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Abstract

Wound healing is a spatiotemporally coordinated process governed by biochemical,
mechanical, and bioelectrical cues that direct immune resolution, cell migration, angiogenesis,
extracellular matrix (ECM) remodeling, and tissue patterning. For example, pro-/anti-
inflammatory mediators regulate macrophage polarization and re-epithelialization; tensile
fields and substrate stiffness shape fibroblast fate and collagen architecture; and endogenous
electric fields guide electrotaxis and vascular ingrowth. When these axes are disrupted—as in

diabetic, venous, or pressure ulcers—healing stalls and fibrosis ensues.

In this dissertation, we proposed three platforms that actively modulate the wound
microenvironment with phase-appropriate biochemical, mechanical, and electrical regulation.
These tissue-engineering systems sustained on-demand therapeutic cues at lesion sites, aiming

to accelerate closure and minimize scarring.

The first project developed a bio-inspired double-layer mask (BDM) in sprayable form,
which can self-organize as a two-layered system via oil-water phase segregation. Such a design
allowed precise regulation of the wound site environment, thereby facilitating regenerative
repair with minimal scarring. The upper layer was formed from a hydrophobic PGLADMA -
based polymer, while the lower layer consisted of a hydrophilic GeIMA hydrogel. Upon
photocrosslinking, the bilayer rapidly solidified with strong interfacial integrity and excellent
tissue conformability. Functionally, the GeIMA layer facilitated rapid hemostasis via Ca?"
release, whereas the PGLADMA layer preserved a moist and sterile environment, contributing
to inflammation control. Such a two-phase configuration facilitated a seamless shift of the
healing process from the inflammatory stage to the proliferative phase. Moreover, the BDM
triggerd critical pathways involved in tissue regeneration, including cGMP/PKG, Wnt, and Ca**
cascades, to promote vascular reconstruction. By exhibiting reliable efficacy across cellular
experiments and animal studies, this platform provided a scalable and promising approach for
addressing extensive or refractory wounds, while also showing considerable potential for

clinical translation in wound care.
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The second project aimed to engineer bioinspired mechano-intelligent Janus bandages
(MIBs) with dynamically coordinated adhesion-contraction for scarless wound healing. The
MIBs were fabricated solely through micromolding of PGLADMA, featuring an interior
surface with a gecko-mimicking wedge structure. Upon application, the MIBs could
recapitulate the gecko locomotion principle to achieve precise control of the contractile forces
with intelligently coordinated adhesion-contraction. The simply pre-strained MIB could
precisely program its intrinsic contractile force, while the adhesion strength proportionally
responds to the contractile force due to enhanced van der Waals interactions and interfacial
friction, thus realizing coordinated adhesion-contraction. Through the acceleration of re-
epithelialization and the stimulation of angiogenesis, this smart mechanism fostered scar-free
repair in full-thickness skin injury studies using both rodent and porcine models.
Mechanistically, the MIBs effectively reduced FAK expression, which in turn comprehensively
regulated the downstream pathways related to wound healing progression including NF-«xB,
Wnt, and TGF-§ pathways, enabling scarless wound healing. We envision that this innovative
mechanobiological approach signaled new possibilities for wound management and other soft

tissue injuries repair.

The third project reported a self-powered elastic microneedle (SIMN) bandage that
combines enzymatic biofuel cell (EBFC) technology with an elastic inclined microneedle
bandage to deliver synergistic electromechanical stimulation. The EBFC module, integrated
into microneedle tips, catalyzed glucose oxidation and oxygen reduction, converting
endogenous biochemical energy into continuous electrical currents without external power. The
elastic backing and angled microneedles generated strain-responsive contractile forces for
tension redistribution and wound edge approximation. This dual-modality system enabled
phase-specific microenvironment regulation. In the inflammatory phase, low-intensity
endogenous electrical stimulation (ES) reduced inflammation, suppressed bacterial growth, and
promoted M2 macrophage polarization. In the proliferative phase, combined ES and
mechanical stimulation (MS) enhanced fibroblast alignment, angiogenesis, granulation tissue

deposition, and wound contraction. In the remodeling phase, the synergy promoted organized
11



collagen architecture and skin appendage regeneration. In normal and diabetic wound models,
the SIMN bandage achieved superior histological and biomechanical outcomes over single-
modality controls. The SIMN bandage, made of conductive and biocompatible materials,
adapts to irregular skin, functions independently, and is simple to apply, demonstrating clear

translational potential for faster wound healing and reduced scarring.

In summary, we developed a series of adaptive, barrier-matched wound healing platforms
that reprogram the wound microenvironment across healing phases. By uniting autonomous
power generation, programmable mechanics, and immune-vascular-matrix regulation, these
platforms demonstrated translational potential to expedite closure, restore tissue integrity, and

minimize scarring in complex wound care.
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Chapter 1 Introduction

1.1 Pathological disruption of the wound microenvironment

Wound healing is governed by the coordinated interplay of cellular and molecular events,
including phenotype switching, mediator secretion, extracellular matrix remodeling, and
mechanical signaling, all occurring within a constantly evolving microenvironment (Figure
1.1A).[1] Under physiological conditions, wound repair proceeds through partially overlapping
phases, including hemostasis, inflammation, proliferation, and tissue remodeling.[2, 3] Every
stage is tightly regulated to ensure rapid closure, functional restoration, and minimal scar
formation. Nevertheless, disturbances in this sequence, arising from factors such as external
injury, aging, metabolic dysfunction, or infection, may alter the wound microenvironment and
result in impaired repair or pathological fibrosis.[4]

In hemostasis, injury to the vasculature initiates a rapid coagulation cascade, promoting
platelet adhesion, thrombin activation, and fibrin mesh formation (Figure 1.1B). The
coagulation process not only halts blood loss but also lays down a provisional fibrin network
that orchestrates early cell recruitment and tissue repair. Activated platelets within the clot
release crucial growth factors, including VEGF, TGF-B, bFGF, and PDGF, which together
regulate inflammation, enhance fibroblast activity, drive angiogenesis, and initiate tissue
repair.[1, 5] Immediately following hemostasis, inflammation recruits neutrophils and
monocytes to clear necrotic debris and pathogens (Figure 1.1C). Through the secretion of pro-
inflammatory mediators, including cytokines such as TNF-a and IL-1pB, together with
chemokines and matrix-degrading enzymes, these cells trigger host defense reactions which, if
not resolved, may aggravate tissue damage and hinder the transition into the regenerative
phase.[3]

If prolonged inflammation is not controlled, it may gradually develop into a pathological
state. In clinical practice, chronic wounds are frequently encountered, with diabetic foot ulcers

and venous leg ulcers being representative examples. Histological studies often point to



biochemical disturbances, such as increased MMPs. Other abnormalities, including elevated
ROS and persistent M1 macrophages, further indicate persistent inflammatory activity.[6, 7]
These biochemical disturbances disrupt ECM homeostasis and inhibit keratinocyte migration,
re-epithelialization, and angiogenesis, ultimately stalling the healing cascade and predisposing
the wound to chronicity.[8, 9]

During the proliferative stage, characteristic events include fibroblast activation, new
granulation and vessel formation, and re-epithelialization mediated by keratinocytes (Figure
1.1D and E). Fibroblasts synthesize a provisional ECM rich in collagen III and fibronectin,
while endothelial cells, stimulated by VEGF, form immature vascular networks that support
metabolic demand. Concurrently, keratinocytes proliferate and migrate to restore epidermal
continuity.[ 10] Disruption of this phase — often caused by hypoxia, chronic inflammation, or
metabolic dysfunction—can lead to insufficient granulation, impaired angiogenesis, and
delayed epithelial barrier restoration.

In the remodeling stage, type III collagen is progressively substituted with the more
organized and mechanically hardy type I-collagen, which supports the restoration of tissue
mechanical strength (Figure 1.1F). Myofibroblasts undergo apoptosis, and neovessels regress
to re-establish normal vascular architecture. This stage plays an essential role in re-establishing
the tissue’s structural framework and functional integrity. However, persistent TGF-B1
signaling, abnormal mechanical tension, or unresolved inflammation can lead to excessive
ECM deposition, disrupted collagen alignment, and fibrotic outcomes such as hypertrophic
scars and keloid.[9, 11]

This precisely coordinated healing process is frequently impaired in pathological states,
including diabetic foot ulcers, fibrosis following surgery, pressure-induced injuries, and venous
leg ulcers. Chronic wounds exhibit persistent inflammation, excessive MMP activity, impaired
fibroblast function, and inadequate vascular remodeling, whereas fibrotic scarring involves

prolonged myofibroblast activation and disordered ECM deposition.[12-14] These pathological



outcomes underscore the importance of the wound microenvironment, wherein biochemical
mediators (e.g., cytokines, growth factors), mechanical cues (e.g., stiffness, tension gradients)
[14, 15], and bioelectrical signals (e.g., endogenous electric fields)[16-18] dynamically
influence key cellular processes — including fibroblast activation, keratinocyte migration,
angiogenesis, and ECM remodeling that ultimately determine whether the wound heals
regeneratively or progresses toward chronicity or fibrosis.

Despite these insights, current commercial wound care products largely function as
passive protectants, focused on maintaining moisture, preventing infection, and managing
exudate. These products are typically categorized by their composition and functional
properties, including film dressings, hydrocolloids, hydrogels, foams, alginates, and
antimicrobial-infused materials (e.g., silver-based or iodine-containing types).[19] While
effective in basic wound management, they lack the capacity to interact with the wound
microenvironment. For example, film and hydrocolloid dressings provide barrier protection but
offer minimal biochemical or mechanical modulation; hydrogels and foams assist with
debridement but lack cellular instruction; antimicrobial agents may reduce infection risk but
pose cytotoxicity concerns with overuse.[20]

Critically, these dressings fail to adapt to the dynamic physiological needs of each healing
phase, offering no capacity to modulate inflammation, stimulate angiogenesis, or direct ECM
remodeling. This renders them inadequate for promoting regenerative healing or preventing
fibrosis in complex or chronic wounds. The inherent limitations of passive dressings have
driven growing interest in advanced bioactive platforms, particularly those constructed from
responsive biomaterials capable of sensing and adapting to dynamic microenvironmental cues,
thereby actively orchestrating tissue regeneration.[21]

Ultimately, a comprehensive understanding of phase-specific disruptions and their
interplay with the wound microenvironment is essential for next-generation wound care.

Targeted, adaptive therapies represent a transformative approach in overcoming the limitations



of conventional treatments, offering hope for functional and aesthetic regeneration of injured

skin.
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Figure 1.1 Summary of the major cellular and molecular processes in mammalian skin repair,
beginning with clot formation and advancing through inflammation, angiogenesis,
keratinocyte-driven re-epithelialization, and ultimately tissue remodeling. (A) Overview of
skin architecture and wound healing timeline, showing epidermal disruption, granulation tissue
formation, and subsequent tissue regeneration. (B) Clot formation: Platelet activation and fibrin
deposition form a provisional matrix that stops bleeding and supports cell recruitment. (C)
Inflammation: In response to danger cues, neutrophils together with macrophages migrate into
the wound site, where they remove cellular debris and activate immune signaling pathways. (D)
Angiogenesis: Macrophage-derived factors promote vascular sprouting to restore perfusion. (E)
Cell migration and proliferation: Epithelial cells and fibroblasts repopulate the wound,
initiating re-epithelialization and matrix synthesis. (F) Remodeling and resolution: Epidermis

is sealed, and ECM is reorganized into a stable, though often scarred, tissue structure.[3]
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1.2 Mechanisms and opportunities for microenvironmental modulation

The wound healing process exemplifies dynamic tissue adaptation, governed by an intricate
interplay of biochemical signals, mechanical forces, and endogenous bioelectrical cues.
Disruptions in any of these regulatory dimensions can derail regeneration, leading to chronic
wounds or fibrotic scarring. While traditional wound dressings passively support healing,
emerging regenerative strategies are increasingly rooted in a systems-level understanding of
the wound microenvironment as a programmable biological interface—one that can be actively
reconfigured to restore functional tissue architecture.[22] This evolution marks a fundamental
shift in regenerative medicine: from symptom management to microenvironmental
reprogramming. Rather than viewing wounds as static lesions, this new paradigm recognizes
them as dynamic, signal-responsive ecosystems in which inflammation, mechanical tension,
and metabolic signaling interact to dictate cellular behavior. Through precise and phased
modulation of these cues, next-generation interventions can transcend scar limitation, steering
healing toward organized, scar-free outcomes. In this context, responsive biomaterials serve
not only as structural supports or delivery platforms, but as intelligent mediators of cell—
environment crosstalk, capable of sensing and correcting pathological signals in real time.[17]
The sections that follow examine how biochemical, mechanical, and bioelectrical modulation

can be leveraged to guide tissue regeneration with unprecedented precision and adaptability.

1.2.1 Biochemical regulation: modulating inflammation and cellular dynamics

At the cellular level, biochemical modulation directly reprograms dysregulated wound milieus
by reshaping inflammatory dynamics and steering lineage behaviors essential for regeneration.
A core strategy is precise control of immune phenotypes, especially macrophages. During
normal tissue repair, macrophages originating from monocytes undergo a phenotypic transition

from the pro-inflammatory M1 state to the anti-inflammatory M2 state, thereby facilitating



inflammation resolution and promoting the initiation of healing.[22, 23] In chronic wounds,
sustained M1 elevates ROS, maintains IL-18 and TNF-asecretion, and upregulates matrix-
degrading enzymes (e.g., MMP-9), compromising ECM and delaying re-epithelialization
(Figure 1.2).[24]

Cytokines including IL-4, IL-10, and IL-13 drive the polarization of macrophages toward
the M2 phenotype by activating the STAT6 and PI3K/Akt signaling cascades. This activation
enhances the expression of VEGF, arginase-1, and TGF-p, which collectively support anti-
inflammatory activity and promote tissue regeneration.[24, 25] These mediators promote
angiogenesis, recruit fibroblasts, and support granulation tissue. Smart biomaterials that deliver
these cytokines spatiotemporally and phase-specifically accelerate healing and reduce fibrosis
in diabetic or ischemic models.[26] Beyond inflammation, modulation targets angiogenesis and
epithelial repair governed by VEGF, EGF, and FGF-2.[27] VEGF signals through VEGFR2-
PI3K/MAPK to expand endothelium and form lumens, while EGF activates EGFR-ERK in
basal keratinocytes to drive proliferation and directed migration. Deficits in these factors
correlate with vascular insufficiency and stalled re-epithelialization. To approximate native
cues, advanced systems program gradients or pulsed release to emulate physiologic
signaling.[28]

Dynamic ECM regulation is likewise critical. For example, excessive MMP activity in
chronic wounds degrades fibronectin and collagen, weakening scaffolds for keratinocyte
adhesion and endothelial ingrowth; embedding doxycycline or TIMP-mimetic inhibitors in
biomaterials helps restore ECM stability.[29] Scaffolds bearing ECM analogues—such as
fibronectin-mimetic peptides, hyaluronic acid, or GeIMA—support integrin-mediated adhesion
and FAK-Src/YAP-TAZ signaling, improving structural organization and lineage-specific
responses.[30]

Overall, biochemical modulation acts across three tiers—immune reprogramming,

growth-factor-guided morphogenesis, and ECM-instructed alignment—and is increasingly
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integrated into feedback-responsive platforms enabling precise, phase-specific therapy for

regenerative healing.

E-selectin S
IVV ﬁg—*‘k —~o——
£ LAt g Blood flow )
. ’ VLA-4
ICAM-1$" ¢ 2
C—(,L/( \,_éyt_\/_%WL\ o~ Bacterial components

- Amplify inflammation
« Interaction with cytokines / ECM

Mo
PMN
S ~n
IL-1, TNF-2 o
PDGF, bFGF< < s Ext —
TGF-f, VEGF Extravasation o
‘ \ inflammatory cells T
Phagocytosis
elastase
' MMP-8
/ gelatinase
MMP-1 ROS (HoOp, Op~
MMP-2 (H202, 027)
MMP-3
MMP-9 —
MMP-13  ProteasesT / protease inhibitors! Lipidperoxide

- Degradation of cytokines/ECM

Figure 1.2 Chronic wounds are characterized by sustained inflammatory signaling, marked by
prolonged neutrophil and macrophage infiltration, excessive ROS and protease release, and
disrupted ECM homeostasis. Aberrant cytokine secretion (e.g., IL-1, TNF-a), matrix
degradation by MMPs, and bacterial interference collectively hinder immune resolution and

tissue regeneration.[5] Copyright 2007, Elsevier Inc.

1.2.2 Mechanical regulation: directing tissue structure and remodeling

Mechanical signals are fundamental to wound healing, influencing not only gross tissue
architecture but also cell fate, migration, and ECM organization through mechanotransduction
pathways (Figure 1.3A).[31] At the cellular level, external forces such as tension, compression,
and shear stress are converted into biochemical signals via integrin clustering, focal adhesion

formation, and cytoskeletal remodeling (Figure 1.3B). These signals converge on nuclear
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effectors such as YAP/TAZ, B-catenin, and MKL1, which modulate transcriptional programs
that govern cell proliferation, differentiation, and matrix synthesis (Figure 1.3C).[32, 33]

In fibrotic conditions, persistently elevated matrix stiffness — often exceeding the
physiological range (>20 kPa) — enhances a-SMA expression and sustains myofibroblast
activation through RhoA/ROCK-mediated cytoskeletal tension. This forms a positive feedback
loop where contractile forces further increase local stiffness, exacerbating fibrosis.
Mechanically tunable biomaterials, such as PEG-based hydrogels or dynamic crosslinked
elastomers, are engineered to disrupt this loop by absorbing or redistributing contractile stress,
thus mitigating fibrotic programming and facilitating myofibroblast resolution.[34, 35]

Additionally, anisotropic microstructures and topographical patterning (e.g., grooves,
ridges, or gecko-inspired setae) direct cell alignment and ECM fibrillogenesis, thus replicating
the mechanical anisotropy of native dermis. These features guide collagen orientation and
reduce random fiber deposition, enhancing tissue functionality and aesthetics post-healing.[36-
39]

Importantly, native tissues exhibit viscoelastic properties, allowing time-dependent stress
relaxation, which play a pivotal role in fibroblast mechanoresponsiveness. Materials mimicking
this behavior (e.g., stress-relaxing hydrogels) attenuate pro-fibrotic signaling by modulating
cytoskeletal pre-stress and nuclear localization of YAP.[40, 41] Further, dynamically stiffening
scaffolds, whose mechanical modulus evolves with the healing phase, offer a phase-matched
environment that supports proliferation initially and structural maturation later.[39, 42]

Mechanical regulation, therefore, not only defines tissue architecture but also reprograms
cellular behavior at the transcriptional level, making it a powerful lever for controlling

regeneration versus fibrosis within wound environments.



Fibroblasts activated by Activated fibroblasts NS
proinflammatory cytokines TGF-B o
Myofibroblasts

Wound healing

B

Mechanical links YAP in mechano-transduction
Ligands @

i [ shear stress ECM stiffness } Cell geomelry

Extracellular force
- \ l /
U ‘31 In!egvms
Cell membrane ‘ Mechanical force | Mechanical force |

Intracellular force ABPs:
Q Actin D/ i

— cofilin, profilin,
TB4, formin,
Arp2/3
N Intermediate ccm3 ‘
pa fil
JM— Plakin protein
family (plectin)

Microtubule | Tubulin o

— Force PP lA
— (Q — = LATSl/2

—f
1
esprin} |

‘(\ 1] Nz Outer nuclear membrane
g f ¥ m i VAP/TAZ

Inner nuclear membrane l

Degvadauon

Fib i tie 1CTGF
s / } i { 7 laminA/C 118 1PAL-1
eg, MCP-11

laminB1/2 1SELE 1Lox

RSIRSAND

Nuclear

Figure 1.3 Mechanical cues regulate wound healing by modulating fibroblast activation,
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extracellular tension to nuclear remodeling. (C) Extracellular mechanical factors such as shear
stress and stiffness activate mechanotransduction pathways including YAP/TAZ,

reprogramming cell behavior and matrix synthesis.[35] Copyright 2024, Springer Nature Ltd.



