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Conventional cardiac patches are limited by mechanical mismatch, disrupted electrical conduction, and
excessive oxidative stress arising from the ischemic microenvironment after myocardial infarction,
collectively impairing cardiac repair. Here, we develop a mechanically compliant MnO,—-MXene-GelMA
(MMQ) cardiac patch designed to regulate the post-infarction microelectrical environment while
alleviating oxidative stress. MnO,-decorated MXene nanosheets were incorporated into a photo-
crosslinkable GelMA matrix to generate MMG hydrogels with tunable mechanical and electrical
properties. The MMG system operated within a cardiac-matching modulus window and maintained
stable electrical functionality under cyclic deformation and bending. In vitro, MMG reduced intracellular
reactive oxygen species in cardiomyocytes under H,O,-induced and oxygen-—glucose deprivation
conditions. Moreover, MMG supported endothelial cell migration and facilitated Connexin 43-mediated
intercellular coupling. This modular strategy integrates structural programmability with functional
cardiac patch platform that combines mechanical
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1. Introduction

Myocardial infarction (MI) leads to irreversible cardiomyocyte
loss and initiates maladaptive remodeling that progressively
impairs cardiac function." Following ischemic injury, extensive
cell death is replaced by fibrotic tissue, resulting in increased
myocardial stiffness, disrupted electrical signal propagation,
and progressive electromechanical dyssynchrony.”* Meanwhile,
sustained oxidative stress associated with ischemia and reper-
fusion further damages cardiomyocytes, impairs mitochondrial
function, and limits endogenous repair.* These coupled
mechanical, electrical, and redox abnormalities establish
a hostile post-infarction microenvironment that hinders func-
tional recovery.
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direction for minimally invasive cardiac repair.

Cardiac patch-based strategies have emerged as a promising
approach to support infarcted myocardium and modulate local
tissue environments.>” However, the dynamic nature of cardiac
contraction imposes stringent requirements on patch design.
An ideal patch must mechanically conform to the beating
myocardium while restoring disrupted electrical conduction to
support synchronous excitation—contraction coupling.®®
Increasing evidence further highlights oxidative stress as a key
regulator of cardiomyocyte survival and repair, underscoring
the need for materials capable of simultaneously addressing
electrical dysfunction and redox imbalance.'*™

In recent years, conductive cardiac patches have been
extensively explored to restore the disrupted electrical micro-
environment after myocardial infarction, with representative
studies demonstrating the benefits of enhanced conductivity
and anisotropic electrical integrity for cardiomyocyte function
and post-infarction cardiac repair.’®"* More recently, molecular
insights into electrotransduction have further revealed how
conductive scaffolds regulate calcium dynamics and excitation-
contraction coupling in engineered myocardial tissues.”
Despite these advances, most existing conductive cardiac
patches focus primarily on enhancing electrical signal
transmission.”** While improved conductivity can facilitate
electrical integration, many conductive systems rely on rigid
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fillers or high filler loadings that increase stiffness and intro-
duce mechanical mismatch.'*” Conversely, antioxidative
hydrogels designed to scavenge reactive oxygen species (ROS)
often lack sufficient electrical functionality.'® As a result, exist-
ing platforms typically address either electrical or oxidative cues
in isolation, despite their intertwined roles in post-infarction
electromechanical failure.

MXene-based nanomaterials have recently gained attention
for bioelectronic applications owing to their high conductivity,
two-dimensional morphology, and processability,"*** while
MnO, has been widely explored as a catalytic antioxidant
capable of decomposing excessive ROS.*>** Furthermore, exist-
ing research has highlighted the significance of combining
excellent electrical and mechanical properties with structural
programmability in order to achieve complex, tissue-adaptive
geometries.>*** Gelatin methacryloyl (GelMA), a photo-
crosslinkable and cell-adhesive hydrogel with tunable
mechanics, provides a suitable scaffold for cardiac tissue engi-
neering.”® Integrating these components within a mechanically
compliant hydrogel matrix offers an opportunity to couple
electrical and redox regulation.

Here, a mechanically compliant MnO,-MXene-GelMA
(MMG) hydrogel cardiac patch is developed to reshape the post-
infarction microelectrical environment while alleviating oxida-
tive stress. MnO,-decorated MXene nanosheets establish
conductive pathways and provide catalytic ROS scavenging,”**
while the GelMA matrix ensures softness, deformability, and
processability compatible with dynamic myocardium.*® By
tuning MnO,-MXene content, the MMG platform achieves
a balanced electromechanical window that preserves conduc-
tivity under cyclic deformation without excessive stiffening.

The electromechanical and antioxidative properties of MMG
hydrogels are systematically characterized, followed by evalua-
tion of their biological effects on endothelial cells and car-
diomyocytes under oxidative and ischemic stress. The influence
of the MMG microenvironment on cardiomyocyte electrical
coupling, sarcomeric organization, and cell viability is further
examined using iPSC-derived cardiomyocytes. This multifunc-
tional strategy integrates mechanical compliance, electrical
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Fig.1 Schematic illustration of the fabrication, photocrosslinking, and
biofunctional roles of the MMG hydrogel. (A) Preparation of MnO,—
MXene nanocomposites and their incorporation into a GelMA
precursor. (B) DLP-based photocrosslinking of MMG hydrogels with
representative SEM microstructure. (C) Proposed in vitro application as
a cardiac patch, providing mechanical support, electrical coupling,
ROS scavenging, and microenvironmental regulation for myocardial
repair.
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stabilization, and oxidative stress regulation within a single
hydrogel platform, offering a promising direction for post-
infarction myocardial repair (Fig. 1).

