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ABSTRACT

Polymeric conductive patches have conventionally been employed to facilitate the repair of infarcted myocardium by enhancing
myocardial electrical conduction and providing mechanical support. However, it remains a challenge to restore the electrical
conduction and diastolic-systolic functions with stable and anisotropic mechanical and electrical cues in the dynamic
physiological environment. Herein, inspired by the hierarchical myocardial fiber microscopic striated structure, we established
a weaving-based processing method to compound a striated polypyrrole conductive coating on the surface of highly oriented
elastic fiber bundles. This unique design endows the patch with exceptional stretchability (elongation at break > 400%),
stable conductance (AR/R, = 0.04 within 20% strain), and excellent fatigue resistance (AR/R, = 0.01 after 1,000,000 cycles). In
addition, the precision process grounded on woven molding accomplished the tunable mechanical and electrical properties of the
patch, which facilitates the achievement of long-term, stable, and anisotropic mechanical-electrical coupling with the infarcted
myocardium. The rat MI model experiments demonstrated that this anisotropic conductive patch can not only improve cardiac
function and electrical activity over an extended period, but also effectively inhibit myocardial inflammation and fibrosis and
promote angiogenesis. This study proposes a promising MI-treatment patch and highlights the potential of woven technology in
processing biomaterials composed of both rigid and elastic materials.

1 | Introduction prodigious economic toll on society [1]. This pathological condi-

tion, precipitated by the occlusion of the coronary artery, sets off
Myocardial infarction (MI), a global health threat, ranks among  a complex cascade of events. Under normal physiological con-
the foremost contributors to morbidity and mortality, exactinga  ditions, the myocardium exhibits highly coordinated electrical
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activity, characterized by synchronized action potentials initiated
by the sinoatrial node and propagated through gap junctions (e.g.,
connexin-43, CX-43) [2]. This electrical synchronicity ensures
efficient excitation-contraction coupling, enabling rhythmic and
forceful ventricular contractions to maintain systemic perfusion.
However, upon ischemia-induced apoptosis of electrically active
cardiomyocytes (CMs), the erstwhile highly ordered myocardial
tissue, due to the restricted regenerative potential of CMs, under-
goes a progressive substitution by randomly deposited fibrotic
tissue [3]. This pathological change results in typical disorders,
including abnormal electrical communication and disparities in
the distribution of cardiac pressure load caused by ventricular
wall thinning, which gives rise to systolic and diastolic dysfunc-
tion, as well as arrhythmias [4]. Consequently, the restoration
of the mechanical-electrical microenvironment within the post-
infarct myocardium has emerged as the primary objective in the
pursuit of MI repair strategies.

To date, patches have been employed as mechanically supportive
biomaterials with the aim of attenuating myocardial wall stress
so as to passively impede ventricular enlargement [5]. The highly
ordered structure of the natural myocardium enables it to exhibit
anisotropic mechanical and electrical properties [6]. To further
mimic this structure, alternative fabrication methods have been
explored. Electrostatic spinning and 3D printing, for example, are
employed to produce myocardial patches with highly oriented
architectures, thereby emulating the biomimetic anisotropy of
native myocardium and facilitating directional cell growth [7,
8]. In addition to mechanical support, endowing anisotropic
myocardial patches with electrical activity holds the potential
to re-establish directional electrical coupling with the infarcted
myocardium and ameliorate defective electrophysiology [9]. This
is of paramount importance in preventing asynchronous ven-
tricular contractions and malignant arrhythmias [10]. However,
electroactive biomaterials, whether metallic, carbon-based, or
conductive polymers, are inherently rigid (> 1 GPa modulus) and
brittle (< 10% elongation at break), which creates a mechanical
mismatch between the elastic substrate and the flexible tissue [11,
12]. This results in the separation of the electroactive components
from the composite patch under the contracting cardiac (> 20%
strain). Consequently, the patch is incapable of maintaining sta-
ble electrical conductance during the contraction and relaxation
of the heart and after the continuing cardiac cycles, which accord-
ingly hinders the mechanical-electrical coupling with the host
myocardium [13]. To compliantly respond to and mechanically
interact with the cardiac deformation during both diastole and
systole, patterned patches have been designed to further optimize
the stretchable structure, thereby achieving elasticity and stable
fatigue resistance [14, 15]. However, the stretchability of these
patterned structures is achieved through the spatial deformation
of the structures under strain, which is in conflict with the
replication of the highly ordered architecture of myocardial
tissue [16]. Consequently, there remains an unmet need for
polymeric conductive patches that can simultaneously possess
high stability and reasonable anisotropy under the dynamic
physiological environment of cardiac systole and diastole [3].
Furthermore, although certain anisotropic electroactive patches
have demonstrated favorable therapeutic effects in the context of
M1, the precise nature of the mechanical-electrical interaction
between these patches and the myocardium remains poorly
understood [10]. For instance, it is crucial to elucidate the impact