1.2.3 Bioelectrical and metabolic regulation: energizing cellular processes

Bioelectric signals are intrinsic regulators of wound healing, governing directional cell
migration, polarization, and tissue patterning. Endogenous electric fields (EFs), generated by
transepithelial ion gradients via Na*/K*-ATPase and Cl~ channels, typically range from 40—200
mV/mm near wound edges (Figure 1.4).[43] These fields guide keratinocyte and fibroblast
migration (electrotaxis) through asymmetric redistribution of membrane receptors and
cytoskeletal components mediated by PI3K/Akt and Ca?" influx pathways.[44]

In chronic wounds like diabetic wounds, EFs are typically weakened or misaligned as a
result of ionic dysregulation, persistent inflammation, and ECM degradation.[17] To restore or
enhance bioelectrical cues, various electrically active biomaterials have been explored. One
major strategy utilizes triboelectric and piezoelectric materials, including PVDF, ZnO
nanowires, and MXenes, which harvest biomechanical energy (e.g., from body motion or
respiration) and transduce them into localized therapeutic electric cues. Conductive polymers
such as reduced graphene oxide (rGO) and polypyrrole can further promote charge propagation
across the wound bed, enhancing the transmission of bioelectric cues.[45-47] These materials
modulate cell polarity, activate mitochondrial metabolism, and upregulate local VEGF
expression, collectively accelerating angiogenesis and re-epithelialization.

In contrast to mechanically activated systems, another emerging approach leverages the
wound microenvironment itself as an internal energy source. Specifically, enzymatic biofuel
cells (EBFCs) are designed to catalyze substrates such as glucose or lactate—abundantly
present in wound exudate, to generate microcurrents autonomously.[48, 49] This enables
continuous, self-powered electrical stimulation without the need for external triggers. For
instance, glucose-driven EBFC microneedle patches can dynamically convert local
biochemical energy into therapeutic electrical output, forming a closed-loop system that adapts
to the wound’s metabolic condition. These platforms have shown promise in promoting re-

epithelialization, angiogenesis, and antimicrobial activity.[50-52]
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Together, these bioelectrical strategies, whether externally activated or responsive to the
wound microenvironment, enable precise modulation of cellular behavior through localized
electrical cues. By restoring endogenous electric fields or autonomously generating therapeutic

microcurrents, such systems offer great potential for intelligent and adaptive wound care.
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Figure 1.4 Bioelectricity is a multifaceted and evolutionarily conserved signaling modality that
operates from the single-cell level to complex tissue organization. The cellular bioelectrical
state integrates inputs from diverse ion channels, pumps, solute carriers, and gap junctions,
collectively influencing key physiological processes such as proliferation, differentiation,
metabolism, and migration. During embryogenesis, bioelectrical gradients serve as instructive
cues guiding tissue patterning and organogenesis. In postnatal and adult organisms, bioelectric
signals continue to serve critical functions in preserving homeostasis, promoting regeneration,
and regulating disease progression. Dysregulation of bioelectrical signaling has been
implicated in developmental abnormalities, aging-related decline, and tumorigenesis.[53]

Copyright 2025, The American Society for Cell Biology.

1.3 Precision strategies for barrier-adapted wound modulation
Despite substantial advances in biomaterials and regenerative biology, it is increasingly evident

that no single therapeutic modality universally suits all wound types or pathological contexts.
11



Instead, the optimal application of biochemical, mechanical, or electrical cues must be tailored
to the dominant microenvironmental barriers such as persistent inflammation, matrix
dysregulation, mechanical instability, or bioelectric disruption — each of which impairs wound
healing via distinct cellular and molecular mechanisms. Building upon the multimodal
strategies outlined in Section 1.2, this section explores how barrier-specific precision
interventions can be designed, emphasizing the mechanistic basis and potential synergies across

regulatory domains.

1.3.1 Persistent inflammation: coordinated immune modulation

Ongoing chronic inflammation, marked by continuous M1 macrophage activation, elevated IL-
1B and TNF-a expression, and persistent oxidative stress, represents a significant barrier to
successful wound healing.[54, 55] This pro-inflammatory state leads to prolonged matrix
degradation, delayed epithelialization, and impaired angiogenesis. Local delivery of pro-
resolving / immunoregulatory cytokines (e.g., IL-4, PGE2, TGF-B3) or immune-polarizing
agents can shift macrophages toward a pro-regenerative M2 phenotype via STAT3/6 or
PI3K/Akt pathways.[56, 57] Phase-controlled release from hydrogels or scaffolds allows
spatiotemporal targeting while limiting systemic immunosuppression.[58, 59]

Beyond biochemical signals, mechanical cues like substrate stiffness and cyclic strain also
regulate macrophage behavior through integrin-FAK-YAP/TAZ signaling.[60] Bioelectric
stimulation has similarly been shown to modulate leukocyte recruitment and activate M2-like
programs through Ca®*-dependent mechanisms.[61] These findings highlight the advantage of
integrating multiple cues — biochemical, mechanical, and electrical—for coordinated immune

reprogramming in chronic wound environments.

1.3.2 ECM dysregulation: restoring matrix integrity

Aberrant ECM turnover — marked by excessive MMP activity, disorganized collagen



deposition, and loss of mechanical coherence — constitutes a major impediment to regenerative
healing.[62] Pathological ECM destabilizes cellular adhesion, impairs keratinocyte migration,
and creates biomechanically abnormal substrates for fibroblasts.[63]

Mechanical regulation plays a leading role in re-establishing matrix order. Viscoelastic
scaffolds, micro-structured surfaces, and anisotropic constructs influence fibroblast alignment,
regulate ECM anisotropy, and reduce stochastic collagen deposition through cytoskeletal
tension modulation.[41, 64, 65] These effects are mediated via focal adhesion and YAP/TAZ—-
SRF signaling, which integrate matrix stiffness into transcriptional outcomes.

Biochemical reinforcement through MMP inhibitors, collagen crosslinking agents, or
ECM-mimetic peptides further stabilizes the regenerative niche.[66, 67] Additionally, studies
suggest that bioelectrical inputs may enhance matrix deposition indirectly, by improving
fibroblast metabolic activity, promoting angiogenesis, or modulating TGF-f3 expression.[68, 69]
Thus, in wounds with ECM fragility, combined mechanical-biochemical-electrical

interventions offer a robust platform for restoring matrix balance and functional architecture.

1.3.3 Mechanical instability: rebuilding the physical framework

Wounds subjected to high mobility, tension gradients, or poor mechanical anchoring — such
as those on joints, extremities, or scar-prone regions — are prone to dehiscence, delayed
contraction, and aberrant scarring.[70] Mechanical instability is both a structural and signaling
problem, as it affects wound edge alignment, fibroblast mechano-sensing, and myofibroblast
activation thresholds.

Bioinspired materials that provide adaptive mechanical support — e.g., anisotropic
scaffolds, gradient-stiffness adhesives, and pre-strained bandages — have been shown to
redistribute contractile forces, guide ECM orientation, and reduce excessive contraction.[71-
73] Importantly, these mechanical strategies interact with biochemical signaling: for example,

mechanical load modulates TGF-1 expression, integrin signaling strength, and fibroblast-to-
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myofibroblast transition. Moreover, mechanical strain can indirectly influence electrochemical
gradients, as shown in tissues where tensile stress alters ion channel activity or disrupts
endogenous bioelectric fields.[39, 74] Therefore, mechanical strategies should be context-
specific and dynamically tunable, especially in anatomical locations where geometry,
movement, and force patterns vary dramatically. Integration with biochemical and electrical

elements further expands their therapeutic scope.

1.3.4 Bioelectric disruption: indications and potential for electroactive interventions
Bioelectrical integrity is increasingly recognized as essential for coordinated cell migration,
polarity, and tissue patterning. Disruption of endogenous EFs — as seen in diabetic, irradiated,
or chronically infected wounds — leads to disoriented migration, impaired angiogenesis, and
delayed re-epithelialization.[ 75, 76]

Electroactive biomaterials (e.g., piezoelectric PVDF, ZnO nanowires, triboelectric layers)
can locally generate therapeutic EFs, especially when powered by patient movement or
physiological flows.[77] These cues restore directional migration via PI3K-Akt-Rac pathways
and enhance VEGF expression, thereby supporting angiogenic sprouting.[78, 79] Conductive
materials such as polypyrrole and graphene oxide also enable real-time current modulation,
amplifying or fine-tuning EF delivery.[47]

Nevertheless, EF-based therapy must be context-aware. In wounds with active
inflammation or proteolytic ECM degradation, electrical cues alone may be insufficient or
inconsistent, potentially requiring biochemical priming or mechanical stabilization.[80] As
such, bioelectric interventions are best positioned as adjunctive or trigger-based components

within intelligent, feedback-guided therapeutic systems.

1.3.5 Toward adaptive and personalized combinatorial therapies

The multifactorial nature of wound pathophysiology necessitates a responsive, barrier-
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matching framework for intervention.[81] Rather than applying uniform therapies, future
strategies should be diagnostically informed, using real-time data (e.g., pH, ROS, mechanical
stress, metabolite flux) to trigger appropriate regulatory cues. This vision aligns with emerging
smart materials that couple biosensing with payload release or mechanical/electrical actuation,
creating a closed-loop control system for the wound microenvironment.[81-83]

Crucially, this transition demands not only technical innovation but also interdisciplinary
collaboration, integrating materials science, immunobiology, and clinical insight. Precision
wound therapy thus shifts from device design to dynamic system engineering, guided by barrier
profiles, phase progression, and patient-specific variables.

In sum, effective wound care in the next generation will rely on adaptive, combinatorial,
and context-specific strategies—capable of sensing dominant pathological barriers, deploying
synergistic regulatory modalities, and evolving alongside the wound itself to achieve true

regenerative healing.

1.4 Motivation and Objectives
1.4.1 Motivation
Despite rapid advances in biomaterials and wound pathophysiology, most current wound
therapies remain empirical, passive, and poorly adapted to the heterogeneous nature of wound
microenvironments. Commercial wound dressings typically offer generic protection or
hydration but lack the capacity to recognize and respond to stage-specific or barrier-specific
biological dysfunctions, such as persistent inflammation, excessive matrix degradation,
mechanical instability, or bioelectric disruption. Therapy-pathology mismatch remains a
critical driver of clinical failure, manifesting as impaired resolution, excessive scar formation,
and persistent wound recurrence.

Emerging research calls for a paradigm shift toward precision microenvironmental
modulation — tailoring biochemical, mechanical, and electrical cues to the wound’s dominant
pathological features and healing stage. Yet most existing approaches remain siloed: sprayable
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hydrogels lack hierarchical control, bandages offer little active force modulation, and electrical
therapies are limited by power source constraints and mechanical integration. This thesis
responds to these challenges by developing a unified set of adaptive, multimodal, and clinically

translatable platforms that reflect the barrier-specific needs of dynamic wound environments.

1.4.2 Objectives

The objectives addressed in this dissertation are:

1. To engineer a family of adaptive biomaterial platforms — including biochemical,
mechanical, and electrical modalities — that embody the principles of barrier-matched,
phase-specific wound modulation, and to map their therapeutic relevance across diverse
pathological contexts.

2. To elucidate the mechanistic basis of multimodal synergy — through molecular, cellular,
and tissue-level analyses — in vitro, ex vivo, and in vivo. Emphasis will be placed on how
each platform reprograms key repair pathways (e.g., inflammation resolution, matrix
remodeling, vascularization) in response to distinct barrier profiles.

3. To validate the translational potential of three lead systems:

1) The BDM, which demonstrates dynamic hierarchical modulation via Ca*" release,
TNF-a suppression, and cGMP/PKG-Wnt/Ca?"-mediated vascular reconstruction. This
system was developed to restore vascular homeostasis in ischemic wounds by targeting
early-stage inflammation and promoting angiogenesis. While such biochemical
modulation lays a strong foundation for wound repair, it does not address the crucial role
of physical and mechanical cues in orchestrating tissue regeneration. This limitation
prompted the development of structurally engineered platforms to provide spatial and
mechanical guidance.

2) The MIB advances this concept by orchestrating adhesion—contraction via gecko-
mimetic microstructures and simultaneously regulating critical signaling cascades, such as
FAK, NF-xB, Wnt, and TGF-B, thereby mitigating scar formation. By introducing

mechanical control over cell-matrix interactions, the MIB facilitates more regenerative
16



and less fibrotic healing. However, despite its advanced design, the system supports a
healing process that is passively directed and insufficiently responsive to
microenvironmental changes.
3) The SIMN bandage addresses the requirements of chronic wound care by integrating
enzymatic glucose harvesting with programmable mechanical contraction to achieve
autonomous electromechanical wound therapy. By combining biochemical sensing with
mechanical actuation, this system enables closed-loop wound management that is
particularly beneficial for metabolically impaired conditions such as diabetes. It marks a
significant step toward intelligent, self-regulating therapeutic platforms capable of
adapting to the evolving wound microenvironment in real time.

4. To propose a translational framework for future adaptive wound systems — integrating
design logic, biological compatibility, and clinical feasibility — that moves toward

individualized, minimally invasive, and regeneration-focused care.

Together, these three systems outlined a progressive therapeutic roadmap: starting from
biochemical rebalancing, advancing to mechanically guided cellular regulation, and
culminating in autonomous, adaptive intervention. This progression has enhanced insights into
the mechanisms of wound repair while simultaneously expanding the clinical prospects of
precision wound management. These platforms represented a new generation of wound
therapies — structurally responsive, mechanistically integrated, and programmably therapeutic
— designed to support scarless regeneration even under complex pathological conditions.

Ultimately, this dissertation established not only the efficacy of these engineered systems
but also a unified framework for microenvironmental modulation. By bridging material
intelligence with regenerative biology, it proposed a system-level strategy for enabling effective

and scar-free healing.



Chapter 2 Sprayable bioinspired dual-layer mask with hierarchical

programming for scar-free skin regeneration

2.1 Introduction

Despite the advancement in first-aid medicines, the improperly healed tissues may result in scar
formation, imposing large burden on the global healthcare system.[84, 85] Clinically, many
masks have been utilized for wound treatment.[86-88] Characterized by their ECM-like
structure, hydrogel dressings (such as hyaluronic acid and alginate) facilitate wound repair
through sustained hydration and effective exudate absorption, setting them apart from
traditional dressings like cotton or foam.[89, 90] Particularly, sprayable in situ crosslinking
formulations have become a popular alternative to pre-made hydrogels, offering multifarious
advantages such as exceptional portability and flexibility, rapid implementation capacity, great
conformability to uneven wounds.[91] Unfortunately, the existing sprayable hydrogel masks
possess limited rapid hemostasis capacity, disabling their application for extensive wounds with
uncontrollable massive bleeding.[92] Moreover, these hydrogel masks demonstrate insufficient
wound adhesion and poor mechanical integrity to bear external disruption.[93, 94] They also
suffer from excess water evaporation and microbial infections. Profound vascular damage in
extensive wounds markedly compromises local perfusion, impairs metabolic exchange, and
obstructs the mobilization of regenerative cells, collectively delaying the repair process.[95]
Conventional sprayable strategies cannot deliver coordinated protection, debridement, and pro-
regenerative functions essential for neovascularization and scarless repair.

Inspired by the stratified structure of human skin, we designed spray-applied bio-inspired
dual-layer masks (BDMs) with the ability for fast phase self-organization and sequential
modulation to facilitate scarless wound healing. (Figure 2.1). Composed of a hydrophobic poly
(lactide-co-propylene glycol-co-lactide) dimethacrylate (PGLADMA) top layer and a
hydrophilic gelatin methacrylate (GeIMA) bottom layer. The photocrosslinkable BDMs rapidly
formed bilayered structures via spontaneous phase separation during mixing. The BDMs

achieved rapid solidification (~100 s) after photocrosslinking, driven by efficient covalent
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bonding between the vinyl groups (“C=C"’) in PGLADMA and GelMA. It can firmly attach to
the injured tissue and adapt to joint mobility, due to the adhesive properties conferred by
GelMA together with the intrinsic flexibility imparted by both GeIMA and PGLADMA (Figure
2.1A).

Upon application, the BDM actively orchestrated the wound healing cascade in a
temporally and functionally coordinated manner. To initiate rapid hemostasis, the soft and
hydrophilic GeIMA matrix, enriched with Ca®" ions, activated the coagulation cascade upon
contact with blood. Concurrently, the dense, water-repellent PGLADMA top layer, loaded with
triclosan, mimicked a synthetic eschar that shielded the wound from microbial invasion while
preserving local moisture. Together, these properties suppress inflammatory mediators (e.g.,
TNF-a) and favor the polarization of macrophages toward the M2 phenotype, facilitating
inflammation resolution and regenerative progression. Afterwards, BDMs enhanced vascular
regeneration by simultaneously activating cGMP/PKG-Wnt/Ca?* signaling axes, driven by
nitric oxide generated via GeIMA breakdown products, enzymatic conversion of L-arginine,
and paracrine Wnt5a signals from reparative macrophages (Figure 2.1B).

This project provided a novel viewpoint on the biomimetic design of sprayable wound
masks, allowing the seamless coordination of sequential hemostatic regulation, preservation of
a moist as well as sterile wound environment, together with the stimulation of angiogenesis to
facilitate scar-free repair. To the best of our understanding, a sprayable double-layer mask that
mimics the stepwise healing cascade in natural tissue repair has not been reported previously.
Notably, every component of the dual-layer mask was constructed exclusively from intrinsic
biocompatible materials, eliminating the need for viable cells or biological tissues, and thus
preventing ethical concerns in therapeutic translation. This series of attributes, combined with
the practicality of in sifu application, positioned our system as a highly translational solution
likely to draw interest from hospitals and clinical organizations. Overall, the BDM strategy
holds significant promise in improving outcomes for patients with large-area wounds,

ultimately reducing the socioeconomic burden on families and healthcare systems.
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Figure 2.1. Schematic of the sprayable BDMs designed to achieve scar-free wound healing via
rapid autophasing and layered functional modulation. (A) Upon mixing and spraying,
hydrophobic PGLADMA and hydrophilic GelMA rapidly segregate into a bilayered
configuration. Subsequent photocrosslinking yields BDMs with tight interfacial integration,
strong adhesion to tissue, and superior compliance with joint mobility. (B) These BDMs
orchestrate a stepwise healing process, initiating hemostasis, preserving a well-hydrated and
aseptic wound setting, and promoting angiogenesis. By suppressing the TNF-a (pro-
inflammatory) pathway and enhancing M2 polarization, they convert inflammation into
proliferation. Meanwhile, activation and modulation of Wnt/Ca?>" and cGMP/PKG pathways

support neovascularization, ultimately guiding the wound toward regeneration without scarring.

2.2 Experimental Section

2.2.1 Materials synthesis and characterization

GelMA was prepared according to established methodologies.[89, 96] A (15% w/v) gelatin
solution was obtained through dissolution of gelatin in PBS at 60 °C, followed by the gradual

dropwise addition of methacrylic anhydride (MAA) under constant agitation. The resulting
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solution was dialyzed to remove unreacted reagents and lyophilized for storage. GeIMA was
analyzed by 'H nuclear magnetic resonance (‘H NMR, Jeol, Japan) in combination with
Fourier-transform infrared spectroscopy (FTIR, Bruker, USA).