2. Materials and methods

2.1. Synthesis of MnO,-MXene nanocomposite

MnO,-MXene was synthesized in two steps: etching of TizAlC,
to obtain MXene, followed by in situ MnO, growth.

First, MXene was prepared by etching Ti;AlC, (Xinxi, China)
in a LiF (Macklin, Shanghai, China)/HCI (Lvyin, Xiamen, China)
solution at 40-45 °C for 48 h. The product was washed by
centrifugation until pH = 6, further purified until a dark
viscous precipitate formed, and then sonicated in deionized
water under inert atmosphere. After centrifugation (3000 rpm,
30 min), a stable MXene colloidal suspension was obtained.

Subsequently, the suspension was mixed with KMnO,
(Hushi, Shanghai, China) and MnSO,-H,O (Hushi, Shanghai,
China) in a 6:1 molar ratio, followed by addition of concen-
trated H,SO, (Hushi, Shanghai, China). After stirring for 1 h, the
mixture was hydrothermally treated at 140 °C for 24 h. The final
product was centrifuged, washed to neutrality, and freeze-dried
to yield MnO,-MXene.

2.2. Preparation of UV curable MnO,-MXene-GelMA (MMG)
hydrogel solutions

The proposed UV-curable MMG hydrogel formula was a mixture
of MnO,-MXene, GelMA, and LAP photoinitiator precursors.
The basic hydrogel solution was developed with a composition
of GelMA:LAP:DI water = 15:1:250. The MMG hydrogel
solution was prepared at 7 concentrations of MnO,-MXene (0,
100, 200, 400, 800, 1000, 2000, 5000 pg mL~'). Hereafter,
“MMG” followed by a number denotes a specific concentration
of the MMG hydrogel. MnO,-MXene powder was weighed
according to the listed concentration and added to the basic
hydrogel solution, and then dispersed by ultrasonication over-
night. It is worth noting that ultrasound process should be
conducted in the dark, and the resulting MMG hydrogel solu-
tion should be stored in a refrigerator.

2.3. Characterization of solutions and hydrogels

The morphology of the hydrogels was observed with scanning
electron microscope (SEM) (JSM-IT5004A, JEOL, Tokyo, Japan).

The rheological properties of the hydrogel precursor were
characterized using a rotational rheometer (DHR-20, Waters
Corp., USA) at 37 °C. Photocross-linking was initiated by
exposing the precursor to a 60 W UV lamp (2 = 405 nm) posi-
tioned 5 cm above the sample, yielding an irradiance of
approximately 40 mW cm 2,

At room temperature, the mechanical properties of hydrogel
samples were measured using an electromechanical universal
testing machine (E43, Meters Industrial Systems, USA) at 2
mm min~" with a 50 N load cell. Each sample was tested and
recorded with a dial caliper with a precision of 0.02 mm.
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The electrical conductivity of solutions of different concen-
trations was measured using an electrical conductivity meter
(DDS-307, LEICI, China).

A bench-top digital multimeter (DMM7510 7 1/2 DIGIT
MULTIMETER, Tektronix, USA) was employed to measure and
record the direct current resistance changes at both ends of the
hydrogel.

The alternating current impedance was measured at room
temperature using a three-electrode electrochemical worksta-
tion (CHI660E, Chenhua, China). A Pt electrode coated with
hydrogel was used as the working electrode, Ag/AgCl was used
as the reference electrode, and platinum was used as the
counter electrode.

In the measurement of the tensile resistance of the hydrogel,
a high-precision displacement platform (XMS50, Newport,
France) was used to apply displacement to the hydrogel. A
bench-top digital multimeter (DMM7510 7 1/2 DIGIT MULTI-
METER, Tektronix, USA) was simultaneously employed to
measure and record the resistance changes at both ends of the
hydrogel.

2.4. Hydrogel samples manufacturing

The samples were fabricated using a lab-made 3D printer based
on digital light processing technology. A 405 nm light source
was used, and the light energy density was adjusted to about 250
mW cm ™ for our experiments. The 3D digital model was sliced
using CHITUBOX V3.2.0, with 50 um for each layer, corre-
sponding to an exposure time of 6-8 s.

2.5. Cells culture

The HUVECs and H9C2 cell lines were purchased from
IMMOCELL (Xiamen, Fujian, China). Cells were grown in an
incubator at 37 °C with 5% CO, and 95% air. The culture
medium was Dulbecco's Modified Eagle Medium (DMEM;
Gibco, 11965092), supplemented with 10% sterile fetal bovine
serum (FBS; Gibco, 10099141C) and 1% penicillin-streptomycin
solution (Gibco, 1719675).

The hiPSC-CMs, exhibiting spontaneous contraction and
intrinsic fluorescence, were sourced from Guangdong Yuanxin
Regenerative Medicine Co., Ltd. The hiPSCs were labeled with
green fluorescent by introducing an EGFP expressional element
in an AAVS1 locus. HiPSC-CMs were cultured according to
previous publications.**** Prior to cell seeding, all samples were
sterilized by y-irradiation.