of the anisotropic mechanical properties of elastic patches on
myocardial ventricular dilatation and the role of the stable electri-
cal conduction properties of anisotropic patches in the restoration
of synchronized electrophysiological propagation. Therefore, the
development of cardiac patches capable of mechanical-electrical
coupling with the infarcted myocardium persists as an urgent and
pressing requirement.

In this study, we introduced an approach to fabricate a biomimetic
hierarchical anisotropic conductive myocardial patch (HACMP)
for post-MI cardiac repair via woven molding. The unique
hierarchical structure of HACMP, with oriented elastic fiber
bundles and striated polypyrrole (PPy) coatings, mimicked the
orientation and surface structures of the native myocardium.
Such a biomimicking structure endowed HACMP with out-
standing stretchability, stable conductivity, and fatigue resis-
tance, enabling adaptation to the dynamic microenvironment
of the heart. In vitro, HACMP showed tunable anisotropy for
mechanical-electrical coupling with myocardium, allowing direc-
tional electrical signal restoration and anisotropic mechanical
support. In vivo rat MI model experiments confirmed HACMP’s
ability to restore electrical signals, inhibit cardiomyocyte apop-
tosis, provide mechanical support to prevent infarct expansion
and fibrosis, promote angiogenesis, and modulate inflammation.
These results suggest that HACMP represents a highly promising
solution for MI treatment and highlight the potential and ver-
satility of woven molding technology in customizing patches for
clinical translation in myocardial repair.

2 | Results and Discussion

2.1 | Biomimetic Design of Anisotropic Patches
Natural myocardium is a multi-level muscular tissue constituted
by oriented striated muscle fiber bundles possessing elastic-
ity and electrical activity (Figure la,b) [17]. It has a unique
mechanical-electrical coupling microenvironment where the
heart’s contraction and relaxation, based on the movement
between myosin and actin filaments in striated muscles as per
Huxley’s sliding filament theory, is closely associated with the
action potential transmitted through gap junctions [18]. To repli-
cate this microenvironment, a myocardial patch was designed
following two principles. First, both elasticity and conductive
stability are requisite to match the dynamic microenvironment
of the myocardium, maintaining long-term stability under 20%
strain [19]. Second, it required an anisotropic structure and
electromechanical property similar to the myocardium, with an
anisotropy ratio from 1.9 to 3.9 [20].

To fulfill the first principle, polyurethane (PU) fiber bundles
were chosen as the substrate for elasticity [21]. Among many
conductive materials, PPy is widely used in the biomedical field
due to its good biocompatibility and inherent conductivity [21-
23]. Moreover, PPy has been shown to form strong interfacial
interactions with PU substrates to avoid interfacial delamination
[11]. Then, a striated PPy coating was fabricated on the substrate
through a pre-strain (x = 0, 0.5, 1) engineering, forming bioin-
spired striated muscle-like electroactive fiber bundles (Figure I1c).
The striated PPy coating demonstrated stable-conductance in a
dynamic physiological environment due to strain-induced topo-
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Biomimetic design of anisotropic patches for cardiac repair. (a) Schematic and (b) fluorescence micrographs of the multilevel structure

of native cardiac tissue. (¢) Schematic of HACMP production; (d) Schematic of mechanical-electrical coupling of HACMP to infarcted myocardium. (e)
Optical picture and (f,g) SEM images of HACMP-0.5. (h) Stress-strain curve and (i) Young’s modulus of the patches. (j) Tensile cycling experiment of

HACMP-0.5 at 20% strain.

logical changes, similar to the surface changes of striated muscle
during contraction and relaxation [16]. For the second principle,
the weaving technique was employed to orient the bioinspired
electroactive fibers, resulting in an oriented structure like the
myocardial fiber bundles. Consequently, a bioinspired hierarchi-
cal structure-featured anisotropic conductive myocardial patch
(HACMP-x) was developed. As depicted in Figure 1d, this patch
enhances the mechanical compensation for the beating heart and
improves the electrical coupling with the infarcted myocardium.
Specifically, (1) the mechanical anisotropy backs the damaged site
of the heart, aiding in the adaptation to heart deformation and
restricting ventricular dilation; (2) the stable-conductance and
matching anisotropic conductivity accelerate electrical propaga-
tion in the MI area and supporting synchronous heart contraction
by compensating for the impaired electrophysiology.

