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ABSTRACT

The advancement of MXene-based antibacterial platforms has been impeded by two critical limitations. Specifically, these include
rapid oxidative degradation in physiological environments and potential cytotoxicity derived from their metallic nature. To address
these challenges, we develop a core-shell structured nanikohybrid (CI@MXene) through the integration of natural cuttlefish ink
melanin (CI) with MXene nanosheets. This biomimetic design establishes a protective barrier that effectively prevents MXene
oxidation, thereby preserving its structural integrity and granting it durable antibacterial activity with sustained efficacy even
after prolonged storage. Furthermore, the composite enables a mild photothermal therapy (PTT) under near-infrared irradiation,
maintaining skin temperature below 45°C. This gentle thermal effect synergizes with the preserved nano-knife capability of the
encapsulated MXene, resulting in remarkable eradication rates exceeding 95% against both E. coil and S. aureus, along with
approximately 80% disruption of established biofilms. More importantly, in vivo evaluation using a murine wound infection
model demonstrated accelerated wound closure, significantly reduced bacterial burden, and attenuated inflammatory responses,
accompanied by enhanced tissue regeneration. This work not only provides fundamental insights into the rational design of stable
and biosafe MXene-based nanomaterials but also establishes a novel strategy for synergistic physical antibacterial therapy, offering
a promising approach for combating biofilm-associated infections.

1 | Introduction

The skin, acting as the primary barrier against external infections,
is susceptible to infection by pathogenic bacteria in cases of
open wounds, burn wounds, postoperative incisions, and other
types of wounds. This not only hinders wound healing and com-
plicated treatment, but also can result in severe complications,
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including systemic infections [1-3]. While escalating antibiotic
doses is a conventional strategy against bacterial and biofilm
infections, it unintentionally exacerbates the critical public health
threat of antibiotic resistance [4, 5]. Consequently, there is an
urgent need to develop safe, efficient, broad-spectrum and non-
resistant antimicrobial materials to replace the use of traditional
antibiotics.
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Two-dimensional MXene nanosheets, characterized by excellent
photothermal and mechanical properties due to their large
surface area, ultrathin structure, and abundant free-electron
distribution, have recently emerged as promising photothermal
therapy (PTT) antibacterial agents [6-8]. However, a crucial lim-
itation of MXene is its susceptibility to oxidative degradation in
physiological environments, which diminishes its photothermal
stability and leads to uncontrolled temperature increases. This
poses a potential risk to healthy tissues and may impede the
healing process [9-12]. Furthermore, oxidized MXene tends
to agglomerate, compromising its dispersion stability in vivo,
while the biocompatibility of high-dose MXene requires further
improvement [13]. Numerous studies have proposed strategies
to enhance MXene’s stability. For instance, Lin et al. combined
MZXene with soybean phospholipids (SPs) to reduce its zeta
potential and enhance colloidal stability [14]. Similarly, Liu et al.
coated MXene nanosheets with polydopamine (PDA) to prevent
oxidation and improve antimicrobial efficacy [15]. Nevertheless,
prevailing strategies often fail to fully prevent oxidative degra-
dation during use or rely on costly stabilizers and complex
procedures.

Cuttlefish ink melanin (CI), a natural pigment derived from
melanin-rich waste of cuttlefish ink sacs, can be extracted readily
via centrifugation [16]. Despite its availability, CI is disregarded
frequently instead of being employed as a functional material.
In fact, CI possesses inherent broad-spectrum light absorption
characteristic of melanins. Additionally, the metal-binding sur-
face sites, (such as —COOH, —OH, etc.), enable CI to have stable
chelating capacities toward metal ions. These properties make it
a promising candidate for applications in photothermal therapy
or as a surface-modifying agent [17]. For instance, Xue et al.
combined CI with hydrophobic SiO, to develop an anti-icing
coating capable of self-deicing [18]. Chemically, CI is a polymeric
material consisting mainly of 5,6-dihydroxyindole (DHI) and
5,6-dihydroxyindole-2-carboxylic acid (DHICA). Its abundant cat-
echol groups contribute not only to antibacterial activity but also
to high antioxidant capacity and biocompatibility, which have led
to growing interest in its biomedical applications in recent years
[19-22]. Further expanding its utility, Zhang et al. incorporated
CI with mitochondria-targeting functional units and SiO, to
construct yolk-shell nanostructures for NIR-II photothermal
combination cancer therapy [23]. Similarly, Jiang et al. devel-
oped red blood cell (RBC) membrane-coated CI nanoparticles
(Melanin@RBC) as an in vivo photothermal anti-tumor platform,
which improved tumor-specific accumulation and exhibited good
biodegradability [24].

Based on the above considerations, this study utilized CI as
a modifier, which uniformly coated the hydrophilic surface
of MXene via hydrogen bonding, thereby effectively retard-
ing its oxidation and forming a stable CI@MXene composite.
CI act as sacrificial antioxidants to preferentially scavenge
dissolved oxygen and reactive oxygen species in the environ-
ment, thereby effectively protecting the fragile Ti-C inorganic
framework of MXene from oxidative attack. Meanwhile, the
CI coating on the surface of the MXene nanosheets forms a
physical barrier that reduces direct contact between MXene
and oxidizing agents, further helping to inhibit oxidation.
The composite retains favorable mechanical properties and
demonstrates outstanding photothermal conversion efficiency,

enabling a robust response to NIR light and conferring broad-
spectrum antibacterial and biofilm ablation capabilities via a
synergistic “mechanical-thermal effect” [25-27]. Furthermore,
the incorporation of CI significantly enhances the biocom-
patibility of the composite. In vivo experiments established
that CI@MXene effectively alleviates inflammatory symptoms
induced by bacterial infection and promotes wound healing.
Thus, the CI-modified MXene composite exhibits comprehensive
performance advantages in terms of stability, mechanical prop-
erties, photothermal performance, and biocompatibility, high-
lighting its strong potential for broader biomedical applications
(Scheme 1).