2.6. Scratch assay

HUVECs were plated in a 6-well plate and a wound was created
in the confluent cell layer using a 200 pL pipette tip. Following
the wound, cells were cultured at 37 °C for 24 h. Subsequently,
PBS was used to clean and remove the cells that had fallen off
due to scraping. The culture medium with 400 pg mL ™"
concentrations of MMG was added to treat the cells, and the
results of cells migration at different treatment times were
observed with the fluorescence microscope. Image] was used to
analyze the wound area.
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2.7. In vitro oxidative stress assessment

To investigate the protective effect of hydrogels on H9C2 cell
apoptosis under oxidative stress, H9C2 cells were seeded in
a 24-well plate at a density of 6 x 10" cells per well. The cells in
each well were treated with 200 pL of MMG hydrogels at
different concentrations (200, 400, 800 pug mL ') for 12 hours,
followed by treatment with 200 uM H,0, for 6 hours. Cell
viability was assessed using the CCK-8 assay.

To simulate intracellular oxidative stress, H9C2 cells were
seeded in a 6-well plate at a density of 2 x 10° cells per well. The
cells in each well were treated with 1 mL of hydrogel for 12
hours, followed by treatment with 200 uM H, 0, for additional 6
hours. Intracellular ROS levels were detected using DCFH-DA
fluorescent staining (Beyotime, China); fluorescence quantita-
tive analysis of DCFH-DA stained cells was performed using
Image]j.

An in vitro OGD model was used to simulate hypoxic injury in
vivo. Briefly, H9C2 cells were co-cultured with MMG hydrogel in
glucose-free DMEM (Gibco, 11966-025) and incubated in
a culture incubator (Thermo Fisher Scientific, MA, USA) with an
oxygen deprivation bag for 3 hours. The control group was
cultured in high-glucose DMEM medium containing 5% CO,
for the same duration. Intracellular ROS levels were detected
using DCFH-DA fluorescent staining while mitochondrial
membrane potential was assessed using JC-1 fluorescent
staining (Solarbio, China). Mitochondrial polarization was
evaluated using JC-1 aggregates (red fluorescence, excitation
wavelength 585 nm) and monomers (green fluorescence, exci-
tation wavelength 488 nm).

2.8. Immunostaining and Cx-43 expression

HiPSC-CMs were inoculated in confocal dishes at a density of 4
x 10° cells per well. The experimental group was co-cultured
with 500 pL of GeIMA/MMG hydrogel for 24 hours. Then the
HiPSC-CMs was stained with Cx43 and a-actin.

2.9. Live/dead and viability assay

HiPSC-CMs was inoculated into MMG and cultured for 24
hours. The cell viability was determined by calcitonin/PI stain-
ing. Fluorescence quantification of live/dead cells was per-
formed using Image]J.

2.10. Statistical analysis

The data were indicated by the mean =+ standard deviation (SD).
Each experimental group conducted at least 3 repetitions of the
experiment. We used OriginPro 2024 software for statistical
analysis was applied to compare the mean values within each
group. Statistical differences were obtained by ANOVA followed
by a post hoc Tukey's test for significant differences. A signifi-
cance level of 0.05 was applied to determine significant
differences.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.11. Ethical approval

The cardiomyocytes and endothelial cells used in the study were
commercially cells. All cells experiment in the manuscript were
approved by the Declaration of Helsinki guidelines.

3. Results and discussion

3.1. Fabrication and physicochemical validation of MMG
hydrogels

In summary, the MnO,-MXene-GelMA (MMG) hydrogel is ob-
tained by uniformly and sonically doping MnO,-MXene nano-
fillers into the precursor solution of GeIMA hydrogel, and then
through 3D additive manufacturing using DLP digital light
processing. In this design, MnO,-decorated MXene nanosheets
provide conductive pathways for microelectrical modulation
while catalytically scavenging excessive reactive oxygen species,
whereas the GelMA matrix offers a soft, photo-crosslinkable
scaffold compatible with cyclic myocardial deformation.

The MnO,-MXene nanofiller was prepared via a two-step
process: first, TizAlC, was subjected to conventional hydro-
fluoric acid etching to synthesize MXene nanosheets; subse-
quently, potassium permanganate (KMnO,) and manganese
sulfate monohydrate (MnSO,-H,0) introduced as
manganese sources, and a redox reaction was initiated under
acidic conditions. The resulting product was then collected
through centrifugation, followed by freeze-drying to yield the
target MnO,-MXene nanofiller. The nanocomposites exhibited
a characteristic nanosheet morphology (Fig. 2B), and energy-
dispersive spectroscopy (EDS) together with elemental quanti-
fication confirmed successful MnO, decoration on MXene
surfaces (Fig. 2C, S1 and S2A). The number of Mn atoms is
approximately 1.4 times that of Ti atoms. Based on the XPS
results of MnO,-MXene and MXene nanofillers (Fig. 2D), it can
be witnessed that the MnO,-MXene contains four element
signals of C 1s, Ti 2p, Mn 2p and O 1s. The XPS profile of Mn 2p
(Fig. 2E) can be divided into two sub-peaks, with binding
energies of 653.6 and 641.8 eV, corresponding to Mn 2p,,, and
Mn2p;,,, respectively, indicating that the +4 oxidation state of
manganese is the predominant form. Fig. S2B shows three
fitting peaks of the high-resolution C 1s spectrum, which
includes C-Ti (282.0 eV), C-C (284.8 eV) and C=0 (288.5 eV).
The Ti 2p profile in Fig. S2C confirm the existence of three pairs
of bonding: Ti-C (455.3 and 461.4 eV), Ti(u) (462.7 eV), and Ti-O
(458.7 and 464.3 eV). In addition, the high-resolution O 1s
spectrum (Fig. S2D) discloses the presence of three types of
bonds centered at 529.6, 530.7, and 531.7 eV, which are linked
to the Ti-O, Mn-O and Ti-OH bonds, respectively. Fig. 2F
presents the XRD pattern of the MnO,-MXene nanofiller.
Multiple diffraction peaks are observed, located at 21.5°, 37.0°,
42.2°, 55.6°, corresponding to (120), (131), (300), and (160) of y-
MnO, (JCPDS card no. 44-141).