The HACMP, fabricated by industrial textile equipment, has good
structural stability and can be tailored into any shape or size as per
specific requirements. As shown in Figure le, the proposed patch
was specifically cut into the common circular shape that has been
prevalently adopted in the literature. SEM images of the patches
reveal a clear structure of oriented fiber bundles along with a
striated appearance on the fiber bundle surfaces, which closely
resembles the hierarchical structure of the natural myocardial
tissue (Figure 1f,g). As a control, a non-conductive anisotropic
myocardial patch without PPy coating (anisotropic myocardial
patch, [AMP], Figure Sla) and an anisotropic PPy-coated con-
ductive myocardial patch without striated structure (ACMP,
Figure Slb) were prepared. The weaving molding technique is
essential for achieving the anisotropic oriented structure. In the
woven patch, the weft direction was densely arranged, showing a
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distinct oriented structure, while the warp direction was sparsely
arrayed and mainly used for assisting patch molding (Figure
Sla). The striated PPy coating in the hierarchical structure was
realized by pre-strain engineering, and the larger the pre-strain,
the denser the striated structure (Figures Slc,d and S2), with a
wavelength of 2.59 + 0.85 um at 50% pre-strain. The characteristic
peak at 993 cm™! in the FTIR spectra corresponding to the in-
plane stretching vibration of =C—H (Figure S3), indicating the
successful polymerization of PPy [24].

Notably, the conductivity of conductive polymers relies on acid
doping, which considerably impairs the patch’s biocompatibility
and conductivity stability in body fluid [10, 25]. As shown in
Figure S4a, following a 14-day incubation in PBS (0.1 M, pH 7.4),
the conductivity of HACMP-0.5 stabilized at 2.2 x 107* S cm™,
approximating that of cardiac tissue (107°-107 S cm™!). XPS was
employed to interpret the changes in the conductivity of the
PPy coating before and after incubation. The chemical state of
nitrogen (N1s) in the PPy main chain reveals the oxidation and
protonation states of PPy. The N1s spectrum can be deconvoluted
into four states: =N— at 398.0 eV, —NH— at 399.8 eV, =N*—
at 401.4 eV, and —NH*— at 402.6 eV (Figure S4b,c) [12]. The
relative content of the positively charged species decreased from
20.42% before incubation to 16.53% (Table SI1). The changes
in the oxidation and protonation states of PPy were mainly
attributed to the doping of Cl~ and sulfosalicylic acid ions,
as confirmed by the presence of S and Cl elements in the
spectrum (Table S2). After incubation, the Cl element content
decreased from 0.62% to 0.04%, while the S element content did
not decline. This indicates that the decrease in the conductivity
of the patch is mainly caused by the de-doping of Cl~. It is
confirmed that sulfosalicylic acid ions (as dopants) are hardly
prone to precipitate out of PPy (Figure S4d), thus improving the
stability of PPy in the physiological environment [13]. The patches
utilized in this work were soaked in PBS for 2 weeks before
use.

As illustrated in Figure 1h, owing to the aligned elastic PU
core and the bioinspired striated PPy coating, all patches dis-
played remarkable stretchability in the weft direction (breaking
elongation > 400%). Moreover, the weaving process and pre-
strain engineering did not affect the breaking strength and
elongation at break of the patches (Figure S5). During stretching,
the bioinspired striated PPy coating formed by the pre-strain
engineering unfolded, preventing the straightening of the rigid
PPy coating, and resembling the straightening of initially wavy
collagen fibers [15, 26]. Consequently, the Young’s modulus of
HACMP-0.5 (2.47 + 0.67 MPa) was much lower than that of
the anisotropic conductive myocardial patch without striated
surface (ACMP, 8.96 + 0.83 MPa) (Figure 1i), and is comparable
to the Young’s modulus of the reported cardiac patches and
cardiac tissue engineering scaffolds (Table S3). The cyclic and
continuous beating of the myocardium demands high elasticity
and fatigue resistance from myocardial patches. As shown in
Figure 1j, during the loading and unloading process under
20% tensile strain, HACMP-0.5 exhibited outstanding elastic-
ity. Even after 100,000 cycles, the patch still retained 87% of
its elastic deformation, which is significantly higher than the
fatigue resistance of previously reported myocardial patches
(Table S3).

