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Skin rehabilitation in clinics is seriously threatened by chronic wounds developed from drug-resistant bacteria,
such as methicillin-resistant Staphylococcus aureus (MRSA), which frequently exhibit delayed healing owing to
the hyperactive pro-inflammatory response, oxidative stress amplification, and fibrosis induction. Inspired by the
skin epidermis, herein, we developed a deoxyribonucleic acid (DNA)/gelatin methacrylate (GelMA)-based soft
cryogel platform that incorporates metal-organic framework (MOF) decorated plasmonic TisCoTx (MXene) as a
photosensitizer to prevent MRSA infection and promote scarless wound healing. By leveraging the bioactive and
near-infrared (NIR) responsive property of the cryogel, mild phototherapy resulted in robust bactericidal per-
formance and functional tissue regeneration while attenuating oxidative stress and maintaining hydrophilicity.
Additionally, the transcriptome study verified that photobiomodulation by cryogel increased signature bio-
markers that activate cytokeratin and zinc finger proteins owing to the Zn?* ion adsorption to keratinocytes,
highlighting its significant role in wound remodeling. Consequently, in vivo studies further disclose that cryogel-
induced photobiomodulation promotes angiogenesis, thick epidermis generation, superior granulation, hair
follicle growth, and anti-inflammatory activation without scarring, comparable to native skin. These findings
underscore the remarkable potential of the fabricated cryogel as an innovative wound dressing material,
providing an irresistible solution for managing infected skin wounds.

1. Introduction

Chronic wounds (i.e., non-healing wounds) present a potential threat
to humanity and impose a significant socio-economic burden due to the
rapid emergence of drug-resistant microorganisms (DRMs) [1-3] The
annual economic cost of all chronic non-healing wounds in the United
States alone is estimated to exceed $50 billion [1] The four primary
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phases of healing that normal wounds undergo are coagulation,
inflammation, proliferation, and maturation. Additionally, chronic
wound healing has an extended inflammatory phase caused by the
accumulation of DRMs in the wound bed and the formation of biofilms,
resulting in a stall in healing (typically lasting from five weeks to several
months) and often leading to fibrotic scar formation [4] According to a
meta-analysis, most chronic wounds harbor approximately 70 %
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biofilms even following appropriate treatment. Specifically,
methicillin-resistant Staphylococcus aureus (MRSA) infections are prev-
alent in clinics treating chronic skin wounds and rank among the most
infectious human pathogens identified since 1961 [5]. Furthermore,
MRSA-infected wounds are known to secrete high levels of inflamma-
tory cytokines. At the same time, the bacteria release metabolites such as
lactic acid, malic acid, and acetic acid, resulting in a wound pH of 4-6.
Consequently, most commercial wound dressings containing antibacte-
rial agents fail to eradicate MRSA due to their inactivation at this much
lower pH [2,6]. Recent studies on chronic wounds indicate that
pro-inflammatory and anti-inflammatory signals compete, leading to a
redox imbalance that disrupts routine wound healing [7,8]. This
imbalance hinders wound closure by maintaining it in a persistent in-
flammatory state. Reactive oxygen species (ROS) are released by
invading neutrophils and macrophages to combat microbial coloniza-
tion during ongoing inflammation. Chronic wounds with elevated ROS
levels have a detrimental effect on healing, as they can damage cells,
tissues, and the extracellular matrix (ECM), as well as activate inflam-
matory cytokines and latent extracellular proteases like matrix metal-
loproteinases (MMPs) [1,8].

To address these issues, advanced combat strategies for MRSA-
infected chronic wounds require new multidisciplinary and stimuli-
responsive dressings that prevent bacterial infection and accelerate the
healing process without scarring. Such a multifunctional bioactive
platform acts as a barrier against pathogen bacteria and promotes thick
epidermis formation to minimize moisture loss and electrolyte imbal-
ance and maintain tissue homeostasis [8] Recently, several efforts have
focused on fabricating skin ECM-mimicking and antibiotic
hydrogel-based platforms for delivering therapeutic agents, such as
peptides [2,9] proteins [10] genes [11] drugs [12] metal ions [13] and
exosomes [14] to halt the progression of chronic wounds. As previously
discussed, conventional drugs often fail to stop DRM invasion due to
their low stability, bioactivity, tough, tear resistant, and delivery effi-
ciency from hydrogels, creating a significant bottleneck for clinical
application By integrating double-network structures, nanocomposites,
and dynamic reversible bonds, hydrogels achieve mechanical robustness
and autonomous repair, extending their durability for wound healing
and mimic the native skin microenvironment. Their high water content
and biocompatibility provide a moist environment that promotes wound
healing, drug delivery, and tissue regeneration [15]. For example, re-
searchers are using various micro/nanoparticles incorporated into
hydrogels, which can exhibit higher antimicrobial performance under
specific stimuli such as light [16] temperature [17] electric fields [18]
pH [12,19] glucose [19] and others. In this context, near-infrared
(NIR)-responsive two-dimensional (2D) phototherapeutic agents (PAs)
could serve as an ideal alternative to conventional antimicrobial agents,
due to their higher photothermal conversion efficiency (PCE) and
hyperthermia-induced delivery of therapeutic agents for chronic wound
healing [16,20] Increasing evidence indicates that Ti3CoTx (MXene) and
MXene-based 2D carbides demonstrate superior PCE because of their
semiconductor nature, higher surface plasmonic resonance (SPR), abil-
ity to generate electron-holes, and enhanced electron-photon coupling
effect (LUMO — HOMO) under near-infrared (NIR) light stimulation
[21,22] Additionally, hetero-atom doping on the MXene primarily en-
hances the PCE through conjugation or hyperconjugation effects,
resulting in a rapid temperature increase [22] Previously,
MXene-integrated hydrogels exhibited excellent antibacterial perfor-
mance and wound healing properties; however, most hydrogels do not
possess skin ECM-mimicking properties, leading to a slow healing rate
[23,24] In particular, while most MXene-based hydrogels have shown
remarkable in vivo wound healing, the long-term regenerative perfor-
mance, skin re-epithelization, inflammatory responses, scarring poten-
tial, and underlying mechanisms are not yet well described.

Inspired by the skin epidermis, we report a novel phototherapeutic
deoxyribonucleic acid/gelatin methacrylate/TizCoTx/zeolite imidazo-
lium framework-8 (=DNGM) cryogel platform, mimicking the structural

769

Bioactive Materials 57 (2026) 768-790

components of native extracellular matrix (ECM) to combat MRSA bio-
films and facilitate guided wound healing (Scheme 1). The designed soft
and elastic cryogel possesses ‘all-in-all’ potential compared to other
DNA-based hydrogels reported thus far. Utilizing the bioactive DN [15,
25] and GelMA [26], the Ti3CyTy/zeolite imidazolium framework-8
(=MZXene@ZIF8) is introduced to enhance the mechanical and visco-
elastic properties through dynamic bond formation (e.g., DNA/Zn?",
hydrogen bonds, metal coordination, and covalent bonds). The bio-
mimetic porous scaffold network provides a protective and photo-
thermal interface that mimics the barrier function of native skin,
effectively restricting bacterial infiltration while enabling NIR-induced
heat dissipation. Meanwhile, the anisotropic skin-like porosity
(lamellar pores obtained through directional freezing at low tempera-
ture) supports keratinocytes infiltration, Zn?"-mediated angiogenesis,
and immunomodulation. The gradient in crosslinking density and pore
size thus couples the physical mimicry of skin architecture with coor-
dinated antibacterial and regenerative responses. Furthermore, the in
vivo results show that the DNGM cryogel, when combined with mild
phototherapy (1.0 W cm ™2, 808 nm), can effectively eliminate persistent
MRSA infections and support wound healing by promoting thick
epidermis, granulation tissue, angiogenesis, hair follicle formation, and
anti-inflammatory activity, underscoring its potential for restoring skin
function.

2. Results and discussion
2.1. Characterization of the nanocomposite cryogel

The schematic illustration of the MXene@ZIF8 fabrication process is
shown in Fig. 1(a). The MXene (=TizCyTx) was synthesized from the
MAX phase of Ti3AlC,, while the ZIF8 was intercalated onto the MXene
nanosheets using a solvothermal method. Fig. S1 illustrates the digital
photographs of the macroscopic appearance of the pristine MXene and
MXene@ZIF8 nanocomposites. The morphology of the MXene and
MXene@ZIF8 was investigated by scanning electron microscope (SEM),
and the result is shown in Fig. 1(b). The results show that bulk MXene
displayed a unique layered (=packed accordion-like) structure after
etching and sonication [27,28], while small particles (oval-to-rod sha-
ped) were observed onto the layers in MXene layer interfaces, indicating
the presence of ZIF8 metal-organic framework (MOF) deposition [29,
30]. Moreover, the X-ray diffraction (XRD) analysis (Fig. S2) indicates
that both MXene and MXene@ZIF8 exhibited notable peaks at around
20 = 43.37° and 58.72° correspond to the Al [104]. Furthermore, several
diffraction peaks at 20 = 18.46° [004], 25.09° [006], 35.21° [103], and
44.93° [107] were assigned to the Ti3C, structure, resembling the Ti-C
framework of MXenes [28,31]. Importantly, several other diffraction
peaks at 20 = 26.11°, 29.76°, 37.88°, 48.13°, 53.72°, 60.69°, 65.46°,
and 68.39° were found in MXenes, corresponding to the graphitic-C [32]
and oxide peaks of TiOy [33]. Notably, in MXene@ZIF8, characteristic
diffraction peaks at 20 = 19.70° [223], 21.51° [114], 30.16° [044], and
38.64° were found, which matches with the JCPDS: 00-062-1031, con-
firming the presence of deposited ZIF8 particles [34]. We investigated
Raman spectroscopy to gain insights into the structural changes of the
bulk MXene and MXene@ZIF8. As illustrated in Fig. 1(c), bulk MXene
exhibited signature peaks at around 155.35 and 390.04 cm™?, resem-
bling resonance and in-plane vibrations of Ti-C (Eg) and Ti-O (Eg).
Moreover, peaks at 208.49 and 627.35 cm™! were assigned to the
out-of-plane Ti-C (A1g) bond [30]. A small peak at around 409 cmlin
MXene was assigned to the oxygen (O) bound to the Ti-C (Ti3C2(OH)32)
framework [35]. Notably, the MXene@ZIF8 nanocomposite displayed
additional peaks at around 707.56, 943.07, and 1447.89 cm ™" owing to
the blending vibrations of out-of-plane imidazolium (vVingz) and methyl
(C-H) bending (C4-C5) vibrations of the ZIF8, respectively [36]. Besides,
two peaks at 2931.12 and 3113.34 cm™! were attributed to the
anti-asymmetric stretching of C-H, C-H (aromatic), and C-H blending
vibrations of imidazolium (vimg,) ring, suggesting the incorporation of
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Scheme 1. Schematic illustration of the phototherapeutic DNA cryogel fabrication process incorporating MXene@ZIF8 for chronic wound healing. (a, b) Fabrication
process and crosslinking mechanisms of the cryogel and (¢, d) its skin regenerative potential under photobiomodulation.

the ZIF8 particles. Furthermore, we observed two signature peaks for
both MXene and MXene@ZIF8 at around 1372 and 1580 cm™ " indi-
cating the D-band (A14) and G-band (Ezg) of the out-of-plane vibrations
of the carbon atom [36,37], suggesting that the native structure of Ti3Cy
was preserved after Al removal.