PGLADMA was prepared following the procedure reported in our previous study.[97] In
brief, propylene glycol (40 g, PPG) was combined with lactide (23 g, LA) to produce the
intermediate copolymer. Methacryloyl chloride (4.22 g) and triethylamine (4.05 g) were then
added in dichloromethane under stirring to introduce methacrylate functionalities. The product

was purified and characterized via '"H NMR and FTIR to confirm successful functionalization.

2.2.2 Fabrication and structural analysis of BDMs
GelMA was dissolved in DI water at 10% (w/v) to yield the working solution, and 0.3 wt%
LAP was subsequently added as the photoinitiator.[89] To obtain calcium-enriched
formulations, 5, 10, or 20 wt% CaClz was mixed in GelMA solution. For PGLADMA, the
formulation was prepared by combining the synthesized polymer with hydroxyethyl
methacrylate (4.5 wt%, HEMA) and Irgacure 819 (0.5 wt%).[97] Viscosity and photo-
crosslinking behavior of both GeIMA and PGLADMA were characterized using a rheometer
(Anton Paar, Austria). Shear-dependent viscosity was evaluated using rotational testing (1-100
s '), while gelation kinetics were assessed by monitoring the change in storage modulus at 1%
strain and 10 Hz.

Sprayable BDMs were obtained by blending GelMA with PGLADMA, and the mixture
was then photo-crosslinked under blue light (405 nm, 5 mW/cm?) over 100 s.[98]
Morphological characteristics of the crosslinked networks were visualized via scanning
electron microscopy (SEM, Zeiss, Germany). Interfacial bonding strength was determined
through lap shear tests. After injecting and photo-crosslinking 1 mL of precursor mixture in a
2 x 2 cm mold, the resulting bi-layered construct was firmly laminated onto glass slides under
compression to maintain contact. Mechanical tensile testing was carried out on the adhered
samples using a Instron testing instrument operated at 1 mm/min until rupture.[99] Burst

pressure, conducted with a customized setup, was employed to evaluate tissue adhesion.[100]
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A 3-cm porcine skin disc with a 1-mm incision was fixed on the device and connected to a
PBS-loaded syringe pump. 100 pL precursor was dropped onto incision and subsequently
photo-crosslinked. PBS was delivered at 2 mL/min to generate internal pressure, while the
maximum pressure prior to rupture was measured with a fast-response pressure sensor. In
addition, mechanical performance of both GelMA and PGLADMA hydrogels was evaluated
following the ASTM F2458-05 standard.[101] Dogbone-shaped specimens (20 x 5 mm) were

stretched at 1 mm/min under ambient conditions until rupture.

2.2.3 In vitro assessment of hemostatic performance

To evaluate in vitro coagulation performance, we followed a previously reported method, using
clinical fibrin glue as the positive group.[102] An aliquot of 100 uLL was dropped into a culture
plate, followed by light-induced crosslinking. Subsequently, 100 puL of fresh blood was
introduced into each well. At set intervals, samples underwent gentle PBS rinsing, and clotting
duration was assessed based on the formation of a stable, homogeneous clot.

Next, the release profile of calcium ions was examined. After crosslinking, 100 puL of
GelMA was immersed, with deionized water (20 mL, 37 °C). At predetermined intervals, 50
uL samples were extracted and their Ca** content quantified via ICP-OES.[89]

To assess RBC adsorption, 10 mg of each sample was incubated with 200 pL RBC
suspension (37 °C, 1 h). Following PBS washing (five cycles), the specimens were treated with
DI water over 1 h to achieve lysis of attached RBCs. Afterward, 100 pL of lysate was sampled,
and assessed by microplate reader (541 nm).[103]

Platelet adhesion was quantified with a lactate dehydrogenase (LDH) assay kit.[104]
Subsequently, Platelet-rich plasma (PRP, 100 pL) was added onto each specimen and
maintained at 37 °C. Following incubation, adherent platelets were lysed using 1% Triton X-

100, and LDH activity was quantified according to the manufacturer’s guidelines.

2.2.4 In vivo validation of hemostatic performance

To assess the in vivo hemostatic performance, rat tail and liver hemorrhage models were
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established using SD rats (male, 200 g), with experimental protocols approved by the Ethics
Committee of The Hong Kong Polytechnic University (PolyU, Ref: 22-23/362-BME-R-GRF).
Tail amputation was performed under anesthesia induced by intraperitoneal injection of 1%
pentobarbital, with roughly one-third of the tail length removed.[105] Immediately thereafter,
100 uL samples were used to the wound site and then photo-crosslinked under blue light. Clot
formation and blood retention were assessed by positioning pre-weighed absorbent paper under
the wound to capture exudated blood until the measured weight stabilized, signifying
hemostasis. To further investigate the effectiveness of BDMs under more severe bleeding
conditions, a liver hemorrhage model was employed.[104] After anesthetization, the liver was
exposed through surgery, and bleeding was induced via needle penetration. A 200 uL dose of
the formulation was then administered to the injury site and photocrosslinked in situ.

Hemostasis duration and the volume of blood loss were quantitatively recorded in both models.

2.2.5 Evaluation of moisture retention and sterility

The water vapor transmission rates (WVTR) of the samples were assessed in accordance with
the previous protocol.[106] Circular samples of 30 mm diameter were employed to cover
bottles with a 29 mm opening, each added with 20-mL DI water. The containers were incubated
at 37 °C under 35% relative humidity, and the reduction in water volume was quantified at
different time points to determine WVTR. The water contact angle (WCA) was assessed using
a goniometric system (Kriiss, Germany), where a 10-uL droplet of deionized water was
dispensed onto each sample surface under room temperature.

Antifouling performance across the tested materials was evaluated by employing Bovine
serum albumin-fluorescein isothiocyanate conjugate (FITC-BSA) as a representative protein
marker.[107] Circular specimens (@ 8 mm) were immersed in a FITC-labeled BSA solution
(0.5 mg/mL). After extensive washing with PBS, fluorescence was visualized under a
fluorescence microscope (Nikon, Japan).

For enhancing the antimicrobial function of BDMs, triclosan (TCS) was embedded within

the PGLADMA. After preparing the PGLADMA solution, TCS was incorporated at different
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loadings (2.5-10 wt. %) and blended uniformly. The cytocompatibility of the resulting groups
(0 10 mm) was initially assessed using NIH/3T3 cells (ATCC, USA).[108] In brief, the samples
were cultured in medium at 37°C for 1 day, and the medium was then used to culture NIH/3T3
cells (1x10* cells/cm?) in a 24-well plate. Cell viability and proliferation were assessed at 1, 2,
and 3 days using the Live/Dead staining and CCK-8 kit, respectively.[109]

The antibacterial efficacy was evaluated using inhibition zone and spread plate assays
against E. coli and S. aureus.[110] In the inhibition zone assay, sterile LB agar plates were
prepared, inoculated with bacterial broth (1 mL, 1x10°> CFU/mL), and samples were centrally
positioned. The antimicrobial activity was evaluated by recording the growth inhibition area
after incubation at 37 °C for 1 day. Antimicrobial properties of the samples were assessed by
the spread plate. In brief, 1 mL of bacterial culture (1x10° CFU/mL) was maintained with the
14-day degradation medium at 37 °C for 1 day. After a 1:10000 dilution, the bacterial
suspensions were inoculated onto LB agar and incubated at 37 °C for 1 day. The CFUs on plates
were quantified to perform quantitative evaluation. Lastly, the release kinetics of TCS was
investigated through immersion in of DI water (10 mL, 37 °C), while the liberated TCS was

simultaneously determined via UV-Vis (281 nm).

2.2.6 Assessment of angiogenesis performance of BDMs

To investigate the nourishment-related performance, sample sets (@ 5 x 3 mm) were fabricated
containing different concentrations of Ca?". Following immersion in 1 mL PBS for 10 mins
(mimicking acute coagulation with substantial Ca>* liberation), samples were collected, and the
release dynamics of retained Ca®>" and L-Arg were assessed under collagenase treatment (0.5
U/mL).[96] Samples incubated without collagenase served as controls (denoted as CL-).
Released Ca** was quantified using ICP-OES, while L-Arg was determined using a commercial
L-Arg assay kit based on an enzymatic colorimetric principle. [91] Briefly, L-Arg in the
supernatant was selectively converted into a chromogenic product through an enzyme-
catalyzed reaction cascade, and the absorbance was measured by a microplate reader. The L-

Arg concentration was calculated against an external standard curve and then used to derive
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cumulative release profiles.

Evaluation of the angiogenesis-promoting and nourishing activity was conducted by
immersing samples in RPMI-1640 medium (1 mL) containing collagenase but lacking FBS.
After being cultured at 37 °C for 1 day, the supernatant was gathered and heated at 60 °C about
10 mins to neutralize collagenase activity. Thereafter, 10% FBS was incorporated, yielding
complete conditioned media, which were used for in vifro angiogenesis analysis with
HUVECs.[91]

Conditioned medium was tested for its influence on angiogenesis in HUVECs seeded at
1x10* cells/cm?®.[91] eNOS expression was measured after a 3-day incubation using RT-
PCR.[89] Nitric oxide (NO) levels were assessed by a NO activity assay kit, and short-term
intracellular NO release was determined with the fluorescent DAF-FM DA.[111]

The migration behavior of HUVECs was determined using cell scratch assay. HUVECs
were plated at a density of 5,000 cells/cm? in culture plates. A linear wound was subsequently
introduced across the cell monolayer with a pipette tip. Each well was replenished with the
corresponding conditioned medium after gently washing with PBS. Following 24 h of
incubation, crystal violet staining was applied, and the extent of cell migration was
subsequently examined and quantified.

To additionally validate the pro-angiogenic potential, a tube formation experiment was
performed.[89] HUVECsS (4 x 10* cells/cm?) were plated in Matrigel-pretreated 24-well plates
and maintained in distinct conditioned medium.

After 2-6 h post-incubation, Calcein AM staining was applied to the cells, and capillary-
like formations were imaged through fluorescence microscopy (Nikon, Japan). For further
immunofluorescence staining, cells were labeled with CD31 to visualize endothelial markers,

F-actin to outline the cytoskeletal framework, and DAPI to identify nuclei.

2.2.7 In vivo therapeutic efficacy in rat full-thickness wounds
Full-thickness cutaneous infection models were developed to assess the therapeutic effect, with

ethical approval from PolyU (22-23/362-BME-R-GRF). SD rats (Male, ~200g) were
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administered 1% pentobarbital for anesthesia, followed by skin disinfection. Circular wounds
(10 mm x 4) were symmetrically introduced on dorsal surface, then treated with 2 mL of S.
aureus suspension (108 CFU/mL). Various treatment groups were created, including G/Cal0,
PGLADMA/TCSS, BDMs, and commercial fibrin glue as the control. Wound healing
progression was tracked through photographs taken at regular intervals (days 3, 7, and 14) to
evaluate closure dynamics. For histological analysis, animals from each group (n=4) were
sacrificed at the designated time points. Tissue specimens were collected, fixed in formalin
(TissuePro, Hong Kong), embedded in paraftin, and sectioned for staining. Histological
evaluation was conducted using H&E staining to examine tissue repair, while Masson’s
trichrome was employed to visualize collagen matrix accumulation.[110] Additionally,
immunofluorescence analysis targeting CD31 together with Col-I and III was performed to

further assess vascular regeneration and scar formation.[112]

2.2.8 Transcriptomic profiling during regenerative healing

Wound samples were collected at 3 and 7-day for transcriptome profiling. Total RNA was
isolated with TRIzol, followed by sequencing on the Novaseq 6000 system. Differential
expression analysis was performed through the “edgeR”, with significance thresholds set at
fold changes exceeding 2 or below 0.5. Functional enrichment, including GO terms and KEGG
pathways, was assessed using OmicStudio tools. Immunofluorescence analysis to detect the
expression of key markers in accordance with standardized protocols was also performed.[89,

112, 113]

2.2.9 In vivo therapeutic efficacy in porcine full-thickness wounds

The porcine wound model was established in collaboration with Huateng Limited (Guangzhou,
China), approved under protocol B202401-15. Five Bama fragrant pig (12—-15 kg) were used.
Following depilation and surface disinfection, circular full-thickness defects (2 cm) were
bilaterally generated along the dorsal midline with an inter-wound spacing of 4 cm. Post-

surgery, animals were individually housed for daily wound monitoring, and wound dimensions
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were periodically recorded. On day 28, blood perfusion in the regenerated area was evaluated
using Doppler imaging (Moor Instruments, UK). After euthanasia, tissue samples were
collected for H&E and Masson-staining to assess histological structure and collagen

regeneration.

2.2.10 Statistical analysis

Experiments were generally performed in triplicate unless specified otherwise. Data were
presented as mean + standard deviation (SD). Statistical variation was assessed through one-
or two-way ANOVA with Tukey’s post hoc test for pairwise comparisons. Significance

thresholds were set at *p < 0.05, **p < 0.01, and **p < 0.001.

2.3 Results and Discussion

2.3.1 Preparation and characterization of PGLADMA and GelMA base materials

To prepare the sprayable BDM, we first synthesized the hydrophilic GeIMA and the
hydrophobic PGLADMA.[89, 97] The structural composition these two materials were
confirmed using FTIR and 'H NMR (Figure 2.2A and B). Notably, both GelMA and
PGLADMA exhibited abundant “C=C” in their structures, allowing co-photocrosslinking
reaction. Subsequently, GeIMA stock solution (10% w/v, aqueous) together with PGLADMA
was formulated by adding photoinitiators, and dynamic rheological testing was used to assess
the sprayability and photocrosslinking abilities of both phases. We found both the GelMA and
the PGLADMA presented excellent fluidity with low viscosity (< 100 mPa-S), which was
important for the spraying process (Figure 2.2C). In addition, we assessed the
photocrosslinking kinetics of both materials using real-time storage modulus monitoring. The
storage modulus of GelMA and PGLADMA increased immediately upon blue light (405 nm)
irradiation and reached a plateau after approximately 90 s, suggesting completion of
photocrosslinking reaction (Figure 2.2D and E). Such fast-photocrosslinking kinetics are

critical for the rapid implementation of the materials.
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Figure 2.2 (A) FTIR spectra and (B) 'H NMR results confirming the successful synthesis of
GelMA and PGLADMA. (C) Measurement of viscosity for both GelMA and PGLADMA
formulations. The crosslinking process was evaluated by continuously tracking the storage

modulus, which reflected the polymerization dynamics of (D) GeIMA and (E) PGLADMA.

2.3.2 Structural formation and performance evaluation of BDMs

BDM was later constructed via intrinsic phase separation of hydrophilic GeIMA (aqueous phase,
G) and hydrophobic PGLADMA (organic phase, PLD). Although GeIMA and PLD could
maintain a two-layer configuration under static conditions, vigorous mixing required for
practical preparation rapidly generated an emulsion-like dispersion, and the bilayer could not
reliably re-form within seconds. To enable rapid yet controllable re-phasing after mixing, CaCl

was introduced into the GeIMA phase as a phase-separation modulator. Mechanistically, Ca*"

increases the ionic strength of the aqueous phase and screens electrostatic interactions at the

water/oil interface, which facilitates droplet coalescence and accelerates demulsification. In

addition, Ca** can coordinate with hydrophilic functionalities in GeIMA and interfacial water,

altering the hydration state of the aqueous phase and thereby shifting the interfacial energy
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landscape toward phase segregation.[114] As a result, Ca>* addition promoted a fast restoration
of the layered architecture after mixing. Expectedly, GeIMA supplemented with 5 wt.% and
CaClz2 10 wt.% preserved a uniform dispersion after shaking, then rapidly re-phased the bi-layer
mask in 15 s (Figure 2.3). Conversely, GelMA formulated with 15 wt.% CaClz exhibited a

rapid recovery of the biphasic structure in less than 5 s, which was too fast for practical mixture

implementation.
G/Cal5-PLD G/Cal0-PLD G/CaS-PLD G-PLD
& e aged @ -
= = & = -
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Figure 2.3 Evaluation of the autophasing behavior of GeIMA-PLD solutions in their initial
state and within 5-15 s following shaking. G/Ca5, G/Cal0, and G/Cal5 denote GelMA-based

solutions incorporating CaClz at concentrations of 5%, 10%, and 15%, respectively.

Accordingly, formulations G/Ca5 and G/Cal0 with suitable separation were utilized in next
experiments to secure effective spray performance and fast phase separation upon use.
Compared with G/Ca5, G/Cal0 more readily restored a well-defined bilayer and typically
yielded a more stable GeIMA layer after photocrosslinking, consistent with its stronger salt-
mediated demulsification effect. The sprays were then subjected to blue light exposure for
photocrosslinking to generate the BDMs. Both these two formulations exhibited clearly bi-
layered configuration within 100 s (Figure 2.4A). The microstructural features of BDMs

observed by SEM indicated that the G/Cal0 possessed a porous architecture, while the PLD
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exhibited a dense configuration. Moreover, these two components were able to create a

continuous and complete interface, which demonstrated strong bonding across the phases

(Figure 2.4B).
A
PLD
G/Cas
PLD
G/Cal0

Figure 2.4 (A) Macroscopic view and (B) SEM characterization of BDMs formed following

photocrosslinking.

In clinical use, it is imperative for wound masks to adhere to skin and accommodate
complex joint movements without delamination, which underscores the need for intensive
interface integration, firm adhesion and superior mechanical compliance. To assess interfacial
bonding strength, we conducted lap-shear testing after co-crosslinking (Figure 2.5A). The
strengths of crosslinked groups (~534 kPa and ~576 kPa) were significantly higher than other
non-crosslinked groups (~37 kPa and ~72 kPa), which was attributed to the establishment of
covalent linkages between G-PLD. To further assess adhesion performance, burst-pressure
testing was conducted (Figure 2.5B).

Robust skin adhesion was observed in G/Ca5 and G/Cal0 groups, resulting from
photocrosslinking-induced covalent coupling between GeIMA methacrylate functionalities and
tissue-associated amine groups.[115] Notably, G/Ca5-PLD and G/CalO-PLD groups
demonstrated significantly higher burst pressures — approximately 1.78 and 1.91 times greater
than fibrin glue, owing to the improved structural rigidity of the bilayer of the BDMs’ strong

adhesive performance.
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Figure 2.5 (A) Interfacial bonding strength between GeIMA-PLD quantified via lap-shear

testing. (B) Burst pressure measurements used to assess tissue adhesion of various materials.

Additionally, a tensile bar specimen combining G/Ca5 and PLD was prepared, and during
tensile loading it endured bending while fracture occurred at the G/Ca5 region, thereby offering
further confirmation of strong interface bonding (Figure 2.6A and B). We next employed
tensile testing to evaluate the elasticity of these materials. Both GelMA and PLD base materials
demonstrated remarkable elasticity with more than 60% strain during stretching (Figure 2.7A
and B). Additionally, the GeIMA-based materials displayed moduli between 85 and 96 kPa,
comparable to natural dermal tissue, while the PLD embodied much higher tensile modulus (~
13 MPa) mimics human scab providing protective layer for hydrogel base.[116, 117] In addition,
the BDMs retained a seamless interface during deformation, illustrating their excellent

elasticity (Figure 2.7C).
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Figure 2.6 (A) Representative tensile specimen fabricated using G/Ca5 and PLD components.
(B) Stress—strain profile of the composite tensile bar. The inset highlights the location of

fracture observed during mechanical testing.
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Figure 2.7 Tensile stress—strain curves of individual and composite materials: (A) GeIMA layer,

(B) PLD layer, and (C) fully assembled BDMs.

To further assess their suitability for non-regular wound applications, BDMs were tested
with geometrically varied molds, which replicated complex wound shapes. The BDMs
displayed strong conformability to these configurations, accompanied by the formation of a bi-
layered architecture (Figure 2.8). Lastly, practical simulation experiments demonstrated the
prompt deployability of BDMs. Upon spraying, autophasing, and photo-crosslinking, the
systems quickly formed stable constructs characterized by strong adherence at joints and
enhanced movement compatibility (Figure 2.9). In all, the above results collectively

highlighted the remarkable clinical potential of our BDMs.