2 | Results and Discussion
2.1 | Characterization of the Materials

Observed in Figure la,d, MXene displays a near-transparent,
flake-like morphology with a layer number ranging from sin-
gle to few layers and lateral dimensions of approximately
0.5-2.0 pm. Magnified views reveal regions where multi-
ple MXene nanosheets are stacked, consistent with its dark
green aqueous dispersion. In contrast, the CI aqueous dis-
persion is brown in color. TEM images of dried and ground
CI powder show near-spherical particles with sizes between
100 and 250 nm (Figure 1b,e). The CI@MXene composite
was prepared via a straightforward mechanical stirring com-
plexation process. HAADF-STEM images (Figure 1c,f) reveal
a “core-shell-like” architecture within the composite, where
CI nanospheres are encapsulated by MXene nanosheets. The
surface of the CI nanospheres was coated with crumpled
edges of MXene, resulting in a rough surface morphology.
EDX elemental mapping (Figure 1g) was used to further
characterize the interface of the CI@MXene composite. The
C and Ti elemental signals exhibit nearly complete overlap
with the CI nanospheres and MXene nanosheets, respec-
tively. Owing to the abundance of surface oxygen-containing
functional groups on both CI and MXene, oxygen was dis-
tributed across both components. Most notably, the corre-
spondence between C and Ti elements clearly confirms that
MZXene nanosheets are layered over the surface of the CI
nanospheres.

In the FTIR spectra of Figure 2a, CI, a melanin rich in DHI
and DHICA, exhibits a sharp peak at 1630 cm~' and a weak,
broad absorption band between 600--800 cm™, which can be
attributed to its aromatic conjugated system. A strong, broad
peak at 3400 cm™' corresponds to abundant surface hydrophilic
groups (e.g.,—OH,—NH,) [28]. MXene shows a broad and intense
characteristic peak at 546 cm™, indicative of abundant surface
terminal —OH groups [29]. After incorporation of CI, the FTIR
spectrum of the CI@MXene composite retains the characteristic
absorption bands of CI at 3400 and 1630 cm™, as well as
the MXene-derived peak at 546 cm™. Notably, the intensity of
the MXene terminal —OH peak at 546 cm™ was significantly
reduced, suggesting that most of these groups were grafted onto
CI via hydrogen bonding. These results confirm the successful
preparation of CI@MXene composites through a simple stirring
process, with uniform grafting of CI onto thin MXene nanosheets
while maintaining excellent hydrophilicity.
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SCHEME 1 | Schematic illustration of CI@MXene-mediated antibacterial mechanisms and promotion of infected wound healing.

XRD was conducted to analyze the crystalline structures of
the materials (Figure 2b). CI displayed a broad peak near 25°,
corresponding to the (002) plane of graphite, suggesting that it
is primarily amorphous with partial graphitization. The ultra-
sonically exfoliated MXene nanosheets showed a strong (002)
peak at 20 = 6.9°, consistent with reported values for thin-layer
MZXene [30]. Additional peaks observed at 20 ~ 18° and 27° are
assignable to Ti;C,(OH),, confirming the presence of surface -OH
groups [31]. In the XRD pattern of CI@MXene, the characteristic
(002) peak of MXene shifted slightly to a lower angle (26 ~
6.5°), likely due to the insertion of CI nanoparticles expanding
the interlayer spacing. Moreover, possibly due to the relatively
low content and amorphous nature of CI, no distinct diffraction
peaks corresponding to CI were detected in the CI@MXene
composite.

The survey XPS spectra of MXene confirm the presence of C, O,
Ti, and F, while the CI@MXene composite additionally exhibits
a nitrogen signal originating from CI. Compared to MXene,
the CI@MXene composite shows significantly increased atomic
percentages of carbon and oxygen, along with a slight decrease in
titanium content (Figure 2c). High-resolution spectra of each ele-
ment were analyzed subsequently. As shown in the C 1s spectrum

(Figure 2d), both the CI@MXene composite and MXene could be
deconvoluted into characteristic bonds including C—Ti, C—Ti—O,
C—C, C—0, and O—C=0 [32]. Additionally, the C 1s spectrum
of CI@MXene exhibited a component assignable to C-N, derived
from CIL, further confirming the successful anchoring of CI onto
MZXene. The O 1s fine spectrum (Figure 2e) was deconvoluted
into contributions from Ti—O, TiO,, C—Ti—0, and C=0 species.
Notably, the atomic percentage of Ti—O increased significantly
from 10.1% in MXene to 27.0% in the CI@MXene composite, pro-
viding strong evidence of crosslinking between CI nanospheres
and MXene nanosheets. Changes in the intensities of the TiO,
and C—Ti—O peaks further indicate that CI occupies surface
hydroxyl groups during grafting, consistent with interaction
through hydrogen bonding. These observations align well with
the FTIR results. The high-resolution Ti 2p spectra (Figure 2f) of
both materials were fitted with doublets corresponding to Ti—C
2Py, Ti?H/Ti** 2p,),, Ti—O 2ps,, Ti-C 2p,,,, Ti**/Ti*t 2p,,, and
Ti—O0 2p,,, located at binding energies of 454.9, 456.2, 459.2, 461.0,
462.3, and 464.9 eV, respectively. Importantly, the Ti—O 2p;,
peak showed no pronounced enhancement in the CI@MXene
composite compared to MXene, with atomic percentages of 33.1%
and 28.5%, respectively, suggesting that the composite structure
mitigates MXene oxidation.
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FIGURE 1

FIGURE 2

(a,d) TEM images of MXene. (b,e) TEM images of CI. (c,f,g) HAADF-STEM and EDX elemental mapping of CI@MXene.
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FIGURE 3 | Warming curves of CI@MXene composites at different concentrations (a) and different laser power densities (b) by 808 nm laser
irradiation. (c) and (d) the linear fits of heating-cooling curves and the negative natural logarithm of CI@MXene, CI and MXene, respectively. (e) five
cycles of CI@MZXene. (f) absorption spectra of MXene, CI and CI@MXene (150 pg/mL). (g) UV absorption change of MXene and (h) CI@MXene left at
room temperature. (i) 808 nm absorbance change of CI@MXene composites at different pH. Data are presented as mean + SD (n = 3).

