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A B S T R A C T

Spatiotemporally adjustable and multifunctional bioresponsive dual-crosslinked hydrogels (MultiBioGel) were 
developed by integrating two-dimensional (2D) MXene nanosheets into a peptide-annealed terpolymer matrix via 
response surface methodology-optimized fabrication. This 2D nanostructure-entangled hydrogel system har
nesses the combinatorial contributions of MXene’s reactive oxygen species (ROS)-scavenging and photothermal 
properties, the mechanical durability and pH-responsive nature of the poly(acrylic acid-co-3-acryl
amidopropanoic acid-co-acrylamide) network, and daptomycin (DPT)’s antimicrobial activity. Our MultiBioGel 
hydrogel integrates (i) a mechanically robust dual-crosslinked terpolymer matrix, (ii) MXene, which provides 
redox-mediated ROS/reactive nitrogen species scavenging and photothermal antibacterial activity, and (iii) DPT, 
a potent gram-positive membrane-disruptive antibiotic. This design enables rapid gelation, injectability, shape 
adaptability, sustained drug release, and combinatorial antibacterial performances under near-infrared light 
irradiation—features that are often absent or underdeveloped in traditional natural polymer-based hydrogels. In 
addition, the hydrogel promotes tissue regeneration through epidermal renewal, angiogenesis, and macrophage 
polarization. This hybrid hydrogel platform demonstrated potent therapeutic efficacy in both non-infected and 
bacteria-infected diabetic wound models, offering a promising solution for advanced combinatorial wound 
healing therapy.

1. Introduction

Chronic diabetic wounds present a significant global health chal
lenge, often resulting in prolonged inflammation, bacterial infection, 
tissue necrosis, and a high risk of amputation [1–3]. These wounds are 
difficult to manage due to impaired angiogenesis, elevated oxidative 
stress, and poor immune responses. In particular, infection caused by 
antibiotic-resistant bacteria is a major barrier to effective healing, 
frequently leading to delayed closure and recurrence [4]. As such, there 
is an urgent clinical need for advanced wound care systems that inte
grate antimicrobial, antioxidative, and regenerative functionalities.

Hydrogel systems have gained attention for wound healing because 
of their inherent properties, such as soft structures adaptable to wound 
area, water storage for moisture-rich healing, porous space for oxygen 
passage, drug delivery capability, biocompatibility, and extracellular 
matrix-mimetic feature [5]. Many pH-responsive hydrogels have drawn 
attention in wound healing as they can deliver therapeutic payloads, 
such as anti-inflammatory and antibacterial drugs and growth factors 
[6]. Copolymers of acrylic monomers, such as acrylamide (AAm) and 
acrylic acid (AA), contribute to biocompatibility and tunable properties, 
such as hydrophilicity, water retention, pH-responsivity, and antibac
terial activity [5]. The crosslinked hydrogel network provides 
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mechanical stability and durability, which are essential for designing an 
effective wound dressing material [5]. However, the crosslinked 
copolymer of AAm and AA cannot provide a suitable wound dressing 
formulation for chronic diabetic and infected wounds owing to the 
absence of therapeutic functions.

To enhance the antibacterial performance, daptomycin (DPT)—a 
clinically approved lipopeptide antibiotic—is an attractive candidate 
due to its potent membrane-targeting mechanism against gram-positive 
bacteria [7,8]. DPT binds to bacterial membranes in a calcium- 
dependent manner, causing depolarization and cell death [7,8]. How
ever, its activity is limited to gram-positive bacteria, and it does not 
modulate oxidative stress or tissue inflammation. To overcome these 
limitations of DPT and provide multifunctional support in the wound 
microenvironment, MXene (with near-infrared (NIR) light) was intro
duced as a complementary agent.

MXenes—a novel class of two-dimensional (2D) nano
materials—display metal-like electrical conductivity, can be readily 
processed in aqueous solutions, possess robust mechanical strength, are 
highly biocompatible, and offer efficient photothermal conversion ca
pabilities [9,10]. The photothermal conversion efficiency of MXene 
exceeds that of conventional photothermal agents like graphene oxide 
and gold nanoparticles [11]. MXene possesses fair redox-mediated 
scavenging activities against reactive oxygen species (ROS) (e.g., 
H2O2, •OH, and O2

•− ) and reactive nitrogen species (RNS) (e.g., NO• and 
NO2

•). MXenes have excellent antibacterial properties against both gram- 
negative and gram-positive bacteria and electrical conductivity [12,13]. 
Therefore, MXene-based hydrogels are gaining attention for developing 
wound healing materials. Various natural polymers, such as hyaluronic 
acid and sodium alginate, have been combined with MXene and thera
peutic additives to develop hydrogel systems for wound healing appli
cations [12–16]. Despite the promising therapeutic potential of MXene- 
integrated gels, existing MXene/polymer systems have limited me
chanical durability and suboptimal antibacterial performance in dia
betic wound environments. Macroporous hydrogels incorporating 
MXene lacked long-term mechanical stability under moist conditions, 
leading to structural failure and reduced therapeutic efficiency [15]. 
Similarly, while MXene-based gels can impart antibacterial activity, 
they often require external agents or modifications to enhance phar
macological effects [16]. These limitations necessitate a more robust 
design strategy integrating a mechanically stable polymeric framework 
with antibacterial agents. In this study, we addressed these limitations 
by developing a terpolymer hydrogel, with superior mechanical per
formance, photothermal responsiveness, and antibacterial combination, 
using MXene and DPT. To the best of our knowledge, studies on the 
development of antibacterial peptide-loaded MXene-grafted-robust 
terpolymer-based hydrogels, with rapid gelation in open air, inject
ability, pH-responsivity, biocompatibility, shape adaptability, bio
adhesiveness, mechanical sustainability, conductivity, photothermal 
activity, sustained drug release, ROS/RNS scavenging ability, antibac
terial property, and wound healing capability, have not yet been 
reported.

This study presents a one-pot aqueous-phase synthesis method for a 
multifunctional bioresponsive dual-crosslinked hydrogel (Multi
BioGel)—DPT-internalized-MXene-g-poly[AA-co-3-acryl
amidopropanoic acid (AAMPPA)-co-AAm] (DMH). It was prepared by 
mixing initiator solution with hydrogel precursor at room temperature 
in open air. For the first time, in situ N–H activated conversion of 
–CONH2 in AAm to –CONH– with MXene was achieved in a short 
gelation time (~90 s), without external transition metal-based catalysts. 
Ex situ AA and AAm introduce softness and shape adaptability based on 
wound dimension, swelling ability, hydrophilic functionality, and pH- 
responsivity for drug entrapment and programmed delivery; in situ 
generated AAMPPA elevates mechanical robustness enabling DMH to 
maintain integrated structure for more than 15 days in biological fluids; 
MXene imparts ROS scavenging, photothermal activity, and mild anti
bacterial potential; and DPT induces strong antibacterial effects with 

tissue regeneration and re-epithelialization. DMH (MultiBioGel), ob
tained by combining the properties of MXene and DPT, is expected to 
exhibit better wound characteristics than those of counter hydrogels, 
such as poly[AA-co-3-AAMPPA-co-AAm] (BH), MXene-g-BH (MH), and 
DPT-loaded-BH (DH). This hybrid hydrogel system offers superior and 
rapid healing of full-thickness diabetic and infected wound based on 
optimized physicochemical and mechanical features.

2. Materials and methods

2.1. Materials

Dimethyl sulfoxide-d6 (DMSO‑d6), H2O2 solution (30 % w/w in 
H2O), TiOSO4 solution (1.9–2.1 %), 3,3′,5,5′-tetramethylbenzidine 
dihydrochloride hydrate (TMB DH), nitroblue tetrazolium (NBT), 2,7- 
dichlorodihydrofluorescein diacetate (DCFH-DA), sodium chloride 
(NaCl), calcium chloride dihydrate (CaCl2⋅2H2O), and glutaraldehyde 
solution (25 % in H2O) were obtained from Sigma-Aldrich (Saint Louis, 
MO, USA). AA, AAm, DPT, methylene blue (MB, hydrate form), N,N′- 
methylene bisacrylamide (MBAm), potassium persulfate (K2S2O8), so
dium bisulfite (NaHSO3), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 
riboflavin, and D,L-methionine were purchased from Tokyo Chemical 
Industry Co. Ltd. (Tokyo, Japan). Dulbecco’s modified Eagle’s medium 
(DMEM), Dulbecco’s phosphate buffered saline (DPBS), and fetal bovine 
serum (FBS) were obtained from Welgene Inc. (Gyeongsan, Republic of 
Korea). Penicillin–streptomycin was acquired from Gibco Life Technol
ogies, Inc. (Grand Island, NY, USA).

2.2. Synthesis of MXene and its analysis

MXenes were synthesized by etching of the MAX phase with a 
slightly modified method [10]. In a brief, dried MAX powder (0.5 g) was 
mixed firmly with NH4F (2.6 g) in an Erlenmeyer flask, followed by 
heating the flask to 60 ◦C in a water bath. After homogenization at 60 ◦C, 
concentrated HCl (15 mL) was added dropwise to the mixture to initiate 
the etching of Al-layers of MAX. The reaction was vigorously processed 
in the beginning phase and then settled down after 30 min. This etching 
process continued for 6 h, and then, a solid black-colored MXene was 
isolated by centrifugation, washed thoroughly by distilled water (DW) 
until it became acid-free, and dried in a hot-air oven.

The conversion of MAX into MXene was confirmed by an X-ray 
diffractometer (XRD, D8 Discover, Bruker Corp., Billerica, MA, USA). 
Spectra were recorded within 5–80◦ of 2θ using the CuKα source of 5.4 
kW. The d-spacing values were calculated using Bragg’s Law (Eq. (1A)). 
The average particle size from the XRD peak was calculated using the 
Scherrer equation (Eq. (1B)). 

nλ = 2dsinθ (1A)  

τ =
kλ

βcosθ
(1B) 

Here, n, λ, τ, k, and β represent the order of diffraction (an integer), 
wavelength of X-ray light, particle size, shape factor, and full-width half 
maximum of XRD peak, respectively.

The particle size and zeta potential of MXene were analyzed using a 
Zetasizer NanoZS90 (Malvern Panalytical, Malvern, UK).

Internal shapes of MAX, MXene, and MH were observed by field 
emission-scanning electron microscopy (FE-SEM, JSM-7900F, JEOL 
Ltd., Akishima, Japan). Before their analysis, each specimen was coated 
with Pt.

Layered structure and interplanar distance of the as-synthesized 
MXene was observed by high-resolution transmission electron micro
scope (HR-TEM, Tecnai G2 F30, FEI company, Hillsboro, OR, USA) at the 
operating voltage of 300 kV.
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2.3. Fabrication of hydrogels and their structural evaluation

MH was synthesized via free-radical solution polymerization using 
an optimized synthesis composition at an optimal temperature. Opti
mization was performed by measuring the equilibrium swelling ratio 
(ESR) of the hydrogels synthesized according to the response surface 
methodology (RSM) design, considering the combinational effects of 
multiple factors on ESR while conducting minimum number of experi
ments [17]. Since six parameters, such as molar ratio of AA/AAm (A, –), 
temperature (B, ◦C), amounts of MBAm (C, wt%), initiators (D, wt%), 
monomers (E, wt%), and MXene (F, mg/mL), can modulate structural 
robustness of MH, all of these factors should be varied in RSM approach. 
To reduce the volume of experiments, a two-stage RSM design consti
tuting stage-I (resolution-IV) and stage-II (face-centered central com
posite design (FCCD)), was employed. In stage-I, optimization of these 
six parameters was carried out by using 2-level factorial design and 
reduced 3FI (R3FI) model and unary/binary interactions among pa
rameters. The three most influential parameters identified from stage-I 
were optimized in stage-II by using the FCCD design (quadratic model 
containing 2p, 2p, and pc amounts of factorial, axial, and central runs, 
respectively [p = number of parameters]).