Figure 2.8 Demonstration of the BDMs’ moldability into various shapes, including moon, star,

and triangle, simulating irregular wound geometries.
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Figure 2.9 Rapid application of sprayable BDMs demonstrating robust adhesion to tissue and

excellent conformity to joint movement.

2.3.3 Induction of rapid clotting through calcium response

When tissue damage occurs, hemostasis constitutes the first and indispensable step of wound
repair. In clinical settings, uncontrolled bleeding can compromise subsequent immune
resolution and tissue regeneration, underscoring the need for wound dressings that can
promptly initiate clot formation. Therefore, we evaluated the hemostatic efficacy of the
GelMA-based bottom layer in our autophasable BDMs (Figure 2.10A). [118] A whole-blood
clotting assay was conducted, with fibrin glue included as a clinically used positive control
(Figure 2.10B). As expected, visible clot formation was observed in multiple groups over time,
including Ca?'-free controls. This phenomenon was attributable to the intrinsic, time-dependent
coagulation of whole blood upon exposure to foreign interfaces, together with contact-/surface-
induced platelet activation and adhesion; notably, gelatin-derived matrices such as GeIMA can
further support platelet attachment via protein-adhesive motifs, thereby facilitating clot
development even without exogenous Ca>" supplementation.[104]

Importantly, incorporating CaClz into GelMA markedly accelerated coagulation.
Compared with GeIMA and fibrin glue, both G/Ca5 and G/Cal0 exhibited substantially
shortened clotting times, reaching ~4 and ~3 min, respectively (Figure 2.10C). This kinetic
enhancement was consistent with the rapid liberation of Ca®>" from the hydrated GeIMA
network (Figure 2.10D): within the first 5 min, Ca** was released abruptly, owing to GelMA’s
high water affinity and its relatively loose crosslinked architecture, which enabled fast ion

diffusion. Mechanistically, Ca?>" acts as a key cofactor that supports multiple steps of the
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coagulation cascade and reinforces platelet aggregation and hemagglutination, thereby shifting
clot formation from a gradual, interface-triggered process to a rapid and efficient hemostatic
response. Consistent with this interpretation, Ca*>*-loaded substrates exhibited markedly higher
blood cell interactions. RBC adhesion in G/Ca5 and G/Cal0 increased to nearly ~3 times that
of the blank group (Figure 2.10E), and platelet adhesion was also elevated by over 2 times
(Figure 2.10F). Collectively, these results demonstrated that while baseline clotting can occur
through intrinsic coagulation and surface-mediated platelet activation, Ca** release from the
BDM bottom layer played a dominant role in accelerating clotting kinetics and enhancing early-

stage hemostatic efficiency.
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Figure 2.10. (A) Schematic illustration of autophased BDMs facilitating coagulation via
calcium ion release. (B) Whole-blood clotting testing demonstrating clot formation, and (C)
corresponding clotting time analysis for each group. (D) Quantitative assessment of Ca*"
release from GelMA-based group. Quantification of (E) red blood cell (RBC) and (F) platelet

adhesion across different sample groups.

Next, we evaluated its hemostatic ability in vivo using a rat tail amputation model. After
tail incision, each group was added to wound sites and immediately crosslinked through blue

lights (Figure 2.11A). The hemostasis efficacy of various groups was assessed using clotting
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time and blood trace analysis on filter paper (Figure 2.11B). The GeIMA-Ca** loaded groups
(5 and 10 wt.%) demonstrated rapid hemostasis, finishing in approximately 1.5 and 1.2 mins,
whereas the control and fibrin glue showed delayed responses of 4.1 and 2.5 mins (Figure
2.11C). These two groups also demonstrated significantly less blood loss relative to the control

and fibrin glue (Figure 2.11D).
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Figure 2.11 (A) Schematic diagram depicting the standard procedure for the rat tail bleeding
hemostasis model. (B) Representative blood traces and quantitative evaluation of (C)

hemostasis time and (D) blood loss ratio among groups.

Moreover, to assess the hemostatic efficacy of our BDMs in situations of significant
hemorrhage (e.g., first aid and battlefield), we further employed the severely injured rat liver
model (Figure 2.12A and B). Subsequent to liver incision, diverse materials were utilized and
crosslinked in situ. The GelMA-Ca?* loaded groups (5 and 10 wt.% Ca®") were efficient in
mitigating excessive blood loss, with the 10 wt.% Ca** group exhibiting minimal blood loss

and the lowest hemostasis duration of around 2.1 mins (Figure 2.12C and D). In summary, our
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fabricated autophasable BDMs displayed exceptional hemostatic efficacy, with G/Cal0

demonstrating the greatest potential.

A Cutting  Spraying & Autophasing Photocrosslinking Hemostasis

S = N W A U N

Relative blood loss / %
Hemostatic time / mins

[ Blank [0 GelIMA [ G/Cas [l G/Cal0 | Fibrin glue
Figure 2.12 (A) Schematic representation of the hemostasis assessment procedure and (B)
bloodstain images from the rat liver injury model. Quantification of (C) blood loss ratio and (D)

hemostasis time across among groups.

2.3.4 Establishment of a moist and protective wound environment by BDMs

In BDMs, the PLD top layer is an artificial scab that acts as a moisturized, and sterilized
covering to promote effective wound healing.[119] For this purpose, we commenced by
assessing the moisture retention capability of hydrophilic GeIMA, hydrophobic PLD, and our
BDMs via water contact angle (Figure 2.13A) and water vapor transmission rate (WVTR)
(Figure 2.13B). The GeIMA and fibrin glue hydrogel groups displayed a WVTR of over ~170
g/h/m?, likely causing accelerated wound drying because of their porous structures. Conversely,
the PLD characterized by a thick microstructure and elevated hydrophobicity, showed a

significant reduction in permeability, measuring approximately 33 g/h/m> WVTR, potentially

36



leading to infection and delayed wound healing.[120] Encouragingly, the BDMs (e.g., G/Ca5-
PLD and G/Cal0-PLD) had moderate WV TR of around 74 and 77 g/h/m?, respectively, perhaps
due to their distinctive bi-layered architecture. Such WVTR values were within the ideal range
for wound dressings (~ 74 to 95 g/h/m?), indicating that our BDMs could effectively sustain

suitable humidity levels for wound regeneration.[121-123]
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Figure 2.13 (A) Water contact angles and (B) water vapor transmission rate (WVTR) of various

sample groups.

Besides water loss, existing hydrogels are prone to biological fouling and infection after
application, resulting in delayed healing and scar formation. Thus, we investigated the anti-
fouling behavior of the BDMs by monitoring FITC-BSA adsorption as a representative foulant
(Figure 2.14A and B). The hydrophilic GeIMA-Ca?" loaded groups (5 and 10 wt.%) and fibrin-
glue groups exhibited strong signal, reflecting significant protein adsorption. In contrast, BDMs
(e.g., G/Ca5-PLD and G/Cal0-PLD) with hydrophobic PLD layers displayed negligible

fluorescence, confirming their superior antifouling performance.
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Figure 2.14 (A) Fluorescence images showing BSA-FITC protein adsorption on different
sample surfaces. (B) Quantitative analysis of fluorescence intensity corresponding to each

sample.

To enhance infection control, triclosan (TCS) was incorporated in the PLD-phase. It is a
well-established broad-spectrum antimicrobial widely utilized in biomedical applications.[124]
The cytocompatibility of PLD incorporating 2.5, 5, and 10 wt.% TCS was evaluated by
culturing NIH/3T3 fibroblasts in the respective extraction media. Then, Live/Dead assays
revealed that the PLD-TCS loaded (2.5 and 5 wt.% TCS) groups kept cell viabilities above 95%,
whereas the 10 wt.% TCS-loaded group showed a reduction to below 80% (Figure 2.15A and
B). Proliferation analysis further verified that PLD with 2.5 and 5wt.% TCS maintained normal

cell growth, while 10 wt.% TCS resulted in impaired cytocompatibility (Figure 2.15C).
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Figure 2.15 (A) Live/Dead assay of NIH/3T3 in medium from PLD samples containing varying
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concentrations of TCS. Green indicates living cells, while red indicates dead ones. (B)
Quantification of cell viability and (C) cell proliferation on day 1, 2, and 3.

Subsequently, the antibacterial activity of the formulations was evaluated by the Kirby—
Bauer disc-diffusion assay against E. coli and S. aureus. After 1 day of co-incubation, the TCS-
loaded PLD generated markedly larger inhibition zones against both two bacteria than pure
PLD (Figure 2.16A). The inhibition-zone area of TCS exhibited dose-dependent growth; TCS5
and TCS10 produced significantly larger areas than TCS2.5 (Figure 2.16B). TCS release lasted
over 14 days, which was important for efficient bacteria inhibition during wound recovery. To
assess sustained antimicrobial efficacy, 14-day conditioned samples were evaluated by a
spread-plate assay (Figure 2.16C and D). The 2.5 and 5 wt.% TCS formulations retained
approximately 100% antimicrobial performance, verifying their robust and sustained efficacy.
Building on the above findings, our BDMs — featuring a PLD overlayer that functions as an
artificial scab — could effectively sustain a well-moisturized, and sterilized microenvironment

to promote wound repair.
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Figure 2.16 (A) Representative images showing inhibition zones formed after 1-day co-culture
with various samples. (B) Quantitative measurement of inhibition zone diameters. (C)

Photographs of LB-agar plates after 1-day incubation of E. coli and S. aureus with each group
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of 2-weeks degradation solutions. (D) Quantitative evaluation of in vitro antimicrobial efficacy.

2.3.5 Stimulation of angiogenesis to support early tissue regeneration

After swift hemostasis and formation of protective scab, the wound healing process persists
beneath the scab. Notably, vessel injury in extensive wounds markedly compromises perfusion,
thereby hindering the proliferative phase.[125] Therefore, it’s advantageous for the BDM to
facilitate angiogenesis to accelerate the wound regeneration. Here, ECs were used to evaluate
the pro-angiogenic potential. To mimic the enzyme-rich wound environment where matrix
metalloproteinases (MMPs) are abundant, collagenase (denoted as CL) was introduced to
model enzymatic degradation of the gelatin-derived GelMA layer. Collagenase-mediated
cleavage progressively breaks down the GelMA network and generates soluble degradation
products. Because GelMA originates from gelatin and contains arginine residues within its
peptide backbone, enzymatic degradation leads to the appearance of measurable L-arginine in
the surrounding medium. We then quantified the liberation of Ca** and L-Arg from GelMA
under collagenase-treated (CL*) and untreated (CL") conditions (Figure 2.17A and B). All CL
groups demonstrated the capacity to release L-Arg over 14 days. Importantly, G/Ca5 and
G/Cal0 maintained a sustained liberation of Ca®" for 14 days after the initial burst during the
hemostatic phase. Furthermore, G/Cal0 exhibited higher Ca?" release than G/Ca5. The
simultaneous presence of L-Arg and Ca' is expected to promote new vessel formation via

enhancing nitric-oxide production (Figure 2.17C).[89]
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Figure 2.17 (A) Release kinetics of L-Arg and (B) Ca?" from various samples under
collagenase-treated (CL*) and untreated (CL") conditions. (C) Schematic illustration of the
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synergistic pro-regenerative effect mediated by the co-released of Ca*" and L-Arg through nitric

oxide (NO) production.

Next, we prepared a conditional medium to elucidate its pro-angiogenic support.
Live/Dead assays showed high cell viability in each group; notably, the G/Cal0 with

collagenase-treated group exhibited the greatest proliferative ratio, confirming the excellent

cytocompatibility of the conditional culture (Figure 2.18A - C).
G (CL+) _G/Cas (CLH)

A Blank G (CL-) G/Cal0 (CL+)

Day 1

ol
>
[+1
=y
Ili\’/Dea(l i e, :
B [GiCes i C 25 =
120 ?;I?gt.) I :};gal(;(;éLl) ?;l (Clli.) *
e§ ] G (CL+) 2.0 ] (i ((‘.jLJr) 5
QL P T S B G/Ca10 L) II
g 80; 315 * i
o~ .
60 b 1
S S 1.0 I I
=~ 404 S I
S 0.5 ;B
20 1 ekl ‘
0 0.0 ‘

Da:y 1 Da:y 2 Da:y 3 Da:y 1 Da:v 2 Da:y 3

Figure 2.18 (A) Live/Dead images of HUVECs which were incubated in various conditional
mediums for 1-3 days. Green indicates living cells, while red indicates dead ones. (B)

Quantitative assessment of cyto-viability and (C) proliferative ratio on days 1, 2, and 3.

Then, we assessed the eNOS expression level in HUVECs with various conditional
mediums. A significant dose-response relationship was observed between Ca®" release and
eNOS expression in the G/Ca5 and G/Cal0 groups (Figure 2.19A). Accordingly, HUVECs
incubated with co-released L-Arg and Ca** could promote more nitric oxide production (Figure
2.19B). Such nitric oxide generation was also confirmed by fluorescence staining and

quantification using the DAF-FM DA, demonstrating the synergistic enhancement of NO
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production by L-Arg and Ca®" (Figure 2.20A and B).
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Figure 2.19 (A) Relative expression levels of eNOS and (B) NO production of HUVECs

incubated in various conditional mediums.

A Blank G (CL) G(CL+)  G/Cas(CL+) G/Calo(CL+) B
- § 250 G(CL) G/Cas (CL¥) Blank
= g G(CL+) [ G/Cal0 (CL+)
5200
Y ==
N [
$ 150+
9
- &
= E ——
% " I
% 50
% )
= 200 L

50 pm

Figure 2.20 (A) Nitric oxide production in HUVECs using the DAF-FM DA fluorescence

probe. (B) Quantification of DAF-FM DA fluorescence intensity.

Considering NO’s established role in regulating neovascularization throughout wound
repair, we assessed the pro-angiogenic behavior of HUVECs cultured with conditional media.
We evaluated cellular migration, a crucial component of tissue repair, via the scratch-wound
assay (Figure 2.21A and B). After 24 h, cells treated with G/Ca5 (CL+) or G/Cal0 (CL+)
showed markedly faster migration and scratch closure, corroborating that NO enhances cell

motility.
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Figure 2.21 (A) Representative images from the scratch wound assay showing HUVEC
migration before and after 24 h of treatment with various conditioned media. (B) Quantitative

analysis of wound closure percentage.

We additionally carried out a Matrigel tube-formation assay to investigate how NO
regulates HUVEC angiogenesis in vitro (Figure 2.22A and B). After 6 h of incubation, we
noted an increased formation of tube structures in G/Ca5 (CL+) and G/Cal0 (CL+). Compared
with the blank control, G/Cal0 (CL+) yielded over a 3-fold increase in branching points,
evidenced by its superior angiogenic potential. Moreover, the expression of CD31 (PECAM-
1), an established angiogenic marker, followed the same trend (Figure 2.22C and D).

Altogether, these results corroborated that BDMs could degrade at the wound site,

releasing L-Arg with Ca®" to produce nitric oxide, hence facilitating new vessel formation.
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Figure 2.22 (A) Tube-formation images of HUVEC observed at 2-6 h. (B) Quantitative analysis
of branching points in new generated tubular networks. (C) CD31 staining of HUVEC after 3

days of incubation with different conditioned media. (D) Quantification of CD31 expression
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based on average fluorescence intensity.

2.3.6 Promotion of scarless healing via dual-phase microenvironment modulation
Previous data demonstrated that BDMs with 5 wt.% TCS in top layer and 10 wt.% Ca**
in bottom layer exhibited exceptional efficacy, maintaining a moisture wound micro-
environment, enabling rapid hemostasis, inducing infection, and nourishing angiogenesis.
Subsequently, we evaluated the formulation’s therapeutic efficacy in the full-thickness
cutaneous model inoculated with S. aureus (Figure 2.23A). Single-layer PLD/TCS5 and
G/Cal0, together with fibrin-glue control. Following model establishment and application of
the respective dressings, the time-course of repair was tracked via photographic imaging and
quantified using healing maps (Figure 2.23B). The BDM-treated wounds contracted faster,
leaving a smaller residual area than others. By day 7, the G/Cal0 and fibrin-glue exhibited
obvious immune response, evidenced by yellow exudate and purulent discharge. According to
the wound-healing map, BDM-treated wounds were almost full closure by day 14, with under
10% of the original area remaining, whereas the other ones still showed conspicuous unhealed
regions (Figure 2.23C). Overall, the quantification of residual unhealed regions and closure

kinetics corroborated that BDM treatment markedly expedited wound repair (Figure 2.23D

and E).
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subsequently administering sprayable dressings. (B) Representative photographs of wound
sites and (C) corresponding time-course healing maps under the indicated interventions.
Quantification of (D) wound-closure percentage and (E) healing rate across the treatment

cohorts.

Subsequently, skin samples were analyzed with H&E-staining to track the temporal course
of wound healing. By day 3, the blank and G/Cal0 groups exhibited marked inflammation —
evidenced by dense leukocyte infiltration — presumably resulting from bacterial-induced
immune response and dehydration. Conversely, inflammation was markedly attenuated in the
BDM group (Figure 2.24A). By day 7, incipient re-epithelialization was evident, and the BDM
group displayed more well-organized granulation tissue and the narrowest gap between the
dermal edges. By day 14, BDM-treated wounds achieved impressive epithelial rejuvenation,
with a continuous and complete epidermal surface and barely detectable scarring. Quantitative
results revealed that the BDMs demonstrated the maximum epidermal thickness
(approximately 23 um), exceedingly resembling normal skin (Figure 2.24B).[126]

Additionally, the BDM group showed markedly greater hair-follicle regeneration — 6.41
and 2.66 times more than the blank and fibrin-glue controls, respectively (Figure 2.24C). The
improved hair follicle restoration suggested that the BDM reconfigure the remodeling process
while reducing scar formations. Neovascularization was further evaluated using CD31-
immunofluorescent staining.[91] BDM-treated wounds exhibited notably elevated CD31
expression along with the most pronounced neovascularization, demonstrating a notable

enhancement in angiogenic ability in the healing process (Figure 2.25A and B).
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Next, Masson-staining was performed after 14-day post-treatment to assess collagen
organization — a principal component of skin (Figure 2.26A and B). We observed markedly
increased collagen deposition and well-defined fibroplasia after BDM treatment, implying that

BDM significantly accelerate ECM deposition. To further confirm the anti-scarring effect, we
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performed fluorescence staining for collagen-type I and collagen-type III (Col-I and Col-III)
(Figure 2.26C and D). Scar tissue is typically rich in collagen-type I, whereas scarless fetal
healing features elevated collagen-type III and a low type I / III ratio.[127] Consequently,
strategies that simultaneously suppress collagen-type I over-deposition while promoting
collagen-type III synthesis are promising for scar reduction. Remarkably, the BDMs showed
lower type 1 and concomitantly higher type III expression than all control groups (Figure
2.26E). Additionally, it displayed a markedly reduced type I/ III ratio (~1.3), c approximating
that observed in normal skin, indicating significantly suppressed scar formation (Figure 2.26F).

In summary, these results indicated that BDM treatment promoted regenerative-like
healing with attenuated scar formation in the rat model, as evidenced by enhanced adnexal
regeneration and a collagen profile shifting toward normal skin (lower Col-I/Col-III ratio).
Given the intrinsic differences between rodent and human scarring, further validation in human-
relevant large-animal models and longer follow-up will be required to substantiate translational

scar-minimizing efficacy.
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Figure 2.26 (A) Masson’s trichrome staining of wound sections on day 14 to assess collagen
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in tissue samples after 14 days. (E) Quantification of Col-I and Col-III positive areas and (F)

Col-1/Col-III ratio.