2.2 | Evaluation the Photothermal Efficiency and
Stability of CI@MXene

The effect of different MXene-to-CI mass ratios on the photother-
mal performance of CI@MXene was evaluated. As illustrated
in Table S1 and Figure Sl1, composites with elevated MXene
content exhibited significantly higher temperature increments
compared to CI-dominated counterparts. This enhancement can
be attributed to the superior intrinsic photothermal conversion
efficiency of MXene. The photothermal performance markedly
improved with increasing MXene content and reached an opti-
mum at a mass ratio of 10:1 (MXene:CI), yielding a temperature
rise of 36.5°C within 10 min-nearly comparable to that of MXene.
Although the maximum temperature difference was achieved at
a 20:1 ratio, TEM images (Figure S1) revealed significant stacking
of MXene nanosheets and sparse distribution of CI at this higher
ratio, which reduced the availability of monolayer nanosheets and
limited photothermal efficiency. Therefore, a 10:1 ratio yielded the
optimal performance, enabling CI@MZXene to deliver superior
photothermal antibacterial performance.

The photothermal performance of the optimally loaded
CI@MXene composite was evaluated by measuring its
temperature rise profiles under varying concentrations and laser
power densities (Figure 3a,b). At 100 pug/mL, the temperature
of the CI@MZXene dispersion increased by approximately 40°C
above ambient temperature-sufficient for effective photothermal
antibacterial treatment [33]. The temperature increase exhibited

a concentration-dependent manner, and a heating trend
comparable to that at 2.0 W/cm? was observed even at the lower
power density of 1.5 W/cm?. The heating and cooling behaviors
of different materials were further compared (Figure 3c,d).
Based on calculations, the n of CI@MZXene reached 42.1%,
significantly higher than that of CI (34.9%) and approaching
that of MXene (47.9%). Moreover, this performance surpassed
several commonly reported photothermal agents, including
gold nanorods (21.0%) [34], CuS nanoparticles (16.3%) [35], and
MoS, nanosheets (25.68%) [36]. Excellent photostability was
confirmed through five on/off NIR cycles (Figure 3e), with no
significant decay in the maximum temperature, underscoring the
composite’s suitability for repeated photothermal applications.
As illustrated in Figure 3f, the NIR absorption spectra of MXene,
CI, and CI@MZXene composites were characterized using
UV-vis spectrophotometry. Despite the superior absorbance
of MXene at 808 nm, the CI@MXene composite achieved
the better photothermal conversion efficiency. This apparent
difference indicated that efficient photothermal performance
depends not only on light absorption but more critically on
the rate of hot electron generation [37]. The integration of CI
accelerated the relaxation process of hot electrons, allowing their
energy converted into lattice heat effectively, thereby enhancing
photothermal conversion efficiency [38].

As the UV-vis spectra shown in Figure 3g,h, after being stored
at room temperature for 10 days, the absorbance of the MXene
aqueous solution decreased markedly over time, while that of
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the CI@MXene composite decreased only slightly. The inset
photographs reveal that the MXene solution exhibited visi-
ble oxidation-induced color change, whereas the CI@MXene
solution remained largely unchanged, further confirming the
significantly enhanced stability of the composite. As shown the
TEM images exhibited in Figure S2, after 40 days of storage,
pronounced oxidation is observed in the MXene material: TiO,
nanoparticles generated from oxidation expanded from the edges
toward the center of the nanosheets and eventually aggregated
across the surface (Figure S2a,d) [39]. In contrast, CI@MXene
largely retained its original morphology even after the same
period (Figure S2b,e). A magnified view of the edge region
showed no significant signs of oxidation (Figure S2c,f), suggesting
that CI was uniformly loaded and effectively shielded the MXene
nanosheets. Furthermore, the stability of CI@MXene was evalu-
ated in aqueous solutions of different pH values. No substantial
decrease in stability was observed in either water or PBS buffer
across a range of pH conditions. The composite maintained high
structural integrity in both acidic and alkaline environments
(Figure 3i), underscoring its suitability for applications under
diverse physiological and chemical conditions.

To quantitatively evaluate the long-term oxidation stability of
CI@MZXene, we performed XPS analysis of Ti 2p core-level
spectra after 0 day, 1 and 3 month of storage at room temperature
(Figure S3). The relative contents of different Ti oxidation states
were calculated from the peak areas and summarized in Tables
S2 and S3. For MXene, the relative content of low-valence Ti
(Ti**/Ti**), which represents the intact Ti—C inorganic skeleton,
decreased sharply from 57.61% at day O to 32.82% after 3 months
of storage, accompanied by a significant increase in TiO, content
from 20.38% to 34.51%. This change in oxidation states indicates
severe oxidative degradation of the MXene nanosheets, consistent
with the observed color fading and photothermal performance
attenuation. In sharp contrast, CI@MXene maintained a much
higher Ti**/Ti** content of 46.74% and a lower TiO, content
of 21.17% after the same 3-month storage period. Notably, the
decrease in low-valence Ti content for CI@MXene was only
8.39%, which is less than one-third of the 24.79% decrease
observed for MXene. These quantitative XPS results provide
direct and rigorous evidence that CI modification significantly
enhances the oxidation resistance of MXene nanosheets.