Based on optimum conditions for DMH, AA (4.55 g) was neutralized 
to pH 5.5 by saturated aqueous NaOH, followed by adding AAm (0.45 g) 
and MBAm (0.5 g). The volume was made up to 15 mL with DW and 
homogenized for 60 min. Monomer mixture (0.8 mL) was withdrawn 
and dried MXene (2 mg) was added. This was treated by an ultrasonic 
processor for 10 min to achieve homogeneous dispersion of MXene with 
reactants. DPT (2 mg) was added and homogenized for 2 h. Polymeri
zation was initiated by adding initiator solution (K2S2O8 + NaHSO3 
(0.08 g + 0.08 g) in DW (0.2 mL)). Rapid sol-to-gel transformation 
occurred at room temperature without an inert environment. DMH was 
collected and washed with a water/methanol mixture (1:3 (v/v)). 
Lyophilized products were acquired for further use. BH, DH, and MH 
were synthesized using the same protocol, except for adding MXene 
and/or DPT.

Structural elucidation of DMH was carried out using a proton nuclear 
magnetic resonance (1H NMR) spectrometer (Avance Neo 600, Bruker 
Ltd., Billerica, MA, USA) after dispersing in DMSO‑d6.

The thermal properties of BH and DMH were determined by ther
mogravimetry (TG) analysis (TGA; SDT Q600, TA instruments, New 
Castle, DE, USA). Spectra were recorded within 35–600 ◦C in a nitrogen 
atmosphere at a heating rate of 10 ◦C/min.

Dried BH, MH, DPT, and DMH were prepared for Fourier-transform 
infrared (FT-IR) analyses. Wavenumber-dependent transmittance values 
were obtained by FT-IR spectrometer (PerkinElmer Inc., Waltham, MA, 
USA) with attenuated total reflectance (ATR) mode. Transmittance 
profiles were obtained within 400–4000 cm− 1.

For measuring pH at the point of zero charge (pHPZC) of BH, a defi
nite amount (0.2 g) of solid BH was added to each buffer solution (25 
mL) of different initial pH (pHi), ranging from ~1 to 10, with constant 
stirring at 200 rpm. After 72 h stirring, the final pH, i.e., pHf, of each 
solution was measured. Then ΔpH = pHf – pHi was plotted against pHi. 
The pHPZC of BH could be obtained from pHi at the zero ΔpH.

Binding patterns of MXene and DPT with BH were investigated by X- 
ray photoelectron spectroscopy (XPS) analysis (K-Alpha+, Thermo 
Fisher Scientific, Waltham, MA, USA). MXene, BH, MH, and DMH 
samples (dried form) were prepared, and elemental analyses were 
conducted.

2.4. Rheological and mechanical assessments of hydrogel systems

The morphological properties of the lyophilized BH and DMH were 
determined by FE-SEM. Before analysis, each lyophilized specimen was 
coated with Pt. The pore size was calculated using ImageJ software [18].

Gelation behavior of each specimen was investigated by an inversion 
test. BH, DH, MH, and DMH specimens were prepared and their pho

tographs in the inverse positions were acquired. The crosslink density 
(CD) values of the hydrogels were measured using Eq. (2) [19]. 

CD =
ln
(
1 − Vp

)
+ Vp + χV2

p

VwDp

(
V1/3

r − V2
p

) (2) 

Here, Vp, Dp, χ, Vr, Vw, and mw represent the equilibrium hydrogel vol
ume fraction in water, density of hydrogel, water–hydrogel interaction 
parameter, molar volume of water, volume fraction of water in swelled 
hydrogels, and molar weight of water, respectively. However, Vp and χ 
could be computed using Eq. (2A) and Eq. (2B). 

Vp =
1
/
Dp

(mw/0.99) +
(
1
/
Dp

) (2A)  

χ =
Vp

3
+0.5 (2B) 

Each specimen (50 mg) of dried BH, MH, DH, and DMH (Wi) was 
incubated in 20 mL of phosphate-buffered saline (PBS, pH 7.4 and 8.5). 
Each specimen was withdrawn at 0.5, 1, 2, 4, 6, 12, 24, 48, and 72 h and 
wrapped with tissue paper to remove the adhered liquid on the outer 
surface of the hydrogels. Then, the hydrogels were unwrapped, weighed 
(Wf), and placed into the tubes again. The swelling ratio (SR, %) was 
determined using Eq. (3). 

SR (%) =
Wf − Wi

Wi
×100 (3) 

For calculating the ESR (%), each hydrogel was incubated in DW till the 
final weight (Wf) became constant, which indicated the achievement of 
equilibrium (We). ESR was calculated using Eq. (3A). 

ESR (%) =
We − Wi

Wi
×100 (3A) 

The rheological features of BH, DH, MH, and DMH samples were 
measured with rheometer (MCR 302, Anton Paar GmbH, Graz, Austria). 
The variation of storage modulus (G′) and loss modulus (G″) with strain 
and frequency sweep was measured by the varying strain within 1–402 
% and frequency within 1–100 rad/s by keeping frequency and strain at 
10 rad/s and 10 %, respectively. All the experiments were carried out 
using 25 mm parallel plate and 1 mm gap height at 37 ◦C. Shear rate- 
dependent viscosity profiles of BH and DMH samples were obtained at 
0.01–100 s− 1 shear rate range.

The mechanical stability of hydrogels was studied by measuring 
tensile stress and compressibility stress using a universal testing ma
chine (QM100S, Qmesys, Uiwang, Republic of Korea). BH, DH, MH, and 
DMH of unified shapes were incubated in DW and PBS for 30 min and 72 
h to obtain swelling and equilibrium swelling, respectively, before 
measuring tensile stress and compressibility stress of DMH in both 
conditions at 10 kgf load capacity. For tensile stress measurement, 
samples of consistent dimensions (width and thickness of 5 and 3 mm, 
respectively) were prepared using a testing gauge length of 5 mm. 
Young’s modulus was estimated from the slope of the initial linear 
portion (i.e., yield point (YP)) of tensile stress vs. strain curve and ulti
mate strength was obtained from the fracture point (FP). Toughness was 
calculated by measuring the area under the tensile stress vs. strain curve. 
For compressibility stress, samples were prepared in cylindrical shapes 
of consistent dimensions (height and diameter of 10 and 15 mm, 
respectively).

Conductivity measurements of BH and DMH were measured by 
electrical impedance spectroscopy (EIS) through a three-electrode 
method using an electrochemical workstation (CHI660D, CH In
struments, Inc., Austin, TX, USA). Before experiments, hydrogel speci
mens were incubated in PBS (pH 7.4) for 30 min, then sandwiched 
between two parallel indium tin oxide (ITO)-coated glass plates. The 
three-electrode system was assembled with working, auxiliary 
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(platinum wire), and reference (Ag/AgCl) electrodes. The cyclic vol
tammetry (CV) experiment was conducted at 50 mV/s using the same 
instrument. The working potential of each hydrogel was determined 
from the potential window of the CV plot. For measuring transepithelial 
potential (TEP), the working potential in each unit dimension of 
hydrogel was calculated by dividing the working potential by the 
hydrogel dimension.

Shape adaptiveness of DMH was tested by spreading it onto the 
finger and bending. For measuring stretchability, hydrogels of specified 
length (Li, cm) were pulled until the breaking point (Lf, cm). The 
stretchability (%) was estimated using Eq. (4). 

Stretchability (%) =
Lf − Li

Li
×100 (4) 

Similarly, DMH was twisted and rolled up to ensure its structural flexi
bility. Adhesiveness of DMH to the plastic dish was also assessed.

Freshly prepared DMH was immersed in water, followed by bending, 
twisting, rolling, and adhesion with glass, and images were captured 
through digital camera.

The adhesive strength of DMH to porcine skin tissue was evaluated 
by lap shear experiments using a universal testing machine. DMH (1 cm 
× 1 cm) and porcine skin (1 cm × 1 cm) were fixed onto each glass slide 
using commercial glue. The control group was prepared with two 
porcine skin tissues attached to each glass slide. The slides were con
nected via porcine skin and DMH, followed by measuring tensile stress at 
37 ◦C to calculate DMH’s bioadhesive strength.

For measuring underwater adhesion force, DMH (1 cm × 1 cm) was 
fixed with one glass slide by commercial glue. Then the entire assembly 
was immersed into DW, and DMH was covered by another porcine skin 
prefixed with another glass slide. After that, this assembly was carefully 
lifted from DW, attached with the tensile stress measuring instrument to 
calculate the adhesive stress.

Bioadhesion mechanisms of DMH to porcine skin were explored by 
FT-IR spectroscopic analysis with ATR technique within 400–4000 
cm− 1. DMH was incubated in DW for 30 min and cut into (8 mm × 3 
mm) dimensions. Skin tissue was cut to 10 mm × 4 mm, and DMH was 
placed on this tissue using forceps to prepare tissue–DMH samples.

To evaluate ex vivo adhesion of DMH with different tissues, vital 
organs (heart, kidney, spleen, lung, and liver) of C57BL/6N mice (male, 
body weight: ~20 g; Koatech, Pyeongtaek, Republic of Korea) were 
collected and placed on DMH (0.2 mL; incubated in DW for 1 h at 37 ◦C) 
adhered to a glass slide. All animal studies were approved by the Animal 
Care and Use Committee of Kangwon National University and conducted 
according to the National Institutes of Health (NIH) Guide for the Care 
and Use of Laboratory Animals (NIH Publications No. 8023, revised 
1978). After 5 min, organ adhesion with DMH was photographed.

The in vivo spreading capability of DMH was studied by covering the 
wound site of the mouse with DMH (0.3 mL). Following an application 
for 24 h, images were taken, and the weight of hydrogels recovered from 
the mouse wound was measured (Wf) together with the initial weight of 
applied DMH (Wi). The spreadability (%) was calculated using the 
following Eq. (5). 

Spreadability (%) =
Wf

Wi
×100 (5) 

The in vitro hemostatic capability of BH and DMH was confirmed by 
measuring blood clotting index (BCI) using the methodology described 
elsewhere [20]. The lyophilized samples and cotton gauze (positive 
control) were cut into cylindrical shapes of consistent diameter. Blood 
specimens were obtained from Sprague Dawley rat (male, body weight: 
~250 g, Koatech). Recalcified fresh blood solution (0.05 mL containing 
10 mM CaCl2) was added to samples and control groups, pre-warmed at 
37 ◦C. After incubating at 37 ◦C for 150 s, DW (10 mL) was added to 
release unbound blood without disturbing the clot. Images were taken 
by digital camera and absorbance values of the supernatant were 

recorded at 540 nm using a microplate reader (SpectraMax i3, Molecular 
Devices, Sunnyvale, CA, USA). The absorbance of recalcified blood 
(0.05 mL) diluted in DW (10 mL) served as the reference (negative 
control). BCI was calculated using the following Eq. (6). 

BCI (%) =
Is − I0

Ir − I0
×100 (6) 

Here, Is, Ir, and I0 represent the absorbance values of the samples, 
reference (i.e., negative control), and DW, respectively.

The blood clotting time was calculated by using a slightly modified 
protocol [21]. Fresh rat blood was transferred to sodium citrate- 
containing vacutainer (BD Vacutainer, Franklin Lakes, NJ, USA). To 
initiate coagulation, 0.05 M CaCl2 solution was added to the citrated 
blood at a 10:1 ratio, followed by vortex-mixing. After that the recal
cified blood (0.1 mL) was added to each well of a 96 well-plate con
taining 0.05 mL of BH and DMH. For the control group, the recalcified 
blood (0.1 mL) was added to the empty wells. At predetermined time 
intervals, each well was gently washed with 0.9 % (w/v) NaCl solution 
until the washing solution became clear, indicating the removal of sol
uble components from unclotted blood. The clotting time was deter
mined as the time required to form a stable clot that remained after 
washing.

For studying the in vivo hemostatic property of DMH, the liver of 
Sprague Dawley rat (male, body weight: ~250 g, Koatech) was excised 
by an 8-mm-diameter punch and scissors, and the blood ejected from the 
liver was soaked on a dry filter paper. DMH (0.2 mL) was added to 
observe the blood-clotting behavior following punching, whereas, for 
control group, only PBS was applied after punching. The amount of 
blood collected on the tissue was measured to obtain blood loss value 
(%).