2.3.7 Mechanistic elucidation of hierarchically programmed wound healing

To investigate the molecular mechanism by which BDM promoted scar-free healing, we
analyzed transcriptome sequencing data from BDM-treated wounds and blank controls on day
3 (the inflammatory phase).

Extensive differential gene expression (DGE) was detected, with the volcano plot
illustrating 2,536 up-regulated and 1,527 down-regulated genes (Figure 2.27A). Subsequently,
Gene Ontology (GO) enrichment analysis was performed on these DGEs, covering the three
major categories: biological processes (BP), cellular components (CC), and molecular
functions (MF). Notably, GO terms associated with immune and inflammatory processes —
such as inflammatory response, response to bacteria, and immune response—were markedly
down regulated, demonstrating the effectiveness of our BDMs in mitigating wound
inflammation — a critical factor for scarless wound healing (Figure 2.27B). Further analysis
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) demonstrated that both the
TNF-aand IL-17 pathways were markedly down-regulated (Figure 2.27C).[112] Both
pathways are closely associated with the polarization of pro-inflammatory M1 macrophages.
Additionally, we found that the peroxisome proliferator-activated receptor (PPAR) signaling
pathway was notably upregulated, a known mediator of pro-healing M2 macrophage activation
(Figure 2.28A).[127] Furthermore, the heat map depicting the DEGs within these pathways
showed distinct downregulation (e.g., MMP3, TNF, IL-1a, IL-1B, Ccl3) and upregulation (e.g.,

Krt2, Krt3, Rxrg, Acerl) (Figure 2.28B).
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Figure 2.27 (A) Volcano plots illustrating DEGs between BDM-treated wounds and blank
controls on day 3. (B) Gene Ontology (GO) terms significantly enriched among downregulated
genes. (C) KEGG pathway enrichment analysis of downregulated genes, highlighting pathways

associated with suppressed biological activities.
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Figure 2.28 (A) KEGG pathways significantly enriched among upregulated genes on day 3 in
the BDM-treated group vs the blank control. (B) Heatmap of gene expression profiles

associated with the activated pathways.

During uncontrolled hemorrhage, platelet hyperactivation can drive excessive cytokine
release, eliciting an exaggerated immune reactions and chronic inflammatory reaction.[128]
Prior studies have shown that achieving rapid hemostasis while limiting platelet-derived
immune mediators attenuates inflammation, thereby facilitating scar-free regeneration.[129,
130] In addition, dehydration and infection of wounds stimulated IL-1 and TNF-a production,
thereby sustaining inflammation and aggravating scarring.[131-133] Therefore, by maintaining

a well-moisture, sterilized microenvironment, our BDM likely modulated pro-inflammatory
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cytokine levels and accelerated the transition from inflammation to proliferation. To verify this,
we performed day-3 immunofluorescence staining for IL-18 and TNF-a and assessed
macrophage polarization. Therefore, the BDMs, by maintaining a moistened and sterilized
microenvironment, likely tuned pro-inflammatory cytokine levels and accelerated the transition
from inflammation to proliferation. To substantiate these observations, we conducted
immunofluorescence staining for key inflammatory markers and assessed the polarized state of
macrophages on day-3 (Figure 2.29A). Our results indicated significantly suppressed IL-1P
and TNF-a expression in BDM-treated groups, confirming effective mitigation of inflammation
(Figure 2.29B and C). Additionally, immunofluorescence staining of macrophage markers,
specifically iNOS (M1), CD163 (M2), and CD68 (M0) showed that the BDM skewed
polarization to the anti-inflammatory M2 phenotype, characterized by a markedly lower M1
rate (10.6 =2.3%), a higher M2 rate (17.6 + 1.32%), and the lowest M1/M2 value (0.59 = 0.11)
(Figure 2.29D-G). The above data demonstrated that the BDM rapidly achieved hemostasis
and maintained a well-moisturized, sterilized microenvironment, thereby dampening early
inflammation through enhanced M2-polarization and accelerating coordinated progression
from inflammation to the proliferative phase (Figure 2.29H).

In summary, the BDM dressings promoted scar-free tissue regeneration by orchestrating
the well-organized repair procedures through establishment of a hemostatic, well-moisturized,
and sterilized environment. Mechanistically, they dampened TNF-o—mediated inflammation
and enhanced M2 macrophage polarization, thereby driving the transition from inflammation

to proliferation.
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Figure 2.29 (A) Immunofluorescence staining of pro-inflammatory cytokines IL-1p and TNF-
a in wound tissues on day 3. Quantification of positive staining areas for (B) IL-1p and (C)
TNF-a under different wound mask treatments. (D) Immunofluorescence staining of
macrophage markers iNOS (M1), CD163 (M2), and CD68 (pan-macrophage, M0) on day 3.
Quantitative analysis of (E) iNOS*/CD68", (F) CD163*/CD68" populations, and (G) the M1/M2
macrophage ratio across treatment groups. (H) Schematic illustration showing that BDMs
rapidly induce hemostasis and maintain a moist, sterile environment, thereby promoting early

anti-inflammatory effects through enhanced M2 macrophage polarization.

2.3.8 Translational evaluation in a full-thickness porcine wound model

To further understand the regenerative potential of our BDMs, we conducted porcine full-
thickness cutaneous injury model that approximates human skin both anatomically and
physiologically. With BDM treatment, wounds re-epithelialization faster. After 7 days, the
discharge of TCS from our BDM markedly diminished the infection, resulting in reduced
inflammatory response (Figure 2.30A).

Additionally, the BDM group showed a remaining wound area of about 83.6%, in contrast to
95.1% for the blank control and 91.2% for the fibrin-glue control. After 28 days, re-

epithelialization in the BDM-treated group was nearly complete, but half of the wounds in the
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control groups had not yet healed (Figure 2.30B).
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Figure 2.30 (A) Schematic illustration of the S. aureus-infected full-thickness porcine wound
model, accompanied by representative wound images following treatment with different

sprayable masks. (B) Quantitative evaluation of wound closure areas across treatment groups.

Furthermore, H&E staining showed that granulation tissue in the BDM group was
appreciably thinner than in the comparison groups, suggesting minimal scar overgrowth in the
newly formed tissue (Figure 2.31A and E). Moreover, Masson’s trichrome further revealed
that collagen deposition was greatest with BDM treatment, evidencing enhanced collagen
remodeling during repair (Figure 2.31B). To assess neovessel formation and patency, we
quantified RBC perfusion within patent lumina on H&E sections (Figure 2.31C). The BDMs
group contained significantly more newly formed vascular lumens—2.13-fold and 1.57-fold
higher than control and fibrin-glue groups, respectively—demonstrating superior angiogenic
activity (Figure 2.31F). Furthermore, Laser Doppler perfusion imaging confirmed higher
tissue perfusion in the BDMs cohort, with blood-flow flux 1.74 times that of fibrin glue,
indicating restoration of functional flow (Figure 2.31D and G). Collectively, these data show
that BDMs not only build endothelial architecture but also establish fully perfused vascular

networks that are essential for efficient wound healing.
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Figure 2.31 (A) H&E staining of wound sections on day 28 post-treatment, with black arrows
indicating the granulation tissue width. (B) Masson’s trichrome staining of corresponding
sections, where dashed lines delineate the wound areas. (C) Visualization of luminal structure
formation and (D) laser Doppler perfusion imaging of the healing regions, with vessels marked
by black arrows. Quantitative analysis of (E) granulation tissue width, (F) blood vessel density,

and (G)blood flux intensity within the healing tissue.

2.4 Conclusion
This project involved the development of our BDM with fast autophasing and hierarchical
programming to achieve scar-free wound repair. The system was constructed from a

photocrosslinkable hydrophobic PGLADMA polymer and a hydrophilic GelMA hydrogel,
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which spontaneously separated into a bi-layered structure through phase transition. Subsequent
photocrosslinking stabilized the architecture, endowing the BDMs with strong interfacial
cohesion, robust tissue adhesion, and adaptability to dynamic joint motion. Mechanistically,
the GelMA-layer promoted rapid Ca**-mediated hemostasis, and the PGLADMA-layer
maintained a moistened and sterilize microenvironment, thereby attenuating TNF-o—driven
inflammation and promoting M2 macrophage polarization. In parallel, the system co-regulated
cGMP/PKG-Wnt/Ca** signaling cascades, enhancing vascularized regeneration, collectively
supporting scar-free healing.

As far as we are aware, this work introduced the first sprayable bi-layered mask as an
innovative wound dressing paradigm, capable of dynamically programming the healing
cascade toward scar-free repair. Distinctively, the bio-inspired double mask achieved
spontaneous autophasing through intelligent regulation of phase separation. Constructed solely
from biocompatible and metabolizable components, the BDMs can be deployed via simple
mixing without complex chemical processing. Such a streamlined yet effective strategy is
particularly valuable in emergency settings requiring rapid intervention. Overall, these findings
highlight the considerable translational potential of sprayable BDMs for managing large and
complex wounds. Importantly, this autophasing bilayer concept is adaptable to diverse
hydrophilic matrices (e.g., HAMA, collagen/gelatin derivatives, fibrin, alginate, chitosan, or
PEG-based photocurable hydrogels), and can further incorporate recombinant collagen to

enhance supply consistency and translational manufacturability.
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Chapter 3 Seta-inspired mechano-intelligent Janus bandage with

coordinated adhesion-contraction for scarless wound healing

3.1 Introduction

Skin wound management remains a significant public health challenge, with wide-ranging

implications for both patients and society.[134] Clinically, the pivotal process of wound healing

is wound closure, which is crucial for accelerating healing and minimizing scarring.[135]

Sutures, the conventional method for wound closure, have been used for decades.[136] Despite

their longstanding application, sutures exhibit several limitations including labor-intensiveness,

restricted patient mobility, and potential complications associated with uneven or uncontrolled

wound tension.[137] Such irregular tension can continually stimulate the over-expression of
pro-inflammatory cytokines, further hindering wound healing with fibrotic scar formation.[138]
Alternatively, bandages (e.g., 3M Steri-Strip reinforced skin closure strip) have gained attention

as a user-friendly and effective solution for wound closure.[139] However, they only provide

limited wound closure strength (e.g., ~5 kPa) with partially mitigated wound tension due to

passive contractile force generation, rendering them less effective, particularly for treatment of
extensive wounds with significant tension.[ 140, 141]

Mechano-active bandage (e.g., shape-memory bandages, thermosensitive bandages)
capable of exerting contractile forces has been presented as a prospective strategy for robust
wound closure and active modulation of wound tension.[101, 142] These bandages facilitate
wound healing by regulating mechanosensitive pathways (e.g., focal adhesion kinase
pathway).[142, 143] Despite these advancements, their clinical application is still in its early
stages. For example, activation of these bandages often requires stringent external stimuli such
as elevated temperature,[42, 74] increased moisture or specific enzymatic conditions,[71, 72]
which not only complicate the material system but also add significant challenges to
implementation, hindering their translational potential.[73, 74] Furthermore, these bandages
often lack the ability to precisely control the exerted contractile stress, which is crucial for

effectively triggering the mechanotransduction cascade for wound regeneration.[144]
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Moreover, current elastic bandages often fail to intelligently provide coordinated adhesion
strength in response to contraction. Such coordinated adhesion would enable the effective
transmission of contractile forces while avoiding either insufficient adhesion leading to
compromised wound contraction, or excessive adhesion causing surrounding tissue damage.[86]
Therefore, we engineered a bioinspired mechano-intelligent Janus bandage (MIB) with
dynamically coordinated adhesion-contraction for scarless wound healing (Figure 3.1). Here,
“Janus” refers to the bandage’s anisotropic, dual-faced design: a flat, hydrophobic exterior that
acts as a protective, moisture-retaining barrier, and a tissue-facing interior that is hydrophilic
and patterned with a gecko-inspired wedge microarray to enable rapid wet contact and reliable
yet reversible adhesion. “Mechano-intelligent” describes a stimulus-free mechanical self-
regulation in which pre-strain stores elastic energy that is released as restoring contractile forces
to draw wound edges inward, while the wedge microarray synchronously strengthens
interfacial coupling (friction/van der Waals—assisted adhesion) to ensure efficient force
transmission and precise edge apposition without auxiliary fixation; reverse strain unloads the
stored energy and weakens coupling to allow benign, on-demand removal. The MIB was solely
made of fluid, photocrosslinkable PGLADMA by micromolding. PGLADMA was used due to
its excellent biocompatibility and high elasticity.[145] The MIB featured an interior surface
with a gecko-inspired wedged structure (50 um for height and width) to apply tissue adhesion
and a flat external surface for stretchability. Upon stretching and application, the MIB
recapitulated the gecko locomotion principle to dynamically coordinate the adhesion-
contraction synchronization (Figure 3.1A). The elastic MIB precisely programed the intrinsic
wound closure strength from 0 to 89 kPa by simple pre-strain (from 0 to 35%). The adhesion
strength was found to proportionally respond to the contractile force generated by strengthened
van der Waals interactions and interfacial friction between the wedged structures and the tissue,
realizing coordinated adhesion-contraction. Such intelligent mechanism enables robust wound
closure while effectively modulating wound tension. Additionally, the MIBs could be removed
without damaging the wound tissue by reverse post-strain to counteract the contractile force to

relieve the adhesion strength.
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Our MIBs demonstrated excellent potential to promote scarless healing in rat and
porcine full-thickness skin defect models by regulating wound tension with inhibition of
mechanosensitive FAK expression (Figure 3.1B). Specifically, during the inflammatory phase,
downregulated FAK suppressed the downstream inflammatory NF-xB pathway, driving
macrophages from the pro-inflammatory M1 to the pro-healing M2 phenotype. Subsequently,
in proliferative phase, decreased FAK expression upregulated the Wnt pathway, significantly
enhancing angiogenesis and re-epithelialization for promoted repair process. Finally, during
remodeling, reduced FAK expression downregulated the TGF-f3 pathway, which was critical
for achieving balanced matrix degradation and deposition, eventually inhibiting scar formation.

As far as we are aware, this work developed mechano-intelligent bandages with a
simple material system, straightforward implementation and adhesion-contraction coordination
for scarless wound healing for the first time. Such an innovative mechanobiological approach
heralds new possibilities for skin wound management and has wide-ranging applications in

wound management of other soft tissues.
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Figure 3.1 Schematic showing the mechano-intelligent Janus bandage (MIB) for scarless
wound healing via dynamically coordinated adhesion-contraction and mechanobiological
regulation. (A) Bioinspired design and dynamic adhesion-contraction coordination. MIB
leverages dynamic adhesion-contraction coordination by integrating a gecko-inspired wedge
microstructure for enhanced adhesion and an elastic exterior for programmable contraction.
Upon application, stretch-triggered contraction mimics the gecko locomotion and synchronizes
adhesion and wound tension relief, while reversible detachment is achieved by counteracting
contractile forces through controlled post-strain. (B) Mechanobiological regulation of scarless
healing. MIB modulates mechanobiological signaling across wound healing phases, promoting

macrophage polarization to reduce inflammation, enhancing angiogenesis and re-
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epithelialization during proliferation, and regulating matrix remodeling to prevent fibrosis. This
coordinated adhesion-contraction mechanism optimally balances mechanical forces and

biochemical cues, facilitating efficient and scarless tissue repair.

3.2 Experimental Section

3.2.1 Synthesis, characterization, and mechanical evaluation of PGLADMA

We synthesized a series of PGLADMA using previously established protocols, selecting
P68L8DMA as a representative example for synthesis process.[97, 145] The synthesis of
P68L8DMA began with 400 g of propylene glycol (Macklin, China) reacting with 115.2 g of
lactide (Macklin, China) to produce the intermediate poly (lactide-co-propylene glycol-co-
lactide). Subsequently, 39.1 mL of methacryloyl chloride (Sigma-Aldrich, Hong Kong) and
55.6 mL of triethylamine (Sigma-Aldrich, Hong Kong) diluted in dichloromethane (Macklin,
China) were added to the reaction system. To obtain pure PmLnDMA, the crude reaction
mixture was purified as follows. First, the mixture was filtered through a double layer of filter
paper using a Brinell funnel to remove large particulate impurities. The filtration was then
adjusted to neutral pH using triethylamine (TEA) and subjected to an additional vacuum
filtration. The resulting filtrate was concentrated by rotary evaporation, and the concentrated
residue was further dried. The dried material was subsequently treated with methyl tert-butyl
ether (MTBE) to induce precipitation, and the precipitate was removed to facilitate the removal
of residual TEA, methacryloyl chloride (MAC), and dichloromethane (DCM). The clarified
solution was then concentrated, diluted five-fold with MTBE, and stored overnight at 4°C to
promote further separation.For column purification, a silica gel column was prepacked and
allowed to settle naturally for one day. The MTBE-diluted crude product was loaded onto the
silica gel column and eluted with MTBE. The initial MTBE eluent was discarded to remove
remaining small-molecule impurities. Once the product fraction began to elute, the
corresponding fractions were collected. Finally, the collected solution was concentrated by
rotary evaporation to afford purified PmLnDMA.

The product was purified and characterized via 'H NMR and FTIR to confirm successful
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functionalization. Rheological behavior of PGLADMA was characterized by a rheometer.
Shear-dependent viscosity was evaluated using rotational testing (1-100 s'). In addition,
mechanical performance of PGLADMA was assessed using a Instron testing instrument in
accordance with ASTM D638 standards.[146] Samples (20 x 5 mm) were operated to tensile
tests at 1 mm/min until rupture. The WCA of PGLADMA was assessed using a goniometric

system, where a 10-uL droplet was dispensed onto each sample under room temperature.

3.2.2 Fabrication, surface modification, and characterization of the MIBs

Master molds of the MIBs with pre-designed parameters were first fabricated based on copper
alloy by machining. Next, 10:1 PDMS solutions created by precursor and curing agent were
cast into the copper positive mold and degassed for 2 h, then cured at 80°C over 6 h. The PDMS
negative mold was then obtained after curing and separation from the machined copper positive
mold.[107] The pre-crosslinked P68LEDMA precursor was prepared by combining the
synthesized polymer with hydroxyethyl methacrylate (4.5 wt%, HEMA) and Irgacure 819 (0.5
wt%) in pure P6SLEDMA.[97]

To create the MIBs, photocrosslinkable P6SLEDMA precursor was dispensed into the
PDMS negative mold and degassed for at least 5 mins at room temperature to remove the
bubbles. A blue light was used to photocrosslink the material for 2 mins. The interior surface
of the MIB was subjected to plasma treatment using an atmospheric-pressure plasma system
under oxygen plasma for 5 mins at 50 W to enhance surface hydrophilicity by introducing polar
functional groups.[147] The morphology of the MIBs was examined using optical microscope
and SEM. The wedge area of the MIB was plasma-treated to modify its surface properties,
which were subsequently characterized using FTIR and WCA measurements to analyze the
surface's chemical composition and wettability. Cyclic tensile tests involved stretching the
bandages to a maximum tensile strain of 40% at 2 mm/min and then allowing relaxation for

recovery.
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3.2.3 In vitro biocompatibility evaluation of the MIBs

The biocompatibility of the resulting samples (@ 3 mm) was initially assessed using 1.929
fibroblasts (ATCC, USA).[148] In brief, the samples were cultured in DMEM medium at 37°C
for 1 day, and the medium was then used to culture 1929 cells (3x10* cells/cm?) in a 24-well
plate. Cell viability and proliferation were assessed at 1, 2, and 3 days using the Live/Dead

staining and Pico-Green Assay Kit, respectively.[149]

3.2.4 Evaluation of skin irritation potential of the MIBs

The MIBs animal experiment adhered to ISO 10993 standards.[108] New Zealand rabbits
(Male, n = 5; 2.0-3.0 kg) each had three 2.5 x 2.5 cm dorsal sites marked for irritation testing
(PolyU Ethics approval: 22-23/331-BME-R-OTHERS). Five treatments were assessed: (1)
negative control—thin cotton cloth; (2) positive control—cloth wetted with saturated sodium
dodecyl sulfate; (3) suture; (4) Steri-Strip; and (5) MIBs. Dorsal hair was removed 24 h before
application. For each treatment, three replicates were placed on the skin, covered with 2.5 x 2.5
cm gauze, and secured with semi-occlusive sterile dressings. After 24 h of exposure, materials
were removed and the sites rinsed with lukewarm water. Erythema was visually evaluated at 0,
24, and 72 h post-application. Mean erythema score (MES) was graded on a 0—4 scale: 0 =

none, 1 = slight, 2 = moderate, 3 = moderate-to-severe, and 4 = severe.