The MMG precursor solutions displayed concentration-
dependent pre- and post-photocrosslinking behavior (Fig. 2A)
The incorporation of black MnO,-MXene nanofillers imparts
a light-absorbing property to the system, which hinders the
photopolymerization process. Specifically, an under-cured
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Fig. 2 Synthesis and physicochemical characterization of MnO,-
MXene—-GelMA (MMQG) hydrogel. (A) MMG precursor solutions before
and after photo-crosslinking at different MNnO,—MXene concentra-
tions (400, 1000, 2000, and 5000 pg mL™Y). (B) SEM image of MnO,—
MXene nanocomposites. (C) EDS spectrum of MnO,—MXene. (D) XPS
survey spectra of MnO,—-MXene. (E) High-resolution Mn 2p XPS
spectra of the MnO,—MXene sample. (F) XRD patterns of the MnO,—
MXene and MXene samples. (G) Evolution of storage modulus (G') and
loss modulus (G”) of MMG400 hydrogel during photo-crosslinking.

phenomenon is observed when the filler concentration
exceeds 2000 ug mL~". The precursor solution (before photo-
polymerization)'s rheological properties exhibit the same shear-
thinning characteristics as GelMA (strain: 1%, angular velocity:
5 rad s, Fig. S3B), and remain stable over time, providing
a wide processing window for the DLP process with a consistent
viscosity (shear rate: 10 s, 37 °C, Fig. S3A). Interestingly, as the
doping concentration of solid MnO,-MXene increases, the
viscosity of the MMG composite hydrogel precursor shows
a decreasing trend. A possible explanation is that the negatively
charged MXene surfaces may introduce electrostatic repulsion
or shielding effects among GelMA chains,** while the abundant
oxygen-containing functional groups on MXene and MnO,
surfaces may form competitive hydrogen bonds with the amide
and hydroxyl groups on GelMA, collectively weakening inter-
chain entanglements.®® Additionally, the two-dimensional
nanosheets may act as nano-lubricants, facilitating polymer
chain sliding under shear.>*** Although the precise mechanism
remains to be elucidated, the observed low-viscosity behavior is

RSC Adv, 2026, 16, 29350-29360 | 29353
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undoubtedly advantageous for digital light processing (DLP)
printing, as it promotes rapid interface rearrangement and
smooth detachment of printed parts from the release film.***”
The rapid evolution of storage and loss moduli under UV irra-
diation (Fig. 2G, measured for MMG400) further demonstrates
that the MMG composite hydrogel achieves a rapid liquid-to-
solid transition within 5 s of UV exposure, highlighting its
fast gelation kinetics and compatibility with DLP
manufacturing. The SEM images of the lyophilized fully cured
hydrogel reveal that the MMG hydrogel maintains substantial
voids measuring approximately 40-100 pm (Fig. S4A(i) and (iii)),
along with a uniform distribution of MnO,-MXene particles
throughout the porous network (Fig. S4A(ii) and (iv)). EDS and
elemental quantitative analysis confirmed the successful
modification of the GelMA network (Fig. S4B-D). The observed
decrease in Ti and Mn content is attributed to the incorporation
of additional hydrogel networks.

3.2. Mechanical compliance and fatigue-resilient
electromechanical behavior of MMG under cyclic deformation

After establishing the printable window via rheological char-
acterization across a broad concentration range, we systemati-
cally evaluated the mechanical and electrical properties of the
crosslinked solid hydrogels across a finer concentration
gradient to identify the optimal formulation for cardiac patch
application.

The mechanical properties of photocrosslinked MMG
composite hydrogels were evaluated across varying concentra-
tions (Fig. 3A). As the concentration increased, the elastic
modulus of the hydrogel exhibited a slight rise, attributed to the
MnO,-MXene nanosheets serving as nanoscale physical cross-
linking sites and a rigid reinforcing phase (Fig. 3B). However,
once the concentration exceeded 800 pg mL~ ", the hydrogel
network became incompletely cross-linked due to the light-
absorbing effect of MnO,-MXene, leading to a pronounced
decrease in modulus. Regarding failure strain, higher doping
concentrations introduced stress concentration within the
hydrogel (Fig. 3C), resulting from the modulus mismatch
between the rigid MnO,-MXene nanosheets and the flexible
hydrogel matrix. The curing depth of MMG precursor solutions
was measured under fixed UV exposure (405 nm, 40 mW cm >,
300 s). As shown in Fig. S5A, the curing depth decreased
progressively with increasing filler concentration: from 8.0 mm
for pristine GelMA to 4.7 mm for MMG400, and further to
1.0 mm for MMG2000. According to the Beer-Lambert law****
and the Jacobs working curve,***! the cured region consists of
a partially cured part and a fully cured state. The marked
decrease in curing depth is directly attributable to the light
absorption and scattering by the black MnO,-MXene nano-
sheets, which restrict UV penetration. The gel fraction (Fig. S5B)
remained stable (~76-77%) at concentrations < 400 ug mL .
However, at higher concentrations, it dropped to 73.1% at 800
ng mL™', 68.9% at 1000 pg mL ™", and 59.8% at 2000 ug mL ",
confirming that excessive nanofiller loading severely impairs
the formation of a complete covalent network. Consequently,
the fracture strain gradually declined with increasing
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Fig. 3 Mechanical and electrical properties of MMG hydrogels with
different MnO,—MXene concentrations. (A) Tensile curves, (B) elastic
modulus, (C) failure strain of MMG with different concentrations. (D)
Cyclic compression stress response of MMG hydrogel under repeated
loading—unloading cycles. (E) Representative stress—strain hysteresis
curves of MMG hydrogel at 1, 60, and 120 compression cycles. (F)
Electrical conductivity of MnO,—MXene aqueous solution. (G) Elec-
trical conductivity of MMG precursor solutions before crosslinking. (H)
Electrical resistance and electrical conductivity of crosslinked MMG
hydrogels. (I) Alternating current (AC) impedance of crosslinked MMG
hydrogels. (J) Curves of resistance of MMG (400 ng mL™Y) as a function
of time in a solution of pH = 7.4 at 60 °C for simulation. (K) MMG
hydrogel maintains stable electrical conductivity under bending
conditions.