The in vitro hemolysis test was conducted by the reported method 
[22]. Fresh rat blood (1 mL) was suspended in PBS (10 mL) with heparin 
sodium (0.05 mL), followed by centrifugation at 1000 rpm for 15 min to 
isolate red blood cells (RBCs) from plasma. The separated RBCs were 
washed thrice with PBS until the supernatant became colorless. A defi
nite volume (0.05 mL) of BH and DMH was put into the conical tube with 
PBS (0.2 mL), followed by adding diluted blood (0.2 mL) into each tube. 
Blood was added with 0.1 % Triton X-100 (0.2 mL) and PBS (0.2 mL) for 
positive and negative controls, respectively. After incubating for 1 h at 
37 ◦C, specimens were centrifuged at 1000 rpm for 15 min, supernatant 
was withdrawn, and absorbance values were measured at 540 nm using 
a microplate reader. The hemolysis portion was calculated using the 
following Eq. (7) [22]. 

Hemolysis (%) =
ODt − ODn

ODp − ODn
×100 (7) 

Here, ODt, ODn, and ODp represent the absorbance values of the test 
samples, negative control, and positive control, respectively.

2.5. In vitro antibacterial and wound healing tests

The antimicrobial studies were conducted against gram-positive 
(S. aureus; Korean Collection for Type Cultures, Jeongeup, Republic of 
Korea) and gram-negative (E. coli; Korean Collection for Type Cultures) 
bacteria via disk-diffusion method. Bacterial suspension (0.1 mL, 1.0 ×
107 CFU/mL) was cultured on Mueller Hinton agar plates (90 mm 
diameter). Hydrogel samples (BH, DH, MH, and DMH) were placed in 
those agar plates and incubated at 37 ◦C. MH and DMH samples were 
irradiated by NIR light (808 nm and 1 W/cm2) for 3 min. After 24 h 
incubation at 37 ◦C, diameter of inhibition zone (DIZ) was measured. 
Next, to the bacterial suspension (0.1 mL, 1.0 × 107 CFU/mL), definite 
volume (0.1 mL) of DPT (2 mg/mL) and released solutions of hydrogel 
specimens (after adding 0.3 mL specimens to 0.5 mL DW) were added 
and incubated at 37 ◦C for 3 h. Then definite volumes (20 μL) of each 
bacterial suspensions were fixed on carbon tapes by using 2.5 vol% of 
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glutaraldehyde solution, followed by capturing their FE-SEM (SU8600, 
Hitachi, Tokyo, Japan) images. Also, definite volumes (0.1 mL) of these 
mixtures were spread evenly on the agar plates. After 24 h incubation at 
37 ◦C, digital images of the plates were captured to compare the bac
terial colony growth in-presence of hydrogel samples with those of 
controls.

Photothermal properties of hydrogels were studied using NIR light 
(1 W/cm2) at 808 nm. For evaluating the in vitro photothermal effect, 
each specimen (1 mL) of DW, BH, DH, MH, and DMH was put into plastic 
cuvettes and exposed to NIR light irradiation for 3 min. Temperature 
change was measured using a thermal camera (FLIR E8, FLIR Systems, 
Inc., Wilsonville, OR, USA) and dual thermometer (8856 AZ EB, AZ 
Instrument Corp., Taichung, Taiwan). Photothermal conversion effi
ciency was measured by repeating cycles of NIR light irradiation for 5 
min and cooling for 5 min.

Released profiles of DPT from DMH were investigated at pH 6.2, 7.4, 
and 8.5. DPT-incorporated hydrogel (corresponding to 0.75 mg/mL of 
DPT, 0.2 mL) was added to release media (2 mL) and incubated at 37 ◦C 
in a water bath with 50 rpm agitation. Release medium (0.2 mL) was 
obtained at 1, 2, 4, 12, 24, 48, 120, 240, 360, 480, and 600 h. An 
equivalent volume of fresh media was added at each sampling time. DPT 
concentration was analyzed by high-performance liquid chromatog
raphy (HPLC) system (1260 Infinity II, Agilent Technologies, Santa 
Clara, CA, USA) with a reverse phase C18 column (Kinetex, 250 mm ×
4.6 mm, 5 μm, 100 Å; Phenomenex, Torrance, CA, USA). Mobile phase 
comprised 1 M phosphate buffer (pH 3.1) and acetonitrile (6:4, v/v). 
Analysis was performed under isocratic conditions at 1 mL/min flow 
rate. Each specimen (10 μL) was injected, and chromatograms were 
acquired at 262 nm.

The drug release mechanism was evaluated by using mathematical 
modelling, reported elsewhere [23]. Briefly, fraction of drug release 
(Mt/M∞) can be related to time of release (t) by the equation: 

Mt

M∞
= ktn (8) 

Here, k and n represent geometry constant and drug release exponent, 
respectively. The value of n can be obtained from the slope of the 
straight line obtained by plotting the release data against release time in 
logarithmic scale.

H2O2-scavenging capability of hydrogels was tested with TiOSO4. In 
following ROS and RNS scavenging assays, ascorbic acid (Asc) was used 
as an antioxidant agent. Aliquots (0.3 mL) of Asc solution (0.1 mg/mL), 
MXene dispersion (2 mg/mL in DW), BH, DH, MH, and DMH were 
inserted into a dialysis membrane (molecular weight cut-off (MWCO): 
12–14 kDa) and incubated at 37 ◦C in 1 mM H2O2 solution (5 mL). Al
iquots (0.1 mL) were withdrawn at 6, 24, 48, and 72 h, followed by 
adding 30 mM TiOSO4 solution (0.1 mL). Absorbance was detected at 
405 nm with a microplate reader.

•OH scavenging property was estimated by TMB assay. Asc solution 
(0.1 mg/mL), MXene dispersion (2 mg/mL in DW), BH, DH, MH, and 
DMH (0.3 mL) were incubated at 37 ◦C in PBS (5 mL). Aliquots (0.2 mL) 
were collected at 6, 24, 48, and 72 h. Then, 0.03 % H2O2 (0.2 mL), 30 
mM FeSO4 (0.2 mL), and 0.5 M acetic acid buffer (pH 4.5) were mixed 
with samples, followed by 1 mM TMB (in DMSO; 0.4 mL). Mixtures were 
incubated for 10 min and centrifuged at 13,200 rpm for 5 min, and 
absorbance values were measured at 652 nm. The scavenging efficacy 
(%) of OH• was estimated by the following Eq. (9) [24]: 

Scavenging (%) =

[

1 −

(
A1 − A2

A0

)]

×100 (9) 

Here, A0, A1, and A2 represent absorbance values of control (DW instead 
of sample), samples, and background (DW instead of H2O2), 
respectively.

Additionally, •OH scavenging efficiency of hydrogels was further 
evaluated by using an MB assay. Determined volume (0.3 mL) of Asc 

solution (0.1 mg/mL), MXene dispersion (2 mg/mL in DW), BH, DH, 
MH, and DMH was incubated at 37 ◦C in PBS (5 mL). Determined vol
ume (0.2 mL) of specimens (from released samples) was added into 
conical tubes, followed by the addition of 0.03 % H2O2 in DW (2 mL). 
The mixture was incubated for 30 min, followed by the addition of MB 
solution (20 μg/mL, 2 mL). All the samples were incubated at 37 ◦C for 
30 min, followed by the measurement of the absorbance values at 650 
nm by a microplate reader.

The O2
•− scavenging efficiency was measured by NBT assay. For this, 

definite volume (0.3 mL) of Asc solution (0.1 mg/mL), MXene dispersion 
(2 mg/mL in DW), BH, DH, MH, and DMH was incubated at 37 ◦C in PBS 
(5 mL). From these released samples, the determined volume (0.2 mL) of 
all the specimens was added into conical tubes. After that, these samples 
were added to a mixture (3 mL) of 20 μM riboflavin, 12.5 mM D, L- 
methionine, and 75 μM NBT. Mixtures were incubated at 37 ◦C for 10 
min, and absorbance values were measured at 560 nm using a micro
plate reader. The scavenging (%) of O2

•− was calculated using the 
following Eq. (10) [25]. 

Scavenging (%) =

(
A0 − An

Ap − An

)

× 100 (10) 

Here, A0, Ap, and An represent absorbance values of samples, positive 
control (mixture of riboflavin, methionine, and NBT in DW under ul
traviolet radiation for 15 min), and negative control (mixture of ribo
flavin, methionine, and NBT in DW), respectively.

For 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) 
and 1,1-diphenyl-2-picrylhydrazil (DPPH) assays, 0.3 mL of Asc solution 
(0.1 mg/mL), MXene dispersion (2 mg/mL in DW), BH, DH, MH, and 
DMH was incubated at 37 ◦C in release media. At 6, 24, 48, and 72 h, 0.2 
mL was withdrawn from each sample and an equal amount of release 
media was added to maintain volume. Withdrawn solutions were 
divided into two 0.1 mL parts for ABTS and DPPH assays. Then 7.4 mM 
ABTS solution was mixed with 2.6 mM K2S2O8 at room temperature and 
stored in the dark for 24 h to generate radicals. This solution was diluted 
25 times by PBS (pH 7.4) to obtain an absorbance of ~0.7 at 732 nm, 
followed by adding sample solutions (0.1 mL) to fresh ABTS-radical 
solutions (0.1 mL). Samples reacted for 30 min in the dark before 
measuring absorbance at 732 nm using a microplate reader. For DPPH, 
sample solutions (0.1 mL) were added to fresh 0.1 mM DPPH (0.1 mL in 
ethanol) solutions, placed in the dark for 30 min, and absorbance was 
measured at 517 nm.

Electron paramagnetic resonance (EPR) analysis verified •OH scav
enging. H2O2 (10 mM, 0.2 mL) was mixed with FeSO4 (30 mM) in 0.5 M 
acetic acid buffer (0.2 mL) to generate •OH. This solution (0.2 mL) was 
added to tubes containing MXene dispersion and DMH (0.6 mg/mL 
MXene). DMPO solution (100 mM, 0.5 mL) was mixed with the mixture. 
After 30 min at 37 ◦C, specimens were analyzed by EPR spectrometer 
(JES-X320, JEOL Ltd.).

The antioxidant mechanism of MXene was evaluated by XPS analysis. 
H2O2 (10 mM, 0.2 mL) was mixed with FeSO4 (30 mM) in 0.5 M acetic 
acid buffer (0.2 mL) to generate •OH. This solution (0.2 mL) was added 
to tube containing MXene dispersion (0.6 mg/mL MXene). After 30 min 
incubation at 37 ◦C, the resultant dispersion was centrifuged, superna
tant was discarded, black residues of the oxidized MXene particles were 
washed with DW, and dried at 50 ◦C for 72 h. Then XPS analysis of these 
oxidized MXene particles were recorded.

Cellular ROS scavenging properties were studied in NIH3T3 cells. 
NIH3T3 cells (Korean Cell Line Bank, Seoul, Republic of Korea) were 
cultured with DMEM including 10 % (v/v) FBS and 1 % (v/v) pen
icillin–streptomycin. Cells were seeded in 12-well plates (1 × 105 cells/ 
well) and incubated for 24 h. H2O2 solution (10 mM, 0.1 mL) was added 
and incubated for 6 h. Hydrogel samples (0.05 mL) were loaded onto 
polymer membrane insert system (12-well plate, SPLInsert Hanging 
tubes, SPL Life Sciences, Pocheon, Republic of Korea) and incubated 
with cells for 72 h. At 72 h, media of each specimen was removed, cells 
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were washed twice with PBS (pH 7.4), and stained with DCFH-DA (10 
μM) for 20 min at 37 ◦C. Cells were resuspended in DPBS and analyzed 
by fluorescence microscopy.

To examine whether hydrogel samples have stimulatory effects on 
cell migration, the scratch wound healing assay was performed with 
NIH3T3 cells. The cells were seeded in a 12-well plate (at 1 × 105 cells 
per well) and incubated at 37 ◦C for 24 h. Each well was scratched by a 
pipette tip and images of wound areas were taken immediately (At=0). 
Subsequently, an aliquot (0.05 mL) of each specimen (i.e., BH, DH, MH, 
and DMH) was loaded onto the inner part of the polymer membrane 
insert system, assembled with well plate which cells were grown on the 
bottom, and incubated at 37 ◦C for 72 h. Photographs of wound areas 
were recorded at 24, 48, and 72 h (At=t). The filling of the scratch area (i. 
e., WC) was measured using ImageJ software [18]. The percentage gap- 
filling (WC, %) can be calculated by the Eq. (11) [26]. 