3.2.5 Evaluation of antifouling, antibacterial properties, and moisture retention of the
MIBs
Antifouling performance across the tested materials was evaluated by employing FITC-BSA as
a representative protein marker.[150] Round samples (@ 8 mm) were immersed in a FITC-
labeled BSA solution (0.5 mg/mL). After extensive washing with PBS, fluorescence was
visualized under a fluorescence microscope.

The antibacterial properties were tested against Gram-negative Escherichia coli (£. coli,
ATCC) and Gram-positive Staphylococcus aureus (S. aureus, ATCC).[110] In brief, 1 mL of

bacterial culture (1x10° CFU/mL) was incubated with the outer surface of materials at 37 °C
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for 2 days. Then, each sample was gently washed with PBS to remove non-adhered bacteria.
After a 1:10000 dilution, the bacterial suspensions were inoculated onto LB agar and incubated
at 37 °C for 1 day. The developed CFUs on LB plates were quantified to perform quantitative
evaluation. For the live/dead staining assay, samples were cultured with 200 pL of staining
solution containing 1 puM SYTO 9 and 5 uM PI in PBS for 45 mins at room temperature. After
washing with PBS, samples were tested under a fluorescence microscope to evaluate bacterial
viability.

The WVTR of the samples were assessed in accordance with the previous protocol.[106]
Circular samples of 30 mm diameter were employed to cover bottles with a 29 mm opening,
each added with 20 mL-DI water. The containers were incubated at 37 °C under 35% relative
humidity, and the reduction in water volume was quantified at different time points to determine
WVTR. The swelling behavior was evaluated by immersing it in DI water and assessing their

quality change by tensile testing, following established literature protocols.[151]

3.2.6 Evaluation of adhesion strength, contractile force, and non-invasive skin adhesion
properties of the MIBs

To assess the adhesion strength and contractile force of MIBs, a custom-designed testing
apparatus was employed based on an established protocol.[152, 153] The system incorporated
a pulley mechanism connected to a calibrated load cell, enabling precise application of varying
preloads. Preload ratios from 5% to 35% were applied to establish bonds between the MIBs (1
cm x 1 cm) and a rigid surface, with the magnitude of the preload adjusted through the pulley
system. Adhesive failure was defined as the force at which the bond between the MIBs and the
surface was disrupted. Closure strength was evaluated by applying tensile forces perpendicular
to simulated wound edges, quantifying the bandage's capacity to generate contractile forces for
effective wound closure. To precisely measure the contact area of the MIBs, glass substrates
were utilized for visualization, with contact dynamics captured via stereomicroscopy and
analyzed using digital imaging techniques. This integrated approach ensured a robust

evaluation of adhesive strength, contractile force, and their relationship with the contact
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interface. Data were systematically collected and processed through the load cell and digital
analysis system for accuracy and reliability.

The actual adhesion properties of MIBs were evaluated on various body regions (including
shoulder, forearm, and knee) of an adult male, to examine their performance under different
mechanical stresses and surface contours. The experiments involved applying MIBs to these
specific body areas and observing their adhesion stability and contraction efficiency during
natural movements. All procedures were ethically approved by PolyU (Approval No.
HSEARS20240509001). The informed written consent was obtained from the participant
involved in the experiment. The non-invasive adhesion properties of the MIBs were evaluated
on the skin of 1-week old SD rats, approved by PolyU (20-21/204-BME-R-OTHERS).[154]
The MIBs were used to the dorsal skin of rats and left in place for 10 mins. Following this, the
samples were gently pressed and then removed. The underlying skin tissue was evaluated for
potential damage using both photography and H&E staining. Commercial Hansaplast®
polyurethane bandages were used as a control group and subjected to the same testing

procedure.

3.2.7 Finite element simulation of stress distribution and mechanical behavior of the MIBs
A 2D axisymmetric finite element model was developed in COMSOL Multiphysics to represent
a circular wound region surrounded by skin and covered by a pre-strained dressing (MIB). The
skin’s hyperelastic behavior at large strains was captured using a second-order Ogden model,

whose strain energy density is given by

o
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where pi and oi are material constants determined through nonlinear curve fitting of
experimental tensile data, and A1, A2, A3 are the principal stretch ratios. The dressing was

modeled with a Neo-Hookean hyperelastic formulation, expressed as

=5 (M1 +0-3) @
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where p is the shear modulus and A, are the deviatoric principal stretches. The external edges
of the skin domain were constrained to reflect fixation by surrounding tissue, and a prescribed
pre-strain was imposed on the dressing domain to replicate clinically relevant tension.
Frictional contact conditions were applied between the dressing and skin to prevent
interpenetration and allow realistic load transfer. A static solver was then used to compute the
von Mises stress distribution, with a particular focus on circumferential (hoop) stress around
the wound edge. The resulting contour plots and numerical data at critical regions were
compared across varying pre-strain levels to elucidate how the MIB modulates stress fields

during wound closure.

3.2.8 In vivo evaluation of wound healing efficacy using a full-thickness rat skin wound
model

A full-thickness cutaneous defect model was developed to evaluate therapeutic efficacy, with
ethical approval from PolyU (Approval No. 23-24/733-ABCT-R-GRF). SD rats (Male, ~200 g
n =4) were administered 1% pentobarbital for anesthesia.[155, 156] The principle of selection
of experimental animals was generated by an online random number generator. The dorsal skin
was exposed and disinfected, and two linear full-thickness defects (2 cm) were symmetrically
introduced. The wounds were treated with different materials, including unstretched (MIB-NS)
and 20% pre-strain (MIB-S) MIBs, sutures, and commercial Steri-Strip. For the MIB-NS group,
the bandages were fixed in place using a standard medical adhesive tape (3M Micropore™),
which is highly breathable and does not affect wound healing outcomes. This approach ensured
stable coverage throughout the healing period without impacting the experimental results. At
specific time points (3, 7, and 14 days), equidistant photographs of the healing wounds were
taken to assess wound closure. Wound healing rate depicting the percentage reduction in wound
surface area over time was calculated by the formula: Wound healing rate (%) = [(initial wound
area — wound area at each time point) / initial wound area] x 100%. Histological evaluation
was conducted using H&E staining to examine tissue repair, while Masson was employed to

visualize collagen matrix accumulation.[145] For the immunofluorescence staining, the
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percentage of positive area was calculated as the proportion of the tissue section exhibiting
specific immunofluorescence signal for a given marker (e.g., Col-I or Col-III) relative to the
total area of the tissue section analyzed. Incision breaking strength was measured using an
Instron universal testing machine. Full-thickness skin strips (4 x 1 cm) were carefully dissected,
with a 1-cm? section clamped on each side of the wound. The tensile testing was conducted at
a speed of 10 mm/min.[157] The breaking strength was recorded as the load at failure.
Additionally, immunofluorescence analysis targeting Col-I and III was performed to further

assess scar formation.[158]

3.2.9 Transcriptomic evaluation of the MIBs for scarless wound healing

On day 7, wound samples were collected for transcriptome profiling to analyze the
transcriptome. Total RNA was isolated with TRIzol, followed by sequencing on the Novaseq
6000 system. Differentially expressed mRNAs were identified using the “edgeR” R package,
with a fold change >2 or <0.5 for paired comparisons. Gene Ontology (GO) enrichment analysis
and KEGG pathway enrichment analysis were conducted using the OmicStudio tools.
Immunofluorescence staining for FAK, CD31, TGF-B, a-SMA, iNOS, CD68, and CD163 was
performed following previously established methods.[112, 113, 145] The primers of tested

genes are listed in Table S1.

3.2.10 In vivo evaluation of wound healing and scar quality using a full-thickness porcine
skin wound model

The porcine model using Bama fragrant pig (male, weight: 12-15 kg, n = 5) was established by
Huateng Biotechnology Co., Ltd. (Guangzhou, China), with ethical approval (Approval No.
B202401-17). The principle of selection of experimental animals was generated by an online
random number generator. Prior to surgery, the hair on the pigs’ backs were completely shaved,
and the skin was disinfected with ethanol. Surgeries were conducted under general anesthesia.
Five full-thickness wounds (2.5 cm x 0.5 cm) were created on each side of the spine using a

double-sided scalpel, maintaining a 4 cm gap between each wound. The wounds were applied
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with different treatment, including MIB-NS, MIB-S, sutures, and commercial Steri-Strip.
Dressings were applied three times at defined intervals (days 3, 7, and 14) to closely mimic
clinical practice, where wound dressings are regularly changed to maintain hygiene, monitor
healing progression, and reduce the risk of infection. Postoperatively, each pig was housed
individually and monitored daily. Wound images were captured, and wound sizes were
measured at predetermined time points. On day 14, the pigs were euthanized, and samples were
analyzed by histological staining to assess the regenerated tissue microstructure and collagen
deposition. Scar quality was assessed using a standardized evaluation method combining
clinical photography and expert scoring based on the Visual Analogue Score (VAS).[159] Three
experienced assessors, blinded to the treatment groups, independently scored the images. Each
assessor marked a 100-point grading scale, where 0 represented unwounded skin and 100
indicated severe scarring (raised, hyperpigmented, or erythematous). The average score across
assessors provided a robust and reproducible measure of scar severity. The incision breaking

strength was tested using the same method as described earlier.

3.2.11 Statistical analysis

Experiments were performed in triplicate unless otherwise indicated, and all data consists of
the mean and standard deviation (SD). Statistical differences were analyzed using one- or two-
way analysis of variance (ANOVA) along with Turkey’s multiple comparisons test. *p< 0.05,

** p<0.01, *** p<0.001 are considered statistically significant.

3.3 Results and Discussion

3.3.1 Design, fabrication and biocompatibility evaluation of MIBs

To fabricate the bioinspired mechano-intelligent Janus bandage (MIB), we used
photocrosslinkable PGLADMA developed by our group, where m and n refer to the unit length
of propylene glycol and the molar ratio of lactide to polypropylene glycol (PPG),
respectively.[97, 107] We synthesized four different formulations of PGLADMA (m/n: 7/2,

17/4, 34/4, 68/8) and confirmed their successful synthesis using FTIR and 'H NMR (Figure
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Figure 3.2 (A) FTIR and (B) 'H NMR spectra of PGLADMA (m/n: 7/2, 17/4, 34/4, 68/8).

We analyzed the viscosity of the various PGLADMA formulations and found that all
exhibited enough flowability (< 800 mPa-s), enabling the precise micromolding for different
shapes (Figure 3.3A and B). Subsequently, we examined the tensile properties of these
PGLADMA formulations and we found that P6SL8EDMA possessed the best elasticity, with the
highest elongation at break (~145%) and a moderate tensile modulus (~0.8 MPa) comparable
to commercial elastic bandages (Figure 3.4A-C).[160] Therefore, we selected P6SLSDMA as

the base material for our MIB and denoted it as PLD for simplicity in the following studies.
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Figure 3.3 (A) Viscosity characterization of the PGLADMA. (B) The moldability of
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P68L8DMA to different shapes.
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Figure 3.4 (A) The tensile stress-strain curve, (B) tensile modulus, and (C) elongation at break

of the PGLADMA.

Next, we fabricated the MIB via micromolding. The template with gecko-inspired
wedges was fabricated using precision mechanical machining (Figure 3.5). The Janus bandages
were then fabricated through two-step micromolding with PDMS and PLD. Subsequently, we
applied plasma treatment to the interior side of PLD patch with gecko wedges, rendering it
hydrophilic to enhance the interaction between the wedged structure and skin tissue.[161] In
contrast, the exterior side retained its hydrophobic nature, resulting in the MIBs with distinct

structural and chemical properties on each side.

Machining PDMS (10:1)
65°C
6h
Copper positive mold Copper positive mold PDMS negative mold
PmLnDMA Photocrosslinking Plasma treatment
— —  DDDDNN 44444
PDMS negative mold 2 mins Elastic bandage Mechano-intelligent Janus elastic bandage

(MIB)

Figure 3.5 Fabrication process of the MIBs. Firstly, precision mechanical machining was
employed to fabricate the template. Subsequently, a two-step microforming process was
implemented for the MIBs. Finally, the internal wedge-shaped side surfaces of the MIBs

undergo plasma treatment.

Notably, the wedges were uniquely designed with bidirectional configuration to

strategically harness the centripetal contractile force of the bandage to maximize van der Waals
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interactions and interfacial friction during contraction to achieve coordinated adhesion-
contraction (Figure 3.6A). We first characterized the surface structures of the MIB using SEM
(Figure 3.6B). The interior surface presented a precise bidirectional wedge structure, with each
wedge having a height and width of 50 um, effectively mimicking the adhesive mechanism of
gecko setae for tissue adhesion. In contrast, the exterior side exhibited a smooth and dense

structure, providing a beneficial barrier for wound protection.

A Mechano-intelligent Janus bandage (MIB)
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Seta-inspired microwedges
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Figure 3.6 (A) Bioinspired design of the MIBs. (B) The macroscopic and SEM images of the

structure of the fabricated MIBs.

We further characterized the chemical structures of both sides using FTIR (Figure 3.7A).
After plasma treatment, the interior side of the MIB showed a robust characteristic -OH peak
at 3,600 - 3,200 cm™!, indicating significant hydrophilicity with a contact angle of less than 15°
(Figure 3.7B). Stretchability is a critical property for elastic wound bandages, as it enables the
bandage to conform to the body’s movements and maintain effective coverage over joints and
other flexible areas (Figure 3.7C).[71] Our MIB exhibited exceptional stretchability and
elasticity, withstanding over 140% strain (Figure 3.7D). Furthermore, it demonstrated robust

cyclic stretching performance having endured more than 800 cycles, ensuring long-term
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durability throughout the healing process. More importantly, this outstanding cyclic elasticity
enabled the precise programming of contraction forces through pre-straining the wound

bandages prior to application.
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Figure 3.7 (A) FITR and (B) water contact angle of the MIBs with different surfaces. (C)

Tensile property demonstration and (D) cyclic tensile evaluation of the MIBs.

In addition, biocompatibility is the paramount consideration for wound bandages to
prevent the undesirable reaction when touching skin and surrounding tissues.[162] Thus, we
further performed a systematic biocompatibility evaluation based on the ISO 10993
standard.[ 108] We first conducted in vitro biocompatibility evaluation using 1.929 fibroblasts
(Figure 3.8A). Compared to the control groups (i.e., suture and 3M Steri-Strip), the MIB group
demonstrated over 95% cell viability and a similar proliferation rate from day 1 to day 3, as
confirmed by Live/Dead staining and Pico-Green evaluation (Figure 3.8B and C). To further
investigate the biocompatibility of our MIB, we employed a rabbit skin irritation model (Figure
3.9).[108] No signs of inflammation were observed at 24 and 72 h after MIB application,

indicating that our MIB was skin-friendly without any irritation. Collectively, these results
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suggested that our MIB exhibited excellent biocompatibility, making it suitable for application
to wound sites. In summary, we successfully fabricated the MIB with anisotropic gecko-

inspired structures, excellent elasticity, and outstanding biocompatibility.
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Figure 3.8 (A) Live/Dead staining of the L.929 fibroblasts showing cytocompatibility of MIBs.
Green and red fluorescence indicated the live and dead cells respectively. Quantification of (B)

cell viability and (C) cell proliferation in 1-3 days.
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Figure 3.9 Photographic evidence presenting skin irritation outcomes of various materials

applied to the dorsal skin of New Zealand rabbits.
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3.3.2 Maintenance of a sterile and moist environment with MIBs

Current mechano-active wound bandages often face challenges such as biofouling, bacterial
invasion and uncontrollable dehydration after application, which may prolong the regeneration
procedure and accelerate scarring.[ 104, 144] We hypothesized that our MIBs could function as
an epidermal analog to effectively preserve an ideal moist and sterile environment which is a
part of the orderly progression in the wound healing cascade. Thus, we firstly evaluated the
fouling-resistance ability of the MIB by evaluating protein absorption using fluorescein FITC-
BSA (Figure 3.10A and B).[163] We found that the commercial Steri-Strip showed evident
fluorescence, indicated massive protein adsorption. In contrast, the MIB group with its
hydrophobic exterior surface exhibited negligible signal, demonstrated the MIB’s excellent

antifouling capacity.
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Figure 3.10 (A) Fluorescence images and (B) fluorescence intensity quantification of the

adsorbed BSA-FITC protein on different samples.

Additionally, to verify the efficacy of our MIB in preventing bacterial invasion, we
conducted an in vitro antibacterial adhesion experiment by culturing E. coli and S. aureus on
surface of different groups.[110] We found that after 48 h of incubation, our MIB exhibited
minimal adhesion of both bacteria, which can be attributed to the hydrophobic properties of
PLD (Figure 3.11A and B). Moreover, wound bandages should maintain a moist environment

after application while retaining their structural integrity and functionality, which is essential
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for effective wound healing.[164]
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Figure 3.11 (A) Representative photos of spread plates and fluorescence images after 48 h of
incubation of E. coli and S. aureus with different samples’ exterior surfaces. (B) Quantitative

analysis of the in vitro antibacterial efficiency.

We further analyzed the moisture retention capacity of our MIBs through WVTR
measurement (Figure 3.12A). The suture and the Steri-Strip groups exhibited uncontrollable
WVTRs (over 130 g/h/m?), which could lead to rapid wound dehydration. In contrast, MIBs
demonstrated a moderate WVTR of ~87 g/h/m?, attributed to their unique Janus structure and
hydrophobicity of PLD. This value falls within the optimal range for wound dressings (~ 74 -
95 g/h/m?), indicating that MIBs effectively maintain appropriate humidity levels to support
wound healing.[120] Finally, we also evaluated the swelling resistance of the MIB in a moist
environment. Compared to the commercial Steri-Strip, our MIB retained its original shape after
14 days (Figure 3.12B). Furthermore, we observed that the mechanical properties of our MIB
did not significantly deteriorate after 14 days of swelling (Figure 3.12C). Such superior
moisture retention and swelling resistance of our MIB can be attributed to its dense and

hydrophobic nature, which is crucial for maintaining prolonged wound coverage and hydration.
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Comparison of mechanical property of MIBs before and after 14 days of soaking.

In all, these results collectively demonstrate that our MIB exhibited excellent wound
protection capabilities, including inhibited biofouling and bacterial invasion, as well as
regulated moisture retention. These features are essential for the effectiveness of wound

bandage for enhanced wound management.

3.3.3 Intelligent adhesion-contraction coordination of MIBs
Physiologically, wound tension varies depending on the size and position, ranging from 10 kPa
to 60 kPa.[165] Therefore, for mechano-active bandages, it is crucial to dynamically and
precisely control the contractile forces according to the needs of the wound bed to achieve
better wound closure and tension mitigation. Insufficient contractile forces may result in
incomplete wound closure, while excessively contractile forces could cause tissue ischemia,
excessive inflammation or even damage to the surrounding tissue. Simultaneously, beyond
achieving precise control of contractile forces, it is equally important to ensure dynamically
coordinated adhesion strength in response to contraction. Such coordinated adhesion enables
effective transmission of contractile forces to prevent insufficient adhesion, which could lead
to compromised wound contraction or excessive adhesion which could cause damage to
surrounding tissues.