2.3 | InVitro Antibacterial Activity of CI@MXene

The antibacterial efficacy of CI@MXene was systematically eval-
uated in vitro using the plate count method against E. coli and
S. aureus. As shown in Figure S4, the antibacterial effect of
CI@MZXene was concentration-dependent. In the absence of NIR
irradiation, increasing concentrations of CI@MXene resulted
in a moderate reduction in bacterial survival, which may be
attributed to mechanical disruption by MXene nanosheets and
the presence of catechol groups in CI [40]. In contrast, under
NIR irradiation, bacterial survival decreased significantly. Nearly
complete bacterial eradication was observed at CI@MXene con-
centrations 0of100--120 pg/mL for E. coli and 120--150 ug/mL for S.
aureus. At a concentration of 200 pug/mL, no viable bacteria were
detected, indicating total elimination of both bacterial strains.
Based on a comprehensive assessment of antimicrobial efficacy,
biosafety, and in vivo photothermal safety, we selected 120 pg/mL

as the concentration for our subsequent antimicrobial drug. This
concentration achieved high-efficiency bacterial clearance, while
maintaining excellent cytocompatibility with negligible toxicity
to mammalian skin cells, and avoided excessive temperature
rise under near-infrared irradiation to prevent thermal damage
to surrounding normal tissues, which fully meets the safety
requirements of clinical wound treatment.

To systematically verify the “nanoknife” mechanical antibacterial
effect of CI@MXene, first, gradient concentration antibacterial
assays under complete dark conditions showed a significant
concentration-dependent bactericidal activity of CI@MXene
against both E. coli and S. aureus, with the colony number
decreasing continuously as the material concentration increased,
directly confirming the existence of contact-mediated mechan-
ical damage (Figure S5). In Figure S6, ROS capture assays
verified that CI@MXene did not produce sufficient ROS to
exert effective antibacterial activity, excluding the contribution
of oxidative stress to bacterial death. As show in Table S4,
the metal dissolution results showed that in PBS solution,
200 ug/mL CI@MXene, 1.81 and 41.27 ug/L of Ti and Al were
dissolved after 7 days. However, literature data shows that
the concentrations of titanium ions and aluminum ions need
to reach 4.5 mmol/L and 2% (v/v), respectively, to produce
a certain antibacterial effect [41, 42]. Notably, compared with
MZXene, CI@MZXene exhibited stronger antibacterial activity at
the same concentration, indicating that the introduction of CI
did not weaken but rather enhanced the nanoknife effect of
MZXene (Figure S7). This enhancement is likely attributed to
the spatial barrier effect of CI molecules, which inhibits the
stacking and agglomeration of MXene nanosheets, maintains the
exposure of sharp edges, and improves the effective contact area
with bacterial cell membranes, thus amplifying the mechanical
puncture efficiency. These results collectively demonstrate that
the enhanced antibacterial performance of CI@MXene in the
dark is primarily driven by the reinforced nanoknife mechanical
effect.

The fractional inhibitory concentration (FIC) index assay was
performed to quantitatively evaluate the combined antibacte-
rial effect of photothermal treatment and nanoknife-mediated
mechanical bactericidal effect, following the standard guidelines
of the Clinical and Laboratory Standards Institute. We selected
Cl@multilayer MXene, which has relatively weak mechanical
antibacterial properties, as the photothermal-only group, and
verified its lack of mechanical antibacterial activity through
concentration gradient antibacterial experiments (Figure S8) [43].
As shown in Figure S9, Following the accepted criterion (FIC<0.5
= synergistic, 0.5<FIC<1 = additive), our results showed an FIC =
120/800 + 120/600 = 0.35 for E. coli, confirming a true synergistic
effect. While FIC = 150/800 + 150/400 = 0.56 for S. aureus,
indicating an additive effect. At the molecular and cellular levels,
this combined effect is driven by the sequential complementary
actions of the two mechanisms: mild photothermal heating
increases bacterial membrane fluidity, reduces the mechanical
rigidity of the peptidoglycan cell wall, suppresses bacterial stress
repair capacity, and disrupts the biofilm extracellular matrix,
which significantly lowers the threshold for MXene’s sharp edges
to exert irreversible mechanical puncture (nanoknife effect) on
bacteria, thus achieving the remarkable bactericidal and biofilm
disruption efficacy we reported; the strain difference in FIC

6 of 16

Small, 2026

85UB01 7 SUOLUIOD BA1IER.D) 8[edl|dde 8Ly Aq peusenob a1e sejole YO 9SO s8N 10} ARIq1T 8UIUO /8|1 O (SUONIPUOD-PUe-SWBIW00" A3 1M AIq jeulU0//Sdny) Suonpuod pue swie 1 8y} 88s *[9202/90/62] uo Ariqiauliuo Ajim ‘ABojouyos 1 1O Aisieniun Buopbuens Aq yE6€. [IWS/Z00T OT/I0p/W0D A8 1M Akeiq i puljuo//:Sdny wouy pspeojumod ‘0 ‘62895 TIT



(a)

o
-
(o]
(8]
y
w =
+
(b) m
s 2
L 1
=
T o
v %
(C) Control
o
- %
oy
(o]
(&)
o o
P-4
+
(d)
(7}
E
&) T
-
©
(7))

+NIR

=
n
=3

[ -NIR
E+NIR

-
=]
=]

©
o

B
o

Bacterial survival rate (%)
N [-23
o o

= se

MXene Cl@MXene

<

Control Cl

120

= -NIR
ER+NIR

-
o
o

-3
=]

S
£

Bacterial survival rate (%)
S 3

Control Cl MXene Cl@MXene

Cl@MXene

.\\ Ve ) - A

FIGURE 4 | The plate counts and the bacterial viability of (a) E. coli and (b) S. aureus with and without 808 nm NIR treatment, and the SEM images
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presented as mean + SD (n =4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

results is attributed to the thicker, more rigid peptidoglycan cell
wall of Gram-positive S. aureus, which is less susceptible to
photothermal-mediated structural weakening than the thin cell
wall of Gram-negative E. coli.