WC (%) =
At=0 − At=t

At=0
×100 (11) 

The cytotoxicity of BH, DH, MH, and DMH was examined using live/ 
dead assay on NIH3T3 cells. Cells (1.0 × 105 cells per well) were seeded 
into 12-well plate and cultured for 24 h. Cells were scratched by pipette 
tip, followed by the addition of the determined volume (0.05 mL) of 
hydrogels into the polymer membrane insert system. Cells were incu
bated for 72 h at 37 ◦C, sample-loaded insert was removed, cells were 
washed by DPBS (pH 7.4) thrice, and reagent dyes of live/dead 
viability/cytotoxicity kit (Thermo Fisher Scientific) (1 mL) were treated 
to cells following manufacturer’s protocols. After 30 min incubation, 
dyes were removed, cells were washed by DPBS, and fluorescence sig
nals of calcein AM (green channel, live cells) and EthD-1 (red channel, 
dead cells) were captured using an inverted microscope.

2.6. In vivo wound healing studies in non-infected diabetic mouse models

Streptozotocin (40 mg/kg) in citrate buffer (pH 4.5) was injected into 
C57BL/6N mice (male, ~20 g, Koatech) for 5 days to induce diabetes 
mellitus (blood glucose >16.1 mmol/L). These mice were epilated on 
their backs, and full-thickness wounds were created by skin biopsy 
punches (8 mm) under inhalation anesthesia. For assessing the wound 
healing potential of hydrogels, mice were assigned to groups: control 
(Tegaderm), DPT, MH, MH + NIR, DMH, and DMH + NIR. Each spec
imen (0.1 mL) was applied to the wound site (0.3 mg/mL of DPT). On 
days 0, 2, 4, 7, and 9, NIR light (808 nm and 1 W/cm2) was applied to 
MH + NIR and DMH + NIR groups for 3 min and wound photos were 
captured. After the experiment, skin wound tissues from sacrificed mice 
were collected for histological analysis via hematoxylin and eosin 
(H&E), Masson’s trichrome (MT), and immunofluorescence (IF), using 
CD68 antibody (Ab) (CD68 (E3O7V) rabbit mAb, Cell Signaling Tech
nology, Danvers, MA, USA) and CD206 Ab (CD206/MRC1 (E6T5J) XP 
rabbit mAb, Cell Signaling Technology), staining. Wound length, 
epidermal thickness, and CD206/CD68 ratios were measured. In vivo 
safety was investigated through H&E staining of vital organs and blood 
biochemistry. Heart, kidney, liver, lung, and spleen were obtained and 
stained with H&E reagent. Blood samples were collected and serum 
levels of aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), albumin (ALB), and blood urea nitrogen (BUN) were measured 
using AU480 chemistry analyzer (Beckman Coulter, Brea, CA, USA).

2.7. Bacteria-infected diabetic wound healing, antibacterial, and toxicity 
tests

Bacteria-infected diabetic wound model was established to evaluate 
wound healing and the antimicrobial effects of hydrogels. The induction 
of diabetic mellitus and wound formation followed the protocol 
explained previously. Wounds were treated with S. aureus suspension 
(1.0 × 107 CFU/mL, 10 μL) to construct an infected model. After 24 h 

post-infection, the number of bacterial colonies increased to 106 CFU 
from 105 CFU, confirming successful bacterial-infection model estab
lishment. Each specimen (0.1 mL) of DPT, MH, and DMH groups was 
applied to the wound. Tegaderm was used for the control group. On days 
0, 2, 4, 6, 8, and 10, NIR light (808 nm and 1 W/cm2) was applied to MH 
+ NIR and DMH + NIR groups for 3 min and wound photos were taken.

To assess in vivo antibacterial efficacy, swabs from incisional wounds 
were collected on the final day. Swabs were diluted 10 times using 
normal saline for quantitative analysis. Each diluted specimen (0.6 mL) 
was spread onto agar plates (1.5 % agar powder, Sigma-Aldrich) and 
incubated at 37 ◦C for 24 h. Photographs were taken and bacterial col
ony numbers were counted.

At the end of the experiment, skin wound tissues were collected for 
H&E, MT, and IF staining (i.e., vascular endothelial growth factor 
(VEGF), CD31, CD68, and CD206). IF staining used VEGF Ab (S04–6D7, 
Novus Biologicals, Centennial, CO, USA) and CD31 Ab (D8V9E, Cell 
Signaling Technology) following standard protocols. Relative VEGF and 
CD31 levels (%) were evaluated by measuring green fluorescence in
tensity. The skin tissue area in each image represented 100 %. CD206/ 
CD68 ratios were calculated by measuring fluorescence intensity.

Hydrogel safety was assessed through blood biochemistry. Blood 
samples were collected, and serum levels of AST, ALT, ALB, and BUN 
were measured using a chemistry analyzer.

2.8. Data analysis

Statistical analysis was carried out using the analysis of variance 
(ANOVA) method with post hoc tests. Each experiment was repeated at 
least three times. Herein, the data are shown as mean ± standard de
viation (SD).

3. Results and discussion

3.1. Therapeutic system concept

Exfoliation of MXene was achieved through a greener method by 
avoiding direct use of HF (Fig. S1). For the first time, a strong and 
flexible double-layered DPT-loaded and MXene-grafted-terpolymer 
hydrogel (DMH) was prepared by in situ incorporation of a new mono
mer with MXene via aqueous-phase synthesis in open air, without N2 
(Fig. 1). The MXene (hydrophilic)-to-polymer (hydrophobic) ratio was 
optimized by RSM. The hydrogel mixture can be injected on wound sites 
for shape adaptation, with gelation occurring within 90 s. This rapid 
gelation results from variegated covalent (C–C/N–C coupled), ionic, 
coordinate, and hydrogen bonds. Consequently, DMH demonstrates 
shear-thinning behavior, enhanced viscoelasticity and bioadhesiveness, 
hyperthermic and electrically conductive properties, ROS scavenging 
activity, rapid hemostatic action, pro-angiogenic potential, antibacterial 
effects, and macrophage polarization modulation (Fig. 1).

3.2. Structural characterizations of MXene

The XRD data of Ti3AlC2 (Fig. S2) shows that the peaks at 2θ = 9.58, 
19.16, 34.08, 36.80, 38.82, 41.82, 48.44, and 56.42◦ correspond to 
(002), (004), (101), (103), (104), (105), (107), and (109) Miller indices, 
respectively. After etching, the obsolescence of the sharp peak at 2θ =
38.82◦ indicated Al-planes removal. The peak for (002) plane at 2θ =
9.58◦ shifted to 6.86◦ and d-spacing increased from 9.23 Å to 12.88 Å 
(Eq. (1A)), confirming etching-aided exfoliation of Ti3AlC2 [27]. In the 
case of the MXene, the peaks at 2θ = 18.20, 27.30, and 61.20◦ corre
sponded to the Ti3C2 phase [10], whereas those at 2θ = 35.28, 42.62, 
and 59.18◦ indicated the presence of TiC phases. According to calcula
tions performed using the Scherrer equation (Eq. (1B)), the average 
particle sizes of MAX and MXene were 66.3 and 31.0 nm, respectively, 
which confirmed the nanostructure dimensions of the MXene.

The particle properties of the MXene were evaluated (Fig. S3). 
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Fig. 1. Schematic of the 2D MXene-entangled terpolymer-peptide hydrogel system for healing bacteria-infected diabetic wound.
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Dynamic light scattering showed a unimodal particle size distribution of 
439.2 ± 105.1 nm, and the zeta potential was − 5.5 ± 0.2 mV.

FE-SEM image of MXene (Fig. S4) shows orderly arranged exfoliated 
planes, while rough and irregular particulate depositions appear on the 
surface of the MAX phase. The average plane thickness in MXene is 
144.7 ± 40.2 nm, confirming its nanostructure dimension.

The HR-TEM image of MXene contained the regular arrangement of 
2D-sheets (planes), having the interplanar distance of 1.317 nm 
(Fig. S5). Such observation largely resembles those results in previous 
study [28].

3.3. Statistical optimization of synthesis parameters for MXene/polymer 
hydrogels

RSM is a statistical tool for optimizing parameters using the mini
mum number of experimental runs. Here, two-stage optimization pro
cess was adopted to find out the optimum synthesis conditions by 
performing the minimum number of experimental runs (Scheme S1). For 
resolution-IV design, molar ratio of AA/AAm (A, − ), temperature (B, 
◦C), amounts of MBAm (C, wt%), initiator content (D, wt%), total 
monomer concentration (E, wt%), and MXene concentration (F, mg/mL) 
were varied within ranges: 1–10, 20–40 ◦C, 1.5–2.5 wt%, 1–6 wt%, 
10–30 wt%, and 1–5 mg/mL, respectively (Table S1). Based on software- 
generated combinations, hydrogels were synthesized, and ESR values 
were input as the response variable.

Although multiple parameters (mechanical strength, NIR light 
responsiveness, drug release rate) are important for therapeutic efficacy, 
ESR was chosen as the optimization target because it determines the 
hydrogel’s internal network structure. ESR governs water uptake and 
diffusion capacity while correlating with mechanical compliance, 
network porosity, drug loading/release behavior, and MXene sheet 
distribution within the polymer matrix. Optimizing ESR allowed indi
rect modulation of features critical for wound healing. After ANOVA 
(Table S2), the three most influential parameters—A (monomer ratio), E 
(total monomer concentration), and F (MXene concentration)—sur
passed the Bonferroni threshold of 17.2772 (Fig. S6A) and were selected 
for the FCCD study. In this case, 15 hydrogel formulations were gener
ated based on FCCD, varying A, E, and F across ranges (1–10, 10–30 wt 
%, and 1–5 mg/mL; Table S3). The 3D response surface plots 
(Figs. S6B–S6D) illustrated nonlinear variable interactions. According to 
the final ANOVA results (Table S4), the optimum values were: AA/AAm 
ratio = 5.8, total monomer concentration = 21.5 wt%, and MXene 
concentration = 3.4 mg/mL, yielding 0.975 desirability. This design 
ensures balanced physicochemical and therapeutic properties, including 
hydrogel-tissue mechanical matching, optimized MXene loading for 
photothermal and antioxidant effects, and structural integrity for in vivo 
applications.

3.4. Design of hydrogel systems and elucidation of gelation mechanisms

The formation of MH occurred via C–C coupled chain propagation to 
form polymer backbone, N–C coupled transformation of –CONH2 to 
–CONH– to allocate the in situ comonomer, and physicochemical 
entrapment of MXene (Fig. 2A). In the 1H NMR spectra of DMH (Fig. 2B), 
the absence of H2C=CH– peaks of AA, AAm, and MBAm within 
5.69–6.59 ppm (Fig. S7) and appearance of –CH2(α)− />CH– and 
–CH2(β)– peaks within 2.16–2.29/0.81–1.46 ppm confirmed C–C 
coupled polymerization of the monomers, followed by MBAm-aided 
crosslinking, which generated the saturated polymer backbone [29]. 
Such saturated sp3 C–H specific peaks were absent from the spectra of 
the monomers and MBAm (Fig. S7). The inclusion of AA, AAm, and 
MBAm in DMH was inferred from the –COOH, –NH2, and 
–CONH–CH2–CONH– peaks visible at 12.01, 6.92–7.17, and 4.34 ppm, 
respectively [30–32]. The N–H activated inclusion of AAMPPA via 
conversion of –CONH2 of AAm to –CONH– in DMH was confirmed from 
>NH and –CONHCH2– peaks at 8.09–8.30 and 3.45–3.58 ppm [31]. For 

the first time, the formation of an MXene-based terpolymer moiety, 
instead of MXene-grafted-copolymer system, could be reported (Scheme 
S2). The mechanical fragility of homo-/copolymers can be compensated 
by synthesizing terpolymer hydrogels, which improves hydrogel struc
ture with elevated mechanical strength and sensitivity toward physical 
and chemical stimuli [29]. Ti2+ of MXene accelerates heterolytic 
cleavage of K2S2O8 to generate SO4

•− , the primary chain initiating/ 
propagating agent. The presence of MXene accelerated both the initia
tion and propagation of polymer chains. Ti-complexes efficiently induce 
N–H activation [13]. The combination of faster radical generation and 
N–H activation by Ti-center of MXene resulted in faster gelation (~90 
s) involving N–C coupling compared to previous reports [10]. Various 
types of chemical bonds (such as covalent, ionic, and coordinate) and 
physical interactions (such as hydrogen bonding), associated with the 
formation of MH, are depicted in Fig. 2C.