2.2 | Stabilized Conductance of HACMP in
Dynamic Environments

Owing to the bioinspired stretchable structure on the surface
of the hierarchical myocardial patch, HACMP-0.5 exhibited the
most excellent strain-insensitive performance within 20% strain,
with a AR/R, of merely 0.04 (Figures 2a,b). In contrast, HACMP-
1, prepared under a higher pre-strain, failed to exhibit enhanced
strain-insensitivity at 20% strain. The underlying cause could
be the interfacial contact between the bioinspired PPy coating
structures formed under high pre-strain, as shown in Figure
S1d. The initial electrical conductivity in the weft direction of
HACMP-1 (7.14 + 0.70 x 10~* S cm™") was substantially greater
than that of HACMP-0.5 (2.97 + 0.34 x 10-* S cm™), further
corroborating the contact between the striated structures. When
the striated structures were stretched, as shown in Figure S6,
the disappearance of contact resistance led to a sudden increase
in resistance. This phenomenon, often exploited in sensors, was
unfavorable for the stable transmission of electrical signals in the
damaged myocardial area [27, 28]. The ACMP, lacking a striated
surface structure, exhibited a relatively poor cyclic stability as its
AR/R, rose up to 4.31 after 600 cycles (Figure 2c). Conversely,
owing to the combined effect of the inherent flexibility of the
PPy coating, the stretchable biomimetic structural design, and
the interfacial property enhancement induced by dopamine, as
we previously reported [29], HACMP-0.5 exhibited a minimal
increment in AR/R,, merely 0.01, following 1 million stretching
cycles. The bionic striated structure on the surface of HACMP-
0.5 did not peel off after 1 million tensile cycles (Figure S7),
resulting in excellent strain-insensitive performance over a 20%
strain range (Figure S8). This performance remarkably surpasses
that of previously reported myocardial patches (Table S4), thereby
emphasizing its outstanding fatigue resistance. Furthermore, the
two ends of the HACMP-0.5 attached to the isolated heart were
connected to a circuit equipped with an LED to verify its ability to
conduct electrical signals during the cardiac cycle (Figure 2d). To
mimic the heartbeat, a cyclic air supply was introduced into the
heart chambers. As shown in Figure 2e and Video S1, HACMP-
0.5 was capable of upholding the brightness of the LED while
the heart was beating, indicating stable electrical communication
throughout the cardiac pulsation.

The synchronous contraction of the heart occurs through
excitation-contraction coupling after CMs receive and trans-
mit electrical signals generated by the sinoatrial node [30].
Consequently, it is of paramount significance to simulate the
mechanical-electrical coupling environment to assess the ability
of patches to stably transmit electrical signals under physiological
conditions. We have developed a simulator for the myocardial
mechanical-electrical coupling microenvironment, with the spe-
cific details presented in Figure 2f and Figure S9. The simulator
could independently apply electrical signals achieved by pulsed
power and strain to the patch to simulate the myocardial microen-
vironment. A standard resistor (100 Q) was connected in series
throughout the circuit to prevent short-circuiting and determine
the change in the electrical signal on the patch by monitoring
the voltage change across the standard resistor (Figure 2g). The
electrical pulse signals monitored in the circuit were shown in
the light-colored square wave curve in Figure 2h without applying
strain (0% strain). After applying the mechanical microenvi-
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Stable conduction of hierarchical conductive myocardial patches in dynamic environments. (a) Schematic diagram illustrating the

structural variations of the bionic striated PPy coating during cardiac systole and diastole. (b) Relative resistance changes under stretching of the

conductive myocardial patch. (c) Cyclic endurance profile of the conductive myocardial patch at 20% strain. (d) Schematic illustration and (e) optical
image of HACMP-0.5, which is connected to a circuit containing an LED and glued on the surface of an isolated porcine heart. Schematic diagram of
the (f) simulator and (g) system for the myocardial mechanical-electrical coupling microenvironment. (h) Performance of HACMP-0.5 in conducting

electrical signals with and without strain. (i) Performance of HACMP-0.5 in stabilizing conductance electrical signals under 20% strain at 1 Hz.

ronment (20% strain), the electrical signals monitored in the
system remained almost unchanged, indicating that HACMP-
0.5 has the ability to maintain stable conduction of electrical
signals in the mechanical-electrical coupling microenvironment.
After 55,000 cycles of mechanical-electrical coupling stimulation
under 20% strain and 1 Hz, the electrical signal conduction ability
of HACMP-0.5 remained almost unchanged (Figure 2i). This
finding indicates that HACMP-0.5 can stably restore the blocked
electrical signals across the infarcted site within the dynamic
environment of the beating heart. Thus, HACMP-0.5 is the pre-
ferred choice for further investigations, unless otherwise stated.