Based on the favorable antibacterial performance of CI@MXene
ata concentration of 120 ug/mL, its efficacy was compared against
its individual precursors, CI and MXene. As shown in Figure 4a,b,
with the NIR irradiation, CI showed negligible antibacterial
activity relative to the blank control, whereas both MXene and
CI@MZXene reduced bacterial viability. CI@MXene demonstrated

superior antibacterial efficacy (50%-60%) compared to CI and
MXene, suggesting that the incorporation of CI does not signifi-
cantly impair the “nanoknife” effect of MXene nanosheets. Under
NIR irradiation, the antibacterial performance of both MXene
and CI@MZXene improved markedly, with the bacterial survival
rates dropping to 2.4% and 4.5% respectively highlighting that
the synergistic effect of photothermal and mechanical actions
strengthened the sterilization capability. SEM was used to observe
morphological changes in bacteria following different treatments.
As depicted in Figure 4c, untreated E. coli in the blank group
displayed a characteristic cylindrical shape with smooth, intact
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surfaces. After treatment with MXene or CI@MXene (without
NIR), bacterial cells showed adhesion of material fragments,
visible deformation, and membrane indentations. Following NIR
irradiation, all material-treated groups induced more severe
morphological damage. Notably, MXene and CI@MXene com-
posites under photothermal treatment caused extensive bacterial
shrinkage and membrane rupture. This damage is attributable to
thermal disruption of bacterial membranes-composed primarily
of lipids, proteins, and polysaccharides-as well as denaturation of
intracellular DNA and proteins, ultimately leading to bacterial
inactivation [44]. Figure 4d presents analogous morphological
alterations in S. aureus. Due to their smaller size compared
to E. coli, S. aureus cells were more inclined to be captured or
encapsulated by MXene flakes, resulting in aggregate formation
and physical membrane damage. Consequently, even without
NIR irradiation, MXene-containing groups showed stronger
antibacterial effects against S. aureus than against E. coli, con-
sistent with previous reports [45]. Under NIR irradiation, S.
aureus exhibited further structural ablation and severe deforma-
tion due to the combined mechanical and photothermal effects,
reaffirming the outstanding synergistic bactericidal performance
of the material across both Gram-positive and Gram-negative
bacteria.

2.4 | Biofilm Ablation Capacity of CI@MXene

Biofilms, formed by bacteria encased within self-secreted extra-
cellular matrices, significantly enhance bacterial resistance and
are notably difficult to eradicate at infection sites [46]. Moti-
vated by the notable photothermal sterilization capability of
CIl@MZXene, we further investigated its anti-biofilm potential.
E. coli and S. aureus biofilms were stained with SYTO 9 and
PI and visualized using CLSM in 3D reconstruction mode.
Live and dead bacteria were indicated by green and red
fluorescence, respectively. As shown in Figure 5a, untreated
bacterial biofilms remained structurally intact and uniformly
fluorescent. After NIR irradiation, the control group showed
limited bacterial damage, with dominant green fluorescence
indicating high viability. In contrast, the material-treated groups
exhibited anti-biofilm effects correlated with their photother-
mal performance: the CI group showed yellow fluorescence,
suggesting a mixed population of live and dead bacteria; the
MXene group exhibited reddish-yellow fluorescence due to an
increased ratio of dead cells; and the CI@MXene group dis-
played strong red fluorescence, indicating extensive bacterial
death. To quantitatively support the CLSM observations, biofilm
biomass was measured using crystal violet staining. As shown
in Figure 5b,c, the non-NIR treated control group showed
intense purple staining, indicating dense biofilm formation.
While CI alone had little inhibitory effect, both MXene and
CI@MXene reduced biofilm formation, with inhibition rates
of 52.2% and 42.4%, respectively. Under NIR irradiation, the
anti-biofilm performance of all materials improved significantly.
The MXene and CI@MZXene groups, which displayed strong
photothermal effects, showed nearly complete elimination of
biofilm, with inhibition rates of 73.9% and 71.7% for E. coli, and
76.9% and 78.5% for S. aureus, respectively. These crystal violet
results are consistent with the CLSM data, confirming that the
CI@MZXene composite effectively inhibits both biofilm formation
and growth.

Additionally, to evaluate the antibacterial efficacy of the compos-
ite against biofilm-embedded bacteria, the viability of residual
bacteria within the biofilms was assessed using SYTO 9/PI
staining and plate-counting methods. Under NIR irradiation,
CLSM imaging revealed that both MXene and CI@MXene exhibit
photothermal and mechanical effects, resulting in enhanced
antibacterial properties that are induced predominantly red
fluorescence in the remaining biofilm bacteria, indicating a high
proportion of dead cells. The number of non-viable bacteria in
these groups was consistently higher than in other treatment con-
ditions (Figure 5d). These results confirm that the photothermal-
mechanical synergistic antibacterial action of the CI@MXene
composite not restrains biofilm formation and development,
but also effectively eliminates bacteria within mature biofilms,
resulting in highly efficient anti-biofilm performance.

2.5 | Biocompatibility Evaluation

Ideal biocompatibility is a critical requirement for the biological
application of materials. As shown in Figure S10(a-c), all mate-
rials exhibited concentration-dependent cytotoxicity, with cell
viability decreasing as material concentration increased. Notably,
MZXene showed the most significant cytotoxicity among the three
materials: at the highest tested concentration of 200 ug/mL, the
cell viability was only 64.2% for HUVECs, 76.5% for NIH-3T3
and 79.8% for RAW 264.7. In contrast, CI maintained excellent
biocompatibility across all tested concentrations, with cell via-
bility remaining above 85% even at 200 ug/mL. Impressively, the
CI@MZXene composite exhibited significantly improved cytocom-
patibility compared to MXene: at 200 pug/mL, the cell viability was
82.3% for HUVECs, 89.1% for NIH-3T3 fibroblasts and 90.2% for
RAW 264.7 macrophages, which was comparable to CI and far
superior to MXene.

Furthermore, we evaluated the photothermal cytotoxicity of
different materials against RAW 264.7 macrophages under the
same NIR irradiation parameters used for antibacterial treat-
ment (Figure S10d). After NIR irradiation, MXene showed the
most dramatic decrease in cell viability from 80.1% to 58.7%,
which is attributed to its excessive temperature rise. In contrast,
CI@MZXene maintained a much higher cell viability of 74.3% after
NIR irradiation, with only a 12.9% decrease compared to the dark
condition, confirming its excellent biocompatibility under ther-
apeutic photothermal conditions. The mild photothermal effect
of CI@MZXene further ensures its safety during in vivo treatment,
avoiding the thermal damage to surrounding normal tissues that
is commonly associated with conventional photothermal agents
[47-49].