The overall TG plot of BH and DMH (Fig. 2D) can be divided into two 
ranges: the first decomposition range within 35–120 ◦C shows loss of 
hydrogen bonded water molecules and the second range within 
280–480 ◦C is related to the combined mass loss due to acid-to- 
anhydride formation, amide-to-imide formation, and anhydride/imide 
decomposition to generate CO2 and NH3 [33]. DMH exhibited enhanced 
thermal stability compared to BH across the temperature range, likely 
due to chemical bonds formed between MXene, DPT, and BH during 
synthesis. Notably, the higher amount of residue in DMH (48.0 wt%) 
than that in BH (37.2 wt%) could be ascribed to the presence of ther
mostable MXene in DMH.

The FT-IR spectra (Fig. 2E and Table S5) of BH and MH showed peaks 
at 2933 and 2934 cm− 1, which corresponded to C–H asym. str. of –CH2– 
and indicated C–C coupled polymerization of H2C=CH– (observed in 
the 1H NMR analysis). In BH, AA moiety was confirmed by peaks at 1704 
and 1663 cm− 1 from C––O str. of –COOH dimer and –COO–. These peaks 
shifted to 1698 and 1656 cm− 1 in MH owing to the coordinative 
attachment of MXene with BH moiety. This interaction was also evident 
from the sharpening and shifting of hydrogen bonded O–H… N–H str. 
from 3363 cm− 1 of BH to 3407 cm− 1 in MH. The presence of MXene in 
MH was confirmed by the peak at 610 cm− 1 from C–F def.. The N–H 
activated inclusion of AAMPPA converting –CONH2 of AAm to –CONH– 
in BH/MH was shown by peaks at 1539/1544 cm− 1 from amide-II (N–H 
def.) of –CONH–, i.e., the secondary amide.

DPT is an anionic complex lipopeptide containing Ar-NH2, –CONH2, 
–CONH–, indole-NH, –COOH, and –CH2OH [34,35]. The large amounts 
of N–H functionalities resulted in the lowest mutually hydrogen bonded 
O–H… N–H str. at 3283 cm− 1. In DPT, indole moiety was confirmed 
from C–H str., aromatic C––C str., and C––C bending at 3069, 1450, and 
741 cm− 1 [36]. The prominent peaks of DPT appeared at 2927/2853, 
1640, and 1521 cm–1, attributed to C–H asym. str. of –CH2–, C––O str. of 
–COO− , and amide-II. The hydrogen bonding environment changed 
drastically after DPT loading. The increased population of nitrogenous 
functionalities after DPT loading resulted in the reduction of mutually 
hydrogen bonded O–H… N–H str. from 3407 cm− 1 of MH to 3374 cm− 1 

in DMH. The appearance of DPT-specific peaks at 1450 and 758 cm− 1 in 
DMH, attributed to aromatic C––C str. and C––C bending of indole moi
ety, indicated DPT loading. C––O str. of –COOH dimer and –COO− peaks 
of MH remained unchanged after DPT loading, suggesting the non- 
involvement of these functional groups in covalent/coordinate 
bonding. This indicated ionic or hydrogen bonding during DPT loading. 
The superficial charge distribution of BH was key in encapsulating DPT. 
According to Fig. S8, the pHPZC of BH is 6.24. Therefore, the surface 
charge of BH was cationic at pH 5.5 during synthesis. The electrostatic 
attraction between cationic BH and anionic DPT enabled efficient DPT 
loading.

Interactions among hybrid gel ingredients were elucidated by XPS 
analysis (Figs. 2F and S9-S12 and Table S6). The deconvoluted C 1s 
spectrum of MXene (Fig. S9 and Table S6) shows three peaks at binding 
energy (BE) = 283.32, 286.64, and 291.46 eV due to Ti–C (carbide ion), 
C–OH (terminal OH), and –COOH (from aerial oxidation of terminal 
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Fig. 2. Synthesis of DMH and its identification: (A) Synthetic sketch of DMH from reactants and (B) 1H NMR spectrum of DMH. (C) Feasible gelation interactions 
within the microstructure of DMH. (D) TG plots of BH and DMH. (E) FT-IR spectra of BH, MH, DPT, and DMH. (F) XPS profiles of MXene, BH, MH, and DMH.
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–OH of MXene). The O 1s spectrum of MXene shows three peaks at BE =
529.72, 530.87, and 534.24 eV attributed to Oad, Ti–O of –OH terminal 
group, and O=C(–OH)–, respectively. The Ti 2p orbital shows three sets 
of doublet peaks of Ti 2p3/2/2p1/2 at 450.41/457.44, 451.93/459.23, 
and 455.29/461.84 eV, attributed to Ti–C–To, Ti–C–To, F, and Ti–C–TF 
(To, TF, and To, F represented –OH, F− , and –OH + F− terminal groups).

The deconvoluted C 1s spectra showed peaks at BE = 284.12, 287.62, 
and 292.22 eV in BH (Fig. S10) and 283.91, 287.68, and 291.91 eV in 
MH (Fig. S11), attributed to >CH2/>CH–, O=C(− NH2)–/O=C(–NH–)–/ 
O=C(–OH)− /–COO− , and shake-up satellite band of –CO–NH–CH2–. 
The C 1s spectrum of MH contained two additional peaks at BE = 283.32 
and 285.61 eV, related to Ti–C (carbide ion) and C–OH (terminal OH) 
of MXene, indicating MXene inclusion in MH. The interaction of MXene 
with BH during MH formation was evident from O 1s spectra of BH and 
MH (Fig. 2F). BH showed three peaks at BE = 530.32, 531.42, and 
532.65 eV, related to O=C(–OH)–/O=C(–NH2)–/O=C(–NH–)–, –COO− , 
and O=C(–OH)–, respectively. These peaks shifted to 530.93, 532.17, 
and 533.54 eV in MH after MXene grafting, indicating coordinate 
bonding within central-Ti(IV) of MXene and –COO− of BH as well as 
–OH/F− of MXene and electrophilic C––O centers of BH. Coordinate 
bonding between Ti(IV) and BH was supported by Ti 2p peak increases 
from 450.41/457.44, 451.93/459.23, and 455.29/461.84 eV (in 
MXene) to 451.14/461.94, 453.02/464.28, and 458.11/469.66 eV (in 
MH). The absence of significant covalent bonding was confirmed by 1H 
NMR analysis. XPS analysis indicates a strong coordinative attachment 
between MXene and BH.

In DMH, DPT, MXene, and BH moieties are evident from C 1s peaks 
of aromatic C––C, Ti–C (carbide ion), and O=C(–OH)–/O=C(–NH2)–/ 
O=C(–NH–)– at 281.92, 283.40, and 288.81 eV (Fig. S12), respectively. 
DPT loading with MH hydrogel is confirmed from the deconvoluted N 1s 
spectrum of DMH showing two new peaks at BE = 401.23 and 402.44 eV 
due to –NH2 and –NH3

+ of DPT with MH-specific amide nitrogen peaks. 
The weak ionic interaction of DPT with –OH/F− terminal functionalities 
of MXene is shown by O 1s peaks shifting of Oad and Ti–O of terminal 
–OH from 529.72 and 530.87 eV of pristine MXene to 529.85 and 
530.72 eV in DMH (Figs. 2F and S9). The non-involvement of –COO−

during binding with DPT, noted in FT-IR analysis, is confirmed by XPS 
analysis through minimal –COO– shifting from 532.17 of MH to 532.13 
eV of DMH (Fig. 2F).

3.5. Physicochemical features of hydrogel systems

The formation of hydrogel was evident from FE-SEM images of 
freeze-dried samples of BH and DMH (Fig. 3A). The superficial porosity 
of DMH was slightly lower than BH due to the presence of MXene and 
DPT. The pore diameters of BH and DMH were 124 and 101 μm, 
respectively. FE-SEM images of oven-dried MH showed comb-like 
morphology (Fig. S4), indicating interpenetrating polymer network 
hydrogel formation via MXene grafting within the microstructures of BH 
[19].

The sol-to-gel behaviors of hydrogel structures were tested using an 
inversion method (Fig. 3B). Hydrogel formation is demonstrated by the 
AA, AAm, and MBAm reaction, and the sol-to-gel transition was 
confirmed in BH gel. The incorporation of MXene and DPT into BH gel 
did not interfere with the sol-to-gel transition. The swelling kinetics data 
of hydrogels at pH 7.4 and 8.5 are given in Figs. S13 and S14. Mean ESR 
values followed: BH < DH ≤ MH < DMH, due to hydrophilic functional 
groups in DPT, MXene, and DPT + MXene in DH, MH, and DMH, 
respectively. The mean ESR values were higher at pH 8.5 compared to 
pH 7.4 because at higher pH, more –COOH and O–H functionalities 
were deprotonated to –COO− and –O, causing network swelling and 
increased water absorption. The CD of hydrogels was calculated using 
Eq. (2) [19]. The CD varied as BH (2.96 × 10− 8) < DMH (10.95 × 10− 8) 
(Fig. 3B), confirming a more compact structure in DMH.

Viscoelastic properties of hydrogel systems were analyzed by 
rheometer (Figs. 3C and S15). For BH, G′ value was higher than G′′ up to 

10 rad/s, whereas for DHM hydrogel, G′ was higher than G′′ throughout 
the frequency range studied. These data indicate higher network 
fragility of BH compared to DH, MH, and DMH. A higher G′ value 
(notably in frequency sweep data) in MH compared to BH indicates 
MXene’s involvement in crosslinking reaction with MBAm to strengthen 
the hydrogel network. DPT’s presence elevated network integrity for 
both DH and DMH compared to BH. G′ values at 100 rad/s followed: 
416.7, 791.2, 1531.8, and 1873.7 Pa for BH, DH, MH, and DMH in 
frequency sweep data. All hydrogel groups exhibited a shear rate- 
dependent decreasing pattern in viscosity. This shear-thinning 
behavior enables easy application on wound area through a syringe 
system.

Mechanical studies of all the hydrogel specimens were carried out 
after swelling for 0.5 and 72 h, designated as swelled and equilibrium 
swelling hydrogels, respectively (Figs. 3D–H and S16). The tensile 
stress–strain curves comprise three zones: initial elastic zone up to YP, 
characteristic J-shaped strain-stiffening behaviors where slope 
increased with strain up to breaking stress (BS) point, and post-BS zone 
where slope decreased with strain up to FP, followed by total fracture. 
Ultimate tensile strength and compressive stress values of swelled DMH 
were 127.5 ± 17.7 kPa and 1.2 MPa (Fig. 3E and F), substantially higher 
than MXene-based copolymer [16]. Young’s modulus and toughness 
values followed: DMH > MH > DH > BH (Fig. 3G and H). These data 
confirmed DMH’s enhanced mechanical stability compared to other 
hydrogels, resulting in higher stretchability (Fig. 3I). In comparison to 
swelled conditions (Fig. 3D), the equilibrium swelling hydrogels 
exhibited lower tensile stress because of the loosening of the hydrogel 
network (Fig. S16A) [37]. Therefore, the associated parameters of ten
sile stress vs. strain plot, such as ultimate stress, Young’s modulus, and 
toughness (Fig. 3E, G, H, and S16C), were found to reduce in equilibrium 
swelling conditions. Notably, BH, DH, and MH were found to be very 
fragile in equilibrium swelling conditions, whereas DMH could hold its 
network integrity even after incubation for 72 h. However, no such 
drastic reduction in compressive stress of hydrogels could be observed in 
equilibrium swelling conditions (Figs. 3F and S16B). A supramolecular 
hydrogel with macroporous structure (100–200 μm pore size) showed 
reduced mechanical strength under moist conditions [16]. Unstable 
mechanical properties failed to withstand maximum wound tensile 
strength in moist environments, reducing efficiency in tissue engineer
ing applications. Hydrogels exhibiting both robust mechanical strength 
and enduring deformation resistance at equilibrium are rarely reported. 
Therefore, in equilibrium, DMH may show similar compressibility with 
higher softness, which might be helpful in covering the wound area for a 
longer time in-presence of biological fluids.

