone 3D scaffold enhanced the
341  osteogenic differentiation of MC3T3-E1 preosteoblast cells.’’

342 A major obstacle in diabetic wound is the elevated susceptibility to bacterial and fungal infections
343  around ulcerated regions, that can progress to severe complications such as foot amputation or
344  even mortality. Multiple studies have shown that Ti;C, T, MXene possesses intrinsic antibacterial
345  activity,’® making it a promising candidate for diabetic ulcer management and the development of
346  advanced wound dressings.

347  Hussein et al.”’ fabricated two Ti;C,T,-based nanocomposites, Au/MXene and Au/Fe;0,/ MXene,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

348 and assessed their photothermal therapeutic performance in MCF-7 human breast cancer cells.

349 Both composites demonstrated comparable photothermal efficacy; however, the hybrid

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

350 nanocomposites exhibited reduced in vivo toxicity relative to pristine MXene. Acute toxicity

(cc)

351  studies in zebrafish embryos further indicated lower embryonic mortality for the composite
352  materials. These findings suggest that surface modification and hybridization can enhance the
353  biocompatibility of MXenes. Despite these advances, there remains a scarcity of comprehensive
354  in vivo investigations assessing both short-term and long-term biosafety, underscoring the need
355  for further preclinical validation before clinical translation.

356  Wojciechowska et al. investigated the effects of Ti3C,T,/poly L-lactide flakes on human malignant
357 melanoma cells (A375, ATCC) and human immortal keratinocytes (HaCaT). Their results
358  demonstrated that concentrations up to 375 mg/L exhibited no cytotoxic effects.”® Wang et al.
359  coated Ti;C,T, films with silken protein and assessed cytotoxicity using human skin fibroblast
360 HSASI cells. The silk fibroin-coated MXene maintained approximately 99% cell viability after
361  six days of incubation that confirmed no significant reduction in viability, indicating enhanced

362  biocompatibility of the coated films.”
13
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As illustrated in the graph, HbAlc levels remained stable in the CH group (healthy control)
throughout the 30-day period. In contrast, the CD group exhibited a progressive and statistically
significant increase in HbAlc levels, peaking at approximately 12% by day 30. Statistical analysis
indicates that the discrepancy between the groups reached a high level of significance (****P <
0.0001) from day 20 onwards, confirming the successful and sustained induction of the diabetic
state in the study model. The elevated HbAlc levels in the CD group at the end of the 30 day
period signify chronic dysregulation of glucose metabolism. Since HbA 1c¢ reflects the mean blood
glucose concentration over a 2—3-month period, achieving a 12% threshold in this 30 day model
not only confirms severe hyperglycemia but also establishes a rigorous environment for assessing
wound healing interventions under high-oxidative stress conditions. These findings validate the
robustness of the diabetic animal model for subsequent experimental phases (Fig. S1).

Blood glucose levels in the CH group remained relatively stable throughout the 28-day period
(approximately ~110—125 mg/dL). In contrast, the CD group developed a time-dependent and
statistically significant hyperglycemic shift starting at Day 7. Glucose levels increased to
approximately ~250 mg/dL by Day 14 and then remained markedly elevated at ~260-280 mg/dL
on Days 21 and 28. The significance markers (from **P < 0.0001 to ****P < (0.0001) indicate
robust statistical differences across the corresponding time points, supporting a clear divergence
between CH and CD over time. The temporal pattern observed in the CD cohort suggests
successful establishment of hyperglycemia and persistent impairment of glycemic control. The
onset of glucose elevation at Day 7, followed by attainment of high and sustained concentrations
(~250-280 mg/dL) through Day 28, indicates that the diabetic phenotype is not merely transient
but progresses toward a stable dysregulated state. From a model-validation perspective, these
glucose measurements provide acute, high-resolution evidence of glycemic dysregulation, which
when interpreted alongside long-term markers such as HbA 1¢ strengthens the overall confirmation
of the induced diabetic condition (Fig. S2).

To establish a biologically relevant concentration for subsequent studies, the cytotoxicity of
Ti;C,T, MXene on standard fibroblast cells was quantified. Cells were treated with a concentration
gradient of Ti;C,T, MXene ranging from 0 to 100 pg/mL (0, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65,70, 75, 80, 85, 90, 95, 100 pg/mL). Cell viability data were analyzed using nonlinear
regression via software. This analysis determined the half-maximal inhibitory concentration (IC50
) to be 34.83 £ pg/mL (wound surface area and target dose range 330 pg/mL after 72h) (Fig. S3).