Materials with poor blood compatibility can induce hemolysis,
resulting in the release of hemoglobin into the supernatant and
raising significant biosafety concerns. Hemolysis assays were per-
formed using sterile defibrinated sheep blood, with Triton X-100
and PBS serving as the positive and negative controls, respec-
tively. As shown in Figure Slla, the hemolysis rate of CI@MXene
at a concentration of 1000 ug/mL was 0.68%, which is below the
internationally recognized safety threshold of 2%. Corresponding
photographs in Figure S11b confirm that CI@MXene induced no
observable hemolysis. The mechanical force from CI@MXene
can effectively puncture the rigid peptidoglycan cell wall of
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FIGURE 5 | Invitro anti-biofilm efficacy of CI@MXene. (a) Representative CLSM images of biofilms stained with the LIVE/ DEAD ™ BacLight
kit (green: live bacteria; red: dead bacteria). (b) Crystalline violet staining of mature biofilms after treatment. (c) Quantitative analysis of biofilm biomass
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bacteria (Young’s modulus of 1--20 GPa) to exert bactericidal
activity, but is insufficient to cause irreversible damage to the
highly flexible mammalian erythrocyte membrane, which has a
Young’s modulus of only a few hundred pascals (5-6 orders of
magnitude lower than that of bacterial cell walls) [50-52]. These
results demonstrate the material’s robust hemocompatibility,
a crucial property for its further development in biomedical
applications and potential clinical translation.

2.6 | InVivo Wound Healing Performance of
Cl@MXene

A wound model infected with S. aureus was established to
evaluate the wound healing efficacy of CI@MXene in vivo. As
the treatment progressed, all groups exhibited varying degrees of
wound closure, as depicted in Figure 6a. From day 5 onward, the
CI, MXene, and CI@MXene composite groups showed a tendency
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*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

toward scab formation. By day 8, pronounced differences in
wound area were observed among the groups. The CI, MXene,
and CI@MXene groups without NIR irradiation displayed notice-
able scabbing, whereas those receiving NIR treatment exhibited
reduced wound areas. Among these, the NIR-treated CI@MXene
group demonstrated significantly accelerated wound healing

compared to all other groups. By day 12, the wounds in the
NIR-treated CI@MXene group were almost completely healed.
As quantified in Figure 6d, the CI@MXene and MXene groups
receiving NIR exhibited accelerated healing trends beginning
on day 2, with a pronounced improvement between day 2 and
5. The CI@MXene (+NIR) group showed particularly superior
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wound-healing effects. Notably, even in the absence of NIR, the
CI@MZXene and MXene groups achieved therapeutic outcomes
comparable to-and those on the day 5 with NIR exposure, superior
to-those of the NIR-treated Blank and CI groups. These results
suggest that the intrinsic mechanical antibacterial properties of
the material effectively facilitate healing in bacterial-infected
wounds. Throughout the treatment period, mouse body weights
were recorded every other day. As shown in Figure S12, aside
from a slight weight loss immediately following wound modeling,
subsequent body weights recovered and remained stable. This
transient weight loss was likely attributable to reduced appetite
and activity levels resulting from wound-induced stress.

Under NIR irradiation, excessive whole-body temperature eleva-
tion had adverse effects on the normal tissues of mice. We there-
fore recorded infrared thermal images of mice to monitor temper-
ature changes at the wound site over an 8 min irradiation period.
As shown in Figure 6b,e, the temperature in both the CI@MXene
and MXene groups rapidly increased to 40.0°C within 2 min of
irradiation. After 8 min, the temperature of the CI@MXene group
stabilized at 44.1°C, which was higher than that of the MXene
group. The mild photothermal effect mediated by CI@MXene
not only effectively eliminated infectious bacteria at the wound
site but also promoted the healing of wound tissue. Compared
with traditional high-temperature photothermal therapy, this
approach avoids damage to surrounding tissues, achieving supe-
rior wound treatment superior. Quantitative analysis of bacteria
collected from wound tissue on day 12 (Figure 6c,f) showed that
the antibacterial effect was enhanced in all groups following
near-infrared irradiation. In the CI@MXene group, the bacterial
count was significantly reduced by 91.2%. This 91.2% reduction in
bacterial count effectively lowered the bacterial load below the
host immune clearance threshold. The remaining bacteria could
be efficiently phagocytosed and eliminated by macrophages and
neutrophils recruited to the wound site, preventing proliferation
and recurrent infection [53-55]. This further confirms that the
composite material exhibits superior photothermal synergistic
antibacterial performance compared to MXene. These results
demonstrate that the CI@MXene composite combats S. aureus
infection effectively in mouse wounds.

2.7 | Histological Evaluation

On day 12 post-wounding, wound tissue and adjacent normal skin
were harvested from mice and subjected to H&E staining. Histo-
logical analysis was conducted across the negative control group
and various treatment groups to evaluate the biological effects
of the samples on S. aureus-infected wound model. As observed
in Figure 7a, the Blank group without NIR irradiation remained
in the inflammatory phase on day 12, displaying mild epidermal
damage and intercellular edema. In contrast, all sample-treated
groups showed reduced inflammatory cell infiltration. Notably,
the CI@MXene group exhibited mild repair of the damaged
dermal tissue architecture. After NIR irradiation, as illustrated
in Figure 7b, a further reduction in inflammatory cells was
observed in all treated groups. Importantly, both the MXene
and CI@MXene groups showed no significant inflammatory
cell aggregation, with most tissues and cells presenting normal
morphology. Magnified images revealed intact hair follicles,
epidermis, and dermis. These results suggest that CI@MXene

shortens the inflammatory phase effectively and promotes regen-
eration of epidermal tissue rapidly, demonstrating considerable
wound-healing efficacy.