2.3 | Anisotropic Mechanical-Electrical Coupling
of HACMP With Infarcted Myocardium

Anisotropic patches with well-defined properties can more pre-
cisely match the characteristics of native myocardial tissue [31].

This allows for mechanical integration with the host myocardium
and effective transmission of electrical signals, as shown in
Figure 3a. Consequently, a highly ordered patch is of great
significance in cardiac treatment. In our study, the anisotropy
of the patch was achieved by the precise arrangement of the
striated PPy-coated fiber bundles. The ability of HACMP-0.5 to
redirect electrical signals was assessed using electromyography
(Figure 3b). When the orientation of the bionic fiber bundles in
HACMP-0.5 paralleled to that of the cardiac fiber bundles, the
amplitude of the action potentials at recording sites was signif-
icantly higher than when the orientations were perpendicular
(Figure 3c,d). These results suggest that in HACMP-0.5, electrical
signals mainly travel along the direction of the conductive fiber
bundles, and the conductivity in the perpendicular direction
is relatively low. In addition, applying anisotropic mechanical
support to the infarcted myocardium can reduce pathological
remodeling in the left ventricle and maintain cardiac function
[14]. By tracking the movement of the fluorescent markers on
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Mechanical-electrical coupling of tunable anisotropic conductive myocardial patches with the infarcted myocardium. (a) Schematic

representation of the patch anisotropy aligned with the myocardium anisotropy. (b) Schematic diagram of the methodology for electromyographic testing
of anisotropy patches. (c) Received electrical signals and (d) their associated intensity. (e) Schematic illustration of local strain measurement on infarcted
myocardium pre- and post-patch application. (f) Local strains in longitudinal and circumferential directions upon stretching the myocardium. Dashed
circles: infarction. (g) Young’s modulus and (h) anisotropy ratio of HACMP-0.5 at a fixed warp density and variable weft densities. (i) Conductivity and
(j) anisotropy ratio of HACMP-0.5 at a fixed warp density and variable weft densities. (k) Young’s modulus and (1) anisotropy ratio of HACMP-0.5 with
the same weft density and different warp densities. (m) Conductivity and (n) anisotropy ratio of HACMP-0.5 with the same weft density and different
warp densities. The purple band represents the range of the anisotropy ratio of the natural myocardial tissue. ***p < 0.001; **p < 0.01; and *p < 0.05.

the tissue, the effect of the anisotropic patch on the strain of the
infarcted myocardium was quantitatively measured (Figure 3e),
as we previously reported [32]. As depicted in Figure 3f, when
a 20% strain was applied in the circumferential direction of
the myocardium, the infarcted area was subjected to around
39.1% strain in the same direction. However, when HACMP-
0.5 was parallelly attached to the infarcted myocardium, the
circumferential strain in the infarcted myocardium dropped sig-
nificantly to 19.5%, which was much lower than the 33.4% when
the orientation was perpendicular. This indicated that HACMP-
0.5 provides anisotropic mechanical support for the infarcted
myocardium and better prevents cardiac stress concentration.
In summary, HACMP-0.5 was capable of achieving mechanical-
electrical coupling with the anisotropic myocardium, thereby

targeting restoration of electrical conduction and providing
anisotropic mechanical support.

The optimal mechanical and electrical properties of cardiac
patches remain a subject of contention, given the wide range
of Young’s modulus, conductivity, and their anisotropy in
healthy natural heart tissues [33]. As a result, research on
anisotropic myocardial patches with controllable mechanical-
electrical properties for myocardial repair is valuable in formulat-
ing future strategies for treating MI. We employed an industrial
weaving technology to fabricate anisotropic cardiac patches. This
method permits easy adjustment of the reed gauge specification
and winding speed, which respectively control the warp (m,)
and weft densities (m,) of the patches, thereby granting patches
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diverse anisotropies (Figure S10). Theoretical prediction of the
myocardial patch is a crucial precondition to attain tunable per-
formance and aids in customizing patches to meet individualized
requirements. Based on the geometrical deformation of the fiber-
based patch during stretching, Equation (1) (for more details on
the derivation of the equation, see Supporting Information) was
obtained to calculate the Young’s modulus (E) and the anisotropy
ratio of Young’s modulus (E,/E,) for HACMP-0.5.