Preliminary range-finding indicated that concentrations below 20 pg/mL showed minimal
14
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395 cytotoxic effect, whereas doses exceeding 60 pg/mL resulted in severe cell death. Therefore, the
396  calculated IC50 of 34.83 pg/mL was adopted as the standard concentration for assessing the
397  Dbiological effects of Ti;C,T, MXene in this study.

398  Wound dimensions were quantitatively evaluated using a caliper on days 0, 5, 15, and 30 days,
399 following wound induction. Caliper measurements were applied in the early stage because the
400  wound surface was still open and dynamically changing. As observed, the CH and CD groups
401  showed neither wound cavity formation nor Ti3;C, T, MXene exposure throughout the study period,
402  resulting in negligible changes in macroscopic wound dimensions. In the CDD group, only wound
403  cavity formation was evident. Since this group did not receive Ti;C,T, MXene treatment, the
404  wound exhibited limited improvement in surface dimensions during the observation window. In
405  contrast, the CDDM group demonstrated a clear healing trend, wound dimensions decreased
406  progressively up to day 15, followed by complete recovery by day 30. Overall, these macroscopic
407  results provide quantitative evidence that Ti;C,T, MXene enhances wound healing under diabetic
408  conditions (Table. S4).

409  In our study in IC50, analysis of morphology (population~10000) using normal counts (Q;), FSC
410 (Qy)and SSC (Qy) for cells on days 0, 5, 15 and 30 were conducted. In Q; on day 0 in CH~97.07%,
411  CD~80.69%, CDD~57.93%, CDDM~67.31%, on day 5 in CDDM~72.56%, on day 15 in
412  CDDM~78.59%, and on day 30 in CDDM~86.81%. In Q; on day 0 in CH~0.13%, CD~16.86%,
413  CDD~37.25%, CDDM~30.89%, on day 5 in CDDM~25.58%, on day 15 in CDDM~19.64%, and
414  on day 30 in CDDM~11.71%. In Q3 on day 0 in CH~2.27%, CD~2.09%, CDD~0.22%,
415 CDDM~1.33% on day 5 in CDDM~0.94%, on day 15 in CDDM~1.46%, and on day 30 in

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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416 CDDM~1.11% (Figure 2). The flow cytometric analysis of approximately 10,000 cells, assessing
417  wviability (Q;), morphological changes (Q;), and granularity changes (Q3), revealed distinct
418  temporal patterns within the study groups. Notably, the CDDM group exhibited a significant shift
419  over 30 days. In Q, (viable cells area), CDDM showed a progressive increase from 67.31% on day
420 0 to 86.81% on day 30, indicating enhanced cell viability over time. Concurrently, CDDM
421  demonstrated a decrease in Q, (changed shape cells area), dropping from 30.89% on day 0 to
422 11.71% on day 30, suggesting a reduction in cells undergoing morphological alteration. While Qs
423  (changed granularity cells area) for CDDM fluctuated, it remained low, with a slight decrease from
424  1.33% on day 0 to 1.11% on day 30. These findings collectively suggest that the treatment
425  promotes cell viability and a reduction in aberrant cellular morphology and granularity in the

426  CDDM group by day thirty.
15
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Fig. 2. Morphological analysis of the population of gingival cells (FSC/SSC) using Flow
Cytometry.

As depicted in Fig. 3a, cell viability showed a slight yet significant decrease on day 0 in the CDD
group (*P<0.05) and a more pronounced reduction in the CDDM group (****P<0.0001).
Subsequently, from day 5 onward, a notable decline in cell viability was observed in the CDD and
CDDM groups (****P<0.0001). This decreasing trend continued until day 15, with significant
reductions noted in the CD, CDD and CDDM groups (****P<0.0001). By day 30, cell viability

had further decreased in the CD and CDD groups (****P<0.0001). Interestingly, on the same day,
16
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438  an increase in cell viability was registered in the CDDM group (*P<0.05) compared to the control
439  healthy group (CH).