The chemical composition and electronic properties of the MXene
and MXene@ZIF8 were explored using X-ray photoelectron spectros-
copy (XPS), and the result is shown in Fig. 1(d). The XPS survey spectra
of bulk MXene revealed the presence of Cls, N1s, Ols, Ti2p, and F1s. By
contrast, the MXene@ZIF8 nanocomposite additionally showed the
presence of Zn2p spectra. The element composition is shown in Fig. 1(e).
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The percentage of Zinc composition was calculated to be 5.68 + 1.76 At.
% for MXene@ZIF8. Besides, the element composition of carbon, oxy-
gen, and nitrogen was found higher for MXene@ZIF8 (Cls: 17.99 At. %,
O1ls: 21.23 At. %, and N1s: 3.99 At. %) than pure MXene (Cls: 14.15 At.
% and O1s: 13.19 At. %), suggesting the successful incorporation of ZIF8
onto the MXene surface. The high-resolution F1s spectra of MXene and
MXene@ZIF8 (Fig. 1(f)) show binding energies at 685.49 and 685.06 €V,
indicating the presence of the C-Ti-Fx bond [38]. Subsequently, the
high-resolution O1s spectra of both MXene and MXene@ZIF8 (Fig. 1(g))
contain peaks at 528.73, 529.61, 530.48, 531.56, and 533.82.84 eV,
which can be assigned to the C-Ti-O, TiOy4Fx, C-Ti-O, C-Ti-OH, and
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Fig. 1. Characterization of the nanocomposite cryogel scaffold. (a) Schematic illustration of the hydrothermal synthesis of MXene@ZIF8. (b) FE-SEM images of the
pristine MXene and MXene@ZIF8 nanocomposites. (¢) FT-IR spectra of the MXene and MXene@ZIF8. (d) XPS survey spectra of the MXene and MXene@ZIF8
nanocomposites. (e-k) High-resolution XPS spectra of the MXene and MXene@ZIF8. (1) Schematic illustration of the cryogel fabrication process inspired by skin
epidermis. (m, n) Representative digital photographs and FE-SEM micromorphologies with corresponding color survey maps of the cryogels. A cryo-SEM image of a
human skin sample was taken as a comparison. Scale bar: 200 pm. (o) Pore directionality map of the fabricated cryogels. (p) Calculation of pore diameters of the

fabricated cryogel scaffolds (n = 25 each). Statistical significance was considered at
post-hoc test).
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H-OH bonds [38,39]. Surprisingly, the Ti2p spectra showed a notable
change after ZIF8 incorporation in MXenes. As depicted in Fig. 1(h),
both MXene and MXene@ZIF8 exhibited three peaks at 455.56, 457.86,
and 459.47 eV for C-Ti-Tx 2p3,», while two other peaks at around 461.35
and 464.84 eV for C-Ti-Ty 2p1 2, respectively. The integral area of the Ti
2p1,2 was found to be increased (2p1,2: AUCwMxene@zirg > AUCMxene) in
MXene@ZIF8 than bulk MXene, while a slight decrease at Ti 2p3,, was
noticed, indicating the interaction of imidazolium rings and/or methyl
(C-H) groups of ZIF8 with C-Ti framework [29,40]. Similarly, the
high-resolution Cls spectra (Fig. 1(i)) of the MXene@ZIF8 exhibited
significant change at a binding energy of 284.87 eV (C-C bond), sug-
gesting the incorporation of ZIF8 onto the MXene structure. Further-
more, the high-resolution N1s and Zn2p spectra exhibited distinct peaks
at around 397.79, 400.08, 1021.81, and 1044.92 eV, corresponding to
the C-N, C=N, Zn2ps3,s, and Zn2p;» (Fig. 1(j and k)), which was not
found in bulk MXenes [29,30,38]. These findings underscore the suc-
cessful fabrication of MXene@ZIF8 nanocomposites, which are mostly
composed of elemental Zn, C-Ti-F, C-Ti-O, H-OH, C-N, and C=N groups,
respectively.

Owing to the attractive 2D structure, electronic configuration, tail-
orable surface functionalities, and higher photothermal properties,
MXene and its hetero-nanocomposite-based hydrogels have gained
enormous attention in tissue engineering, especially in diagnostics and
wound healing [23,41]. In this study, we fabricated a DNA-based mild
phototherapeutic cryogel platform to mimic the skin epidermis, the
outer layer of skin with an anisotropic structure [42], and to combat
drug-resistant pathogens toward chronic wound healing. The cryogel
was designed using a DNA/GelMA-based soft ECM matrix, where
MXene@ZIF8 helps in cross-binding DNA and/or GelMA via metal co-
ordination and hydrogen bonds improving the overall mechanical and
photothermal properties. The sustained release of Zn%* from the MXe-
ne@ZIF8 through the cryogel in response to photothermal effect would
enhance the skin regeneration potential via activating the matrix met-
alloproteinases (MMPs), attenuating reactive oxygen species (ROS)
burden, keratinocytes migration, reducing inflammation, angiogenesis,
and bacterial infection, resulting in scarless wound healing [43]. A
schematic illustration of the cryogel fabrication process is shown in
Figure S3 and Fig. 1(1). In a typical process, the aqueous solution of
MXene@ZIF8 was introduced into a mixture of 6 % salmon sperm DNA
(ssDNA, w/v) and 0.5 % GelMA (w/v), followed by radical polymeriza-
tion using ammonium persulfate (APS) and tetramethylethylenediamine
(TEMED). After that, the resulting solution was allowed to form a gel.
Subsequently, resulting hydrogels (DN, DNG, and DNGM) were quickly
transferred into a silicone mold and placed on the top of a copper plate
(pre-cooled at —80 °C) to ensure unidirectional ice crystal growth. The
digital photographs of the fabricated cryogels are shown in Fig. 1(m).
The FE-SEM images with corresponding color survey maps of the native
skin and freeze-dried cryogels are depicted in Fig. 1(n). Nevertheless,
low GelMA concentration would not provide higher mechanical
strength, but it could contribute to aligned cryogel porosity generation.
The results show that compared to the native skin [44], our cryogel
scaffolds displayed unique lamellar and mostly unidirectional pores in
all the cryogels with a smaller pore size when we moved from DN (pure
DNA gel) to DNGM (MXene@ZIF8 containing gel) and higher orienta-
tion degree (Fig. 1(0)), indicating the influence of GelMA and incorpo-
rated MXene@ZIF8 in regulating porosity, which is not commonly
observed in conventional DNA-based hydrogels [11,15,45,46]. The DN
and DNG cryogel scaffolds displayed a pore diameter of around 642 +
56 pm (porosity: 77.4 + 4.56 %) and 350 + 50 pm (porosity: 61.5 +
3.43 %), while the DNGM cryogel scaffold showed a pore diameter of
198 + 40 pm (porosity: 49.8 + 3.76 %), respectively (Fig. 1(p)).

The interaction between the DNA, MXene@ZIF8, and GelMA was
studied using Fourier transform infrared (FT-IR) spectroscopy, and the
result is shown in Fig. S4. The DN scaffold (=pure DNA) exhibited a peak
around 3288 cm ™! owing to the presence of hydroxyl (-OH) moieties.
The peaks at around 3285 and 3299 cm™! in DNG and DNGM were
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attributed to the -OH and -NH groups of GeIMA, with a shoulder peak at
around 3052-3056 cm ™! due to the presence of methyl (-CH) groups
[47]. In pure DN scaffold, a band at around 1590 cm ! was assigned to
the stretching vibration of the deoxyribose unit (C-C), while the bands at
1230 and 1053 cm™! were attributed to the stretching vibrations for
C-0-C/PO?~ and C-0/-S=P groups [48], respectively. Similarly, the
DNG and DNGM scaffolds displayed three predominant peaks between
1650 and 1100 cm™!, indicating the presence of GelMA’s Amide-I,
Amide-II, and Amide-III regions [47]. Interestingly, after the incorpo-
ration of DNA and MXene@ZIF8, the GelMA’s Amide-I band (1642 cm™!
— 1239 cm ™) was slightly shifted to the lower wavenumber, suggesting
the interaction of DNA and/or MXene@ZIF8 with the GelMA matrix.
Furthermore, the peak intensity at 1230 cm™' in DN was slightly
decreased and blended with Amide-III of both DNG and DNGM, indi-
cating the interaction of DNA with MXene@ZIF8 and GelMA, respec-
tively. The viscoelastic property of the developed cryogels was assessed
using a rotational rheometer under varying frequencies (0.1-100 Rad
s71) at 25 °C. As depicted in Fig. S5(a), all the cryogels displayed a
frequency-dependent change in storage (G') and loss modulus (G"), with
a greater increase in G' value for DNGM than other groups (Gpngm >
G'pneg > Gpn), suggesting that MXene@ZIF8 incorporation significantly
enhanced the elasticity of the DNA/GelMA matrix. The G’ values for DN,
DNG, and DNGM at 100 Rad s~ ! were calculated to be 0.271 kPa, 3.471
kPa, and 10.154 kPa, respectively. In addition, the cryogels also dis-
played a frequency-dependent change in complex viscosity (4*) with
high viscosity at a low-frequency range (0.1 Rad s~1) and low viscosity
at a high-frequency range (100 Rad s1) (Fig. S5(b)), suggesting its
elastic-to-viscous transition, ideal for tissue engineering applications
[49]. The n* values for DN, DNG, and DNGM at 100 Rad s-1 were
calculated to be 695.15, 11335, and 24120 mPa s, respectively. The
initial shear stress values for all the cryogel are given in Fig. S5(c).
The mechanical properties of the DNA-based hydrogels can be
tailored by changing the nucleotide length, crosslinking strategy, and
incorporating other biopolymers [50]. In this context, we then evaluated
the mechanical properties of the developed cryogels by compressive test.
Fig. S6(a) represents the compressive stress-strain curve of the DN, DNG,
and DNGM cryogels. It was worth noticing that DNGM cryogel displayed
significantly higher compressive strength (~16.9 + 0.45 kPa, *p < 0.05)
and elastic modulus (~1.14 + 0.61 kPa, ****p < 0.0001) than other
samples (Fig. S6(b and c)), suggesting that both DNA and MXene@ZIF8
incorporation and its crosslinking with GelMA resulted in soft and
viscoelastic cryogel, which was surprisingly higher than previously re-
ported DNA hydrogels. A comparative study on the mechanical and
viscoelastic properties of various DNA-based hydrogels is listed in
Table S1. The swelling property of the developed cryogel scaffolds was
investigated in 1 x PBS up to 24 h, and the result is shown in Fig. S7(a).
Notably, we found a slight decrease in swelling efficiency when we
moved from the DN — DNGM scaffold, which can be explained by the
decrease in pore size DNGM than DN (642 pm — 198 pm). Nevertheless,
all the cryogel samples displayed a swelling degree of > 100 % after 24
h, suggesting that it could be ideal for biological studies. It was also
reflected in the degradation behavior of the cryogel scaffolds. As
depicted in Fig. S7(b), the DN (~50 %) scaffold with greater pore size
exhibited a higher degradation rate than DNG (~43 %) and DNGM
(~25 %) scaffolds at day 7. Moreover, the DNGM cryogel degradation is
also assessed in cell culture media (=DMEM). This process is necessary
for the final removal of the applied hydrogel and restricts the amount of
time that hydrogel-mediated biological reactions can last [51]. As
shown in  Fig. S7(c), the reducing sodium  dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) showed
controlled degradation of DNGM in DMEM media, which was charac-
terized by the increasing band size and intensity when we moved from
day O to day 7, suggesting its good biodegradability in biological fluids.
Besides, enzymatic degradation with pronase and trypsin (Fig. S7(d and
e)) further validated a slight faster but controlled degradation profile of
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DNGM up to day 7, underscoring that the DNA double-helix network and
MXene@ZIF-8 coordination enhance proteolytic resistance and thereby
improving structural integrity, which would be beneficial for infected
wounds. Using both pronase and trypsin provides a comprehensive
evaluation of the cryogel stability, since pronase mimics broad
non-specific proteolysis while trypsin reflects selective enzymatic
cleavage, together simulating different physiological degradation envi-
ronments. Taken together, we anticipate that the DNGM cryogel is best
in terms of mechanical and viscoelastic properties and exerts good
biodegradation, which could be an ideal soft hydrogel for skin tissue
engineering.

To investigate the photothermal properties of the DNGM cryogel, we
performed the macroscopic heat generation properties, which would
effectively kill the DRMs. In this context, ZIF8-decorated MXene would
exert better PCE. Before that, we compared the photothermal properties
of pristine MXene and MXene@ZIF8. We used 100 pg mL~! concentra-
tion of MXene and MXene@ZIF8 for this study, owing to their mild
temperature (~45-55 °C) rise [22], which would favor Zn?* release and
produce sufficient hyperthermia for killing bacteria-infected wounds.
The ultraviolet—visible (UV-Vis) spectra of the MXene and MXene@ZIF8
exhibited an absorption peak at around 823 nm within a scan range of
450-950 nm (Fig. S8), indicating its NIR responsiveness. Inspired by this
finding, we used 100 pg mL~! of MXene@ZIF8 concentration for DNGM
cryogel preparation and subsequent NIR irradiation with varying laser
power densities (0.5, 1.0, and 1.5 W cm~2). As shown in Fig. 2(a—c) and
Fig. S9(a), the DNGM cryogel exhibited a laser power-dependent tem-
perature rise profile within a time frame of 0-10 min, respectively. Be-
sides, the DN and DNG cryogels did not show any obvious change in
temperature rise. It has been reported that NIR light (e.g., 808-860 nm)
with a power density ranging from 0.01 to 1.0 W cm 2, generating a
temperature of around 40-45 °C, is sufficient for drug delivery, anti-
microbial sterilization, anti-inflammation, and wound healing in clinical
applications [52]. Thus, we selected 1.0 W cm 2 laser power and 10 min
irradiation time for later experiments unless stated elsewhere. The NIR
thermal images of DN, DNG, and DNGM are shown in Fig. 2(d).