concentration. When the concentration surpassed 1000 pg
mL~", incomplete cross-linking within the network mitigated
stress concentration and hindered crack propagation, thereby
enabling the hydrogel to sustain large macroscopic deforma-
tions. It is generally believed that a rigid matrix will inhibit the
contraction properties of cardiac tissue.*” Although the modi-
fied hydrogel exhibits an increased elastic modulus (9.4 £+ 0.8
kPa at 800 pg mL™"), it remains less than that of cardiac tissue
(20-500 kPa).** Moreover, its fracture strain (65.7% =+ 23.2% at
1000 pg mL~") is sufficient to accommodate the average
deformation (~60%) experienced by cardiac tissue.** The
uniaxial compression test results of MMG exhibited consistent
patterns (Fig. S6A and B). All MMG formulations exhibited
compressive modulus below the reported range of native
cardiac tissue indicating that the MMG system maintains
mechanical compliance even under compression.* To evaluate
the mechanical stability of the MMG composite hydrogel under
prolonged cardiac deformation conditions, cyclic tensile testing
was performed. The hydrogel exhibited a stable stress-strain
response throughout 120 stretching cycles at 60% strain
(Fig. 3D). The hysteresis curves from the 1st, 60th, and 120th
cycles were nearly superimposed (Fig. 3E), demonstrating the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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material's robust mechanical stability under large-strain cyclic
loading.

To support micro-electrical remodeling, conductivity was
evaluated at three distinct levels: MnO,-MXene aqueous
dispersions, MMG precursor solutions, and crosslinked MMG
hydrogels. The dispersion solution of the MnO,-MXene mixture
has measurable electrical conductivity, and its conductivity
increases with the increase in concentration (Fig. 3F). This
indicates that the MnO,-MXene composite material can form
conductive pathways similar to those of MXene. The incorpo-
ration of MnO,-MXene into the GelMA hydrogel precursor
enhanced the electrical conductivity to approximately 1100-
1500 uS ecm™ ' (Fig. 3G), indicating the formation of a dual
conductive mechanism involving both ionic and electronic
transport within the MMG composite precursor solution. Direct
current impedance measurements of the photopolymerized
hydrogel (5 mm x 5 mm X 1.5 mm) further corroborated these
findings (Fig. 3H). The GelMA hydrogel exhibited a resistance of
137.9 + 9.8 kQ and a conductivity of 48.5 + 3.5 uS cm™". At
a MnO,-MXene concentration of 400 pg mL ™}, the resistance
decreased to 47.7 & 10.6 kQ, while the conductivity increased 3
times to 144.5 + 31.2 pS cm "' (between the conductivity of
natural cardiac tissue: 0.05 mS cm ™' to 1.6 mS ecm™'),*® indi-
cating the formation of a percolation network within the MMG
hydrogel. Upon further increase in MnO,-MXene content,
however, the high surface energy of MnO,-MXene led to
aggregation of the nanofillers. This aggregation hindered their
alignment and the establishment of an efficient electronic
network, thereby increasing resistance (89.0 = 12.0 kQ at 1000
ng mL~") and reducing conductivity (75.8 + 10.3 pS cm™ ). To
evaluate the contribution of each component, we prepared
control groups: GelMA/MXene (MxG), GelMA/MnO, (MnG), and
physically mixed MxMnG (same MnO,:MXene ratio as
MMG400). As shown in Fig. S7, pristine GelMA and MnG
exhibited high resistance (~130 kQ), while MxG reduced resis-
tance to 41.2 kQ. MMG400 achieved nearly uniform resistance
(47.7 kQ), confirming that the in situ decorated architecture
effectively establishes conductive pathways. The AC impedance
of the photopolymerized hydrogels consistently exhibited
concentration-dependent conductivity (Fig. 3I). Similar to the
trend of the direct current resistance, the MMG hydrogel
reached its minimum AC impedance (4.6 kQ at 1 kHz) at
a MnO,-MXene concentration of 400 pg mL ™. To assess the
electrical stability of the MMG composite hydrogels, their aging
behavior and electrical properties under cyclic loading were
evaluated. The MMG hydrogel was immersed in PBS and aged at
60 °C to accelerate degradation. Resistance began to increase
after 15 days (Fig. 3]), attributed to oxidation of MnO,-MXene
and degradation of GelMA. Based on the Arrhenius equation,
this failure time can be extrapolated to approximately 74 days
under physiological conditions (37 °C).?® Under both bent and
unbent conditions, the MMG hydrogel consistently powered an
LED at 5 V (Fig. 3K). Under 20% uniaxial tensile strain, the
resistance across the MMG hydrogel was monitored (Fig. S8).
Throughout 1000 loading-unloading cycles, the resistance di-
splayed a stable baseline. The change in resistance decreased
from 1.55 kQ initially to 1.02 kQ at the 1000th cycle. This result
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indicates that the MMG hydrogel can maintain consistent
electrical conductivity under cyclic mechanical deformation,
thereby supporting its potential for micro-electrical remodeling
during myocardial beating.