3 | Conclusions

A straightforward method for preparing a natural
melanin/MXene composite (CI@MXene) has been developed
in this work. Systematic evaluations confirmed the remarkable
oxidative stability of CI@MXene in aqueous environments,
maintaining structural integrity even after 40 days of storage,
along with a high photothermal conversion efficiency of 42.1%.
Under NIR irradiation, the composite effectively inactivated E.
coliand S. aureus and disrupted approximately 80% of established
biofilms through synergistic photothermal-mechanical action.
Cytotoxicity assays further revealed that the incorporation of
CI significantly improved the biocompatibility of MXene. In
vivo experiments demonstrated that CI@MXene treatment
markedly accelerated the healing of bacterial-infected wounds,
underscoring its strong antibacterial and anti-inflammatory
capabilities in practical wound management. Thus, the
Cl@MXene composite, with its integrated advantages of
enhanced stability, excellent biocompatibility, and effective
wound-healing performance, offers a promising strategy
for broadening the biomedical application of MXene-based
nanomaterials.

4 | Experimental Section
4.1 | Chemicals and Reagents

Ti;AlC, was obtained from Jilin Province Yiyi Technology Co.,
Ltd.; cuttlefish ink was sourced from cuttlefish ink sacs in
Qingdao, Shandong Province; lithium fluoride (LiF) was supplied
by Aladdin Reagent Co., Ltd.; hydrochloric acid (HCI), glacial
acetic acid (CH;COOH), crystal violet (CV), and anhydrous
ethanol (EtOH) were provided by Tianjin Damiao Chemical
Reagent Factory; LB medium and technical agar powder were
bought from Guangdong Huankai Microbial Technology Co.,
Ltd.; SYTO 9 green dye and propidium iodide (PI) were pur-
chased from Thermo Fisher Scientific (China) Co., Ltd.; DMEM
high-glucose medium was sourced from Gibco; 1X PBS buffer
solution, penicillin-streptomycin solution (100X dual antibiotic),
4% paraformaldehyde, and mouse fibroblast cells (NIH-3T3) were
supplied by Biosharp Biotechnology Co., Ltd.; fetal bovine serum
was sourced from RAR.

4.2 | Preparation of CI@MXene
4.2.1 | Extraction of Cuttlefish Ink Melanin

Fresh CI was extracted from cuttlefish ink sacs following a
previously reported method with modifications [28]. Briefly, 20 g
of cuttlefish ink sac juice was mixed with 80 g of an EtOH-
water mixture (1:1, v/v). The mixture was stirred thoroughly
and stored at 4.0°C overnight. The resulting suspension was
then centrifuged at 4000 rpm for 10 min, and the supernatant
was discarded. The precipitate was redispersed in deionized (DI)
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water, and the washing process was repeated 2--3 times. Finally,
the collected precipitate was dried in an oven at 60.0°C and
ground into a fine black CI powder.

4.2.2 | Preparation of CI@MXene

Thin-layer MXene was synthesized by selectively etching the
aluminum layer from Ti;AlC, using a LiF/HCl mixture according
to a previously reported method with modifications [56]. Briefly,
40 mL HCI of 9 M and 2 g LiF were added to a polytetrafluo-
roethylene beaker and stirred at 400 rpm for 30 min. Then, 2 g of
Ti,AlC, powder was gradually added to the mixture, which was
maintained at 35.0°C for 24 h under continuous stirring to allow
complete etching. The resulting suspension was centrifuged at
3500 rpm for 10 min. Retained the precipitate, redispersed it with
DI water, and sonicated for 10 min. This washing process was
repeated until the supernatant reached a pH of 6 approximately.
Subsequently, 40 mL of EtOH was added, and the mixture was
sonicated for 1 h to promote delamination. After centrifugation at
10 000 rpm for 10 min, the precipitate was redispersed in DI water,
and sonicated for 20 min. The suspension was then centrifuged
at 3500 rpm for 3 min to collect the supernatant, which was
freeze-dried to obtain monolayer MXene.

To prepare the CI@MXene composite, 50 mL of MXene aqueous
dispersion (0.4 mg/mL) and 50 mL of CI aqueous solution
(0.04 mg/mL) were separately sonicated for 40 min. The two
dispersions were then combined in a 150 mL beaker and stirred
at 400 rpm at room temperature for 1 h. Centrifuged the resulting
mixture twice (3500 rpm, 5 min) to collect the solid product.
And vacuum-dried it at 60.0°C for 24 h to obtain the final black
CI@MZXene powder.

4.3 | Physical Characterization

The microstructure and morphology of the materials were char-
acterized using transmission electron microscopy (TEM; Hitachi
HT7700, Japan) and field-emission scanning electron microscopy
(FESEM; Talos F200S, Czech Republic). Elemental distribution
was analyzed by energy-dispersive x-ray spectroscopy (EDX)
coupled with FESEM. Functional groups were identified using
a Fourier transform infrared spectrometer (FTIR; Nicolet 6700,
USA). Crystallographic structures were examined by x-ray
diffraction (XRD; Rigaku Ultima IV, Japan). Surface elemental
composition and chemical states were determined by x-ray pho-
toelectron spectroscopy (XPS; Thermo Scientific K-Alpha, USA).
Biofilm morphology was visualized using confocal laser scanning
microscopy (CLSM; ZEISS LSM800 with Airyscan, Germany).
Histological sections of mouse wound tissues were observed
under an optical microscope (Nikon Eclipse E100, Japan). The
photothermal performance was evaluated using an 808 nm near-
infrared laser (LDP-808, China). The photothermal conversion
efficiency (1) of each material was calculated according to the
following equation [57, 58]:

_ hS (Tmax - Tsurr) - QO
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Here, T,,,. and T, denote the maximum temperature and room
temperature, respectively. I represents the laser power. Ay is the
ultraviolet absorption value of the sample at 808 nm. 7, is the heat
transfer coefficient. m; and C,; denote the mass of the solution
and the specific heat capacity of the solvent, respectively.