The origin of the photothermal property of DNGM cryogel can be
explained by PCE calculation. A detailed study on PCE revealed that
MXene@ZIF8 (~35.57 %) exerts higher PCE than pristine MXene
(~30.98 %) (Fig. S9(b—e)), which is probably due to the doping of ZIF8,
a good photothermal agent [29]. The NIR thermal images of the pho-
tothermal experiment are shown in Fig. S9(f). To gain insights into the
origin of PCE, we further studied the energy levels of the frontier orbital
(HOMO-LUMO and band gaps) for both MXene and MXene@ZIF8 using
cyclic voltammetry. As depicted in Fig. S9(g and h), the pristine MXene
shows Eyomo and Epymo of around 4.98 eV and 4.01 eV. Additionally,
the MXene@ZIF8 exhibits EHOMO and ELUMO values of approximately
5.16 eV and 4.62 eV, respectively. Interestingly, the calculated band gap
(Eg) value was found much lower in MXene@ZIF8 (E; = 0.54 eV) than
pristine MXene (Eg = 0.97 eV), suggesting its strong NIR absorption and
efficient heat conversion efficiency (Fig. S9(i)). Moreover, the DNGM
cryogel exhibited excellent cyclic thermal stability under repeated NIR
irradiation, as the temperature consistently increased to ~41-43 °C
during the “ON” cycles and returned near baseline (24-24 °C) during the
“OFF” periods (Fig. S10). This reversible heating and cooling behavior
over three cycles demonstrates its reliable photothermal responsiveness
and stability. Thus, DNGM cryogel with a higher PCE could be beneficial
for photobiomodulation and NIR-triggered therapeutic studies, espe-
cially for drug delivery and antibacterial studies.

To investigate whether mild phototherapy has any effect on Zn%*
release and subsequent antioxidant properties, we next performed the
Zn?" release study from the DNGM cryogel scaffold w/or w/o NIR
stimulation (1.0 W em 2, 10 min, and 808 nm) at pH 6.0 and 7.4 up to 7
days in vitro. As depicted in Fig. 2(e), at acidic pH (6.0), 7Zn" release is
significantly higher compared to neutral pH (7.4), and NIR exposure
further enhances this release. The highest Zn?" release is observed under
combined conditions of pH 6.0 with NIR, reaching ~40 ppm after 168 h.
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This suggests that both acidic environment and NIR irradiation syner-
gistically accelerate Zn>" release. Therefore, we hypothesized that NIR-
triggered Zn?" release from DNGM would favor skin wound healing in
two ways: (1) by killing pathogenic bacteria in the wound bed by Zn?t
uptake at acidic pH and hyperthermia [53] and (2) by promoting skin
cell migration. To examine the antioxidant-like nature of the fabricated
cryogels, we studied the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay to
determine hydroxyl (- OH) radical scavenging potential. As shown in
Fig. 2(f and g), the DNG and DNGM exhibited significantly higher (**p
< 0.01 and ***p < 0.001) rates of DPPH and - OH radical scavenging
potential than DN or DNG, which was comparable with positive control
(=ascorbic acid, 0.5 mM). The greater radical scavenging property of
DNGM was probably due to the released Zn?* from MXene@ZIF8, which
stabilized the DPPH radicals (Fig. 2(h)) [29,54]. Our findings under-
score the excellent mechanical, viscoelastic, and antioxidant properties
of the DNGM cryogel, which could be beneficial for treating infected
wounds in clinical settings.

2.2. Mild phototherapy enhances the bactericidal performance of DNGM
cryogel

Understanding the fact that Zn?' ions effectively kill bacteria by
producing ROS, disrupting bacterial enzyme systems, inhibiting protein
and DNA synthesis, and interacting with the bacterial cell wall [53,55],
we then investigate the bactericidal efficacy of the fabricated cryogels
w/or w/o NIR stimulation against Escherichia coli (E. coli,
gram-negative) and methicillin-resistant Staphylococcus aureus (MRSA,
gram-positive) bacteria, respectively. The bactericidal property was
investigated by growth curve inhibition (O.D.-based assay) test,
plate-dilution test, morphological assessment, and biofilm inhibition
assay. The control group received only saline. As illustrated in Fig. 2(i
and j), DN and DNG exhibited less growth inhibition for E. coli and MRSA
within 0-24 h. This would probably be due to the non-toxic nature of the
DNA and GelMA, which facilitated the higher proliferation of E. coli and
MRSA. Subsequently, the DNGM and DNGM + NIR group showed a
significantly higher degree of growth inhibition for both E. coli (****p <
0.0001) and MRSA (****p < 0.0001) than the control, suggesting that
the incorporation of MXene@ZIF8 effectively killed the bacteria. The
growth inhibition for MRSA started from 1 to 2 h, while it was around
5-6 h for E. coli. It was also verified that in the presence of pure MXene
and MXene@ZIF8, the E. coli viability was reduced to almost half (50 %)
at 100 pg mL~! concentration (Fig. S11), further confirming that the
bactericidal efficacy was due to the MXene [56] and the released Zn3t
ions from ZIF8 upon NIR irradiation [57]. This outstanding growth in-
hibits the effect of DNGM cryogel w/NIR, which seems to depend on the
excellent hyperthermia-induced ROS activation and charge imbalance
in the cell membrane of both E. coli and MRSA.

The excellent growth inhibition property of the DNGM cryogel
further motivated us to explore the detailed antibacterial mechanisms in
E. coli and MRSA. For this, we examined the morphology of the bacteria
by SEM, while the colony inhibition study was performed by plate
dilution test after 24 h of culture. Fig. 2(k) shows that MRSA and E. coli
exhibited smooth surfaces in the control and DN groups, suggesting
healthy bacterial morphology. Interestingly, in the DNG group, some of
the bacteria (~5-10 %) in both MRSA and E. coli tend to exhibit slightly
collapsed morphology, which would probably be due to the interaction
between the bacterial cell membrane and the amine groups of the
GelMA. More interestingly, in the DNGM and DNGM + NIR groups, a
higher amount (>70 %) of bacteria showed punctured and collapsed
morphology, characterized by visible damage in the cell membrane
(=perforated membrane). Thus, we concluded that the MXene@ZIF8
containing DNGM cryogel with mild phototherapy significantly dis-
rupted the membrane integrity of E. coli and MRSA by generating hy-
perthermia and ROS amplification. The agar colony formation assay also
demonstrated a similar trend. As depicted in Fig. 2(1), both MRSA and
E. coli showed a greater number of visible colonies in the control, DN,
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Fig. 2. In vitro bioactivity of the fabricated cryogel scaffolds. (a—c) Time-dependent temperature rise profiles of the fabricated cryogel scaffolds under various laser
(808 nm) power densities (0.5, 1, and 1.5 W cm~?) (d) Representative NIR thermal images showing the temperature profile of the cryogels at 1 W cm 2. (e) Zn?*
release profile from DNGM cryogel w/or w/o NIR irradiation (1.0 W cm~2) at pH 6.0 and 7.4 up to 7 days. (f, g) DPPH and - OH radical scavenging potential of the
fabricated cryogels (n = 5 each). (h) Mechanism of DPPH radical scavenging property of DNGM cryogel. (i, j) Representative growth curve of the MRSA (gram-
positive) and E. coli (gram-negative) at indicated time points. (k) FE-SEM images of the surface morphology of the MRSA and E. coli in various treatment groups after
24 h of incubation. Scale bar: 2 pm. (1) Digital photographs of the agar plates showing the antibacterial efficacy of the fabricated cryogels with (m, n) corresponding
quantification data (n = 3 each). (o, p) Digital photographs with corresponding statistical data of the antibiofilm assay with various formulations (n = 3 each). (q)
Schematic illustration showing the mechanisms of the antibacterial performance of the fabricated cryogel scaffold. Data reported as mean =+ s.d. of replicated ex-

periments, statistical significance was considered at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (One-way ANOVA followed by Tukey’s HSD post-
hoc test).
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and DNG groups. The DNGM group displayed fewer colonies on agar
plates, followed by no visible colony formation in the DNGM + NIR
group, suggesting their killing efficacy. The statistical analysis of the
colony formation assay suggested a significantly reduced colony forming
unit (CFU) for both MRSA (****p < 0.0001) and E. coli (****p < 0.0001)
cultured with DNGM w/or w/o NIR. It is worth noticing that the DNGM
cryogel can exert superior antibacterial performance even after first use
against E. coli, as confirmed by the agar colony formation and live/dead
assay (Fig. S12(a—c)). The inhibition of colony formation after cyclic NIR
stimulation was achieved through the released Zn?* and heat generation
from DNGM cryogel.

During chronic wound healing, bacterial mass tends to form thick
extracellular polymeric substances (EPS), ensuring their survival, drug
escape, and resistance. Thus, biofilm formation at or near the wounded
skin often causes inflammation and secondary infection, leading to
impaired healing and skin integrity [58]. To investigate the efficacy of
the fabricated cryogels in biofilm eradication w/or w/o NIR, we tested
the bacterial biofilm inhibition test, and the results are shown in Fig. 2(o
and p). Not surprisingly, the control group (PBS-treated) of both MRSA
and E. coli exerts no change in biofilm reduction as evidenced by higher
O.D. value of crystal violet and macroscopic image. Meanwhile, the DN
and DNG groups also displayed no significant reduction in biofilm for-
mation, as evidenced by the dark crystal violet color formation. Inter-
estingly, in DNGM and DNGM + NIR groups, a significant reduction in
biofilm formation was documented for both MRSA (****p < 0.0001) and
E. coli (**p < 0.01) than control and other groups, as characterized by
the reduction of crystal violet stain and OD values. Membrane damage
often leads to surface charge imbalance and protein leakage in bacteria,
resulting in intracellular and extracellular redox homeostasis [19]. This
was also reflected when repeated NIR stimulation was carried out with
DNGM up to 72 h. As depicted in Fig. S12(d) and E coli and MRSA
biofilm formation potential was significantly (****p < 0.0001) reduced
in both DNGM and DNGM + NIR groups, suggesting that the fabricated
DNGM cryogel with mild phototherapy can effectively eliminate
persistent bacterial infection from wounded tissue and reduce the
pathogenic biofilm formation. The statistical analysis of biofilm
disruption study up to 72 h is showing in Fig. S12(e). To find the
MXene@ZIF8-assisted bacterial cell disruption, we next investigated the
surface charge after the desired treatments. As depicted in Fig. S13(a and
b), the control groups of MRSA and E. coli exhibit a zeta potential of
—18.55 and —22.6 mV, respectively. Notably, in the DNGM and DNGM
+ NIR groups, the zeta potential was significantly increased for MRSA
(—6.54 mV, ****p < 0.0001) and E. coli (—9.83 mV, ****p < 0.0001),
suggesting a disruption or cationic charge adsorption (e.g., Zn?") onto its
surfaces upon photothermal effect [59]. Similarly, compared to control,
DN, and DNG groups, the protein leakage (Fig. S13(c)) was found
significantly (***p < 0.001) higher for both MRSA (~200 pg mL ™) and
E. coli (~280 pg mL 1) in DNGM and DNGM + NIR groups, collectively
referring the cell lysis and redox imbalance. Moreover, the inductively
coupled plasma mass spectrometry (ICP-OES) analysis after DNGM and
DNGM -+ NIR treatment revealed traces of Zn>" in MRSA (8.84 ppm) and
E. coli (11.2 ppm) after 24 h (Fig. S13(d)), further conferring the source
of charge imbalance, ROS activation, biofilm inhibition, and apoptotic
cell death [60], which confirmed the FE-SEM data. These findings un-
derscore the remarkable antibiofilm efficacy of the DNGM cryogel, and
mild phototherapy synergistically improved its efficacy. A schematic
illustration of the DNGM-induced antibacterial mechanism is shown in
Fig. 2(q). Taken together, our results showed excellent bactericidal ef-
ficacy of DNGM cryogels with mild phototherapy, where the released
Zn?t from the MXene@ZIF8 at acidic pH (pH 6.0) participated in
membrane disruption, ROS activation, adsorption, lipid peroxidation,
pH imbalance, and hindered metabolism, collectively leading to bacte-
rial cell death [61].
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2.3. DNGM primes keratinization and wound healing under mild
phototherapy

The in vitro biocompatibility of the fabricated cryogels was assessed
using human keratinocyte (HaCaT) and murine monocyte/macrophage
(RAW 264.7) cells. The water-soluble tetrazolium-8 (WST-8) and ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assays were initially performed to evaluate the cytotoxicity and intra-
cellular apoptosis of the developed cryogels w/or w/o NIR stimulation.
Prior to cryogel biocompatibility test, we studied the cytotoxicity of the
ZIF-8 particles (0-100 pM) using WST-8 assay to define a safe thera-
peutic window. As shown in Fig. S14(a-c), the fabricated ZIF-8 particles
were non-toxic to the HDFs (viability >95 %), HaCaT (viability ~99 %),
and HUVEGs (viability >90 %) up to 7 days, suggesting their superior
biocompatibility. Moreover, the results of the WST-8 assay primarily
suggest that none of the cryogels were toxic to the HaCaT cells after 7
and 14 days, w/o NIR (Fig. S14(d)). Notably, with mild NIR stimulation,
we observed significantly higher viability on DNGM cryogels (*p < 0.05
and **p < 0.01) from day 1 to day 14 (Fig. S14(e)) when compared with
control, DN, and DNG groups, suggesting that mild phototherapy
enhanced the proliferation of HaCaT cells. Moreover, the TUNEL assay
further confirmed that none of the HaCaT cells undergone nuclear
apoptosis (characterized by the green color of BrdU) at day 7 and day 14
w/or w/o NIR stimulation (Fig. S14(f and g)), which would be due to the
release of Zn?" from the DNGM, acting as a ROS attenuator and pro-
moting differentiation [62]. To validate the regenerative capabilities of
the fabricated cryogels, we performed the live/dead staining after 7 days
of in vitro culture, and the results are shown in Fig. 3(a). Interestingly,
the HaCaT cells were mostly found live growing onto the cryogels at day
7, including the control group. We observed an increase in cell number
when we moved from the control to the DNGM + NIR group. The sta-
tistical analysis of the live/dead assay revealed a significant increase in
cell number for DNGM (~110 %, **p < 0.01) and DNGM + NIR (~125
%, **p < 0.01) groups at day 7, confirming their bioactive properties
(Fig. S15(a)).