In our study, we leveraged the gecko locomotion principle to achieve precise control of

the contractile forces with intelligently coordinated adhesion-contraction. Specifically, upon
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implementation, we pre-strained the MIBs to accurately generate centripetal contractile force
within the elastic bandage thanks to their exceptional cyclic stretchability and elasticity (Figure
3.13A). Interestingly, due to our uniquely designed bidirectional micro-wedges, the direction
of the contractile force on each side of the MIB aligns with the inclination of the micro-wedges.
Such design could maximize van der Waals interactions and interfacial friction during
contraction to enhance the adhesion strength simulating the “active mode” of gecko locomotion
(Figure 3.13B).[166] As the pre-strain increased, the centripetal contractile force
proportionally increased, enhancing adhesion strength for efficient force transmission to realize
coordinated adhesion-contraction mechanism. Thus, we evaluated the coordinated wound
closure strength and adhesion strength of our MIB programmed by pre-strain (Figure 3.13C).
We observed that increasing pre-strain (¢) from 0 to 35% led to a proportional rise in wound
closure strength ranging from 0 to 89 kPa. This demonstrated the precise regulation of the
contractile force through pre-strain. Furthermore, the range of the closure strength effectively
covers the highly variable wound tension across different wound sizes and locations (i.e., 10
kPa to 60 kPa),[165] which is critical for achieving precise wound closure under diverse
conditions. At the same time, the adhesion strength exhibited a synergistic increase from 1 kPa
to 76 kPa, highlighting the clear coordination between contraction and adhesion. This
coordination is crucial for the effective transmission of contractile forces, ensuring optimal
wound closure.
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Figure 3.13 (A) Schematic of the MIBs during adhesion for wound closure and tension

modulation. (B) Illustration of synchronized adhesion and contractile forces through pre-strain.
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(C) Mechanical assessment of adhesion strength and wound closure strength with varying pre-

strain.

For mechano-active bandages, it is important to regulate wound tension, as it plays a
critical role in activating downstream mechanosensitive pathways (e.g., FAK). Therefore,
finite-element method (FEM) was utilized to model and analyze the effects of MIBs on wound
tension modulation (Figure 3.14A). After wound formation, computational analysis of the
hyperelastic solid wound model revealed a critical circumferential stress concentration
exceeding 200% at the wound periphery, primarily attributed to the intrinsic pre-tension of
cutaneous tissue.[101] This phenomenon could substantially compromise early wound closure
for delayed tissue regeneration. The implementation of MIBs efficiently transduced contractile
forces across the tissue matrix, resulting in homogenized stress distribution. This intervention
achieved a 75.6% reduction in peak circumferential tension gradients at the wound edge,
thereby creating a biomechanical microenvironment conducive to regenerative healing. FEM
simulations further elucidated that precisely controlled level of pre-strain could ensure a critical
equilibrium between the integrity of interfacial adhesion and modulation of contractile forces,
effectively maintaining tissue-level stress within physiological tolerance.

Finally, to provide insights into the real-world application of our MIBs, we directly
assessed their performance on various parts of human skin (Figure 3.14B). We found that the
MIB adhered effectively to the skin on the participant’s forearm, shoulder, and knees, despite
the varying tension in these areas. Furthermore, the MIB instantly contracted to robustly
compress the skin on release, demonstrating its ability to generate sufficient force for effective

wound closure.
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and the lateral cross-section diagram. (B) Performance evaluation of MIBs on various body

areas, confirming effective adhesion and contraction.

In addition to coordinated adhesion-contraction, it is also crucial to ensure benign
removal to minimize tissue damage and discomfort.[66] Therefore, we further investigated the
de-adhesion behavior of the MIB during removal (Figure 3.15A). Our MIB demonstrated
reconfiguration of the micro-wedge array by inverse post-strain, effectively nullifying
centripetal contractile forces at the interface (Figure 3.15B). This phase transition comprised a
cascade of interfacial energy dissipation: 1) exponential decay of van der Waals interactions, 2)
attenuation of frictional forces, and 3) reduction in adhesive strength, collectively enabling
gecko-inspired topological disengagement with ultra-low delamination energy.[166, 167] We
further quantified the effect of post-strain on the detachment force and observed that with
increasing post-strain (decreasing contact area), the required detachment force gradually
decreased (Figure 3.15C). Similarly, the FEM analysis revealed the post-strain could induce a

mechano-geometric phase transition, redistributing interfacial stresses at the interface (Figure
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3.15D). This effect is initiated by the geometric inversion of the micro-wedges, followed by a
sharp decrease in their contact area, which aligns with the design principles and facilitates the

gentle detachment of MIB.
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Figure 3.15 (A) Schematic of the MIBs during controlled de-adhesion. (B) Schematic showing
post-strain reducing contact area and adhesion forces for gentle detachment. (C) Analysis of
adhesion force reduction with decreasing contact area. (D) FEM modelling showing

redistribution of contact area and force balance during removal.

To further validate the benign removal enabled by our MIB, we performed detachment
analysis using an infant rat model (Figure 3.16A).[154] By analyzing the infant rat skin state
and H&E staining, we found that the MIB could be gently separated without causing significant
damage to the delicate skin of infant rats, while commercial bandages presented irreversible
adhesion, leading to notable skin damage (Figure 3.16B).[154] Positive benefits of this
benevolent, need-based removal of MIBs in clinical situations are particularly evident in the

management of chronic wounds, especially those requiring frequent dressing changes.
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Figure 3.16 (A) Infant rat model validating minimal skin damage with MIBs compared to
commercial bandages (Hansaplast® Scar Reducer). (B) H&E staining of wound sections after

MIB and commercial bandage treatment.

Collectively, the findings demonstrated that our MIB could intelligently recapitulate the
gecko locomotion mechanism to precisely program the adhesion-contraction coordination,
which is vital to the effective application of the bandage. Finally, we conducted a
comprehensive comparison of our MIB with other mechano-active elastic bandages (Figure
3.17). Our findings demonstrated that our MIB outperformed its counterparts in several critical
aspects, including anti-fouling, water retention, benign removal, self-contraction and scarless
healing. These properties worked synergistically to accelerate wound closure and boost scar-

free healing process, highlighting its significant translational potential.

Anti-fouling

Water retention

Benign removal

Self-contraction

Scarless healing

Ref-139 Ref-168 Ref-164 Ret-74 Ref-154 Ref-73 Ref-39 Ref-101 Ref-42 This work
Figure 3.17 The unique advantages of this work compared to other publications (anti-fouling,
water retention, benign removal, self-contraction, and scarless healing). The blue color
represents the work with this characteristic, deeper colors indicate stronger correlations with a

total of seven levels.[39, 42, 73, 74, 101, 139, 154, 164, 168]
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3.3.4 Enhanced scarless regeneration in full-thickness rat skin wound model

The above results demonstrated that the MIBs exhibited excellent performance in robust wound
closure with tension modulation. To further evaluate their therapeutic efficacy, a full-thickness
rat skin wound model was selected for testing the wound healing capabilities of the MIBs. After
model establishment, we applied suture and commercial Steri-Strip as a control. The
experimental group employed MIB with a 20% pre-strain (designated as MIB-S). This pre-
strain level effectively facilitated the precise approximation of wound edges, ensuring complete
closure. A non-strain MIB group (denoted as MIB-NS) also served as control to assess
contractile forces in wound healing. The wound healing process was systematically evaluated
on days 3, 7 and 14 (Figure 3.18A). Macroscopic images revealed that the MIB-S group
demonstrated remarkable wounds closed on day 3 at the earliest, with uniform, continuous
healing observed throughout the experiment (Figure 3.18B). By 14 days, full closure was
obtained in MIB-S group, indicating that MIB-S more effectively promoted tissue repair and
re-epithelialization compared to its counterparts. Furthermore, the quantified results of wound
area and healing rate confirmed that MIBs significantly accelerate the wound healing process

(Figure 3.18C and D).
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Figure 3.18 (A) Schematic illustration showing the construction of full-thickness skin defect
SD rat model. (B) Representative wound images and the wound healing map treated with
different samples. Quantification of (C) wound area and (D) wound healing rate of different

samples.

We further performed histological staining to evaluate the wound healing progression.
H&E staining on day 7 revealed that the MIB-S group exhibited well-defined granulation tissue
regeneration and the smallest gap between dermal layers compared to other groups (Figure
3.19A). By day 14, the MIB-S group displayed more structured epidermal tissue and
significantly enhanced hair follicle regeneration. Quantitative analysis showed that the MIB-S
group achieved the greatest epidermal thickness (~ 22 pm), closely resembling the thickness of
healthy skin (~ 25 um) (Figure 3.19B).[158] Additionally, the MIB-S group demonstrated
significantly higher hair follicle density (~ 8.9/mm?), which was approximately 2.1 and 1.6
times greater than those in the commercial and suture groups, respectively (Figure 3.19C).
Since hair follicle regeneration is a key indicator of skin appendage restoration and functional

healing, the hair follicle density in the MIB-S group approached that of normal skin (~ 9.7/mm?),
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suggested improved skin integrity and regenerative potential.[169]
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Figure 3.19 (A) H&E staining of wound sections on days 7 and 14 post-treatment. Enlarged
views of the marked regions are shown in the second row. Asterisks denote the incision site,
and black arrows indicate regenerated hair follicles. Quantification of (B) epidermal thickness

and (C) hair follicle count based on H&E-stained sections.

Further analysis of collagen organization, a key component of skin, was conducted using
Masson staining. The MIB-S showed significantly greater collagen deposition and more
uniform fibrous tissue formation, indicating ECM assembly (Figure 3.20A and B).
Additionally, restoring the mechanical properties of the healed tissue is another key

consideration in wound repair strategies.[170] The strength of the newly formed tissue was
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assessed by an incision breaking strength test (Figure 3.20C). The MIB-S group exhibited the
highest breaking strength (~7.3 kPa), surpassing the Steri-Strip group by 1.4 times. This result
highlighted the enhanced mechanical integrity of the regenerated tissue, closely approximating

that of normal skin.
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Figure 3.20 (A) Masson’s trichrome staining and (B) quantification of collagen-occupied area
for the wound sections after 14 days of treatment. (C) Quantitative analysis of the incision

breaking strength of healed wounds after 14 days.

To further elucidate the scarless ECM remodeling, we performed immunofluorescence
staining for collagen I (Col-I) and collagen III (Col-III) (Figure 3.21A). We found the MIB-S
group exhibited significantly reduced Col-I expression and enhanced Col-III synthesis
compared to other groups, achieving a Col-I/Col-III ratio (~ 1.1) closely resembling that of
normal skin (~ 1.2) (Figure 3.21B and C).[171] These results underscored the ability of MIB-
S to regulate collagen deposition, promoting a balanced matrix remodeling process that

facilitates functional tissue regeneration and reduces fibrotic scarring.
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Figure 3.21 Immunofluorescence staining of (A) Col-I and Col-III for the wound sections after
14 days. Quantification of the (B) percentage of positive area and (C) ratio between the Col-I

and Col-III.

3.3.5 Bioinformatic analysis of the scarless wound healing mechanisms

We further proceeded to explore the potential mechanism of MIB-mediated scarless healing
using bulk RNA-seq analysis. Firstly, we analyzed the differential expressed genes (DEGs) of
the MIB-S group compared to a blank group and identified 465 upregulated genes and 718
downregulated genes (Figure 3.22A). GO analysis revealed several differentially expressed
processes related to wound healing progression such as inflammation (e.g., inflammatory
response and immune response), proliferation (e.g., angiogenesis and positive regulation of cell
migration) and remodeling (e.g., cell-matrix adhesion and extracellular matrix organization),
indicating the crucial role of MIB in tissue healing regulation (Figure 3.22B).[42] Moreover,
KEGG enrichment analysis implicated several pathways related to immunoregulation (e.g.,

NF-kB) and mechanotransduction (e.g., FAK) (Figure 3.23).
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Figure 3.22 (A) Volcano plot highlighting differential gene expressions (DGEs) between MIB-
S and blank control on day 7. (B) GO enrichment analysis showing biological processes

involved in wound healing.

KEGG Enrichment Scatter Plot

Platelet activation
Butanoate metabolism
mTOR signaling pathway -
Endocytosis
Wt signaling pathway
Focal adhesion
Regulation of actin cytoskeleton
Terpenoid backbone biosynthesis -
Insulin signaling pathway
Ras signaling pathway
Cellular senescence
Cytochrome P450
Rapl signaling pathway
TGF-p signaling pathway
ECM-receptor interaction

PI3K-Akt signaling pathway
NF- kappa B signaling pathway

MAPK signaling pathway
IL-17 signaling pathway [ ]
Cytokine-cytokine receptor interaction .

Gene number

® 10
® 2

@ 3

Pathway Name

p Value
4.57e-01

2.28e-01

1.42e-06

0.05 0.15

Rich Factor

Figure 3.23 KEGG pathways on day 7 (MIB-S group versus blank group).

To gain deeper insight into how MIBs modulate wound healing, we clustered the DEGs
in these pathways in heatmap into three categories corresponding to the inflammatory,

proliferative, and remodeling biological process (Figure 3.24A). Specifically, in the
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inflammatory phase, we observed the downregulation of several pro-inflammatory genes (e.g.,
Cxcl2, Ptgs2, and IL-1b), indicating clear inflammation suppression induced by MIBs (Figure
3.24B). This could be attributed to the downregulation of the pro-inflammatory NF-xB pathway
as depicted in KEGG. Previous studies have reported that excessive tension during wound
healing can over-activate FAK expression, subsequently triggering downstream inflammatory
cascades (e.g., NF-kB pathway).[172, 173] Given that MIBs can mitigate wound tension, they
may downregulate FAK expression, thereby suppressing NF-xB signaling and reducing
inflammation. Thus, we firstly validated the expression of the FAK expression in different
groups by immunofluorescence staining. As expected, we found the MIB-S group could
significantly inhibit the expression of FAK which may further contribute to NF-xB pathway

regulation and inflammation inhibition (Figure 3.25Aand B).
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Figure 3.24 (A) Heatmap depicting gene expression changes associated with the inflammatory,
proliferative, and remodeling phases of wound healing progression. (B) Quantitative expression

levels of representative genes from the inflammatory (e.g., Cxcl2, Ptgs2, IL-1b), proliferative
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(e.g., Fgfl8, Krt8, Wnt7a), and remodeling (e.g., Mmp3, Jun, Ccnl) phases.
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Figure 3.25 (A) Immunofluorescence FAK staining for the wound after 7 days. The red and

blue colors indicated the FAK and nuclei, respectively. (B) Quantification of

immunofluorescence staining of FAK on day 7.

The reduced inflammation is critical for wound healing progression (Figure 3.26A).
We also performed immunofluorescence staining for CD68 (M0 marker), iNOS (M1 marker),
and CD163 (M2 marker), which revealed that our MIBs significantly enhanced M2
macrophage polarization with a reduced M1 ratio (9.6 + 1.12%) and an elevated M2 ratio (17.6
+ 1.32%) (Figure 3.26B-D). This shift toward M2 dominance could promote the transition

from the inflammatory phase to the proliferative phase, thereby accelerating wound healing.
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Figure 3.26 (A) Immunofluorescence staining was performed for CD68 (pan-macrophage
marker), iNOS (M1 macrophage marker), and CD163 (M2 macrophage marker) on day 7.
Quantitative analysis included the proportion of (B) iNOS(+)/CD68(+), (C)

CD163(+)/CD68(+), and (D) the M1/M2 ratio across different treatments on day 7.

Subsequently, during the proliferation process, we identified significant upregulation of
genes such as Fgf18, Krt8, and Wnt7a, which are associated with promoting vascular network
formation and re-epithelialization (Figure 3.24B). Notably, Wnt7a, a key ligand of the Wnt
pathway, could be released by polarized M2 macrophages to enhance tissue regeneration[ 1 74].
In addition, we noticed the decreased expression of FAK could also upregulate the Wnt pathway.
Through these mechanisms, our MIB significantly enhanced angiogenesis and re-
epithelialization.

Afterwards, CD31 immunofluorescence staining was used to assess vascular
regeneration (Figure 3.27A). We found the MIB-S group exhibited the most pronounced

vascular regeneration, with a blood vessel density of ~ 22/mm?, 1.9 times and 1.6 times higher
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than the commercial and suture groups, respectively (Figure 3.27B). This enhanced
angiogenesis can be attributed to wound tension modulation exerted by MIB-S, which has been

demonstrated to significantly influence the formation of the microvascular network.[175]
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density after 14 days.

Finally, in the remodeling phase, the reduced FAK expression led to decreased
expressions of Mmp3, Jun, and Cenl, indicating downregulation of the TGF-f pathway (Figure
3.24A).[176] We also confirmed this hypothesis by immunofluorescence staining of TGF-f in
which the MIB-S group displayed significantly attenuated TGF-f signaling intensity
(approximately 71% reduction compared to the MIB-NS group) (Figure 3.28A and C). In
addition, we performed a-SMA staining for the evaluation of myofibroblast differentiation,
which is closely associated with fibrotic tissue remodeling (Figure 3.28B).[177] We found that
the a-SMA in MIB-S sample was obviously inhibited, indicating a balanced matrix degradation

and deposition for tissue remodeling (Figure 3.28D).
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Figure 3.28 Immunofluorescence staining images of (A) TGF-f, and (B)a-SMA positive cells
in wounds treated with different groups on day 14. Quantification of immunofluorescence

staining of (C) TGF-B, and (D) a-SMA on day 14.

In conclusion, we found that our MIB, with its wound tension modulation capabilities,
effectively reduced FAK expression, which in turn comprehensively regulatedd wound healing

pathways, including the NF-xB, Wnt, and TGF- pathways, enabling scarless wound

regeneration (Figure 3.29).
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Figure 3.29 Schematic illustrating MIBs with tension modulation for reduced FAK expression

to further regulate pathways such as NF-kB, Wnt, and TGF- for scarless wound regeneration.

3.3.6 Enhanced wound healing in full-thickness porcine skin wound model

To enhance clinical relevance, we utilized a full-thickness porcine skin defect model, as it
closely resembles human skin, to further evaluate the therapeutic efficacy of MIBs (Figure
3.30A).[158] The experimental group employed MIB with a 30% pre-strain (designated as
MIB-S), selected based on its demonstrated ability to achieve robust porcine wound closure.
Comparatively, the MIB-S group exhibited significantly faster wound healing rates than other
groups. Macroscopic images revealed uniform closure as early as day 7, with complete wound
repair achieved by day 14, while residual unhealed areas persisted in the other groups (Figure
3.30B). Quantitative wound healing rate confirmed the superior performance of MIB-S,
demonstrating healing rates over 2.9 times faster than the blank group (Figure 3.30C). Then,
we assessed scar severity using the Scar Elevation Index (SEI), a clinically relevant metric that
measures the scar area-to-subdermal dermis area ratio (Figure 3.30D).[178] The MIB-S group
demonstrated a significantly lower SEI compared to the other groups, highlighting its ability to

mitigate excessive scar formation. These effects could be stemmed from the tension modulation
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exerted by the MIB-S, which supports functional and aesthetic wound repair.
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Figure 3.30 (A) Schematic illustrating the establishment of the dorsal full-thickness porcine
skin wound model. (B) Representative wound photographs and corresponding healing
progression maps under various treatments. (C) Quantitative analysis of wound healing rates
among different groups. (D) Quantification of scar evaluation index (SEI) of the healed tissue

on day 14.