440  Our results showed that Ti;C,T, MXene treatment reduced ROS levels and improved fibroblast
441  viability (CDDM) over 30 days period (Fig. 3b). This finding aligns with the observations of Song
442 et al.80 who reported that diabetic wound microenvironments often produce excessive ROS due to
443  activation of oxidative stress pathways, resulting in decreased cell survival. Biochemically,
444  succinate dehydrogenase plays a crucial role in the mitochondrial electron transport chain, where
445 it catalyzes the conversion of succinate to fumarate, accompanied by the reduction of flavin
446  adenine dinucleotide (FAD) to its reduced form, flavin adenine dinucleotide dehydrogenated
447  (FADH,). The resulting electrons are transferred through the respiratory chain to oxygen,
448  regenerating FAD. This enzymatic activity serves as an important indicator of mitochondrial
449  function and oxidative metabolism. In our research, on days 0 and 5, significantly elevated levels
450 of ROS were detected in the CDDM, CDD, and CD groups (****P<(0.0001). On day 15, an
451  increase was observed in the CD and CDD groups (****P<0.0001), whereas the CDDM group
452  (**P<0.01) showed a decrease. By day 30, substantial increases were observed in the CD and CDD
453  groups (****P<0.0001), while the CDDM group showed an opposite trend, suggesting a potential
454  mitigating or stabilizing effect of the MXene treatment over the longer term (Fig. 3b). All these

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

455  observed increases in ROS levels across days 0, 5, 15, and 30 were consistently compared against

456  the control healthy group (CH). The results in the CDDM group indicate the role of Ti;C,T,

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:06 AM.

457  MXene in decreasing the level of ROS (Figure 3b). By attenuating ROS production, a strong

(cc)

458  correlation was observed between Ti;C,T, MXene exposure and alterations in key components of
459  the cell death signaling pathway, suggesting a potential regulatory role in fibroblasts and support
460  cell survival, even under prolonged exposure. Collectively, our results suggest that Ti;C, T, MXene
461  exerts protective effects against oxidative stress; thereby enhancing cell viability in wound-healing
462  contexts, particularly within diabetic gingival wound in rat models.

463  Pierce et al.®! reported that ROS promote lipid and protein peroxidation in diabetic wound tissues,
464  thereby activating multiple inflammatory and oxidative stress pathways, including interleukin-13
465  (IL-1PB), tumor necrosis factor-a (TNF-a), cytokines, nuclear factor erythroid 2-related factor 2
466  (Nrf-2), and nuclear factor kappa B (NF-«kB). Tiwari et al.®? further demonstrated a significant
467  clinical association between lipid peroxidation and hyperglycemia, with higher fasting blood
468  glucose and elevated glycated hemoglobin/fasting plasma glucose (HbA 1¢/FPG) ratios correlating

469  strongly with increased oxidative stress in diabetic patients. ROS-mediated lipid membrane
17
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oxidation is believed to disrupt the mitochondrial electron transport chain, initiating cell death
signaling cascades.

As shown in Fig. 3¢, the MDA levels, that indicate a significant increase in lipid peroxidation
Compared to the control healthy (CH) group, significant changes were observed in the CD, CDD
and CDDM groups. Specifically, on days 0 and 5, the CD, CDD, and CDDM groups showed
alterations (****P<(0.0001) compared with the CH group. After 15 days, the CD and CDD groups
continued to display a highly significant increase (****P<0.0001), and the CDDM group also
presented a dramatic change (*P<0.05) when compared to the CH group. Furthermore, our
findings indicated a slight but statistically significant decrease in lipid peroxidation levels within
the CDDM group after 30 days.

Despite this reduction, it was not sufficient to prevent cell injuries. In our study, lipid peroxidation
was assessed by measuring thiobarbituric acid reactive substances (TBARS) formation in
fibroblasts exposed to Ti;C,T, MXene (Fig. 3¢). After 30 days, fibroblasts in the Ti;C,T, MXene-
treated group exhibited markedly reduced lipid peroxidation compared to CH, indicating a
protective effect against oxidative membrane damage.

The data in Fig. 3d, showed that protein carbonyl levels significantly increased in the CD
(**P<0.01), CDD and CDDM (****P<(0.0001) groups, and marked cell injuries occurred in
diseased cells compared to the CH group on day 0. On day 5, protein carbonyl levels increased in
the CD (***P<0.001), CDD, and CDDM (****P<(.0001) groups compared to the CH group. On
day 15, protein carbonyl levels significantly increased in the CD and CDD groups
(****P<0.0001), whereas levels decreased in the CDDM group (***P<0.001) compared to the CH
group. On day 30, protein carbonyl levels significantly increased in the CD and CDD groups
(****P<0.0001), while the CDDM group showed no significant change compared to the control
group.