Selective photobiomodulation (660-980 nm) has been5shown to
exert a promising effect on skin cell migration via promoting cell pro-
liferation, collagen synthesis, and scarless wound healing [63]. To
evaluate the therapeutic efficacy of the fabricated cryogels, we investi-
gated the HaCaT cell migration and morphogenesis after 7 days of
treatment w/or w/o NIR. The cell migration assay was performed using
a Transwell migration insert. The various formulation was introduced in
the Transwell inserts with HaCaT cells, while the control group received
no cryogel treatment. As shown in Fig. 3(b) and Fig. S15(b), the number
of migrated HaCaT colonies accumulated higher (**p < 0.01) than the
control group. More interestingly, the HaCaT cells cultured with DNGM
+ NIR treatment exhibited a significantly (***p < 0.001) higher
migration of colonies towards the insert, suggesting that DNGM + light
stimulation triggered the HaCaT migration. Thus, we conclude that the
enhanced bioactivity and light-responsive property of the DNGM
favored greater proliferation via Zn?>* uptake, and nutrient exchange,
collectively enhancing HaCaT migration. Subsequently, we also verified
the excellent ROS protective role of the fabricated cryogels on HaCaT
cells at day 1 and day 7. As depicted in Fig. 3(c and d), the fabricated
hydrogels (DN, DNG, and DNGM) displayed significantly (**p < 0.01
and ****p < 0.0001) lower fluorescence for DCF-DA after HyO»-induced
oxidative stress compared to control and HyO2-treated HaCaT cells at
day 1 and day 7, suggesting their excellent ROS attenuation properties.
More surprisingly, the DNGM + NIR group also displayed no noticeable
change in DCF-DA fluorescence. This was well-supported by the
expression of the redox homeostasis-related genes, e.g., Nrf-2 and HO-1
as shown in Fig. 3(e) and Fig. S16. The mRNA expression for Nrf2 and
HO-1 were significantly raised in HyOa-treated cells (>2.0 fold, ****p <
0.0001), while in DN, DNG, DNGM, and DNGM + NIR groups, no sig-
nificant change (~1.2-1.4 fold) in their expression was observed
compared to the control, suggesting that the fabricated cryogels are
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Fig. 3. In vitro biocompatibility of the fabricated cryogel scaffolds. (a) Representative FL images showing the live/dead (Calcein-AM/EtBr) assay of HaCaT cells
growing on various cryogel scaffolds after 7 days of culture (n = 3 each). Scale bar: 50 pm. (b) Transwell® cell migration assay of HaCaT cells showing the migrated
colonies after 24 h of treatment (n = 5 each). Scale bar: 50 pm. (¢, d) Representative DCF-DA staining results of HaCaT cells at day 1 and day 7 showing the excellent
ROS scavenging properties (n = 3 each). Scale bar: 50 pm. (e) gqRT-PCR analysis of the Nrf2 gene expression as an evidence of redox homeostasis mechanism of the
fabricated cryogels. (f) Inmunostaining images of HaCaT cells showing the F-actin (red), nuclear (blue) morphology, and the expression of cytokeratin protein
(green) marker after 7 days of culture. (g) Statistical data for cell aspect ratio, F-actin and nuclear anisotropy (=elongation index), and KRT FL intensity in various
groups after 7 days of culture (n = 10 each). (h, i) Inmunostaining results of macrophage polarization specific markers (iNOS and CD163) expression in LPS-induced
RAW 264.7 cells in various formulations after 24 h of incubation. Scale bar: 50 pm. (j, k) Statistical data of the immunostaining experiment for RAW 264.7 cells (n =
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with various groups (n = 3 each). (p) Schematic illustration showing the mechanism of mild phototherapy-assisted M2-macrophage polarization in vitro. (q) In vitro
blood biocompatibility (hemolysis assay) test of various cryogels adopted in this study. Data reported as mean =+ s.d. of replicated experiments, statistical significance
was considered at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (One-way ANOVA followed by Tukey’s HSD post-hoc test).
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highly ROS protective in nature and would not elicit any toxicity to-
wards HaCaT cells.

The immunostaining results of the HaCaT cells after incubating with
various samples revealed attractive morphological changes at day 7.
Initially, the cellular anisotropy in response to cryogel porosity and light
stimulation was assessed using F-actin staining, while the keratinization
was observed by staining with a basic cytokeratin (KRT) marker. As
depicted in Fig. 3(c), the control group HaCaT cells displayed round cells
with isotropic F-actin distribution. Notably, the cells cultured on DN,
DNG, DNGM, and DNGM + NIR showed elongated and/or anisotropic F-
actin and nuclear distribution, with a higher anisotropy for the DNGM -+
NIR group. It has been shown that scaffold porosity and stiffness greatly
influence cell adhesion and spreading [64]. The statistical analysis of
cell aspect ratio, F-actin, and nuclear anisotropic index showed that NIR
stimulation through DNGM cryogel positively regulated the cell archi-
tecture. As shown in Fig. 3(d), the cell aspect ratio, F-actin, and nuclear
anisotropy of the HaCaT cells significantly (****p < 0.0001) increased
as we move from control to DNGM and DNGM + NIR group, suggesting
its bioactive and light-induced migration dynamics. The HaCaT cell
aspect ratio, F-actin, and nuclear anisotropic index for the DNGM + NIR
group were calculated to be 5.1, 0.4, and 3.6, respectively. This was also
reflected in the intracellular KRT expression of HaCaT cells. The cells in
all the groups showed profound expression of KRT with no significant
difference in expression for the control, DN, and DNG groups. However,
the KRT expression was found to be significantly higher in DNGM (***p
< 0.001) and DNGM + NIR groups (***p < 0.001) than in the control,
conferring the synergistic effect of bioactive DNGM with
photobiomodulation.

The immunofluorescence analysis demonstrates that DNGM and
DNGM + NIR treatments promote EMT, a key cellular process in wound
healing. EMT is characterized by the loss of epithelial traits and the
acquisition of mesenchymal features, enabling enhanced migration and
tissue repair. In the presented data, vimentin, a hallmark mesenchymal
marker, was strongly expressed in DNGM and DNGM + NIR groups
compared to the control (Fig. S17(a)), suggesting cytoskeletal reorga-
nization and increased cell motility. Similarly, RhoA GTPase, a regulator
of actin cytoskeleton dynamics and cell migration, showed elevated
expression under these treatments, supporting active remodeling of the
cellular  architecture (Fig. S17(b)). Importantly, YAP, a
mechanotransduction-related protein and key EMT regulator, exhibited
enhanced nuclear localization in the DNGM and DNGM + NIR groups,
further validating EMT induction. When compared to TGFp1 (a classical
EMT inducer), DNGM and DNGM + NIR demonstrated comparable ef-
fects, highlighting their potential to trigger EMT without additional
growth factor stimulation. Notably, the synergistic effect of NIR with
DNGM appeared to strengthen EMT activation, as evidenced by
increased expression of these markers (Fig. S17(c)). The statistical
analysis of the immunofluorescence staining is given in Fig. S17(d).
Altogether, these findings indicate that DNGM and DNGM + NIR
treatments effectively drive EMT, thereby facilitating cell migration and
tissue remodeling processes that are crucial for accelerated wound
healing.

The proteomic and genomic profile of the HaCaT cells in various
formulations was investigated using Raybiotech® human cytokine
array, enzyme-linked immunosorbent assay (ELISA), and real-time PCR
(qRT-PCR) analysis after 7 days of culture. Before the proteomic study,
the bulk secretome of the HaCaT cells from different groups was
examined for quality control of the secreted proteins. As shown in
Fig. S17(e), the SDS-PAGE identified distinct protein bands in the
20-242 kDa range, with a thick band at 242 kDa for the DNGM and
DNGM + NIR groups. Nevertheless, the HaCaT cells from all the groups
showed a similar banding pattern. The Raybiotech antibody array
identified 9 key proteins from the HaCaT secretome, including growth-
regulated oncogene-alpha (RGO-a), interleukin-8 (IL-8), angiogenin
(ANG), tissue inhibitor of metalloproteinase-1 (TIMP-1), osteoprote-
gerin (OPG), transforming growth factor beta-1 (TGFf-1), epidermal

777

Bioactive Materials 57 (2026) 768-790

growth factor (EGF), monocyte chemoattractant protein-2 (MCP-2), and
insulin-like growth factor protein-4 (IGFBP-4), respectively. The array
maps of the respective groups are shown in Fig. S17(f). It is worth
noticing that compared to the control group; all the protein spots are
predominant in the treatment groups (Fig. S17(g)) with a significantly
(***p < 0.001) higher expression of OPG and EGF in DNGM (1.2 and 1.3
fold) and DNGM + NIR (1.5 and 1.7 fold) groups, suggesting that
MXene@ZIF8 incorporated DNA cryogels induced higher rate of secre-
tion from HaCaT cells [65]. Surprisingly, in the DNGM + NIR group, the
expression of ANG and TGFp-1 was also higher than in other groups. A
STRING protein-protein interaction study (Fig. S17(h) and Table S2)
through k-means clustering revealed that the secreted proteins are
mostly connected to IL-10 signaling (Cluster-1 and 2; MCP2, IL-8, GRO-
o, ANG, and TIMP-1) and epidermal growth factor signaling (Cluster-3;
EGF) towards keratinization [66].

The involvement of EGF secretion and signaling in HaCaT cells, we
next performed an ELISA test to verify the intracellular EGF level in
various groups. As shown in Fig. S17(i), the EGF concentration was
found significantly higher in DNGM (158 pg mL~!, 30 times, ****p <
0.0001) and DNGM + NIR (204 pg mL ™, 40 times, ****p < 0.0001)
groups compared to DN (18 pg mL™Y) or control (<10 Pg mL™Y) group,
indicating that photobiomodulation through DNGM triggered the
intracellular EGF production in HaCaT cells, which would be beneficial
for wound healing. Keratinocytes express a variety of transcription
factors, e.g., KRTs, which play an essential role in skin homeostasis,
epidermis maintenance, keratinization, and inflammation [67]. To
explore the potential of the fabricated cryogels in keratinization and skin
homeostasis, we investigated the key epidermis maintenance gene
markers (KRT5, KRT10, and KRT14) expression by qRT-PCR after 7 days
of HaCaT culture in differentiation media (DMEM supplemented with 5
mM CaCly) with various formulations. As depicted in Fig. S17(j-1), the
pure DNA gel (=DN) exhibited scanty expression for all the 3 biomarkers
compared to the control, with a significantly high expression for KRT10
(~1.2 fold, ****p < 0.0001) at day 7. Interestingly, we observed a
higher expression profile for KRT5 (>1.2 fold, *p < 0.05), KRT10 (1.5
fold, ****p < 0.0001), and KRT14 (>1.5 fold, ****p < 0.0001) in DNG,
DNGM, and DNGM + NIR groups at day 7. The flow cytometric analysis
further verified that DNGM and DNGM + NIR groups have a higher
number of KRT5" (Fig. S18(a and b)) and KRT14" (Fig. S18(c)) cells at
day 7 after HaCaT differentiation, confirming the bioactive role of
DNGM and mild phototherapy. Taken together, these findings under-
score the remarkable bioactive properties of the DNGM cryogel and
photobiomodulation through MXene@ZIF8 collectively enhanced
HaCaT cell migration, differentiation, and keratinization, which could
be beneficial for wound healing.