4.4 | InVitro Antibacterial Experiment

Gram-negative (E. coli, ATCC 25922) and Gram-positive (S.
aureus, ATCC 25923) were selected as model bacterial strains.
Before each experiment, 200 pL of frozen stock culture of each
bacterium was inoculated into 10 mL of LB liquid medium
and incubated at 37.0°C in a shaking incubator at 200 rpm
for 8-12 h. The bacterial cells were then harvested, washed
with sterile physiological saline, and adjusted to a concentration
of 5 x 10° CFU/mL. Subsequently, 120 pL of LB medium,
40 pL of sample solution, and 40 pL of bacterial suspension
(5 x 10° CFU/mL) were mixed in a 96-well plate and incubated
at 37.0°C with shaking at 200 rpm for 1 h. After incubation, the
mixtures were either exposed or not exposed to 808 nm laser
irradiation at a power density of 1.5 W/cm? for 8 min. The treated
bacterial suspensions were then serially diluted to 10* CFU/mL,
and 50 pL of each dilution was spread onto LB agar plates. After
incubation at 37.0°C for 12-24 h, the number of colonies was
counted to determine antibacterial activity.

MIC of CI@MXene (nanoknife + NIR)
MIC of CI@multilayerMXene (NIR)

FIC Index =

MIC of CI@MXene (nanoknife + NIR)
MIC of CI@MXene (nanoknife)

4)

The widely recognized criterion for combined effect classification
was adopted: FIC index < 0.5 indicates a significant synergistic
effect; 0.5 <FIC index <1indicates an additive effect; FIC index >
lindicates an antagonistic effect. All experiments were performed
in 6 biological replicates.

4.5 | Antibiofilm Experiment

200 pL of E. coli or S. aureus suspension (10’ CFU/mL) in
the logarithmic growth phase was combined with 800 uL of
LB in a 24-well plate. The plate was incubated statically at
37.0°C for 48 h. Then, each well was gently washed with 1
X PBS buffer to remove non-adherent cells. 1 mL of sample
solution (120 ug/mL) was added to each well. Selected wells were
subjected to NIR irradiation for 8 min, while non-irradiated wells
served as controls. After treatment, the solution was carefully
aspirated using a syringe. The wells were rinsed again with 1
X PBS, followed by fixation with 1 mL of methanol for 20 min.
The methanol was then removed, and the plate was air-dried
completely. Biofilms were stained with 1 mL of 0.1% CV for 15 min,
followed by removing the excess dye through washing 2--3 times
with 1 X PBS. Finally, the bound dye was dissolved using 1 mL
of 33% CH;OO0H solution for 10 min. The plate was shaken for
2 min to ensure complete dissolution, and the absorbance of the
solution was measured at 590 nm.

4.6 | Cytotoxicity Evaluation

The MTT assay was performed to assess the biocompatibility of
the composite material. First, cells were resuspended following
centrifugation, diluted to an appropriate concentration, and
counted. Then based on the counting results, the cell density was
adjusted to 5 x 10° cells per well in a 96-well plate and incubated
at 37.0°C in a 5% CO, atmosphere for 24 h. After incubation,
the original culture medium was aspirated and replaced with
DMEM dispersions containing the three test materials at various
concentrations. The cells were then incubated for another 24 h.
Subsequently, the material dispersions were removed, and the
cells were gently rinsed 2--3 times with 1 x PBS. Then, 100 uL of
MTT solution (0.5 mg/mL) was added to each well, and the plate
was incubated in the dark for 3 h. The MTT solution was then
carefully aspirated, and 100 uL of DMSO was added to each well
to dissolve the formazan crystals. The absorbance was measured
at 570 nm.

4.7 | Hemolysis Assay

Evaluate the blood compatibility of CI@MXene using defibri-
nated sheep blood. Add 1 mL of fresh blood to 8 mL of PBS,
centrifuge at 2000 rpm for 10 min, remove the supernatant, and
wash the precipitate 2—-3 times with PBS. Resuspend the red
blood cell precipitate to form a 5% red blood cell suspension. In
a 1.5 mL centrifuge tube, combine 500 uL of the suspension with
500 uL of CI@MXene solution at different concentrations. Incu-
bate at 37.0°C for 1 h, then centrifuge to collect the supernatant.
Measure its absorbance at 540 nm. Triton X-100 and PBS served
as positive and negative controls, respectively.

4.8 | InVivo Experiments

An animal model of bacterial wound infection was established
to evaluate the antibacterial and wound-healing efficacy of the
materials. All animal experiments were approved by Shenzhen
TopBiotech Co.,Ltd (Approval Number: TOP-IACUC-2022-0233).
Female Balb/c mice aged six to eight weeks (average weight
18--22 g) were acclimatized for one week with free access to
food and water, and bedding was changed every two days.
After intraperitoneal anesthesia, the dorsal skin was shaved and
cleaned using a razor and hair removal cream. Once the cream
was removed, the skin was gently lifted, and a full-thickness
wound with a diameter of 5 mm was created using a biopsy
punch. Each wound was inoculated with 50 uL of S. aureus
suspension (1 x 108 CFU/mL) to ensure complete coverage of
the wound area. After 24 h, the mice were randomly divided
into a blank control group (Blank) and several experimental
groups, including corresponding NIR treatment subgroups. Mice
in the NIR-treated groups were exposed to an 808 nm laser at
a power density of 1.5 W/cm? for 8 min (designated as Day 1).
Infrared thermal imaging was performed during irradiation to
monitor temperature changes at the wound site. The wound
area and body weight of each mouse were recorded every other
day. Wound areas were measured and analyzed using ImageJ
software. On Day 12, all mice were euthanized, and wound tissues
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were harvested for dehydration, paraffin embedding, sectioning,
and staining. Histological evaluation was carried out using optical
microscopy.

4.9 | Statistical Analysis

All data are expressed as mean + standard deviation (SD). t-tests
were performed using Origin 2019b software, where * denotes
p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001. Results
above these thresholds are considered statistically significant.
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