3.3. MMG-mediated regulation of endothelial cell migration
and cytocompatibility

The cytocompatibility of the MMG hydrogel was first evaluated
by culturing H9C2 cardiomyoblasts with extracts from various
concentrations of the material. As illustrated in Fig. S9, cell
viability exhibited a biphasic trend, initially increasing and then
gradually declining at concentrations exceeding 200 pg mL™".
Optimal cell viability was observed at MMG concentrations of
200 and 400 pg mL ", indicating that the incorporation of
MnO,-MXene within this range does not compromise myocar-
dial biocompatibility. Notably, cell proliferation increased
significantly over time, suggesting that the MMG hydrogel
provides a safe and effective substrate for supporting cell
growth. These findings underscore the potential of MMG for
rapid therapeutic applications, particularly in promoting tissue
regeneration and the functional recovery of damaged cells
without substantial risk of adverse effects.

To further evaluate the reparative potential of the hydrogel,
a 2D wound healing (scratch) assay was performed to assess
endothelial cell migration (Fig. 4A). To minimize nutritional
interference and highlight the intrinsic influence of the MMG
microenvironment, the assay was conducted using medium
with a low concentration of FBS (1%). Based on the electrome-
chanical optimization established in the previous chapter, the
MMG400 formulation was selected to investigate its impact on
HUVEC behavior. Fluorescence imaging revealed progressive
closure of the scratch area in both the control and MMG groups
over time. However, the migration rate in the MMG group was
markedly accelerated compared to the control. By 48 h, while
the residual scratch area in the GelMA group remained at 15.0%
=+ 8.9%, the MMG group reached virtually complete closure with
aresidual area of only 0.5% =+ 0.1%, demonstrating the superior
capacity of the MMG hydrogel to enhance cellular migration
and injury repair (Fig. 4B).

3.4. ROS scavenging and protection against oxidative stress
in cardiomyocytes

Beyond supporting cytocompatibility and cell migration, effec-
tive myocardial patches are expected to mitigate oxidative
stress, a key driver of cardiomyocyte injury in the post-infarction
microenvironment. To evaluate the intracellular ROS-
scavenging efficacy of the MMG hydrogel, a DCFH-DA fluores-
cent probe was employed (Fig. 5A).

Compared to the control group, the model group exhibited
a pronounced increase in green fluorescence signals following
H,0, stimulation, characterized by a widespread and intense
fluorescence distribution. This observation signifies a substan-
tial accumulation of intracellular ROS under oxidative stress. In
contrast, treatment with MMG hydrogels significantly attenu-
ated the fluorescence intensity in a concentration-dependent
manner. Notably, in the MMG400 and MMG800 treatment
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Fig. 4 Effect of MMG hydrogel on cell migration evaluated by scratch
assay. (A) Scratch wound healing assay performed on HUVECs,
recorded at 0 h, 12 h, 24 h and 48 h. (B) Quantification and analysis of
migration area of HUVECs. Data are presented as mean £ SD. *p <
0.05.

groups, the fluorescence signals were minimal or nearly unde-
tectable, suggesting that the MMG hydrogel -effectively
neutralizes H,0,-induced intracellular ROS.

Quantitative analysis (Fig. 5B-D) further corroborated these
qualitative findings. The relative fluorescence intensity of the
model group escalated to 252.8% =+ 70.9% compared to the
control, confirming the successful induction of severe oxidative
stress by H,0,. Upon intervention with MMG, ROS levels were
substantially reduced. Specifically, the relative intensities for
the MMG200 and MMG400 groups decreased to 66.2% =+ 9.9%
and 62.5% =+ 5.2%, respectively, with a further reduction to
45.1% =+ 32.3% in the MM G800 group. Concomitantly, the ROS-
positive area ratio, which reached 107.3% =+ 31.2% in the model
group, was significantly suppressed to 38.2% =+ 8.2%, 10.9% =+
3.6%, and 0.8% =+ 0.3% following MMG treatment. Further-
more, analysis of the mean fluorescence intensity throughout
the entire field of view revealed that the model group peaked at
563.9% =+ 276.8%, while the MMG-treated groups exhibited
a drastic decline to 47.7% =+ 14.2%, 15.4% + 4.4%, and 0.9% +
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Fig. 5 Intracellular ROS levels in H9C2 cells under oxidative stress
conditions. (A) Intracellular ROS levels in H9C2 cells under H,O,
stimulation, detected by DCFH-DA staining in the control, model,
GelMA, MxG, MnG, MxMnG, and MMG-treated groups. (B—D) Quan-
tification of relative fluorescence intensity, DCFH-DA-positive area,
and mean fluorescence intensity in full field of view under H,O,
stimulation. (E) Intracellular ROS levels in H9C2 cells under oxygen—
glucose deprivation (OGD) conditions, detected by DCFH-DA staining
in the control, model, GelMA, MxG, MnG, MxMnG, and MMG-treated
groups. (F—H) Quantification of relative fluorescence intensity, DCFH-
DA-positive area, and mean fluorescence intensity in full field of view
under OGD conditions.