2.4. DNGM-induced macrophage reprogramming under mild
phototherapy

Light-responsive hydrogels have been shown to have significant ef-
fects on macrophage polarization [68]. In particular, the low-intensity
NIR light stimulation exerts anti-inflammatory effects by inducing the
activity of M2 macrophage phenotypes and reducing the
pro-inflammatory M1 types [69]. Moreover, it has been shown that
photoactivated hydrogels integrated with MXenes or Zn>* ions can
ameliorate healing by activating the macrophage polarization toward
the M2 phenotype and promote wound healing [70-72]. Consistent with
these reports, we hypothesized that the photoactivated MXene@ZIF8 in
bioactive DNGM cryogel would deploy an anti-inflammatory microen-
vironment during wound healing. Consequently, we tested the RAW
264.7 cell polarization using the fabricated cryogel in response to an
inflammatory agent, lipopolysaccharide (LPS), w/or w/o NIR stimula-
tion. The immunostaining results on LPS-induced RAW 264.7 cells after
24 h of culture exhibited an interesting pattern of pro-inflammatory
(intrinsic nitric oxide synthase or iNOS) and anti-inflammatory (clus-
ter of differentiation-163 or CD163) protein markers expression. As
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shown in Fig. 3(h), the control group (-LPS) cells exhibited negligible
fluorescence for iNOS and CD163, suggesting no polarization state. The
LPS-treated RAW 264.7 cells displayed higher cytoplasmic fluorescence
for iNOS and less fluorescence for CD163, followed by a low intensity of
iNOS and moderate intensity of CD163 for the DN/LPS group. Inter-
estingly, the DNGM/LPS group exhibits a very low amount of iNOS™
cells and higher cytoplasmic fluorescence for CD163, suggesting a shift
towards the M2 phenotype. More interestingly, when the RAW 264.7
cells growing on DNGM/LPS were treated with NIR light, we observed a
negligible fluorescence for iNOS and a significantly higher cytoplasmic
fluorescence for CD163. The characteristic M2 polarization was also
followed by the elongated (=spindle-shaped) fibroblast-like morphology
of RAW 264.7 cells upon NIR stimulation, with a significantly (****p <
0.0001) higher number of spindle-shaped cells in the DNGM + NIR/LPS
group than in other groups (Fig. 3(i)). The statistical analysis of the
immunostaining experiment also suggests that the number of iNOS™
cells gradually decreased when we moved from control to DNGM +
NIR/LPS (Fig. 3(j)). In contrast, the number of CD163™ cells signifi-
cantly (****p < 0.0001) increased after 24 h of in vitro culture (Fig. 3
(k)). To validate this, we additionally performed the effect of
DNGM/LPS and DNGM + NIR/LPS on macrophage polarization up to 14
days of culture. Notably, there was a significant shift in F-actin
morphology (cytoskeleton) from round/oval-shaped to spindle-shaped
(=fibroblastic, typically M2 morphology) when we move from control
(untreated) or LPS-treated to DNGM + NIR/LPS group at day 7 and day
14 (Fig. S19(a)). The percentage of elongated cells were significantly
(****p < 0.0001) increased from control/LPS — DNGM + NIR/LPS
group (Fig. S19(b and c)), suggesting the long-term M2 polarization
potential of the DNGM cryogels. To support this data, we then investi-
gate the intracellular expression level of iNOS and CD163 via immu-
nostaining. Surprisingly, the control groups at day 7 and day 14
expressed a low level of iNOS and CD163 and a high level of cytoplasmic
iNOS expression in LPS-treated cells. More interestingly, the expression
of iNOS was decreased and CD163 expression was gradually increased
when we move from DN/LPS to DNGM + NIR/LPS group, suggesting
that bioactive DNGM with mild phototherapy positively enhanced the
M2 polarization in an immunocompromised environment (Fig. S19(d)).
The statistical analysis also suggested a significantly (****p < 0.0001)
higher number of CD163™ cells in the cryogel-treated groups than
control or LPS groups at day 7 and day 14 (Fig. S19(e and f)).

Next, we then studied the immunoregulatory profile in RAW 264.7
cells by FACS and qRT-PCR. The gating strategies for FACS analysis is
given in Fig. S20. As depicted in Fig. 3(1 and m), the flow cytometry
results suggest that the LPS and DN/LPS-treated samples have mostly
CD86™ (40-80 %), CD68™ (50-90 %), and iNOS™ (45-80 %) cells, while
lesser amount of Arg-1" (20-30 %), CD206™ (30-50 %), and CD163™"
(20-40 %) cells. In contrast, the DNGM/LPS and DNGM -+ NIR/LPS
groups have a higher number of Arg-1" (70-80 %), CD206" (~80 %),
and CD163" (70-80 %) than the control and other groups. The qRT-PCR
study also revealed a similar gene expression pattern for RAW 264.7
cells. The control group LPS-treated group displayed significantly higher
gene expression for iNOS (>5.0 fold, **p < 0.01), followed by a drastic
decrease (< 2-fold, n.s. to control) when we moved from DN/LPS to
DNGM + NIR/LPS groups (Fig. 3(n)). Notably, the expression of the
CD163 gene marker was found to be significantly increased when we
moved from the LPS (< 2-fold, n.s. to control) to DNGM + NIR/LPS
(>6.0 fold, ****p < 0.0001) group (Fig. 3(0)), conferring the suppres-
sion of M1 phenotype and activation of M2 phenotype. Furthermore, the
qRT-PCR results of RAW 264.7 cells at day 7 and day 14 also showed a
remarkable suppression of iNOS gene (<1.0 fold) and significant up-
regulation of CD163 gene (>30.0 fold, ***p < 0.001 and ****p <
0.0001) expression in DNGM + NIR/LPS group, indicating the long-term
M2-polarization potential (Fig. S21(a—d)). The activation of M2 polari-
zation or anti-inflammatory activation was probably due to the activa-
tion of NIR and MXene@Zn?"-induced co-activation of M2 transcription
factors, which later triggered the activation of chemokine ligand-17
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(CCL-17), CCL22, TGFp-1, IL-10 via peroxisome proliferator-activated
receptor (PPAR) and Janus kinase/signal transducers and activators of
transcription (JAK-STAT) signaling and downregulating the tumor ne-
crosis factor-alpha (TNF-a) and IL-1f signaling pathways, thereby pro-
moting wound healing [69,71]. Taken together, our findings suggest
that DNGM mitigates the pro-inflammatory activation of macrophages
via reducing intracellular ROS and the unique cryogel porosity, which
helped in the spreading and differentiation of RAW 264.7 cells towards a
tissue healing phenotype. A schematic illustration showing the DNGM
cryogel-assisted macrophage polarization mechanism with photo-
biomodulation is given in Fig. 3(p). We also tested the hemocompati-
bility of the fabricated cryogels using red blood cells (RBCs). Strikingly,
none of the cryogel samples were found toxic to the RBCs (Fig. 3(q)),
which was characterized by the low hemolysis rate, indicating their
excellent blood biocompatibility.

2.5. Transcriptomic study reveals signature DEGs involved in wound
healing

Based on the outstanding biocompatibility and skin regenerative
properties of the DNGM cryogel under photobiomodulation, we aimed
to investigate the molecular mechanisms underlying the HaCaT cell
proliferation and keratinization using bulk RNA sequencing (RNA-Seq)
analysis. Nevertheless, the excellent biocompatibility of the HaCaT cells
towards DNGM is well-elucidated by proteomic and genomic assays;
however, the exact molecular cues regulating the keratinization and
wound healing are still unknown. To address this, we performed the
RNA-Seq after culturing HaCaT cells in differentiation media containing
cryogels. We selected control, DN, DNGM, and DNGM —+ NIR groups to
uncover the differentially expressed genes (DEGs) after 7 days of culture
in vitro. Initially, we performed the hierarchical clustering and correla-
tion mapping of the DEGs, followed by bioinformatics analysis to find
out key enrichment in various pathways, respectively.

The unbiased and k-means hierarchical clustering results showed a
significant (*p < 0.05) amount of up-regulated DEGs in the DNGM + NIR
group than other groups (Fig. 4(a)). Subsequently, out of a total of 2000
DEGs, the Cluster-C of the DNGM + NIR group exhibited significantly
up-or down-regulated DEGs (gene count: 811, Log2FC, *p < 0.05) than
other groups, suggesting that photobiomodulation through DNGM
significantly up-or down-regulated the HaCaT transcriptome. We also
identified the top genes involved in the wound healing process, cell
differentiation, epidermis development, and ECM remodeling process.
Transcriptomic analysis revealed a total of 84, 16, 45, and 62 genes
significantly up-or down-regulated in HaCaT cells after 7 days of in-
duction through fabricated cryogels (Fig. 4(b-e)). Next, we performed
GSEA to detect subtle yet coordinated changes in DEG expression in the
DNGM + NIR vs. control group from HaCaT transcriptome on day 7. This
was also supported by the scatter plots and Venn diagrams, which show
inter-relationships between the DEGs in various groups. As shown in
Fig. S22(a and b), control vs. DN and control vs. DNGM display no sig-
nificant change in DEG expression. Surprisingly, a significant change in
up- and down-regulated DEGs was found when comparing control and
DNGM + NIR (Fig. S22(c)). More surprisingly, we noticed a highly
significant change in DEG expression with a higher variance (R? > 0.99,
Log2FC) in the DN vs. DNGM + NIR and DNGM vs. DNGM + NIR group
(Fig. S22(d and e)), respectively. We concentrated on finding the over-
lapping DEGs (total up/down-regulated and contra-regulated) in
various groups using the Venn diagram, and the result is shown in
Fig. S23. The statistical analysis reveals a diverse expression pattern of
DEGs in various groups. We found a total of 42 and 49 genes up- and
down-regulated in the control/DN (G-1) group, while 37 and 43 genes
were found up-and down-regulated in the control/DNGM (G-2) group,
respectively. Meanwhile, only 1 and 7 genes were found up- and down-
regulated, with no contra-regulated genes when comparing control/DN
vs. control/DNGM. Similarly, in the control/DNGM + NIR (G3) group,
1095 and 656 genes were found up- and down-regulated, and among



S.D. Dutta et al. Bioactive Materials 57 (2026) 768-790

a Differentially expressed genes (DEGs) in HaCaT cells f KEGG gene ontology (GO)/ Cluster-C DEGs Gene  Ad
& (DNGM + NIR vs. Control) =, pvalue
» & . 50 3.66e-52
RNA & S :
Zscore custers_ & & S zescore Wound healing process o5 275052
w0 ®io Hemostasis ® 100 1.83-52
1 1 Regulation of coagulation process ® I o e3
00 Cluster-A 00 Platelet activation . = @ 150 &
» -05 -05 Regulation of skin cell migration D o @
A =10 Homotypic cell-cell adhesion o 39
ol AR —__  Groups: Positive regulation of wound healing [ ]
= — . A(n=600) Regulation of coagulation (]
ontrol 5 :
B (n=305) Regulation of hemostasis °
DN A Regulation of platelet activation Gene  Adi.
DNGM I (=61} Platelet alpha granule Q ot pvalue
DNGM + NIR Cluster-C D (n=284) Platelet alpha granule lumen L ] 240 211617
Collagen-containing extracellular matrix % 5% 154017
Cell-substrate junction ® 1.02e-17
Focal adhesion (@) @« i 5.14e-18
- Secretory granule lumen |- @ -9 2:8be-35
Cytoplasmic vesicle lumen L ]
Vesicle lumen | @
Endoplasmic reticulum lumen | ®
Endosomal trafficking Gene  Ad.
Integrin binding . count p-value
b Wound healing process (top 84 genes) { o< Cell differentiation (top 16 genes) Diacylglycerol kinase activity . . 10 611600
1 NAD* kinase activity . ® 20 o3
2Z-score: Heparin bonding . ® 30 4.28e-09
o = |: 5 Glycosaminoglycan binding : @« 2.08e-09
o o Sulfur compound binding @
. 0 Growth factor receptor binding L ]
s o] B Collagen binding |- @
. R | Virus receptor binding
S Groups; Groups: Exogenous protein binding
= Control [ Control
o ‘ N 25 50 100 150 200
DNGM i NES (-logqo(p-value)
DNGM * NIR DNGMNR g KEGG_CELL _ KEGG_WNT _ KEGG_EPIDERMIS_ KEGG_
DIFFERENTIATION  RECEPTOR ACTIVITY DEVELOPMENT KERATINIZATION
* = g g g
— — z z: z
7 days b |
| e W — R — N — ]
d Epidermis development (top 45 genes) e ECM remodeling (top 62 genes) igh Low  lign Low  tan Low  ligh Low
S e _——
\ Z-score: [ ] Z-score: h Rank | KEGG link to MSigDB Size NES FDR (< 0.05)
r —— ' R [ I x
1 1 ER] 7
B W
G — R o e 1 KEGG_CELL_DIFFERENTIATION 79 0.80844 4.94 x 10
- o 0
} _= 05 05 3¢ 2 KEGG_WNT_RECEPTOR_ACTIVITY 30 042813 291 x10°
! —— | : 1 &
= 3 KEGG_KERATINOCYTE MIGRATION 21 0.25444 4.45 x 1015
{ ‘,' ——— GrOUDS: ﬁ Groups:
% - Control B | conrol
= — DN ‘ o ; . DN Rank | KEGG link to MSigDB Size NES FDR (< 0.05)
I § ONGM = " DNGM 4 = 5
pr— ¥
S | NGM + NIR f - DNGM + NIR z g 1 KEGG_EPIDERMIS_DEVELOPMENT 46 0.74797 2.77 x 10
c —
— = = F ———— 3 e 4 KEGG_KERATINIZATION 32 0.48322 1.36 x 101%
" — [ —_— 24
e [=}
 — e e — 3 KEGG_HIPPO_SIGNALING 1 0.43292 1.68 x 1012
7 days 7 days
1 DNGM + NIR k
] 20
2 b
2 e
F: 8 8
J S —% o1
= £ a00] Zme §2
3 o 23
T E 200 sg'
5 P %
S + 85
z ‘ S§
Exp. groups (24h) 855
z
i Control Zn?' chelator DNGM DNGM + NIR (n=10) € _‘4 ‘1 -ﬁ
1504 T T
KRT5 KRT6 KRT14
g (Migration & keratinization genes)
4 [ control [_Jonem
z & 100 ~ [ zn?* chelator [II] DNGM + NIR
8 3 s B ove
2 . |
g ZIF8 Mild NIR therapy
E 504 release
a ® o
< a 3
g
g & e«
= 6 DNGM
0] - D
z S <“‘° o° oiﬁ@i‘\& % N - =
o = N
. e - = < Skin  Keratinocyte Wound
o el =l wound migration healing