Animal skin is electrically sensitive tissue, with conductivity values 
within 2.6 to 1 × 10− 4 mS/cm [38]. Electrically conductive wound 
healing materials with conductivity close to human skin can promote 
cell adhesion, proliferation, migration, and differentiation, accelerating 
chronic wound healing [39]. The variation of impedance with frequency 
is explained in the Bode plot (Fig. S17). According to the Bode plot, the 
electrical conductivity values of BH/DMH were 0.0003/0.0066, 0.002/ 
0.036, 0.012/0.219, and 0.035/1.304 mS/cm at 0.1, 1, 10, and 100 Hz, 
respectively (Figs. 3J and S17). The conductivity values of DMH were 
higher than those of BH, making it more suitable for wound healing and 
within the conductivity range of skin tissues. The CV plots of BH and 
DMH (Fig. S18) indicated that the current density of DMH was higher 
than that of BH at high applied potentials, demonstrating the improved 
conductivity of DMH. MXene-based hydrogels possess diverse conduc
tivity values [40–42]. DMH absorbs wound exudates and transmits 
bioelectrical signals in response to endogenous electric fields in diabetic 
wounds, resulting in better proliferation, migration, and differentiation 
[43]. During re-epithelialization, disrupted TEP gradually re-establishes 
to increase electrical resistance around the wound area. Electroactive 
wound healing material with potential comparable to skin (15–45 mV/ 
mm) aids rapid wound healing. DMH’s potential was 41 mV/mm, within 
the TEP range of human skin [44]. The electroactive nature of DMH may 
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enhance wound healing efficacy.
Bending, stretching, twisting, rolling, and attaching properties of 

DMH in air and underwater conditions were demonstrated in 
Figs. 3K–3N and S19. DMH adopted the shape of the finger when bent 
and regained its original shape when straightened. It stretched almost 
twice its initial length, demonstrating stretchability. DMH was flexibly 
twisted, rolled up, and attached to plastic petri-dishes so firmly it 
remained attached when tilted perpendicular. The bending, twisting, 
rolling, and adhesion of DMH with glass and porcine skin were also 
studied in underwater conditions. Like air, all the above-mentioned 
properties could be observed in underwater conditions (Fig. S19), 
justifying the utility of DMH in moist wound conditions.

The tissue adhesion property of the hydrogel system offers advan
tages for wound healing through proper fixing of therapeutics on the 
wound. For assessing the adhesive strength of DMH in swelled and 
equilibrium swelling conditions, lap shear tests (Figs. 3O, S20, and S21) 
were carried out with DMH (fixed in glass slide) and porcine skin tissue 
(fixed in glass slide) and compared with the adhesive stress of only 
porcine skins (control) [45]. DMH exhibited a significantly higher 
adhesion strength of 37.0 ± 9.0 and 40.0 ± 1.9 kPa in swelled and 
equilibrium swelling conditions, respectively, compared to 14.6 ± 3.2 
kPa of the control group (porcine skin) (p < 0.05). Moreover, in equi
librium swelling conditions, DMH could sustain a strain (%) up to 40 % 
compared to only 4.3 % in swelled conditions, indicating the stronger 
bioadhesion of DMH in underwater conditions.

Bioadhesion mechanisms of DMH to porcine skin were elucidated by 
FT-IR analysis (Fig. S22) of tissue/DMH composite. To analyze the su
perficial interaction between tissue and DMH, two conditions of tissue/ 
DMH composites were considered for FT-IR analysis: (a) tissue facing the 
diamond of ATR (Tissue–DMH) and (b) DMH facing the diamond of ATR 
(DMH-Tissue). These spectra were compared with individual spectra of 
tissue and DMH. Significant modification in hydrogen bonding was 
observed in tissue/DMH composites compared to individual tissue and 
DMH. The sharp non‑hydrogen bonded N–H and O–H str. peaks at 
3408, 3298, and 3082 cm− 1 of tissue either vanished or became broad, 
indicating hydrogen bonding formation. The mutually hydrogen bonded 
N–H…O–H str. peak at 3374 cm− 1 of DMH broadened and shifted to 
3363/3215 cm− 1 in DMH-Tissue group (Figs. 2E and S22). Except for 
these changes, the FT-IR spectra of tissue, DMH, and tissue/DMH com
posites appeared similar. Therefore, hydrogen bonding interaction is the 
primary chemical interaction behind DMH’s strong adhesion to skin 
tissue.

DMH exhibited appreciable adhesion to ex vivo organs, such as the 
heart, kidney, spleen, lung, and liver (Fig. 3P). These robust adhesive 
properties suggest potential therapeutic applications in treating diverse 
organ injuries, as demonstrated by its strong adhesion to heart, kidney, 
spleen, lung, and liver tissues.

The in vivo spreadability of DMH was studied by applying hydrogel 
onto mouse wounds (Fig. 3Q). After 24 h, most hydrogels remained with 
83.5 % retention compared to the initial application. These properties 

showed convenient spreadability and retention of DMH in wounds.
A blood-clotting assay evaluated the hemostatic potential of DMH 

(Fig. 3R and S). More blood was dispersed in DW for the control group 
(cotton gauze) versus DMH (Fig. 3R), indicating no blood coagulation for 
the control. The water around DMH was almost colorless, confirming 
excellent coagulation capacity. BCI data quantified the coagulation 
properties of cotton gauze (control), BH, and DMH. BCI values of con
trol, BH, and DMH were 64.4 %, 30.1 %, and 2.1 %, respectively, 
showing enhanced blood-clotting effects. Hemostasis is the first critical 
step in wound healing. The in vitro hemostasis potential of DMH was 
further evaluated by observing the clotting time of recalcified rat blood 
(treated with trisodium citrate) on the surface of BH and DMH in com
parison to control (Fig. S23). The clotting time was found to reduce 
significantly from 10.4 ± 0.3 min of control to 6.2 ± 0.4 and 1.0 ± 0.1 
min of BH and DMH, respectively. Such data inferred the superior he
mostatic performance of DMH.

The in vivo hemostatic effects of hydrogels were demonstrated using 
a rat liver slice resection wound bleeding model (Fig. 3S). DMH showed 
significantly lower bleeding compared to the control group. Mean blood 
loss values were 0.68 and 0.18 g for control and DMH, respectively. 
These results showed DMH’s excellent potential for hemostasis. There
fore, by combining the in vitro and in vivo hemostasis data, it can be 
concluded that DMH hydrogel has high blood clotting capability for 
wound healing.

The hemolysis data in Fig. S24 showed values of 2.2 % and 0.4 % for 
BH and DMH, respectively, compared to 92.7 % for positive control. As 
<5 % hemolysis rate indicates nontoxicity [22], both BH and DMH can 
be considered as hemocompatible materials.

3.6. In vitro antibacterial and wound healing mechanisms

Owing to the high risk of bacterial infection in diabetic wounds, DPT 
was selected as an antimicrobial peptide to enhance wound healing 
[46]. DPT is highly effective against gram-positive bacteria, such as 
S. aureus [46]. DPT’s antibacterial mechanisms involve permeabiliza
tion and depolarization of bacterial cell membranes, disrupting mem
brane function and inhibiting protein, DNA, and RNA synthesis [47,48]. 
The antibacterial performances of hydrogels (BH, DH, MH, and DMH) 
with NIR light were evaluated by measuring DIZ around samples on agar 
plates with S. aureus suspension (Fig. 3T). BH showed feeble antibac
terial effects due to –CONH3

+ moieties of AAm. The –CONH3
+ ion of BH 

increased the probability of interaction with the negatively charged 
substances of bacterial cells, such as proteins, fatty acids, and phos
pholipids, thereby increasing the permeability of BH through the bac
terial cell membranes, leading to cell death [49]. In DH, the significant 
broadening of the inhibition zone could be attributed to the combined 
antibacterial effects of BH and DPT. In MH, the significant enlargement 
of DIZ, compared to that in BH, could be related to the superior anti
bacterial efficacy of MXene, originating from Tin+ ions, which enhanced 
the electrostatic interactions among the negatively charged bacterial 

Fig. 3. Physicochemical properties of hydrogel systems: (A) FE-SEM images and the corresponding pore diameter values of MH and DMH. Scale bar: 500 μm. Each 
point represents mean ± SD (n ≥ 4). *p < 0.05, between the indicated groups. (B) Inversion test to confirm sol-to-gel transition and CD values of BH, DH, MH, and 
DMH. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (C) Rheological data of BH and DMH. (D) Tensile stress and (E) Ultimate 
strength values of BH, DH, MH, and DMH. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (F) Compressive stress profiles of BH, 
DH, MH, and DMH. (G) Young’s modulus values of BH, DH, MH, and DMH. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (H) 
Toughness values of BH, DH, MH, and DMH. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (I) Stretchability data of BH, DH, 
MH, and DMH. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (J) Frequency-dependent conductivity plots of BH and DMH. Each 
point represents mean ± SD (n = 3). *p < 0.05, between two groups. (K) Shape adaptability (with finger) and stretching capability of DMH. (L) Twisting flexibility of 
DMH. (M) Rolling property of DMH. (N) Attachment of DMH onto the plastic surface. (O) Bioadhesion strength of DMH with respect to porcine skin tissue and the 
experimental setup image of bioadhesion test. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (P) Ex vivo bioadhesion test of 
DMH with major organs. (Q) In vivo spreading capability of DMH on the wound skin. Images of after punch, spreading, and 24 h post-adhesion are shown. Each point 
represents mean ± SD (n = 3). (R) In vitro hemostatic assay of BH and DMH. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (S) In 
vivo hemostasis test of DMH in the liver of rat. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (T) In vitro antibacterial studies 
against S. aureus and E. coli. Images of antibacterial test on the plate and diameter plot of inhibition zone. Each point represents the mean ± SD (n = 3). *p < 0.05, 
between the indicated groups.
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cell components. Moreover, the layered structure of MXene can physi
cally damage bacterial cell membranes. Specifically, its open-stacked 2D 
nanosheet structure acts as a nano-knife, disrupting bacterial outer 
membranes and contributing to its intrinsic antibacterial activity [50]. 
Therefore, in DMH, the combinatorial effects of DPT and MXene 
increased DIZ significantly compared to other hydrogels. Photothermal 
effects by NIR light irradiation provided additional antibacterial activity 
with DMH. MXene generates localized heat through plasmonic photo
thermal conversion, which further disrupts bacterial membrane integ
rity. This thermal effect likely enhances membrane permeability, 
facilitating deeper penetration and improved efficacy of DPT. Local heat 
from NIR light irradiation induced bacterial cell death [51], as shown in 
MH + NIR and DMH + NIR groups.

To further validate this conclusion, a bacterial colony-counting assay 
was done. According to Fig. S25A, the number of bacterial colonies 
followed the order: BH > DH > MH > MH + NIR > DMH > DMH + NIR. 
Notably, bacterial growth was almost completely suppressed in the 
DMH + NIR group. These findings demonstrated that the individual 
antibacterial effects of MXene and DPT were not sufficient to fully 
eliminate S. aureus, yet their combination, particularly under NIR light 
irradiation, could generate superior antibacterial activities.

We also acquired the SEM images of S. aureus to explain the anti
bacterial mechanism via observing their morphological changes 
(Fig. S25B). For S. aureus, it retained spherical morphology with smooth 
surfaces for control group. However, bacteria treated with DPT and/or 
MXene-loaded hydrogels exhibited clear morphological disruption. 
Notably, in the DMH + NIR group, the bacterial cells appeared severely 
deformed or bisected, suggesting extensive membrane damage caused 
by the combined effects of DPT, MXene, and NIR light.

Next, in vitro antibacterial potential of designed hydrogel systems 
was assessed in E. coli. DPT is known to have insignificant antibacterial 
efficacy against E. coli [52]. This could be ascertained from observing 
the DIZ values of E. coli for DPT and hydrogel specimens (Fig. 3T). No 
DIZ could be observed for BH and DPT. However, due to the antibac
terial effect of MXene combined with NIR light, MH < MH + NIR and 
DMH < DMH + NIR patterns are shown. The insignificant improvement 
in DIZ values of DMH and DMH + NIR compared to MH and MH + NIR, 
respectively, could be explained from the inactivity of DPT in killing 
gram-negative E. coli. Overall, the DIZ values for E. coli were found to be 
significantly lower than those of S. aureus. Similar observation could be 
visualized from the colony growth experiments of E. coli (Fig. S26A). In 
contrast to S. aureus, E. coli showed a slightly different response, as DPT 
alone had negligible antibacterial effects. Instead, antibacterial activity 
was primarily attributed to MXene and NIR light irradiation. The layered 
structure of MXene is the key of its antibacterial efficacy as described 
previously [50,53]. Consistent with this, FE-SEM images (Fig. S26B) 
showed clear signs of membrane disruption in E. coli treated with MH, 
MH + NIR, DMH, and DMH + NIR groups.