Their findings emphasized that therapeutic strategies targeting precise modulation and control of
inflammation during the healing process may offer considerable benefits for managing diabetic
and other chronic wounds. The observed malondialdehyde (MDA) levels were strongly associated
with ROS generation and consequent lipid membrane damage. Likewise, the increase in protein
carbonyl content likely reflects oxidative modification of cellular proteins by elevated ROS, a
process considered a critical indicator of oxidative stress and frequently linked to loss of protein
function.?® In fibroblast cells exposed to Ti;C,T, MXene for 30 days, carbonyl protein levels

remained markedly lower compared with the CD group (Fig. 3d). As highlighted by Boniakowski
18
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et al. elevated ROS not only contributes to the onset and progression of diabetic wounds, but also
intensifies the inflammatory response, thereby impairing tissue repair and

reducing the efficacy.
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Fig. 3. a) Detection of cell viability, b) Detection of Reactive oxygen species (ROS), ¢) Detection
of lipid peroxidation (LPO), d) Detection of carbonyl protein content on control health (CH),
control diabetic (CD), diabetic and surgical gingivae (CDD), and diabetic, surgical gingivae and
treated by Ti;C,T, MXene (CDDM) in fibroblast cell after 0, 5, 15 and 30 days. Data represented
as mean + SD of data determined from three separate experiments. Values represented as mean +
SD (n = 5). ns=no significant, *P < 0.05 and ****P < 0.0001 compared with the control health
(CH) group.

A previous study®? showed that GSH serves as a key cellular antioxidant defense, capable of
directly interacting with ROS in non-enzymatic reactions, resulting in its oxidation to GSSG.
GSSG can negatively impact cells through two primary pathways: it may function as a toxic
compound by forming conjugates with cellular proteins, or it can be converted back to its reduced
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form by glutathione reductase before being either exported via glutathione S-transferase or

involved in nonenzymatic adduct formation.

Fig. 4a illustrates the content of reduced GSH. On days 0 and 5, significant differences were
observed in the CD, CDD and CDDM groups (****P<0.0001) compared to the control healthy
(CH) group. On days 15 and 30, the CD and CDD groups exhibited a significant decrease in GSH
content (****P<0.0001), while the CDDM group also showed significant reductions (**P<0.01
and *P<0.05, respectively) relative to the CH group. A slight decrease was also noted in the CDDM
group on these later days compared to the other diseased groups.

On days 0 and 5, significant differences were observed in the CD, CDD, and CDDM groups
(****P<0.0001) compared to the control healthy (CH) group. On days 15 and 30, the CD and CDD
groups exhibited a significant decrease in GSH content (****P<(0.0001), indicating a sustained
state of oxidative stress, while the CDDM group also showed a significant reduction (**P<0.01)
after 15 days. However, the CDDM group did not show a significant change on day 30.

As illustrated in Fig. 4a, b, exposure to Ti;C,T, MXene led to changes in the levels of both GSH
and GSSG in fibroblasts from the gingival tissue of diabetic animals. Glutathione is recognized as
a vital cellular antioxidant, with its GSH capable of directly neutralizing ROS through
nonenzymatic reactions, resulting in its oxidation to GSSG. The GSSG can be detrimental to cells
by acting as a toxic compound, forming conjugates with proteins, or participating in nonenzymatic
adduct formation. Alternatively, it can be recycled back to GSH via GSSG before being exported
from the cell through glutathione S-transferase.®3 In several pathological conditions, including
diabetes and various cancers, apoptosis serves as a fundamental mechanism of cell death,
characterized by features such as cell shrinkage, nuclear fragmentation, chromatin condensation,
and double-stranded DNA fragmentation, whereas necrosis is typically associated with cell
membrane damage. Apoptosis is a tightly controlled cellular mechanism initiated by intracellular
signaling pathways in response to stress conditions like elevated glucose levels, oxygen
deprivation, or increased temperature, ultimately resulting in programmed cell death. According
to Saelens et al.®* mitochondrial swelling disrupts the configuration of the mitochondrial
permeability transition (MPT) pore, leading to the release of pro-apoptotic molecules such as

cytochrome ¢, Smac/DIABLO, and the serine protease HtrA2/Omi.%
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549  Fig. 4. a) Detection of Glutathione Reductase (GSH), b) Detection of Glutathione Peroxidase
550 (GSSGQG), ¢) Detection of release cytochrome ¢, d) Detection of lysosomal membrane damage on
551  control health (CH), control diabetic (CD), diabetic and surgical gingivae (CDD), and diabetic,
552  surgical gingivae and treated by Ti;C,T, MXene (CDDM) in fibroblast cell after 0, 5, 15 and 30
553  days. Data represented as mean + SD of data determined from three separate experiments. Values
554  represented as mean + SD (n = 5). ns=no significant, *P < 0.05; **P < 0.01 and ****P < 0.0001
555  compared with the control health (CH) group.