Fig. 4. Transcriptomic analysis of HaCaT cells shows upregulation in the wound healing process. (a) Heatmaps of the differentially expressed genes (DEGs) and k-
means clustering results of HaCaT cells in various groups after 7 days of treatment. (b) KEGG gene ontology (GO) analysis of DEGs in Cluster-C showing the
enrichment in various processes when compared between DNGM + NIR vs. Control group after 7 days of treatment. (c-f) Heatmaps of the top DEGs in HaCaT cells
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them, 20 and 14 genes were found co-expressed when compared with
the control/DN group, and only 1 gene was found to be contra-
regulated. Notably, among the 20 up-regulated DEGs highly up-
regulated in the DNGM + NIR group were mostly the nuclear tran-
scription factors, and two of them were identified as zinc-binding pro-
teins, ie., Znf648 and Znf789, which were previously known as
activation of Zn?" ions for cell proliferation, adhesion, and cytoskeletal
remodeling [73]. Next, we compared the DEG expression between
control/DNGM and control/DNGM + NIR groups, revealing a
co-expression of 35 and 14 up-and-down-regulated genes with no
contra-regulated genes. Strikingly, when we compared co-expression
and co-regulatory DEGs in G-1, G-2, and G-3, we found significant
up-regulation of 6 genes with no down- and contra-regulated genes. Out
of the 6 identified genes, 3 genes, i.e., Znf648, Znf566, and Znf620, were
found to be associated with Zn?>" uptake events.

The gene ontology (GO) and gene sets enrichment analysis (GSEA) in
DNGM + NIR vs. control of the Cluster-C DEGs (811 genes) from HaCaT
cells at day 7 revealed the enrichment of several enrichment terms
associated with keratinization and wound healing (Fig. 4(f)). In partic-
ular, terms such as ‘wound healing process’ (gene count: 175) and ‘regu-
lation of skin cell migration’ (gene count: 125) were found to be highly
enriched in biological process (BP), while a higher enrichment was
found for ‘collagen-containing extracellular matrix’ (gene count: 50), ‘cell-
substrate junction’ (gene count: 40), and ‘focal adhesion’ (gene count: 32)
terms in cellular component (CC), respectively. Similarly, in molecular
function (MF), several terms, such as ‘integrin binding’ (gene count: 48),
‘glycosaminoglycan binding’ (gene count: 30), and ‘collagen binding’ (gene
count: 19), were found significantly enriched in DNGM + NIR group,
suggesting its positive role in wound healing. The individual DEGs
involved in BP, CC, and MF are represented as a Cnet plot, and the data is
shown in Fig. S24-26. More interestingly, the KEGG pathway enrich-
ment result of the DNGM + NIR vs. control group showed higher
enrichment for 4 key pathways, ie., Rapl signaling (P-1), hippo
signaling (P-2), focal adhesion (P-3), and ECM-receptor signaling (P-4)
pathways (Figs. S27-30) as predicted through Pathview tool. The
significantly (*p < 0.05) up-regulated genes in P-1, P-2, P-3, and P-4
were identified as Vav2, Wnt10b, Yapl, MLC1, and CD36, respectively.
An in-depth text and data mining through bioinformatics tools revealed
that these genes play a positive role in hemostasis, cell migration and
invasion, skin cell proliferation, keratinization, reducing inflammation,
hair follicle promotion, and wound healing [74,75]. To validate this, we
performed a qRT-PCR analysis of the above-mentioned genes in HaCaT
cells after 7 days of culture in vitro. As depicted in Fig. S31, the mRNA
expression profile was found higher for DNGM, with a significantly
higher expression for Vav2 (>2.0 fold, **p < 0.01), Wnt10b (>15.0 fold,
**x%p < 0.0001), Yap1 (>20.0 fold, ****p < 0.0001), MLC1 (>3.0 fold,
***p < 0.001), and CD36 (>3.0 fold, ****p < 0.0001) in DNGM + NIR
group than control and other groups, conferring that photo-
biomodulation through DNGM triggers cell adhesion, proliferation, and
differentiation of HaCaT cells towards wound healing.

Furthermore, a GSEA linked to molecular signature database
(MSigDB) and principal component analysis (PCA) was carried out to
identify the hallmark gene sets and gene variance In various groups from
HaCaT transcriptome at day 7 using GSEA (v4.3.3) web-based tool and
ggplot2 (RStudio, v2024). As shown in Fig. 4(g and h), the top four
hallmarks were identified according to their rank, gene size, normalized
enrichment score (NES), and false discovery rate (FDR) < 0.05,
respectively. In particular, we found the highest score for ‘cell differen-
tiation’ (NES: 0.80844), ‘Wnt receptor activity’ (NES: 0.42813), and
‘keratinocyte migration’ (NES: 0.25444) when comparing DNGM + NIR
vs. the control group. More interestingly, the top 3 ranked terms, such as
‘epidermis development’ (NES: 0.74797), ‘keratinization’ (NES: 0.60322),
and ‘Hippo signaling (NES: 0.43292), were observed in MSigDB,
underscoring the significant role of DNGM and photobiomodulation in
keratinization and wound healing. To support these findings, we then
concentrated on evaluating the over-representation analysis (ORA) of
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the gene sets in the DNGM + NIR vs. control group using g:Profiler
linked with the Ensembl database. The gene sets were cumulatively
compared based on GO, KEGG, Reactome (REAC), and human protein
atlas (HPA) databases. As shown in Fig. S32, the genes (=DEGs) that are
highly expressed in DNGM + NIR group showed significantly higher
(-Logi1o(p)) enrichment in 3590 GO pathways, including cell surface
protein binding (2 genes), regulatory RNA binding (18 genes), Zn>** ion
binding (7 genes), cell morphogenesis (22 genes), epidermis develop-
ment (27 genes), growth factor secretion (37 genes), skin cell differen-
tiation (28 genes), keratinization (38 genes), and cellular response to
biomechanical stimuli (31 genes), respectively. Similarly, the KEGG
identified significant enrichment in glycoprotein complex formation (53
genes) and TGF-beta-Akt signaling (57 genes), while the REAC and HPA
chiefly identified protein metabolism (206), DNA binding (70), fibro-
blast maturation (22), and skin gland formation (58)-related terms at
day 7. These results envisioned the skin regenerative and wound healing
capabilities of the DNGM cryogel under photobiomodulation.

The PCA plot shows that the DNGM + NIR group showed the highest
variance in DEGs expression and clustered separately from the control
group (Fig. S33(a)) while closely associated with the DN and DNGM
groups, suggesting that DNA and MXene@ZIF8 containing cryogels with
NIR stimulation has a positive effect on HaCaT transcriptome. The
signature up-regulated DEGs associated with wound healing (Adra2c,
Cd36, Fgfl, Gnal2, Gp6, Fnl, Hsp6, Mpig6b, Slc7all, and TIr4), kerati-
nization (Mfab, Krtl, Krt5, Krt10, Krt14, Flg, Dsg4, and Krt77), and
angiogenesis (Aggfl, Efnb2, Hoxa7, Micalll, Adgra2, Adm2, Efnb1, Egf,
Epgn, Pik3r3, and Tmem201) are also identified and their expression
profiles (Log2FC, *p < 0.05) are shown in Fig. S33(b-d). Moreover, the
multidimensional PCA revealed notable findings related to ECM
remodeling for the DNGM + NIR group. As depicted in Fig. S34, we
observed higher enrichment for several terms, including ‘animal organ
morphogenesis’ (p = 2e-08), ‘focal adhesion’ (p = 5e-04), ‘cell-substrate
junction’ (p = 4e-04), ‘zinc ion binding’ (p = 4e-05) in KEGG (Fig. S34
(a—c)), while ‘TGFb signaling’ (p = 3e-01), ‘PI3K-Akt-mTOR signaling’ (p
= 3e-02), ‘Wnt signaling’ (p = 5e-01), and ‘hair follicle development:
cytodifferentiation signaling’ (p = 2e-01) in Wiki pathways (Fig. S34(d)),
which confirms our clustering, GSEA, and qRT-PCR data.

To justify the effect of Zn?* and/or Znf proteins in keratinization and
wound healing, we further performed a chelation and knockdown ex-
periments using HaCaT cells. The chelation experiment was performed
using diethylenetriaminepentaacetic acid (DETPA, 100 pM), followed
by Transwell™ migration and ICC/qRT-PCR validation, while the
knockdown experiment was conducted using miR-Znf648, respectively.
As depicted in Fig. 4(i), the DETPA significantly (****p < 0.0001) hin-
dered the HaCaT cell migration after 24 h than control. Besides, a
remarkable increased in the migrated HaCaT colonies were observed in
DNGM and DNGM + NIR-treated groups, conferring the role of released
Zn?* ions in cell migration. This was well-supported by the intracellular
KRT14 expression in HaCaT cells at day 7 (Fig. 4(j)). Compared to the
control group, the DEPTA group exhibited significant (****p < 0.0001)
reduction in KRT14 expression, while a significantly (****p < 0.0001)
higher expression was spotted for DNGM and DNGM + NIR groups.
More interestingly, the mRNA expression for KRT5 (>10.0 fold), KRT6
(>8.0 fold), and KRT14 (>12.0 fold) were significantly increased
compared to the DETPA group, suggesting that Zn?>* treatment and
transport through DNGM is crucial for HaCaT cell migration and kera-
tinization. Furthermore, the qRT-PCR results also demonstrate that miR-
Znf648 treatment markedly suppressed the expression of keratinocyte
markers KRT5, KRT6, and KRT14, indicating its inhibitory role in ker-
atinocyte differentiation (Fig. S35(a)). In contrast, DNGM and particu-
larly DNGM + NIR groups significantly upregulated these markers,
highlighting that the cryogel system can override miR-Znf648-mediated
suppression and strongly promote epidermal regeneration. This was also
reflected in the 3D angiogenesis experiment of HUVECs in vitro. As
indicated in Fig. S35(b), the HUVECs grown on Matrigel control showed
numerous sprouts, while the DETPA-treated groups exhibited impaired
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sprouting after 24 h. A significant (****p < 0.0001) increase in sprouts
number was observed in DNGM and DNGM + NIR groups after 24 h,
suggesting that Zn?" is pivotal for angiogenesis of HUVECs [76]. Taken
together, these findings envision that DNGM cryogel has a positive effect
on keratinization, angiogenesis, wound ECM remodeling, inducing
secretion, reducing inflammation, promoting hair follicle/gland for-
mation, and photobiomodulation through DNGM  synergistically
elevated the wound healing process by inducing zinc-binding proteins
(e.g., Znf) through MXene@ZIF8 and thereby restoring skin function.