The in vitro photothermal transducing test of hydrogels was per
formed by measuring their temperature increase during NIR light irra
diation (Figs. 4A and S27). The in vitro photothermal conversion studies 
were conducted in cuvettes. The ΔT values for BH and DH were 3.0 ±
0.1 and 3.0 ± 0.2 ◦C, respectively, showing insignificant improvement 
in photothermal conversion. Thus, DPT’s contribution to photothermal 
efficiency was negligible. For DW, ΔT was negligible, indicating weak 
photothermal property of BH, consistent with previous findings [54]. In 
MH, ΔT increased to 12.0 ± 0.3 ◦C, significantly higher than BH and DH. 
The encapsulation of MXene in BH introduced photothermal conversion 
property in MH, making MXene the primary photothermal agent. Such 
photothermal behavior could be attributed to the intrinsic structural 
feature. The black color and rough surface morphology of the 2D MXene 
nanosheets allow broad-spectrum light absorption (UV–Vis–NIR), 
enabling efficient light-to-heat conversion—a phenomenon known as 
the plasmonic effect [55,56]. This structural property explains the 
notable temperature increase observed under 808 nm NIR light irradi
ation in MXene-containing hydrogels, such as MH and DMH. The ΔT was 

12.3 ± 0.3 ◦C in DMH. No statistical difference in ΔT between MH and 
DMH showed DPT’s insignificant contribution to DMH’s photothermal 
potential. The elevated local temperature (ΔT of 12.3 ± 0.3 ◦C) pro
motes accelerated wound healing through enhanced cell proliferation, 
increased angiogenesis, and improved antibacterial activity [57,58]. 
The photothermal conversion efficiency (η%) of DMH was measured 
using a reported method [59]. DMH’s η% was 73.3 % (Fig. S27A), 
significantly higher than reported hydrogels [60,61]. DMH’s photo
thermal conversion reproducibility was studied through repeated heat
ing and cooling cycles by laser on/off for 5-min cycles (Fig. S27B). The 
fifth trial’s ΔT value was 94.8 % relative to the first NIR light applica
tion, indicating preservation of the photothermal conversion nature 
even after repeated heating–cooling cycles.

DPT release profile from the DMH was explored in buffered condi
tions at pH 6.2, 7.4, and 8.5 (Fig. 4B). Although the wound microenvi
ronmental pH varies by type, that of chronic infected wound ranges 
mostly between 7.42 and 8.90 [62]. Sustained release patterns of DPT 
were observed from DMH in pH 7.4 and 8.5. The released amounts (%) 
of DPT from DMH at pH 7.4 and 8.5 after 25 days of incubation were 
79.4 % and 78.3 %, respectively. In both pH values (7.4 for normal 
physiological pH and 8.5 for wound environment), sustained DPT 
release profiles were accomplished, potentially providing prolonged 
therapeutic efficacies in the wound site. The release test was also per
formed at pH 6.2, comparable to the pHPZC of DMH. Here, significantly 
lower drug release was observed compared to pH 7.4 and 8.5, as the 
surface of DMH possesses equal positive and negative charges at pH =
pHPZC. Therefore, fewer negative charges and more positive charges 
compared to pH 8.5 resulted in lower electrostatic repulsion with 
negatively charged DPT and more sustained release.

The drug release exponent (n) was obtained from the slope of ln(Mt/ 
M∞) vs. ln(t) plot. The value of n was found to be 0.82 (Fig. S28), which 
fell in the region of anomalous transport (non-Fickian transport mech
anism, 0.45 < n < 0.89) [23]. Such data inferred that drug release was 
achieved by drug diffusion, gel swelling, and gel erosion processes [63].

ROS generation is elevated in wound environments, and oxidative 
stress increases with bacterial infections. Excessive ROS accumulation 
can trigger inflammation, cellular damage, suppressed tissue regenera
tion, and delayed wound healing [12]. H2O2, •OH, and O2

•− exhibit the 
strongest adverse impact. We studied the time-dependent scavenging 
potential of MXene, BH, DH, MH, and DMH toward these radicals 
(Fig. 4C and D) and the results were compared with that of Asc (anti
oxidant agent). For H2O2, we applied TiOSO4 to produce a yellow color 
with residual H2O2. BH showed 29.3 ± 1.2 % H2O2 scavenging ratio at 
72 h (Fig. 4D). No significant improvement in H2O2 scavenging was 
observed for DH, indicating negligible contribution of DPT in ROS 
scavenging. MXene exhibited stronger H2O2 scavenging (49.9 ± 1.1 %) 
than BH and DH. The H2O2 scavenging phenomenon of MXene has been 
documented elsewhere [12,64,65]. In MH, the combined effects of BH 
and MXene resulted in higher H2O2-scavenging of 67.2 ± 0.9 %. Like 
MH, DMH possessed similar H2O2-scavenging, suggesting insignificant 
contribution of DPT. We studied time-dependent scavenging effects 
against •OH and O2

•− . •OH scavenging was evaluated by TMB and MB 
assays. O2

•− scavenging capability was assessed by NBT-based assay. In 
both ROS types, similar trends were observed at 72 h with respect to 
H2O2 scavenging, and scavenging potential varied as follows: BH = DH 
< MXene < MH = DMH. The negligible ROS scavenging capacity of DPT 
toward O2

•− and •OH was evidenced by an insignificant increase in 
scavenging ratio (%) from BH and MH to DH and DMH. The RNS 
scavenging activity was evaluated using ABTS and DPPH assays 
(Fig. 4D). At 72 h, a similar trend was observed, with BH and DH 
showing the lowest values, followed by MXene, and MH and DMH 
showing the highest values. In this experimental condition, Asc (one of 
frequently used antioxidant agents) group had higher scavenging ratios 
rather than control group, but lower than DMH group in all related 
assays.

The radical scavenging ability of MXene and DMH was confirmed by 

M. Karmakar et al.                                                                                                                                                                                                                             Chemical Engineering Journal 522 (2025) 167327 

13 



(caption on next page)

M. Karmakar et al.                                                                                                                                                                                                                             Chemical Engineering Journal 522 (2025) 167327 

14 



EPR analysis (Fig. 4E). The strong EPR signal of •OH from H2O2 solution 
disappeared completely with MXene and DMH. Therefore, the higher 
•OH scavenging ability of DMH, originating from MXene, could be 
ascertained.

The ROS-scavenging capability of MXene is closely related to the 
presence of redox-active Ti2+/Ti3+ layers within its 2D structure. To 
confirm this mechanism, we evaluated the ability of MXene to scavenge 
•OH using a modified H2O2/Fe2+ assay followed by XPS analysis of the 
residual MXene powder (Fig. S29). The deconvoluted Ti 2p peaks shifted 
significantly toward higher BEs, indicating the oxidation of Ti2+/Ti3+

centers of MXene to Ti4+. Specifically, new peaks observed at 458.73 
and 464.56 eV correspond to the Ti 2p orbitals of TiO2 nanoparticles, 
suggesting partial oxidation of MXene during reaction [66,67]. Mecha
nistically, in acidic environments, H2O2 typically reacts with Fe2+ to 
produce •OH via Fenton chemistry. However, in presence of MXene, 
Ti2+/Ti3+ centers preferentially reacted with •OH to mitigate the 
oxidative stress. These findings provided direct evidence that the tita
nium centers in MXene actively contributed to ROS scavenging by 
serving as redox mediators.

To examine the intracellular antioxidant properties of hydrogels, 
DCFH-DA probe was utilized (Fig. 4F). DCFH-DA is consumed by cells 
and then converted to DCFH via cleaving of acetyl groups by cellular 
esterase. Oxidized DCFH (2′,7′-dichlorofluorescein) emits green fluo
rescence in the presence of H2O2 [68]. The intensity of green fluores
cence directly correlates with H2O2 concentration (representative ROS) 
[12]. The strong green fluorescence observed from the positive control 
group after 24 h of incubation with H2O2 indicated the highest H2O2 
concentration in cells. The intensity of green fluorescence decreased in 
order: control > BH > DH > MH > DMH. Green fluorescence was almost 
absent in the DMH group, suggesting its highest ROS scavenging ca
pacity. These data showed DMH’s excellent antioxidant properties in 
NIH3T3 cells.

The in vitro wound healing studies were conducted to examine 
NIH3T3 cell migration after scratching. The migration rates of NIH3T3 
cells were higher in all the hydrogel samples (BH, DH, MH, and DMH) 
compared to those of the control after 72 h (Fig. 4G). Maximum 
migration occurred in the DMH group, showing its highest wound- 
healing effect. After 24 h, negligible migration appeared for control 
and BH, while wound closure (WC, %) values were 6.2 %, 6.1 %, and 
29.7 % for DH, MH, and DMH, respectively. At 48/72 h, WC values (%) 
were 4.5/19.9 %, 7.7/25.9 %, 17.6/40.6 %, 25.8/54.3 %, and 45.3/ 
76.7 % for control, BH, DH, MH, and DMH, respectively. These data 
demonstrated DMH’s superior wound-healing efficiency [26].

The live/dead assay images in NIH3T3 cells and quantitative data are 
shown in Fig. 4G. The fluorescence microscopic images showed intense 
green fluorescence (live portion) for control and all hydrogels, con
firming their biocompatibility toward NIH3T3 cells. The quantitative 
estimation showed relative live cell portion ratios of BH, DH, MH, and 
DMH were 1.7, 1.9, 2.0, and 2.4 times compared to control. Red fluo
rescence (dead portion) was negligible for all samples. After 72 h in
cubation, cell migration was fastest for DMH, indicating excellent 
wound healing effect.

3.7. In vivo diabetic wound healing efficacies

Wound healing potential and mechanisms were elucidated in non- 
infected diabetic mice and S. aureus-infected diabetic mouse models 
(Figs. 5, 6, and S30–S37). Wound healing capabilities of hydrogel 

systems were evaluated in diabetic mouse models according to the 
therapeutic schedule (Fig. 5A). On day 2, no significant wound closure 
was observed for all groups except DMH + NIR (9.6 % closure). As the 
experiment progressed, wound areas of DMH/DMH + NIR groups 
reduced rapidly, showing 45.9/65.2 %, 67.1/90.0 %, and 78.6/96.9 % 
wound closures at days 4, 7, and 9, respectively (Fig. 5B). The day 9 
macroscopic images showed that the DMH + NIR group’s wound was 
almost completely healed. In contrast, partial wound diameters 
remained visible for the other groups. These data showed the excellent 
wound healing of DMH with NIR light irradiation. No significant body 
weight change was observed (inset of Fig. 5B) in all the groups from day 
0 to 9, indicating the absence of toxicity to mice.

MH and DMH groups were irradiated with NIR light on days 0, 2, 4, 
and 7. Both groups showed sharp temperature increases (Fig. 5C). The 
ΔT for the first trial was 14.5 and 14.4 ◦C for MH + NIR and DMH + NIR, 
respectively. The ΔT recorded was 12.3 and 15.0 ◦C in MH + NIR and 
DMH + NIR groups for the final trial, respectively, showing the con
servation of superior photothermal properties of MXene-loaded hydro
gels during testing.