556

557
558  Figure 4c¢ details the release of cytochrome c. On day 0, a slight increase in cytochrome c release
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(cc)

559  was observed in the CDD and CDDM groups (**P<0.01) relative to the CH group. On day 5, a
560 slight increase in cytochrome c¢ release was observed in the CD (**P<0.01) and CDD
561  (****P<0.0001) groups relative to the CH group. However, by days 15 and 30, the pattern of
562  release had evolved significantly. A dramatic increase in cytochrome c release was noted in the
563  CD and CDD groups (****P<0.0001). In contrast, the CDDM group showed no increase compared

564 to the CH group on days 5, 15, and 30. Permeabilization of the mitochondrial outer membrane
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triggers the release of cytochrome ¢ from the intermembrane space, a critical event in the initiation
of cell death. Cytochrome c, carrying a strong positive charge, binds to negatively charged lipids
on the outer surface of the inner mitochondrial membrane. This release is closely linked to ROS
production. Our findings showed that exposure to Ti;C,T, MXene reduced the release of
cytochrome c into the cytoplasm of fibroblasts in CDDM group. In contrast, the diabetic control
group exhibited pronounced mitochondrial outer membrane permeabilization facilitating
substantial cytochrome c release from the intermembrane space.®*

The release of cytochrome ¢ into the cytoplasm is a key step in triggering the activation of caspases.
Once there, with the help of Apoptotic Protease Activating Factor-1 (Apaf-1) and ATP,
cytochrome c recruits pro-caspase-9. This forms a complex called the apoptosome which then
activates caspase-9. The activated caspase-9 subsequently activates the downstream effectors
caspase-3. Moreover, proteins like Smac/DIABLO and HtrA2/Omi promote apoptotic cell death
by suppressing the activity of Inhibitor of Apoptosis Proteins (IAPs).8¢

Exposure to ROS can compromise the integrity of lysosomes by causing lipid peroxidation of their
membranes. The resulting proton leakage leads to lysosomal alkalinization, which is believed to
contribute to many diseases because a proper acidic pH is crucial for lysosomal function.
Consequently, strategies to restore lysosomal pH, either through compensatory biological
responses or therapeutic interventions, are expected to offer significant benefits. Interestingly, it is
worth noting that not all lysosomes respond to oxidative stress in the same way or even maintain
the same luminal pH.%’

Figure 4d illustrates the level of lysosomal damage. A statistical difference in lysosomal damage
was observed between the control healthy (CH) group and the CD, CDD (****P<0.0001), and
CDDM (*P<0.05) groups after 0 and 5 days. Furthermore, over the 15- and 30-days period, a
dramatic increase in lysosomal damage was evident in both the CD and CDD groups
(****P<0.0001) compared to the CH group. No lysosomal damage was observed in the CDDM
group compared to the CH group.

Apoptosis is an essential cellular mechanism involved in the progression of various diseases,
including diabetes and cancer. It is defined by specific morphological changes such as cell
contraction, chromatin condensation, nuclear fragmentation, and the cleavage of double-stranded