Bioactive Materials 57 (2026) 768-790
2.6. In vivo biosafety analysis of the fabricated cryogels

The in vivo biosafety evaluation of the fabricated cryogels was sys-
tematically assessed using biodistribution, biodegradation, histopa-
thology, and hematological parameters (Fig. 5). Whole body
fluorescence imaging revealed a time-dependent biodistribution pattern
of MXene and MXene@ZIF8 following administration (Fig. 5(a)).
Initially, strong signals were observed within the first 1-8 h, which
gradually decreased over 48 h, indicating effective systemic clearance.
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Fig. 5. In vivo biosafety analysis of the fabricated cryogels. (a) In vivo biodistribution analysis of the MXene and MXene@ZIF8 at indicated time points. (b, ¢)
Statistical analysis of the relative fluorescence unit (RFU) in various organs at indicated time points. (d) Biodistribution of MXene and MXene@ZIF8 in major organs
(heart, lung, kidney, spleen, and liver) after 24 h of administration. (e) In vivo biodegradation of the fabricated cryogels up to 21 days. Each cryogel was loaded with
0.01 mg/mL FITC for IVIS analysis. (f) Digital photographs of the rats showing the skin irritant toxicity in the presence of fabricated cryogel samples at indicated time

points. 1- chloro-2, 4-dinitrobenzene (CDNB) was used as a positive control for inducing skin allergy (white arrowhead). (g) H&E staining results showing

the

histology of major organs after 21 days of cryogel implantation. Scale bar: 200 pm. (h) Blood biochemistry analysis of the rats after treated with various formulations
at day 21. Grey lines represent the clinical range for each components. Data reported as mean + s.d. of replicated experiments, statistical significance was considered

***p < 0.001 (One-way ANOVA with Tukey’s HSD post-hoc test).
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Quantitative analysis demonstrated that the liver and spleen were the
primary accumulation sites, consistent with reticuloendothelial system
uptake (Fig. 5(b, c)). Importantly, MXene@ZIF8 exhibited faster clear-
ance and reduced retention compared to bare MXene, suggesting that
the ZIF8 coating improved biocompatibility and excretion kinetics.
Furthermore, ex vivo organ fluorescence imaging at 24 h further
confirmed minimal residual accumulation of MXene@ZIF8 relative to
unmodified MXene (Fig. 5(d)). The IVIS imaging of fluorescein iso-
thiocyanate (FITC)-labeled cryogels demonstrated gradual signal
decline, confirming progressive biodegradation in vivo up to 21 days
(Fig. 5(e)). The fluorescence intensity notably diminished after day 14,
and almost complete disappearance was observed by day 21, indicating
that the cryogels were biodegradable within a physiologically relevant
timeframe. Such degradation kinetics are advantageous for wound
healing or tissue engineering applications, as they minimize long-term
foreign body response.

To assess irritant effects, the cryogels were subcutaneously implan-
ted and monitored up to 72 h (Fig. 5(f) and Table S3). Unlike the CDNB
positive control, which induced visible allergic erythema, no apparent
redness, swelling, or ulceration was observed in cryogel-treated animals.
This absence of skin irritation highlights the material’s compatibility for
local application. H&E staining of major organs (heart, lung, kidney,
spleen, liver) after 21 days showed normal histomorphology with no
necrosis, inflammatory infiltrates, or structural abnormalities in the
cryogel-treated groups compared to the control (Fig. 5(g)). This further
supports the systemic biosafety of the materials. Blood biochemistry at
day 21 revealed no significant differences in WBC, RBC, HGB, PLT, MCV,
MCH, or HCT values between the treated and control groups (Fig. 5(h)).
This absence of hematological abnormalities confirms that the cryogels
did not induce systemic toxicity or impair hematopoietic function. These
results collectively demonstrate that the MXene@ZIF8-incorporated
cryogels exhibit favorable in vivo biosafety, with efficient clearance,
biodegradability, absence of skin irritation, preserved organ histology,
and stable hematological indices. Such profiles position them as prom-
ising candidates for safe biomedical applications.

2.7. Infection-free and scarless wound healing programmed by DNGM
cryogel under photobiomodulation

Inspired by the promising biocompatibility, photothermal property,
antibacterial efficacy, skin regenerative capability, and ECM mimicking
nature of the DNGM cryogel, we aimed to investigate the in vivo thera-
peutic potential using a mice subcutaneous infected wound model. The
timeline of the wound treatment procedure and analysis is shown in
Fig. 6(a). The mice were divided into five random groups: control (no
cryogel, n = 10), DN (n = 10), DNG (n = 10), DNGM (n = 10), and
DNGM + NIR (n = 10) groups, respectively. The macroscopic wound
healing was monitored for up to 21 days, and the histological stainings
were conducted on day 7 and day 14, as the subcutaneous wound heals
typically between 10 and 14 days, followed by complete skin re-
epithelialization and ECM remodeling by 21 days. Therefore, the
regenerative potential was assessed using ICC and qRT-PCR after 14 and
21 days of cryogel implantation. The bacterial inoculation (MRSA, 10
HL, 1 x 10® CFU mL ™) was performed on day 0 after cryogel treatment,
and the NIR stimulation (808 nm, 1.0 W cm2) was performed every
other day. Subsequently, the Zn?* ion release from the cryogel to wound
tissue was also monitored using ICP-OES. As shown in Fig. 6(b), the
DNGM cryogel sufficiently produced heat in the wound area, while the
control group exhibited no change in temperature in the wound bed,
suggesting that the photothermal heat production was mainly due to the
incorporated photo-modulating agent, i.e., MXene@ZIF8 [23,29,41,77].
The time-dependent change in temperature rise is shown in Fig. 6(c).
Notably, the Zn" release profile showed that the DNGM + NIR group
released more Zn?" than the DNGM group, suggesting that mild pho-
totherapy through DNGM cryogel can effectively deliver Zn?*, acti-
vating intracellular Znf proteins. The greater release of Zn?>* under NIR
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will also benefit from higher antibacterial performance. The slow release
of Zn?* from the pure DNGM would be due to the shrinkage of the
cryogel inside the wound due to body temperature. We observed a
remarkable decrease in MRSA colonies following DNGM application
with no visible colony for the DNGM + NIR group, underscoring that
NIR stimulation through DNGM cryogel significantly (****p < 0.0001)
inhibited the MRSA growth (Fig. 6(e and f)). Moreover, this was also
reflected in long-term antibacterial performance of the DNGM cryogel.
As shown in Fig. S36, both DNGM and DNGM + NIR groups exhibited
superior bactericidal effects against MRSA compared to the control
group up to 21 days of in vivo implantation, suggesting their therapeutic
efficacy.

The macroscopic wound healing results show the promising ECM
mimicking and infection-free skin regeneration potential of the fabri-
cated DNGM cryogel after 21 days of treatment. As depicted in Fig. 6(g),
the control group exhibited a lesser area of healing compared to the
cryogel treatment. Interestingly, the DN, DNG, and DNGM reflected a
certain degree of wound healing on day 21. By contrast, the DNGM
group showed superior wound closure ability, and NIR stimulation
through DNGM significantly healed the wound at day 21. The statistical
analysis of wound closure rate is given in Fig. 6(h). After observing the
time-dependent wound area and statistical analysis, we concluded that
the DNGM + NIR group had the greatest wound healing effect on mice
subcutaneous wound model owing to the presence of antioxidative
polymers, MXene@ZIF8 nanostructure, and light stimulation [45,65,72,
78]. The wound closure rates for the control, DN, DNG, DNGM, and
DNGM + NIR groups were calculated to be 60.55 + 3.1 %, 78.64 + 3.8
%, 79.11 + 2.95 %, 83.62 + 1.18 %, and 94.85 + 2.47 %, respectively.
To inspect the microscopic wound healing and inflammation, we per-
formed histological stainings and immunocytochemistry of the wound
tissue on day 14. The hematoxylin and eosin (H&E) staining results
indicate the native skin-like regenerated tissue in DNGM and DNGM +
NIR groups than control and other treatment groups (Fig. 6(i)). The
control group displayed a lesser amount of epidermis formation after 14
days. Strikingly, the formation of the thick epidermis and granulation
tissue was observed with no visible inflammatory or foreign body giant
(FBG) cells at or near the wound area, suggesting the bioactive and
regenerative role of DNGM cryogel under photobiomodulation. We then
examined the potential of the fabricated cryogel on matrix deposition
and collagen formation by Massion’s trichrome (MT) staining. The MT
staining showed the presence of collagen fibers (deep blue), muscle fi-
bers (red), and blood cells (light red), as illustrated in Fig. 6(j). The
control groups showed loose and disorganized collagen bundles scat-
tered through the dermis region, which could probably be due to
bleeding or infection. Notably, the cryogel-treated wound tissues dis-
played more ordered and well-organized collagen fibers with deep blue
staining, followed by activated myofibroblasts and neoangiogenesis at
day 14. The magnified images of the MT staining at the scaffold-wound
interface are given in Fig. S37. The DNGM + NIR group additionally
exhibited thick bundles of collagen fibers with ordered structures,
whereas the DN and control group exhibited dense and disorderly ar-
ranged collagen fibers. It has been known that excessive and irregular
collagen deposition in the wound bed may cause hypertrophic scar
formation owing to the activity of pro-inflammatory macrophages,
infection, and ECM mechanical forces, leading to improper skin regen-
eration [4,79]. In this context, the excessive collagen deposition, as
characterized by the dark blue color in the DN group, suggests an in-
duction of hypertrophic scarring. Meanwhile, the DNG, DNGM, and
DNGM + NIR groups exhibited less scarring and proper collagen depo-
sition, closely mimicking the native skin. The scar tissue thickness and
fibrosis index for control, DN, DNG, DNGM, and DNGM + NIR groups
are shown in Fig. S38. The statistical analysis of microscopic wound
healing suggests that DNGM + NIR group mice had significantly less
immature tissue with a thicker epidermis than the control and other
groups (Fig. 6(m and n)). Moreover, the granulation tissue width, newly
formed blood vessels, and hair follicles were found to be significantly
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Fig. 6. In vivo wound healing analysis of the fabricated cryogel scaffolds. (a) Schematic illustration of the wound healing timeline adopted in this study. (b)
Representative thermal images of the DNGM cryogel after implantation in rat subcutaneous wound model when irradiated with 808 nm NIR light (1.0 W em ™2, 10
min). (c) Representative temperature rise profile of the DNGM cryogel as a function of time. (d) The Zn>" release profile from the DNGM cryogel w/or w/o NIR
irradiation at wound tissue at indicated time points. (e) Digital photographs of the MRSA colony isolated from the wound bed after irradiating with NIR (1.0 W cm ™2,
10 min) on day 3. (f) Statistical analysis of the colony formation test. (g) Digital photographs of the macroscopic wound healing with the corresponding wound area
in various groups. Scale bar: 5 mm. (h) Statistical analysis for % of macroscopic wound closure at indicated time points (n = 3 each). (i, j) Representative H&E and
Trichrome staining images of the wound bed showing the microscopic wound healing potential of the fabricated cryogels at day 14. Scale bar: 100 pm, 200 pm, and
0.5 mm. (k, 1) Inmunostaining images of the wound tissue showing the expression of pro-inflammatory (iNOS) and anti-inflammatory (CD163) markers expression in
control and DNGM + NIR groups at day 14 (n = 5 each). Scale bar: 200 pm. (m-r) Statistical analysis of the microscopic wound healing parameters (immature tissue
thickness, epidermis thickness, granulation tissue width, no. of new blood vessels, hair follicles, and collagen fraction volume) at day 14 (n = 5 each). Data reported
as mean =+ s.d. of replicated experiments, statistical significance was considered at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (One-way ANOVA
f‘()llowed by Tukey’s HSD post-hoc test).
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Fig. 7. Immunostaining results of myofibroblasts and fibroblast-specific biomarkers after cryogel implantation in vivo. (a) Schematic illustration of the experimental
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higher with greater collagen volume fraction in the DNGM + NIR group
than the control at day 14 (Fig. 6(o-r)), deciphering its superior wound
healing potential. The DNGM + NIR groups exhibited significantly
(****p < 0.0001) higher amount of microvessel (CD105 expression) at
day 14 than control (Fig. S39(a and b)), suggesting its potential for
inducing neoangiogenesis.