The histological status of wound tissues was analyzed by H&E and 
MT staining (Fig. 5D). In H&E staining, nuclei and cytoplasm appear 
blue and pink, while in MT staining, collagen, cytoplasm, and nuclei are 
blue, red/pink, and black/dark brown, respectively [12,69,70]. To un
derstand the wound nature, we selected two areas for H&E staining: the 
wound edge (marked with a black box) and the wound center (marked 
with a red box). Whole mount view results revealed that wounds in the 
control and DPT groups were not fully covered, while the MH group had 
a small epidermis defect. For MH + NIR, DMH, and DMH + NIR groups, 
the epidermis was connected without defective areas (Fig. S30). In the 
DMH + NIR group, uniform epidermis thickness and hair follicle for
mation were observed owing to the progression from the proliferation to 
remodeling phase. In the control group, epidermal thickness was thick 
due to wound stretch and proliferation but significantly reduced in the 
hydrogel group (Fig. S31). The epidermal thickness in DMH + NIR group 
was the lowest and similar to normal skin tissue, confirming its wound 
healing efficacy. MT staining showed inflammatory cell infiltration with 
multiple MT-negative areas in control, DPT, and MH groups, while the 
MH + NIR group showed thick collagen with MT-positive staining. The 
DMH + NIR group showed homogeneous MT-positive collagen in reg
ular arrangement, indicating a transition to the remodeling phase. This 
regular collagen deposition and hair follicle regeneration support the 
highest therapeutic efficiency of the DMH + NIR group [12,16].

Polarization of macrophages from anti-inflammatory M2 to pro- 
inflammatory M1 phenotypes in diabetic environments inhibits natu
ral wound healing [71]. To achieve rapid healing, polarization from M1 
to M2 phenotype (angiogenesis) is essential. To assess M2-to-M1 
phenotype ratios, IF staining of skin tissues was performed with 
CD206 and CD68 Abs, indicating M2 and M1 phenotypes, respectively. 
CD68 population reduced from control to DMH + NIR, while the 
opposite occurred for CD206 staining (Fig. 5D). The CD206/CD68 ratio 
followed: DMH + NIR > DMH = MH + NIR > MH > DPT > control 
(Fig. S32), confirming successful M1 to M2 polarization in the DMH +
NIR group.

The in vivo toxicity of hydrogels was evaluated by H&E staining of 
vital organs (Fig. S33). No significant histopathologic changes were 
observed in these organs across treated groups compared to control, 
indicating no harmful damage. DMH can be considered biologically safe 
when administrated as a topical treatment [72]. Further, AST, ALT, ALB, 

Fig. 4. In vitro photothermal, ROS scavenging, and wound healing studies. (A) Photothermal studies of control (i.e., DW), BH, DH, MH, and DMH. Each point 
represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (B) Release test of DPT at pH 6.2, 7.4, and 8.5. Each point represents mean ± SD (n = 3). (C) 
Schematic of the ROS/RNS scavenging mechanism of DMH. (D) ROS/RNS scavenging potential of Asc (antioxidant), control, MXene, BH, DH, MH, and DMH. Each 
point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups. (E) EPR studies of MXene and DMH. (F) Intracellular ROS scavenging potential of BH, 
DH, MH, and DMH on NIH3T3 cells using DCFH-DA probe. Scale bar: 200 μm. Fluorescence intensity plot is shown. Each point represents mean ± SD (n = 3). *p <
0.05, between the indicated groups. (G) Intracellular wound healing and live/dead fluorescence imaging of BH, DH, MH, and DMH on NIH3T3 cells. Scale bar: 200 
μm. Each point represents mean ± SD (n = 3). *p < 0.05, between the indicated groups.
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and BUN levels in plasma samples of all mice groups were measured to 
evaluate hepatic and renal functions (Fig. S34). The AST, ALT, ALB, and 
BUN levels of the treated groups were found similar to the control group. 
Therefore, the systemic safety of the therapeutical hydrogels was 
confirmed through histological and blood biochemistry analyses.

The therapeutic strategy of hydrogel systems in bacteria-infected 
diabetic wound healing experiments is depicted (Fig. 6A and B). Due 
to bacterial growth in the wound region, natural healing was slower 
compared to un-infected mice (Fig. 5), shown by minimal healing in the 
control group up to day 6 (Fig. 6C). Up to day 10, no significant wound 
closure occurred for DPT and MH groups versus the control group. 
Although MXene shows antibacterial activity through Ti4+ ions and 
electrostatic interactions with bacterial cells, this mechanism alone was 
insufficient to inhibit bacterial proliferation and promote wound 
closure. MXene monotherapy’s limited efficacy suggests the need for 
combining additional antibacterial agents for optimal healing. Similarly, 
the DPT group’s poor healing efficiency confirmed inadequate anti
bacterial efficacy against bacteria-infected diabetic wounds. The sig
nificant improvement in wound healing of MH + NIR group (50.2 % 
healing on day 10) was related to hyperthermia-boosted antibacterial 
effects. The DMH + NIR group proved the best therapeutic, resulting in 
90.1 % wound closure on the final day. The combined effects of MXene 
+ NIR (photothermal, angiogenesis, and ROS scavenging abilities) and 
DPT (antibacterial property) in the hydrogel network made DMH + NIR 
the optimal therapeutic. These data confirm DMH with NIR light’s 
excellent healing efficacy for diabetic and bacteria-infected wounds. 
Like the previous experiment, no significant change in mice body 
weights occurred (inset of graph in Fig. 6C) in all groups, indicating an 
absence of significant toxicity.

As shown in Fig. 6D, MH and DMH groups showed temperature el
evations. During the first/final trials, ΔT values were 16.7/16.0 and 
18.4/17.9 ◦C for MH + NIR and DMH + NIR groups, respectively. 
Although ΔT values reached ~18 ◦C, the NIR light was applied briefly, 
with heating localized to the wound area. Studies have demonstrated 
that controlled photothermal pulses in the 45–50 ◦C range enhance 
antibacterial efficacy through thermal disruption of bacterial mem
branes [16], while stimulating beneficial cellular responses like angio
genesis and macrophage polarization [9,12]. The hydrogel matrix, with 
its embedded 2D MXene network, enabled efficient photothermal con
version and localized heat confinement, preventing systemic over
heating or damage to adjacent tissues.

According to in vivo antibacterial efficacy studies (Fig. 6E), a 
significantly reduced S. aureus colony in the DMH + NIR group was 
shown compared to other groups. These data indicated the combined 
effects of MXene, DPT, and NIR light in inducing antibacterial 
properties.

The wound healing effect was explored by H&E and MT staining of 
skin tissues (Fig. 6F). Wide open wounds were observed in the H&E 
staining of the control group, and less but still open wounds were 
observed in the DPT, MH, MH + NIR, and DMH groups. The DMH + NIR 
group did not show epidermal defects as well as exhibited enhanced 
wound healing, including epidermal maturation and increased hair 
follicles. MT-stained images of the DMH + NIR group showed a uni
formly distributed collagen layer along the epidermis, confirming su
perior wound healing. In vivo histological analysis confirmed the 
absence of thermal necrosis in normal tissue or delayed healing, sup
porting that our system provided safe and transient hyperthermia, which 
promoted wound sterilization and tissue regeneration.

IF staining of VEGF and CD31 evaluated the stimulatory effect of 

therapeutics on angiogenesis in skin tissues (Fig. 6F) [24]. VEGF and 
CD31 indicate blood vessel generation and neovascularization, essential 
for supplying nutrients and oxygen to newly formed tissues during 
wound healing [12,24]. Notably, MXene’s photothermal effect under 
NIR light irradiation can further stimulate blood perfusion and angio
genic signaling by inducing localized mild hyperthermia, which has 
been reported to enhance VEGF expression and vascular remodeling 
[73,74]. Consistent with this, the intensity of green fluorescence signals 
of VEGF and CD31 increased from control to therapeutic groups, 
reaching a maximum in the DMH + NIR group, indicating the strongest 
angiogenesis. Quantitatively (Fig. S35), average VEGF and CD31 
expression levels were ordered: control ≤ DPT ≤ MH < MH + NIR <
DMH < DMH + NIR. These data showed elevated vascular density in the 
DMH + NIR group, justifying remarkable angiogenesis in wound tissues 
for effective repairment of bacteria-infected diabetic wounds. Polariza
tion of M1 to M2 phenotype was confirmed through IF staining (CD68 
and CD 206) and fluorescence intensity ratios of CD206/CD68 (Figs. 6F 
and S36). Immunofluorescence analysis showed the DMH + NIR group 
had minimal CD68 expression (M1 marker) with maximal CD206 
expression (M2 marker), yielding the highest CD206/CD68 fluorescence 
intensity ratio. This polarization profile indicates optimal macrophage 
phenotype switching from pro-inflammatory M1 to anti-inflammatory 
M2 states, essential for wound healing. MXene’s antioxidant capacity 
reduces ROS-induced stress, supporting this phenotypic transition. 
Furthermore, DPT not only reduced bacterial burden but also helped 
suppress pro-inflammatory cytokines [75], contributing to a favorable 
microenvironment. The enhanced M2/M1 ratio in DMH + NIR treat
ment suggests successful modulation of inflammatory response toward a 
pro-regenerative environment. Collectively, these enhancements in 
angiogenesis and macrophage polarization contributed to accelerated 
wound closure and effective tissue remodeling, highlighting the thera
peutic relevance of DMH hydrogel. Moreover, by facilitating a rapid 
transition from inflammation to proliferation, the hydrogel promoted 
neovascularization and tissue regeneration, resulting in rapid healing 
outcomes.

Compared to natural polymer-based hydrogel systems such as hyal
uronic acid, chitosan, and gelatin [76–79], MultiBioGel exhibited 
enhanced mechanical durability, long-term stability under moist wound 
conditions, and more effective antibacterial activity owing to the 
combinational effects of MXene and DPT under NIR light irradiation. 
These integrated advantages make MultiBioGel a highly promising 
alternative for managing complex chronic wounds.

The in vivo toxicity of hydrogels was evaluated by blood biochemistry 
profiles, such as AST, ALT, ALB, and BUN (Fig. S37). Although the mean 
ALT level of the DMH + NIR group was lower than that of the control 
group, the difference was insignificant. The DMH + NIR group did not 
show statistical differences in blood biochemistry data compared to 
those of the control group, indicating proper hepatic and renal func
tions. These hematologic analysis results confirm the systemic safety of 
the therapeutical hydrogels.

4. Conclusion

In this study, we achieved the RSM-optimized synthesis of Multi
BioGel (DMH) by encapsulating MXene and DPT within the micro
structures of aliphatic BH, which possessed strong and flexible 
properties due to its dual-crosslinked network. DMH’s precursor mixture 
can be applied directly to wounds, with immediate sol-to-gel transition 
in the open air, providing shape adaptability. It demonstrated solid-like 

Fig. 5. In vivo wound healing experiment in non-infected diabetic mouse models. (A) Therapy schedule illustration. (B) Optical images of wounds, wound traces, 
quantitative estimation of wound healing (%), and body weight of mice (inset) on day 0 to 9 of the groups: control, DPT, MH, MH + NIR, DMH, and DMH + NIR. 
Each point represents mean ± SD (n ≥ 5). *p < 0.05, between the indicated groups. (C) Thermal images and temperature profiles of photothermal study. Each point 
represents mean ± SD (n ≥ 5). (D) H&E, MT, and IF (CD68 and CD206) staining of the skin on day 9. Scale bar: 1 mm (for whole mount images) and 100 μm (for 
the others).
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rheological features, mechanical strength, stretchability, underwater 
flexibility, injectability, tissue adhesion in air/water, ROS/RNS scav
enging, electrical conductivity, photothermal conversion, sustained 
drug release, and antibacterial activity. MXene contributed to ROS/RNS 
scavenging by converting toxic H2O2/•OH/O2

•− and NO•/NO2
• to non- 

toxic H2O and NO2
− /NO3

− ; antibacterial potential toward S. aureus/ 
E. coli; and photothermal properties under NIR light. DMH showed 
sustained DPT release to combat gram-positive S. aureus infection. 
Cellular ROS scavenging and accelerated cell migration of DMH 
enhanced wound healing efficiency with an enhanced hemostatic effect. 
The MultiBioGel system demonstrated superior in vivo therapeutic effi
cacy in bacteria-infected and non-infected diabetic wound models, 
showing accelerated wound closure, enhanced skin tissue regeneration 
with proper organization, antibacterial activity, and improved angio
genesis. Histological analyses of vital organs and blood biochemistry 
confirmed the biosafety of MultiBioGel treatment, indicating potential 
for clinical translation in diabetic wound management. In the future, 
this hydrogel system could be adapted for treating other chronic 
wounds, post-surgical infections, or burns, especially where oxidative 
stress and drug-resistant infections complicate healing. Its modularity 
also contributes to the incorporation of other therapeutic peptides or 
regenerative agents, enabling personalized and multifunctional wound 
care platforms.
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