{E1 = 0.250m, + 0.016m,m, ©

E, = 0.137m, + 0.016m,m,

The resistance of the HACMP-0.5 mainly consists of two parts:
the length resistance of the yarn and the contact resistance
at the interlacing points. Assuming that the warp and weft
yarns are interlaced perfectly perpendicular to each other, when
ignoring the contact resistance at the interlacing points and only
considering the length resistance of the warp and weft yarns,
the resistive equivalent model of HACMP-0.5 and its simplified
unit were shown in Figures S11 and S12, respectively. Based
on this model, a prediction model for the conductivity (o) and
the anisotropy ratio of conductivity (o,/0,) of HACMP-0.5 was
obtained as Equation (2) (for more details on the derivation of the
equation, see Supporting Information).

m
op=————
20000 + 0.02m;m,
.y @
0, = >
500000 + 0.02m, m;

The tensile and conductivity tests demonstrated that varying the
warp and weft densities of the patch would adjust its Young’s
modulus, conductivity, and anisotropy ratio, as predicted by the
theoretical model described above (Figures 3g-n). Specifically,
the Young’s modulus and conductivity of the myocardial patch
in the weft direction increased significantly with increasing weft
density. Moreover, altering the weft yarn density enabled the
achievement of anisotropy in the myocardial patch, consistent
with the anisotropy ratio of natural myocardial tissue [34].
Thus, the woven molding technique utilized in this study offers
enhanced flexibility and control over the mechanical-electrical
properties and their anisotropy, facilitating customization to suit
the needs of patients of different ages or health conditions.

In conclusion, existing anisotropic myocardial patches, such as
those fabricated via electrospinning, often achieve structural
orientation but fail to replicate the hierarchical architecture of
native myocardium, exhibiting poor fatigue resistance. Micropat-
terned patches constructed via 3D printing or electrowriting or
hydrogel-based patches prioritize stretchability at the expense
of structural anisotropy (Tables S3 and S4). However, these
approaches rarely achieve fatigue resistance beyond 1000 cycles,
restricting their clinical utility in dynamic cardiac environments.
In stark contrast, the oriented-structured HACMP developed in
this work demonstrates unparalleled durability, with a negligible
resistance increase (AR/R, = 0.01) after 1,000,000 cycles at
20% strain (Figure 2c). This exceptional performance stems
from its hierarchical design: the striated PPy coating achieves
strain dissipation through topological unfolding rather than rigid
deformation. Furthermore, conventional fabrication methods
like electrospinning and 3D printing face critical limitations

in scalability and precision [3]. Electrospinning struggles with
fiber alignment consistency, while 3D printing imposes trade-offs
between resolution and production speed. HACMP overcomes
these challenges through industrial weaving technology, which
aligns elastic PU fibers (Figure 1f). Consequently, this technology
holds significant promise for mass production and distribution,
potentially tailoring properties to individual patient needs for
enhanced clinical application and efficacy.

2.4 |
MI

Therapeutic Efficacy of the HACMP-0.5 on

An acute MI rat model was employed to assess the cardioprotec-
tive efficacy of the anisotropic myocardial patches (Figure 4a).
Immediately subsequent to coronary artery ligation, the infarcted
area became distinctly observable as a white region within the
left ventricle. Figure S13 has been revised to present cell viability
data (CCK-8 assay), showing > 95% viability compared to controls,
which quantitatively confirms the absence of cytotoxicity [35].
Upon verification of the outstanding biocompatibility of the
anisotropic patches, the patches were surgically implanted in
the infarcted heart (Figure 4b,c and Video S2) for myocardial
repair performance evaluation. Figure 4d shows an image of
HACMP-0.5 prior to implantation.

Echocardiography was used to assess the therapeutic efficacy of
the myocardial patch for repair of MI after 28 days of implantation
(Figure 4e). In the MI group, postoperative left ventricular
internal diameter at end-diastole (LVIDd) and left ventricu-
lar internal diameter at end-systole (LVIDs) were increased,
while the ejection fraction (EF) and fractional shortening (FS)
were lower compared to the sham-operated group (Figure 4f),
indicating cardiac impairment and left ventricular dilation.
Figure 4e reveals that echocardiograms in the non-conductive
AMP and HACMP-0.5 groups exhibited significant left ven-
tricular systolic waves compared to the MI group, suggesting
that anisotropic patch implantation improves cardiac function.
Statistical analyses demonstrated that both AMP and HACMP-0.5
were efficacious in preventing left ventricular infarct dilatation
and deterioration of cardiac function compared with the MI
group (Figure 4g,h). The HACMP-0.5 group exhibited the best
cardiac pumping function and prevention of adverse ventricular
remodeling. After 28 days, compared with the MI group, the
FS and EF of the HACMP-0.5 group were enhanced by 95.45%
and 60.19%, respectively. This indicated that HACMP-0.5 could
better achieve mechanical-electrical coupling with infarcted
myocardium to maintain cardiac pumping function.