Inflammation plays a pivotal role in chronic wound healing, and
anti-inflammation regulation through immunomodulatory hydrogels is
of great clinical interest. Moreover, 2D nanomaterials, such as MXene
and its nanocomposites, have gained enormous attention in biomedical
engineering owing to their ROS attenuating, robust antibacterial, and
anti-inflammatory properties, which could be beneficial for treating
infected wounds [80]. Furthermore, it has been shown that light stim-
ulation can also ameliorate tissue healing by activating the M2 polari-
zation of macrophages [69]. Therefore, to investigate the level of
inflammation, we stain the wound beds using M1 (iNOS) and
M2-polarization (CD163) specific markers at day 14. As expected, the
control group exhibited higher expression of iNOS™ cells with signifi-
cantly (**p < 0.01) low expression of CD163" cells, suggesting acute
inflammatory response due to lack of biomaterials (Fig. 6(k)). Strikingly,
the DNGM + NIR group showed less fluorescence for iNOS and a
significantly (***p < 0.001) higher expression of CD163 (Fig. 6(1)),
suggesting the activation of pro-healing macrophages at or near the
wound bed. This was also verified by performing qRT-PCR of the
inflammation-related gene markers (iNOS, TNF-a, CD163, and IL-10)
expression at day 14 and day 21, and the results are shown in Fig. S40.
The significantly higher expression of CD163 (>10.0 fold, ****p <
0.0001) and IL-10 (>20.0 fold, ****p < 0.0001) markers with a low
TNF-a (<2.0 fold, ***p < 0.001) expression confirmed the
anti-inflammatory activation of macrophages. Taken together, these
findings envisioned the promising role of DNGM cryogel in attenuating
inflammation and tissue repair by photobiomodulation.

2.8. Mechanisms of cryogel-guided wound healing

To explore the mechanisms of DNGM cryogel and
photobiomodulation-assisted wound healing in mice subcutaneous
wound model, the skin cells’ proliferation, myofibroblast activity, and
keratinization potential were investigated using cytochemistry and qRT-
PCR analysis after 14- and 21-days post-implantation. Moreover, the
regulatory potential of Zn?* release in skin re-epithelialization and
angiogenesis was also assessed by investigating the expression profile of
matrix metalloproteinase-9 (Mmp9) and tissue inhibitor of
metalloproteinase-1 (Timpl), respectively. Fig. 7(a, b) schematically
shows the wound healing events and experimental details adopted in
this study. The pre-clinical reports highlighted that photobiomodulation
(e.g., visible and NIR) through therapeutic hydrogel ameliorates wound
healing via regulating cell proliferation, ECM deposition, and alleviating
inflammation [81]. Therefore, we hypothesize that the controlled de-
livery of Zn?>" from MXene@ZIF8 containing hydrogel would promote
robust and scarless wound healing under mild NIR stimulation.

As expected, the control group displayed less staining intensity for
a-smooth muscle actinin (a-SMA) near the dermis region on day 14,
indicating no obvious myofibroblast community. Notably, the density of
the myofibroblast community was found to increase in control group at
day 21. Also, the DN, DNG, and DNGM groups indicated a slight amount
of a-SMA fluorescence at day 7, suggesting the accumulation of myofi-
broblast. Interestingly, at day 21, except DNGM and DNGM + NIR
groups, the control, DN, and DNG groups displayed traces of myofi-
broblast, which was characterized by an intense green color for a-SMA
(Fig. 7(c)). The statistical analysis shows that the a-SMA™ staining area
was significantly (**p < 0.01) reduced in the DNGM and DNGM + NIR
groups than in other groups, suggesting a complete healing without any
scarring. This was also reflected in the change in mechanical strength of
the wound tissue at day 21. As depicted in Fig. 7(d), the tensile strength
of the control group was calculated to be 109.83 + 6.49 N mm 2.
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Notably, a remarkable increase in skin tensile strength was observed in
DNGM (312.55 + 10.62 N mrn_z, ****p < 0.0001) and DNGM + NIR
(325.94 + 20.29 N mm’z, *xx%p < 0.0001) groups than DN (170.34 +
8.46 N mm™2) and DNG (189.33 + 15.46 N mm2) groups suggesting
the positive role of DNGM in regulating skin elasticity and wound
healing.

Similarly, the fluorescence of desmin (Des) was found to be lower in
the DNGM + NIR group compared to the other groups (Fig. 7(e)). On day
14, the Des was found to express mostly in the dermis region in all the
groups. However, at day 21, more Des™ cells were observed in the
dermis and the wound area for DN and DNG with a significantly lower
Des" cells for DNGM + NIR group, further disclosing greater wound
contraction after photobiomodulation. The statistical analysis shows
that the Des™ staining area was significantly lower in the DNGM + NIR
group (****p < 0.0001) at day 14 with significantly less expression
found at day 21 for DNGM (****p < 0.0001) and DNGM + NIR (****p <
0.0001) than control, DN, and DNG groups, respectively (Fig. 7(f and
g)). Studies have shown that vimentin plays a significant role in coor-
dinating various activities during wound healing. In particular, during
skin injury, vimentin is expressed in the dermis and secreted from
fibroblast cells, which initiates the Tgf-p1/Slug signaling pathway and
helps in the transdifferentiation of keratinocytes, followed by collagen
matrix formation and wound healing [82]. To explore whether the
DNGM cryogel regulates the epithelial-mesenchymal transition (EMT),
we performed immunostaining of the wound bed against vimentin, and
the results are shown in Fig. 7(h). Surprisingly, after 14- and 21 days
post-implantation, all the groups were shown to have vimentin™ cells in
the dermis region with significantly higher staining for DNGM and
DNGM + NIR groups than the control. In particular, the vimentin™ cells
were found in both the dermis and epidermis region in the DNGM + NIR
group. The quantification analysis underscores the significantly (****p
< 0.0001) higher staining area for both DNGM and DNGM —+ NIR groups
(Fig. 7(i and j)), conferring keratinocytes’ transdifferentiation and EMT
during skin remodeling.

Wnt/p-catenin plays a significant role wound healing and hair fol-
licle (HF) development [83]. Studies have shown that during wound
remodeling, Wnt10b is highly expressed in the hair follicle stem cells
(HFSCs) through the Wnt/It is well known that cytokeratin, including
Krt5 and Krt10, play a crucial role in wound healing by activating the
proliferation and migration of keratinocytes during the early stage of the
process. In contrast, Krtl4 is putatively expressed in the epidermis
during the later phase of wound healing, primarily activated through
Tgf-p1 signaling pathways [84] Similarly, fibronectin (Fbn), a type of
ECM protein that is highly expressed in dermal fibroblasts during
chronic injury, restores the dermis by inducing hemostasis, facilitating
cell migration, promoting growth factor secretion (e.g., Fgf, Vegf),
encouraging keratinocyte proliferation, inducing myofibroblast differ-
entiation, and recruiting immune cells [85] To explore this, we studied
the expression profiles of Fbn, CollA, Krt5, Krt10, and Krt14 using im-
munostaining and qRT-PCR at days 14 and 21. As shown in Fig. 8(a and
b), all the biomarkers were highly expressed in the DNGM + NIR group,
suggesting that DNGM cryogel has the potential to modulate skin
re-epithelialization and ECM remodeling. In contrast, the expression of
these biomarkers was lowest in the control and other groups. Notably, in
the DNGM + NIR group, CollA was highly expressed throughout the
wound bed on day 14, while its expression decreased on day 21, indi-
cating that DNGM cryogel under NIR light stimulation regulates ECM
deposition and helps prevent scarring. The qRT-PCR results positively
correlate with the immunostaining data. The expression of Fbn (>15.0
fold) and ColIA (>20.0 fold) gene markers was significantly higher
(****p < 0.0001) in the DNGM + NIR group compared to the others on
day 21 (Fig. 8(c and d)). Similarly, the highest expressions of Krt5 (>5.0
fold, ****p < 0.0001) and Krt14 (>20.0 fold, ****p < 0.0001) were
observed in the DNGM + NIR group compared to the remaining four
groups (Fig. 8(e and f)), indicating skin re-epithelialization and robust
wound healing.
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Fig. 8. The mechanistic approach of DNGM cryogel-assisted wound healing. (a, b) Immunostaining results of the various wound healing markers (FBN, COL1A,
KRT5, KRT10, and KRT14) after 14 and 21 days of cryogel implantation in vivo. Scale bar: 500 pm. (c—f) gRT-PCR analysis of the epidermal (Krt5 and Krt14) and
dermal (Fbn and Col1A) wound healing markers expression at day 21 (n = 3 each). (g) Statistical analysis of hair follicle (HF) number in various groups at day 21 (n
= 5 each). (h) qRT-PCR analysis of Wnt10b gene marker at day 21 (n = 3 each). (i, j) QRT-PCR results showing the expression of Mmp9 and Timp1 gene markers at day
21 (n = 3 each). (k) Schematic illustration of the mechanisms of infection-free and scarless wound healing programmed by DNGM under photobiomodulation. Data

reported as mean =+ s.d. of replicated experiments, statistical significance was considered at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (One-way

ANOVA followed by Tukey’s HSD post-hoc test).

Wnt/f-catenin plays a significant role in p-catenin signaling pathway
and indirectly by keratinocytes, facilitating robust HF generation at the
later stage of wound healing [75,86]. To explore whether the DNGM
cryogel can induce HF development, we studied hair neogenesis by
counting the hair follicles and gene expression of Wnt10b at day 21. As
expected, the DNGM induced the HF formation with a significantly
(****p < 0.0001) higher number after NIR stimulation at day 21 (Fig. 8
(g)), suggesting that mechanotransduction through DNGM cryogel
up-regulated the Wnt/B-catenin signaling pathway in HFSCs. In
contrast, the control, DN, and DNG groups displayed a lesser amount of
HF development on day 21. To validate this, we then checked the mRNA
expression profile of the Wnt10b gene, which was previously shown to
up-regulate in bulk RNA-Seq. Surprisingly, the DNGM + NIR group
showed a significantly higher expression of Wnt10b (>10.0 fold, ****p
< 0.0001) gene marker than others (Fig. 8(h)), concurrently supporting
the RNA-Seq data and the underlying cause of the HF induction through
DNGM cryogel and photobiomodulation.

The excess ECM deposition often leads to fibrosis, which can be
caused by the hypoactivity of various metalloproteinases, such as
Mmp9. It has been shown that Zn?" activates the proteolytic function
and subsequent expression of Mmp9 to cleave excess ECM formation in
the wound area, thereby controlling the matrix remodeling [87]. Timp1,
a tissue inhibitor of Mmp1, is also highly expressed in the later stage of
wound healing to attenuate inflammatory pain and ROS burden in skin
cells [88]. As stated previously, DNGM cryogel accelerates scarless
wound healing; therefore, it is essential to find out the activity of
Mmp9/Timp1l during biomaterial-assisted wound healing. As depicted
in Fig. 8(i and j), the gene expression of Mmp9 was found to be signifi-
cantly decreased as we moved from DN to DNGM -+ NIR group, while the
expression of Timp1 was found to be up-regulated in DNGM + NIR group
than others at day 21 which would probably be due to the release of
Zn%" ions from the DNGM, suggesting that DNGM -+ NIR group is best
for promoting scarless wound healing among all samples. These results
collectively indicate the promising role of DNGM cryogel in eradicating
pathogenic infection and maximizing wound healing during chronic
injury via inducing ECM formation, anti-inflammation, keratinocyte
migration, neoangiogenesis, and HF induction (Fig. 8(k)).

3. Conclusion

In summary, we presented an innovative strategy to develop a pro-
grammable phototherapeutic DNA cryogel integrating plasmonic MXe-
ne@ZIF8 as a photosensitizer for wound healing through bacterial
eradication, reduced inflammation, enhanced keratinocyte activity, and
tissue regeneration, presenting a multifunctional, biocompatible dres-
sing suitable for advanced wound care in clinical settings. Inspired by
nature, the unique morphology of the DNGM cryogel mimics the native
skin epidermis and exhibits superior bactericidal performance against
pathogenic bacteria under mild phototherapy while reducing ROS
burden and promoting skin regeneration. Moreover, the incorporation
of MXene@ZIF8 enhanced the mechanical and viscoelastic performance
of the DNA cryogel. The in vitro and in vivo results suggest the superior
bioactivity of the DNGM cryogel as it showed excellent cell infiltration
and keratinization and displayed robust anti-inflammatory (pro-heal-
ing) properties, setting a solid foundation for scarless wound healing.
The transcriptomic study further discloses that the release of Zn?* from
the MXene@ZIF8 under photobiomodulation (1.0 W cm~2, 10 min, 808
nm wavelength) augments the up-regulation of mechanotransduction
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and cellular zinc metabolic events, conferring skin re-epithelialization,
keratinocyte differentiation, ECM remodeling, and elevated neoangio-
genesis. In vivo examination in an MRSA-infected wound model showed
remarkable improvement in bactericidal activity, granulation tissue,
neoangiogenesis, and HF development, underscoring the superior ther-
apeutic efficacy of the DNGM cryogel under photobiomodulation.
Altogether, the present study provides an innovative strategy for tissue
healing and regeneration, which could be beneficial for treating infected
skin wounds in clinical settings.

4. Experimental section

Details of the material synthesis, cryogel fabrication, characteriza-
tion, in vitro, and in vivo studies are available in the Supporting Infor-
mation section.
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