DNA. Unlike necrosis, which is marked by membrane rupture and cell lysis, apoptosis follows a
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595 regulated pathway. This process is generally initiated by intracellular stressors such as elevated
596  glucose levels, oxygen deprivation, or heat stress, ultimately leading to programmed cell death.®
597  Analysis of apoptosis/necrosis pathways using annexin V/PI double staining the apoptosis was
598 quantified by the externalization of phosphatidylserine (PS). PI (stains the nuclear) was used as an
599 indicator of membrane integrity at 0, 5, 15 and 30 days. The results showed cell death signaling.
600 The cell viability counts (Q;) on 0 day in CH~99.67%, CD~99.37%, CDD~29.26%,
601  CDDM~57.48%, on day 5 in CH~99.50%, CD~82.86%, CDD~23.3%, CDDM~73.38%, on day
602 15 in CH~99.13%, CD~79.63%, CDD~12.97%, CDDM~84.29%, and on day 30 in CH~98.65%,
603 CD~ 75.52%, CDD~8.42%, CDDM~92.13%. The necrotic cell counts (Q;) on day 0 in
604 CH~0.13%, CD~0.10%, CDD~5.14%, CDDM~21.36%, on day 5 in CH~0.11%, CD~8.37%,
605 CDD~21.39%, CDDM~9.97%, on day 15 in CH~0.12%, CD~19.91%, CDD~16.09%,
606 CDDM~0.10%, on day 30 in CH~0.12%, CD~23.72%, CDD~15.82%, CDDM~2.65%. The early
607  apoptotic cell counts (Qs3) on day 0 in CH~0.12%, CD~0.29%, CDD~47.27%, CDDM~14.66%,
608 on day 5 in CH~0.19%, CD~5.07%, CDD~55.27%, CDDM~0.76%, on day 15 in CH~0.34%,
609  CD~0.08%, CDD~68.51%, CDDM~1.62%, on day 30 in CH~0.30%, CD~0.50%, CDD~75.28%,
610 CDDM~4.62%. The late apoptotic cell counts (Q4) on day O in CH~0.08%, CD~ 0.24%,
611 CDD~18.18%, CDDM~6.39%, on day 5 in CH~0.20%, CD~ 3.27%, CDD~0.19%,
612 CDDM~5.71%, on day 15 in CH~0.4%, CD~0.00%, CDD~2.38%, CDDM~13.93%, and on day
613 30 in CH~0.93%, CD~0.00%, CDD~0.47%, CDDM~0.58% (Fig. 5).
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614  Apoptosis was quantified by phosphatidylserine (PS) externalization and assessed using annexin

(cc)

615  V/propidium iodide (PI) double staining on day 0, 5, 15, and 30. PI, which stains the nucleus,
616  served as an indicator of membrane integrity, allowing differentiation between apoptotic and
617  necrotic cells. The current findings reveal that exposure to Ti;C,T, MXene showed a notable
618  association with variations in apoptosis-related signaling rather than direct modulation of these
619  pathways. Apoptosis is a fundamental biological process contributing to the resolution of
620 inflammation and guiding the transition of granulation tissue toward mature scar formation during
621  wound healing. In the context of diabetes, compromised wound healing continues to pose a major
622  clinical concern, predominantly linked to disrupted apoptotic homeostasis resulting from
623  inadequate glycemic regulation. The observed correlation between Ti3C,T, MXene presence and
624  apoptosis-associated responses highlights a promising avenue for further investigation into its

625  potential implications for enhancing wound-healing dynamics under diabetic conditions.
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Fig. 5. Effect of Ti;C,T, MXene on apoptosis and necrosis. Detection of apoptosis/necrosis
pathways using annexin V/PI double staining the apoptosis was quantified by the externalization
of phosphatidylserine (PS). PI (stains the nuclear) was used as an indicator of membrane integrity
on day 0, 5, 15 and 30 in control health (CH), control diabetic disease (CD), diabetic diseases and
surgical tooth gum (CDD), and diabetic diseases and surgical gingiva and treatment by Ti3C,T,
MXene (CDDM) in fibroblast cell. Data represented as mean = SD of data determined from three
separate experiments. Values represented as mean + SD (n = 5). ns=no significant, *P < 0.05; **P
< 0.01 and ***P < 0.001 compared with the control health (CH) group.
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636 Conclusion

637  The present study demonstrated that Ti;C,T, MXene exhibits noteworthy biocompatibility and
638  shows a clear association with well-regulated cellular and mitochondrial responses in fibroblast
639  cells derived from abnormal gingival tissue of diabetic animal models. The experimental evidence
640 revealed correlations between Ti3C,T, MXene exposure and controlled oxidative stress, sustained
641  cell viability, and lowered intracellular ROS levels. These relationships were accompanied by
642  preservation of glutathione balance, stabilization of mitochondrial membrane potential, and
643  moderation of cytochrome c—associated caspase activation, collectively aligning with a more
644  regulated apoptotic profile in abnormal cells. Taken together, the findings support further
645 investigation of Ti;C,T, MXene as a potentially valuable candidate for developing advanced
646  nano-enabled therapeutic formulations such as topical medicines, gels, creams, or powders aimed
647  at improving wound healing in diabetic conditions. Furthermore, integration of such approaches
648 into proactive oral healthcare frameworks, supported by interdisciplinary collaboration, may

649  contribute to enhanced oral health outcomes among diabetic patients.
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