The therapeutic effect of the patch on the damaged myocardium
was also investigated by Masson’s trichrome staining. As shown
in Figure 4i, the MI group presented malignant ventricular
remodeling, evidenced by left ventricular dilatation, ventricular
wall thinning, and massive deposition of collagen secreted by
fibroblasts (blue) in lieu of myofibers composed of CMs (red). In
comparison to the MI group, the AMP group showed an increase
in ventricular wall thickness from 0.67 + 0.05 to 1.20 + 0.15 mm,
and a reduction in infarct area from 70.08 + 3.98% to 59.98 + 2.07%
(Figure 4j,k). The HACMP-0.5 group demonstrated the most
favorable repair outcomes, with an infarct area of 45.97 + 5.22%
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and a wall thickness was 1.73 + 0.12 mm, attesting to its superior
capacity to alleviate fibrosis and inhibit ventricular dilation.

ECGs of different experimental groups were recorded to compre-
hensively characterize the cardiac electrophysiology subsequent

to patch implantation (Figures 5a,b). Postoperatively, a significant
prolongation of the QRS interval (the temporal duration from
the Q wave to the S wave in the ECG) was observed in the MI
group, signifying acute ischemic heart injury (Figure 5c). After
a period of 28 days, as the disease progressed to the mature
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stage, notable ST-segment elevation and further prolongation
of the QRS interval were evident in the ECGs of both the MI
and the AMP groups (Figure 5b). However, a markedly shorter
QRS interval duration provided evidence that HACMP-0.5 was
capable of compensating for the electrical conductance spanning
the infarcted area to the healthy regions (Figure 5d) [10].

To further evaluate the function of the surviving CMs in the
infarcted myocardium, immunostaining for cardiac-specific pro-
teins was carried out. a-actinin and cardiac troponin T (cTnT) are
important cardiac proteins closely related to synchronized con-
traction of the myocardium [36]. Immunofluorescence staining
revealed an increase in a-actinin coverage from 5.34 + 1.21% in
the MI group to 13.46 + 2.47% in the AMP group (Figure 5e,g), sug-
gesting that the anisotropic patch inhibits myocardial fibrosis and
cardiac remodeling by compensating for the mechanical dispari-
ties in infarcted myocardium. Notably, the expression of a-actinin
was maximized in the HACMP-0.5 group, attaining a level of
27.44 + 9.40%. Immunostaining for cTnT yielded analogous out-
comes (Figure 5f). CX-43, a gap junction protein in CMs, assumes
a pivotal role in the electrical contraction coupling within the
myocardium [37]. As shown in Figure 5e,h, the HACMP-0.5

group manifested a higher expression level of CX-43 protein
(4.44 + 0.70%) compared with the MI group and non-conducting
AMP group. This disparity reflects that the anisotropic con-
ductive patch is more proficient in conducting synchronized
communication and contraction of myocardial electrical signals
[38]. Consequently, HACMP created an anisotropic, electrically
coupled, and mechanically compensated dynamic microenviron-
ment that enhanced intercellular electrical communication to
inhibit fibrosis and promote myocardial repair.

Blockage of the blood supply serves as the precipitating factor
for MI [30]. Hence, revascularization is essential for restoring
blood perfusion to residual CMs in the infarcted area and
preventing further infarction progression. CD31, an endothelial
cell-specific marker, and a-SMA, a vascular smooth muscle cell-
specific marker, were utilized to identify and quantify blood
vessels in the infarcted myocardium [39]. In the MI group, large-
diameter small arterial vessels were detected in the infarcted
myocardium (Figure 6a), a consequence of vascular compen-
sation following capillary network disruption [40]. However,
despite partial restoration of left ventricular blood flow, the
hypoxic microenvironment of cardiomyocytes persisted due to
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capillary deficiency, resulting in significant cardiomyocyte loss
and infarct area expansion [41]. Compared to the MI group,
the AMP and HACMP-0.5 groups exhibited notably elevated a-
SMA and CD31 expression levels (Figure 6b,c). The HACMP-0.5
displayed the highest vascular density, potentially attributable to
its anisotropic conductive network, which promotes cell adhe-
sion and migration, facilitating the recruitment of endogenous
endothelial cells [42].