0.5%. These results collectively demonstrate that the MMG
hydrogel not only diminishes the intensity of ROS signals but
also significantly constrains their intracellular distribution.

To further assess the cytoprotective effects of MMG under
oxidative stress, cell viability was measured using the CCK-8
assay post H,O, stimulation (Fig. $10). The results indicated
that the model group's cell viability plummeted to 67.1% =+
23.7%, indicating successful induction of oxidative damage and
inhibition of metabolic activity. Treatment with various
concentrations of MMG promoted a recovery trend in cell
viability. Specifically, the MMG200 and MMG400 groups
demonstrated restoration to 103.8% =+ 18.5% and 104.2% =+
9.6%, respectively. Interestingly, while the MMG800 group
showed a significant improvement compared to the model
group (78.9% =+ 8.6%), its recovery was less pronounced than
that of the medium-concentration groups, exhibiting a non-
linear concentration-response characteristic. This suggests
that the antioxidant-mediated cytoprotection of the MMG
hydrogel operates within a specific therapeutic window, with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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medium concentrations (MMG200 and MMG400) providing
optimal protection by effectively clearing excess ROS while
maintaining high cellular metabolic activity. Based on the
concentration-dependent protective effects observed in ROS
scavenging and cell viability assays (Fig. 5 and S10), MMG200
and MMG400 which exhibited both efficient ROS elimination
and high cell viability recovery were selected for further evalu-
ation of mitochondrial membrane potential, while MMG800,
despite its strong ROS scavenging activity, showed compro-
mised cell metabolic recovery (Fig. S10) and was therefore
excluded from subsequent assays.

A similar protective trend was observed under oxygen-—
glucose deprivation (OGD) conditions, which more closely
simulate the ischemic and hypoxic environment encountered
post-myocardial infarction. DCFH-DA staining revealed massive
ROS accumulation in the OGD model group (Fig. 5E), with the
relative fluorescence intensity rising to 262.6% =+ 103.9% and
the mean fluorescence intensity throughout the entire field of
view reaching 664.1% =+ 193.7%, indicating a hypoxia-induced
mitochondrial ROS burst. Treatment with MMG significantly
suppressed these levels; the relative intensity dropped to 76.3%
=+ 33.9% in the MM G200 group and further to 45.0% =+ 40.1% in
the MMG400 group. Moreover, the mean fluorescence intensity
in the MMG400 group was reduced to 1.4% =+ 1.1%, effectively
eliminating high-intensity ROS peaks. Simultaneously, the ROS-
positive area ratio was drastically compressed from 348.0% to
7.2% (Fig. 5F-H).

To further dissect the individual and combined contribu-
tions of MXene and MnO, to ROS scavenging, we additionally
evaluated several control formulations under H,O,-induced
oxidative stress: GeIMA, MxG, MnG, and MxMnG. MxG exhibi-
ted minimal ROS scavenging activity, while MnG showed
moderate reduction of intracellular ROS. The physical mixture
(MxMnG) performed better than MxG alone but still inferior to
MMG400. A similar trend was observed under oxygen-glucose
deprivation (OGD) conditions (Fig. 5E-H). These results
demonstrate that the in situ decorated (MMG) provides superior
ROS scavenging compared to physically mixed counterparts or
single components.

Compared to the exogenous H,0, model, OGD better
represents the authentic pathological environment of myocar-
dial ischemia. Our findings demonstrate that MMG not only
scavenges ROS generated by exogenous oxidative stimuli but
also effectively regulates endogenous ROS bursts induced by
mitochondrial dysfunction. This underscores the sustained
catalytic antioxidant capacity of the MMG hydrogel within
pathologically relevant microenvironments.

3.5. Preservation of mitochondrial membrane potential
under ischemic stress

Elevated levels of reactive oxygen species (ROS) are known to
disrupt mitochondrial membrane potential (A¥,), leading to
impaired ATP production, inhibited cell proliferation, and the
subsequent induction of apoptosis. To evaluate the impact of
MMG hydrogels on mitochondrial integrity under pathological
conditions, a JC-1 fluorescent probe was utilized to monitor
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AW, changes in cells subjected to oxygen—glucose deprivation
(OGD).

As illustrated in Fig. 6, the control group exhibited a high
red/green fluorescence intensity ratio of 5.5 + 1.08, indicating
that A¥,, was well-preserved and mitochondrial health was
maintained under normoxic conditions. In sharp contrast, this
ratio plummeted to 0.2 £+ 0.08 in the OGD model group, signi-
fying severe mitochondrial depolarization and profound
organelle dysfunction.

Upon treatment with MMG composite hydrogels, a signifi-
cant, concentration-dependent restoration of mitochondrial
potential was observed. The red/green ratio in the MMG200
group increased to 1.5 + 0.33. The MMG400 group demon-
strated a substantial elevation of the ratio to 4.6 + 0.67, effec-
tively restoring the A¥,, to levels approaching the normoxic
control. Correlating these findings with the ROS detection
results, it is evident that the OGD-induced endogenous ROS
burst is intrinsically linked to mitochondrial depolarization. By
significantly attenuating ROS accumulation, MMG400 effec-
tively stabilized A¥,,, suggesting that its catalytic antioxidant
activity successfully disrupts the ROS-mitochondrial damage
cascade.