Tissue regeneration is a complex process that creates a dynamic
inflammatory milieu [36]. Post-MI, necrotic myocardium
releases abundant inflammatory factors, recruiting immune cells
for inflammation resolution [43]. However, an intensified
inflammatory reaction may trigger augmented cardiac
remodeling and worsening cardiac function. Macrophages,
crucial inflammatory cells, are pivotal in tissue repair and
are classified into pro-inflammatory M1 (high expression of
CD86) and pro-repair M2 types (high expression of CD163), with

phenotypes reflecting tissue inflammation [44, 45]. In the MI
group’s infarcted regions, strong CD86-positive (red) and CD163-
positive (green) fluorescent signals were noted (Figure 6d).
Relative to the MI group, the total macrophage content in the
AMP and HACMP-0.5 groups declined by 26.75% and 32.50%,
respectively (Figure 6e). Moreover, the ratio of M2/Ml-type
macrophages was also conspicuously higher after implantation
of anisotropic patches (Figure 6f), suggesting a propensity for
macrophages to polarize into anti-inflammatory M2 types.
This polarization is conducive to impeding the deterioration
of myocardial function during the late stage of infarction.
The polarization of macrophages toward the M2 phenotype is
mediated by the mechanical and biochemical microenvironment
created by the patches: (1) The anisotropic structure of HACMP-
0.5 reduces pathological strain in the infarcted myocardium
(circumferential strain decreased from 39.1% to 19.5%, Figure 3f),
which mechanistically suppresses the activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB). This
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transcription factor is a key driver of pro-inflammatory cytokine
production (e.g., TNF-a, IL-6). Concurrently, reduced strain
promotes the activation of yes-associated protein/transcriptional
coactivator with PDZ-binding motif (TAZ) pathways, known to
induce anti-inflammatory macrophage polarization [46, 47]. (2)
The redox-active polypyrrole backbone and the catechol groups
of polydopamine endow the composites with efficient reactive
oxygen species (ROS) scavenging ability. ROS are known to play
a significant role in macrophage polarization, and their excessive
production is often associated with a pro-inflammatory state.
By scavenging ROS, the PPy/polydopamine composites create a
more favorable microenvironment for macrophage polarization
towards the M2 phenotype [48].

In summary, HACMP-0.5 facilitates myocardial repair through
dual mechanisms. (1) Mechanical support—the orientation archi-
tecture mimics the native myocardium’s mechanical anisotropy
(anisotropy ratio: 1.9-3.9), reducing pathological strain in the
infarcted region (Figure 3f). This attenuates ventricular wall stress
and fibrotic remodeling (Figures 4i-k), as validated by reduced
collagen deposition (infarct area: 45.97 + 5.22% in HACMP-
0.5 vs. 70.08 + 3.98% in MI group). (2) Electrical coupling—the
stable conductance (AR/R, = 0.04 within 20% strain) restores
electrical propagation across the infarct, enhancing intercellular
communication via CX-43 gap junctions (Figures 5e-h). This
synchronization shortens the QRS interval (Figure 5d), reducing
arrhythmogenic triggers and improving contractile efficiency.
These effects collectively inhibit fibrosis, promote angiogenesis,
and modulate inflammation. Nevertheless, achieving an ideal
repair of the infarcted myocardium remains challenging due to
the limited regenerative capacity of cardiomyocytes [3]. Com-
pared with the previously reported rigid and oriented tissue
engineering scaffolds [49-51], the multilevel patch developed in
this project can serve as a tissue engineering scaffold, offering
an anisotropic environment that is more compatible with the
mechanical-electrical microenvironment of the myocardium for
seeded cells. The mechanical-electrical microenvironment simu-
lator developed in this work also holds promise for application
in a bioreactor, in combination with HACMP, to construct a
tissue-engineered myocardial patch with cardiac function.

3 | Conclusion

In this study, a multifunctional anisotropic patch for infarcted
myocardium repair was developed. The unique hierarchical
structure of HACMP, which closely mimics the structure and per-
formance of native myocardial tissue, endows it with outstanding
mechanical and electrical properties. It exhibits remarkable
stretchability, stable conductance even in dynamic environ-
ments, and excellent fatigue resistance. When it comes to
mechanical-electrical coupling with the infarcted myocardium,
the anisotropic characteristics of HACMP precisely align with
those of the native tissue. This enables it to directionally transmit
electrical signals and provide anisotropic mechanical support. In
the acute MI rat model, HACMP-0.5 demonstrated remarkable
therapeutic efficacy. It not only improved cardiac function and
reduced infarct size but also effectively inhibited fibrosis, pro-
moted angiogenesis, and modulated the inflammatory response.
In summary, HACMP holds substantial promise in the field of
myocardial repair, representing a promising approach for MI

treatment, and has the potential to significantly advance the
development of cardiac repair technology.
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