3.6. MMG-mediated enhancement of Cx43 expression and
sarcomeric organization in iPSC-CMs

To evaluate the effects of MMG on cardiomyocyte electrical
coupling-related protein expression and structural maturation,
we analyzed the expression of Connexin 43 (Cx43) and
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Fig. 6 Mitochondrial membrane potential of H9C2 cells under OGD
conditions. (A-D) JC-1 staining of H9C2 cells under OGD conditions.
Green fluorescence indicates the monomeric form of JC-1 corre-
sponding to A¥ ,,, whereas red fluorescence indicates the aggregated
form of JC-1 corresponding to high A% .. (E) Quantification of the JC-
1 red/green fluorescence intensity ratio for evaluation of mitochon-
drial integrity.
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sarcomeric organization in iPSC-derived cardiomyocytes (iPSC-
CMs) treated with GelMA and MMG hydrogels. MMG400 was
selected for Cx43 characterization because it exhibited the most
balanced performance across mechanical, electrical, and bio-
logical assays. Although MMG200 also showed protective effects
on mitochondrial membrane potential, its electrical conduc-
tivity was inferior to that of MMG400. Immunofluorescence
staining revealed that the expression and intramembrane
distribution of Cx43 were significantly enhanced in iPSC-CMs of
the MMG group compared to those of the GelMA group
(Fig. 7A). Quantitative analysis (Fig. 7B) demonstrated that the
area percentage of Cx43 in the GelMA group was merely 3.1% +
0.97%, whereas it substantially increased to 31.5% =+ 15.0% in
the MMG group.

As a core structural protein of electrical coupling between
cardiomyocytes, the expression level and membrane localiza-
tion of Cx43 directly determine the propagation efficiency of
action potentials between cells. These findings suggest that the
MMG composite hydrogel promotes Cx43 expression, a key
protein for gap junction formation, which is conducive to
improved intercellular communication.

The cytoskeletal structure was further evaluated via a-actinin
staining. iPSC-CMs treated with MMG exhibited more aligned
and well-defined sarcomere structures compared to those with
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Fig. 7 Connexin 43 expression, sarcomeric organization, and cell
viability of iPSC-derived cardiomyocytes treated with GelMA and MMG
hydrogels. (A) Cx43 distribution in iPSC-derived cardiomyocytes. (B)
Quantitative analysis of Cx43 area coverage in the GelMA and MMG
groups. (C) a-Actinin distribution in iPSC-derived cardiomyocytes. (D)
Quantification of sarcomere length of iPSC-derived cardiomyocytes.
(E) Quantitative analysis of viable and dead cell area percentages. (F)
Quantification of viable and dead cell numbers of iPSC-derived car-
diomyocytes cultured in MMG hydrogels. (G) Quantification of live and
dead cell numbers after 24 h.
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GelMA (Fig. 7C). Quantitative analysis of sarcomere length
(Fig. 7D) revealed that the length in the GeIMA group was 1.51 +
0.08 um, while it significantly increased to 1.74 £ 0.13 pm in the
MMG group. Given that the sarcomere length of mature car-
diomyocytes typically approaches the 1.70-2.3 pm range,**° the
MMG group demonstrated a clear progression toward mature
structural characteristics, suggesting enhanced myofibrillar
organization and contractile readiness. Such structural
improvements are consistent with a microenvironment that
simultaneously provides mechanical compliance and stable
electrical signaling, both of which are critical for the maturation
of cardiomyocytes.

3.7. DLP-enabled structured printing of MMG cardiac
patches

Finally, to demonstrate manufacturability and geometrical
controllability, MMG was patterned vie DLP printing into
a structured patch with 400 pm grooves (Fig. S11), validating
that the photocurable MMG precursor supports high-fidelity,
structured fabrication relevant to cardiac patch deployment.
The cell viability assay further confirmed the biocompatibility of
the MMG hydrogel during the printing process. Live/dead
staining performed 24 h post-printing revealed that the MMG
hydrogel supported a predominantly viable cell population,
with only a minimal area of dead cells (Fig. 7G). This observa-
tion was corroborated by quantitative cell count analysis
(Fig. 7E and F). The high survival rate of iPSC-derived car-
diomyocytes on the MMG suggests that the brief ultraviolet
exposure and the incorporation of MnO,-MXene do not induce
cytotoxic effects.

4. Conclusion

In this study, we developed a mechanically compliant MnO,-
MXene-GelMA (MMG) hydrogel cardiac patch that integrates
electrical modulation and antioxidative capacity to address key
pathological features of the post-infarction microenvironment.
By embedding MnO,-decorated MXene nanosheets into
a photo-crosslinkable Ge]MA matrix, the MMG system achieves
a balanced electromechanical performance within the physio-
logical range of native myocardium, maintaining stable
conductivity under cyclic mechanical loading. In vitro studies
demonstrated that MMG effectively scavenges intracellular ROS
under both H,0,-induced and oxygen-glucose deprivation
conditions, preserves mitochondrial membrane potential, and
supports endothelial cell migration. Furthermore, MMG
enhanced Cx43 expression and sarcomeric organization in
iPSC-derived cardiomyocytes, suggesting potential for improved
electrical coupling and structural maturation. Among the tested
formulations, MMG400 exhibited the most balanced perfor-
mance across mechanical, electrical, and biological assess-
ments. The formulation also exhibited favorable processability
for DLP-based 3D printing, enabling the fabrication of struc-
tured cardiac patches with high cytocompatibility. Collectively,
the MMG hydrogel presents a multifunctional platform that
concurrently addresses mechanical compliance, electrical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dysfunction, and oxidative stress-three interrelated barriers to
cardiac repair. This work offers a promising strategy for the
development of next-generation cardiac patches and highlights
the potential of integrating nanomaterial-enabled functionality
with bioadaptive hydrogel design for minimally invasive
myocardial intervention.
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