To further investigate healing progression, histological evaluations were performed
using H&E and Masson staining. By 14 days, MIB-S group exhibited the smallest wound gap
observed among all groups (Figure 3.31A). Notably, complete wound closure and scar-free
healing were achieved exclusively in the MIB-S group. Masson trichrome staining revealed
superior collagen deposition in the MIB-S-treated wounds, characterized by highly organized
and densely packed collagen fibers, indicative of optimized extracellular matrix reconstruction
(Figure 3.31B and C). Additionally, the mechanical integrity of the newly formed tissue was
evaluated through an incision breaking strength test (Figure 3.31D). The MIB-S group
demonstrated the highest breaking strength (~14 kPa), exceeding the blank and Steri-Strip

groups by 4.5 times and 1.6 times, respectively. This result underscored the enhanced durability
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and structural integrity of the regenerated tissue, which closely approximated the mechanical
properties of normal skin.

Collectively, these findings demonstrate that MIB-S accelerated wound healing by
promoting re-epithelialization, granulation tissue formation, and collagen deposition, while
maintaining tissue strength and suppressing scar formation, which holds significant

translational potential.
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Figure 3.31 (A) H&E-staining images of wound tissue on day 14, with blue box indicating scar
depth. (B) Masson’s trichrome-staining images of the wounds on day 14, with enlarged views
of highlighted regions shown in the second row. Quantitative evaluation of (C) collagen content

and (D) incision breaking strength in the healed tissue.

3.4 Conclusion
In this project, we developed a bioinspired mechano-intelligent Janus elastic bandage (MIB)
that dynamically synchronizes adhesion and contraction to achieve scarless wound healing.
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Inspired by the gecko locomotion mechanism, the MIB incorporates a Janus architecture with
a hydrophilic, biomimetic wedged interior and a hydrophobic exterior. Fabricated through
precision micromolding of fluid, photocrosslinkable (PGLADMA), the MIB amplified van der
Waals interactions and interfacial friction via its wedged interior, achieving robust tissue
adhesion. Simultaneously, its pre-strained elastic structure dynamically generated contractile
forces. This synchronization of adhesion and contraction ensured effective mechanical force
transmission, promoted precise wound closure, balanced wound tension, and accelerated re-
epithelialization and angiogenesis while mitigating inflammation. Mechanistically, the MIB
downregulates FAK expression and modulates key wound healing pathways ( NF-xB, Wnt, and
TGF-p), enabling phased healing progression and minimizing scar formation. Demonstrating
exceptional performance in full-thickness wound healing models of both rats and porcine, MIB
bridges the gap between traditional bandages and advanced mechanobiological therapies,
offering a scalable solution that redefines wound management standards. By integrating
mechanical and biochemical modulation, the MIB represents a significant advancement in
wound care, improving patient outcomes while reducing healthcare burdens. This innovative
strategy lays the groundwork for new solutions for skin wound management and could have

wide-ranging applications in wound management of other soft tissues.
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Chapter 4 Self-powered electromechanical microneedle bandage for

programmable multiphase modulation and scarless skin regeneration

4.1 Introduction
Chronic wounds—including diabetic foot ulcers, pressure ulcers, and venous ulcers — affect
over 40 million patients worldwide and place a substantial economic burden on healthcare
systems.[[179] Impaired healing in these wounds stems from persistent imbalances in the
wound microenvironment. These imbalances include biochemical signal dysregulation —
characterized by prolonged inflammation and impaired cell migration;[180] mechanical signal
disruption — marked by inadequate mechanical stimulation, poor tissue contraction, and
delayed wound closure;[181] damage to endogenous electric fields — leading to suboptimal
1on distribution and reduced epithelial repair;[17] and persistent infection — driven by bacterial
colonization — which further suppress skin regeneration.[182] The interplay of these factors
prevents chronic wounds from progressing through normal healing phases, underscoring the
need for precise, multidimensional regulation of the wound microenvironment.[91, 183]

Wound healing is a highly coordinated process involving four distinct phases —
hemostasis, inflammation, proliferation, and remodeling — each requiring specific healing
cues.[91, 184] The hemostasis phase initiates repair by rapid coagulation and forming a fibrin
clot as a temporary matrix. During the inflammatory phase, infection control and inflammation
resolution are crucial. In the proliferative phase, the focus shifts to promoting cell proliferation,
migration, and angiogenesis. Finally, the remodeling phase involves enhancing tissue
mechanical strength and minimizing scar formation. Given the unique demands of each healing
phase, a therapeutic strategy capable of dynamically modulating multidimensional signals is
essential, as single-dimensional therapies may address only isolated aspects of wound
healing.[179]

Physical therapy has emerged as one of the most versatile modalities for multidimensional
wound management.[185] Compared to conventional treatment strategies, physical therapy

offers several unique advantages in wound care. Pharmacological therapies often suffer from
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low delivery efficiency, particularly in chronic wounds with impaired perfusion, where
medications struggle to reach the target site effectively. They are also associated with long-term
risks, including the development of drug resistance and systemic side effects, and are limited
in scope as they address only biochemical signals while overlooking the mechanical
microenvironment.[ 186] Surgical therapies, though effective for extensive or complex wounds
(e.g., skin grafting), are invasive, costly, and often require prolonged recovery periods.[187] In
contrast, physical therapy is non-invasive, adaptable across wound types and healing stages,
and capable of simultaneously modulating both biochemical and mechanical cues, making it a
compelling alternative for comprehensive, stage-specific wound management. Moreover, it is
highly customizable (i.e., its intensity, frequency, and mechanical inputs can be tailored to
different wound types and healing phases) and cost-effective, making it especially valuable in
resource-limited settings.[ 188] Among the plethora of physical therapies, electrical stimulation
(ES) [189] and mechanical stimulation (MS) [190] categories have emerged as promising non-
invasive approaches.

Electrical stimulation mimics natural bioelectric signals to facilitate cell migration (e.g.
keratinocytes), proliferation (by promoting collagen secretion from fibroblasts to construct
granulated tissues), and angiogenesis (driving by the VEGF release).[68] Additionally, it offers
antibacterial effects by reducing bacterial adhesion to the wound.[68] However, traditional ES
devices require external power sources, limiting their portability and convenience.[191] Of
those that can be self-powered, such as triboelectric or piezoelectric systems, they often are
unreliable for long-term stimulation.[192] Additionally, there is a risk of excessive stimulation
because of a lack of precise control, leading to effects such as scarring.

On the other hand, mechanical stimulation improves the mechanical microenvironment,
promoting wound contraction and closure by inducing mechanotransduction and regulating
migratory and proliferative behaviors of cells.[193, 194] Negative pressure wound therapy
(NPWT), for instance, accelerates healing by enhancing blood flow and fluid drainage.[195]
Mechanical stimulation has drawbacks, however, such as the lack of addressing biochemical

pathways essential for healing.[181, 193]
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With the respective benefits and drawbacks of ES and MS, the role of synergistic therapy
becomes much more apparent, as the integration of multiple physical stimuli allows for
comprehensive regulation of the wound microenvironment. For example, by combining the
antibacterial effects and improved biochemical signaling of ES with the wound contraction and
closure promotion and mechanical environment optimization of MS, the modalities provide
multidimensional regulation while addressing the limitations of each therapy. Moreover,
tailoring the sequence and intensity of stimuli to match the wound’s healing phase may further
enhance outcomes.[196] For example, during the inflammatory phase, low-intensity electrical
stimulation can reduce inflammation and combat infection.[197] Then, in the proliferative
phase, mechanical stimulation can enhance tissue contraction and facilitate cellular
migration.[68]

In this context, we developed a self-powered electromechanical microneedle (SIMN)
bandage that integrates enzymatic biofuel cells (EBFC) and elastic microneedle arrays to
deliver synergistic electrical and mechanical stimulation for wound healing (Figure 4.1). The
EBFC unit, formed by glucose dehydrogenase- (GDH) and bilirubin oxidase- (BOD)
functionalized microneedle electrodes, catalyzing glucose and oxygen to generate in situ
electrical currents. PEDOT-doped P7L2DMA ensures efficient electron conduction, enabling
drug-free, autonomous electrical stimulation. Structurally, inclined stiff microneedles anchored
in an elastic P6SL8DMA backing transmit strain-induced contractile forces to the wound bed,
promoting mechanical closure. This dual-functional platform adaptively modulates the wound

microenvironment across healing phases, accelerating repair and minimizing scarring.
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Figure 4.1 Schematic of the elastic self-powered inclined microneedle (SIMN) bandage
integrating enzymatic biofuel cells (EBFCs) with an elastic microneedle bandage for
synergistic electromechanical stimulation. (i) Structure design: The SIMN bandage consists of
stiff microneedles (sP-PEDOT) functionalized with GDH and BOD enzymes, combined with
an elastic backing layer (eP-PEDOT). (ii) Work principles: Upon pre-stretching, the inclined
microneedles generate contractile forces while forming a mechanical interlock with tissue.
Simultaneously, embedded enzymatic biofuel cells catalyze glucose and oxygen to produce
continuous in situ electrical currents. These two stimuli act in concert to reshape the wound
microenvironment, enabling phase-specific, synergistic electromechanical stimulation. (iii)
Therapeutic effect: The SIMN system promotes M2 macrophage polarization, enhances
fibroblast migration and angiogenesis, and downregulates fibrotic markers, collectively

accelerating functional regeneration and reducing scar formation.
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4.2 Experimental Section

4.2.1 Fabrication and characterization of conductive PGLADMA-PEDOT

To fabricate a stable and homogeneous conductive polymer matrix, the hydrophobic
photocurable PGLADMA (stiff PGLADMA and elastic PGLADMA) was blended with
amphiphilic PEDOT-block-PEG via solvent-assisted dispersion and in situ homogenization.
PEDOT-block-PEG was first dissolved in ethanol (2.0 wt%) under mild stirring at room
temperature to ensure complete molecular dispersion. In parallel, PGLADMA was diluted with
2-hydroxyethyl methacrylate (HEMA) at a volume ratio of 1:10 (HEMA:PGLADMA) to
reduce viscosity and improve miscibility with the hydrophilic PEDOT-block-PEG component.
The ethanol-based PEDOT-block-PEG solution was slowly introduced into the
PGLADMA/HEMA mixture under continuous stirring at 600 rpm. After 30 mins of mixing, the
blend was subjected to probe sonication (20% amplitude, 3 cycles of 30 s on / 30 s off) in an
ice bath to enhance interfacial dispersion. The resulting formulation exhibited a viscous but
flowable texture suitable for mold casting or microstructural shaping. The sheet resistance of
the thin films was measured using a four-point probe system (Napson RT-70V) on glass
substrates, while the bulk conductivity was evaluated by clamping rectangular samples (10 x 3
x 0.2 mm?) between copper electrodes and recording the electrical resistance using a precision
electrometer (Keithley 6514, USA). For mechanical characterization, dog-bone-shaped
specimens were fabricated according to ASTM D1708 standards and tested on a universal

testing machine (Instron, USA) at a constant strain rate of 30 mm/min under ambient conditions.

4.2.2 Fabrication and characterization of the enzyme microneedle (MN)

To prepare the microneedle arrays, a stiff PGLADMA-PEDOT-based precursor (sP-PEDOT)
was formulated by mixing 90 wt% PGLADMAMA with 9 wt% HEMA and 1 wt% Irgacure
819. Each solution (100 pL) was then loaded into PDMS molds containing inclined needle-
shaped cavities (height ~600 pm, base diameter ~300 um) and degassed under vacuum to
ensure complete mold filling. The filled molds were photocured under 405-nm blue light for 1

min to obtain freestanding microneedle units. One side of the patch was designed as the anodic
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unit, incorporating glucose dehydrogenase (GDH; FAD-dependent, from Aspergillus oryzae),
while the opposing side served as the cathodic unit, embedding bilirubin oxidase (BOD;
25 U/mg, from Myrothecium verrucaria). Both enzymes were purchased from Toyobo Enzyme
Inc (Japan).

Following photopolymerization, the sP-PEDOT microneedle surfaces were plasma-
treated (100 W, 2 min) to introduce hydrophilic functional groups and enhance interfacial
adhesion. Enzyme and redox mediator co-immobilization were achieved via a dual-layer
strategy combining electrostatic layer-by-layer (LBL) assembly and UV-induced polymer
entrapment. Enzyme immobilization was adapted from published procedures.[198, 199] For
anodic functionalization, microneedles were sequentially treated with 2% (w/v) aqueous
solution of poly(diallyldimethylammonium chloride) (PDDA), a mixed solution containing
glucose dehydrogenase (GDH) (4.8 U/mL), D-phenylalanine dehydrogenase (Dp) (4.8 U/mL),
NADH (4.6 mol/cm?), and vitamin Ks (VKs) (1.5 mol/cm?), and then 2% (w/v) solution of
poly(sodium 4-styrenesulfonate) (PSS). This PDDA-enzyme/mediator-PSS cycle was
repeated twice. The cathodic microneedles underwent a similar process using bilirubin oxidase
(BOD) (0.19 U/mL) and potassium ferricyanide (5.1 mol/cm?) in place of the anodic
components. Immediately after LBL assembly, the entire array was immersed in 1 mM
dopamine dissolved in 10 mM Tris-HCL, pH 8.5 (room temperature, gentle shaking). Self-
polymerization proceeded for 15 min, forming a thin polydopamine (PDA) sheath that limits
leaching yet remains permeable to glucose, oxygen and protons. Polymer growth was quenched
by rinsing the array three times in pH 7.4 phosphate buffer, each 30 s, followed by air-drying

under laminar flow (20 min).

4.2.3 Fabrication and characterization of the enzymatic biofuel cell MN bandage

The enzyme-powered inclined microneedle patch was constructed by integrating a membrane-
less enzymatic biofuel cell (EBFC) into a dual-sided microneedle configuration. The complete
patch consisted of two symmetrically arranged inclined microneedle units, each anchored on a

common elastic backing layer composed of ePGLADMA. Following partial drying, the two
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enzyme-specific microneedle units (GDH/sP-PEDOT-A and BOD/sP-PEDOT-C) were
symmetrically assembled onto a pre-prepared elastic substrate using the elastic PGLADMA
(eP) precursor. A 300-uL layer of eP-PEDOT was cast between the two microneedle arrays and
crosslinked under 405-nm light for an additional 1-2 min, yielding the integrated enzyme-
powered VIMN patch.

The morphology and geometric fidelity of the assembled patch, including needle
alignment and inclination, were evaluated using optical microscopy and SEM. The electrical
conductivity under different tensile strains (0—30%) was measured using a digital multimeter

(Keysight, USA) to verify the electromechanical stability of the patch structure.

4.2.4 Mechanical characterization of the enzymatic biofuel cell MN bandage

The mechanical performance of the microneedle (MN) patch was assessed using a universal
testing machine (Instron, USA). For axial compression testing, individual MN arrays were
mounted on a horizontal platform with the needle-tips upward. A compressive load was applied
at a constant rate of 2 mm/min, and force—displacement curves were recorded to determine the
needle tip fracture force and overall structural robustness.

To evaluate insertion stability and interfacial adhesion in a simulated fibrous tissue
environment, ex vivo chicken muscle was used as a soft tissue model. Tissue samples (1.5—
2.0 cm thick) were trimmed into flat sections and affixed to glass slides using cyanoacrylate
adhesive to minimize deformation. The glass-mounted tissue was fixed in the lower grip of the
testing system, while the MN patch was clamped in the upper grip with the needle side facing
downward. For vertical (0°) MN patches, the backing was adhered directly to the tissue without
insertion over a contact area of 40 x 16 mm?. For inclined MN groups (30°, 42°, and 90°), the
same adhesive area was used, but the microneedles were pre-inserted into the tissue prior to
testing. The probe was programmed to move upward at 5 mm/min to simulate patch detachment.
The resulting force—displacement curves were analyzed using Origin software to quantify
mechanical interlocking and retention strength under different insertion angles.

Additionally, tensile and peel strength of the integrated MN—-backing constructs were
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evaluated according to ASTM F2458-05. To quantify contractile force, the elastic backing layer
was pre-strained by 10—40% and then applied to the chicken tissue model. The resulting traction
force generated upon microneedle insertion and release was recorded to characterize the patch’s

strain-dependent mechanical output.

4.2.5 Electrochemical characterization of the enzymatic biofuel cell MN bandage

To determine the bioelectrocatalytic ability of the enzymatic MN patch, various glucose
solutions with concentrations of 0, 5, 10, 15, and 20 mM were sequentially added at 1-min
intervals onto the patch surface in a sterile petri dish. The real-time current output was measured
using a high-precision digital multimeter (Keysight Technologies, USA). The observed current
response served as an indicator of the enzymatic activity of the embedded biofuel cell under
varying substrate concentrations.[200]

In addition to direct current output measurements, cyclic voltammetry (CV) was
performed to analyze the redox behavior of the enzymatic electrodes. Electrochemical tests
were conducted using a CHI660E electrochemical workstation (CH Instruments, USA) with a
conventional three-electrode setup, where the VIMN patch served as the working electrode,
Ag/AgCl as the reference electrode, and platinum wire as the counter electrode. For examining
the anode, CV curves were recorded in 0.1 M phosphate buffer (pH 7.4) containing 5 mM
glucose at a scan rate of 10 mV/s within a potential range of —0.6 V to +0.6 V, and the cathode
electrode was filled with a phosphate bufter solution (pH 7.4, 50 mmol/L).[201]

To further assess the power generation capability, polarization curves and power density
output were evaluated under open-circuit and loaded conditions. The MN patch was tested
under varying external resistances using the electrochemical workstation, and corresponding
voltage and current values were recorded. The power density (uWW/cm?) was calculated as a
function of the areal current density. The maximum power output and corresponding current
density were determined to characterize the energy harvesting efficiency of the self-powered

system.[51]
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4.2.6 Evaluation of in vitro electrical properties and repair properties of the enzymatic
biofuel cell MN bandage

The antibacterial efficacy of the self-powered microneedle patch was assessed using E. coli
(ATCC 8739). Bacterial cultures were grown in LB broth at 37°C to the stationary phase and
diluted to a final concentration of ~10” CFU/mL. The bacterial suspension was incubated with
the MN patches for 12 h at 37°C, with or without the addition of glucose (5-25 mM) to activate
enzymatic bioelectricity generation. After incubation, samples were serially diluted and plated
on LB agar to quantify CFUs. In addition, live/dead bacterial staining was performed using
SYTO 9 and PI dyes, followed by fluorescence imaging. Antibacterial performance was
evaluated by comparing bacterial viability and CFU counts with those from untreated control
groups.[145]

To evaluate the immunomodulatory and pro-angiogenic effects of the selt-powered
microneedle patch, RAW 264.7 macrophages or HUVECs were cultured either in the presence
of patch extract or in direct contact with the patch material. After 48 h of incubation, cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 5%
bovine serum albumin (BSA). Primary antibodies targeting iNOS, CD206, or CD31 were
incubated overnight at 4°C, followed by Alexa Fluor-conjugated secondary antibodies for 1
hour at room temperature. Cell nuclei were counterstained with DAPI. Fluorescence imaging
was performed using a confocal laser scanning microscope (LSM 880, Zeiss, Germany), and
fluorescence intensity was quantified using ImageJ software to evaluate biomarker expression.

The wound healing potential of the self-powered microneedle patch was assessed using a
scratch assay. Confluent monolayers of NIH 3T3 fibroblasts were seeded in 24-well plates and
scratched using a sterile 200-puL pipette tip to create a linear wound. To evaluate the effect of
bioelectric stimulation, the anode and cathode microneedle patches were separately immersed
into the culture medium on opposite sides of the well and electrically connected via external
conductive wiring. Glucose (5—15 mM) was added to activate the enzymatic biofuel cell and
generate a sustained electric field across the culture system, thus guiding directional cell

migration. Phase-contrast microscopy was used to image the scratch area at 0, 2, 4, 6 h post-
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treatment. Wound closure was quantified by measuring the scratch width at each time point
using Image] software. The percentage of wound closure was calculated to assess the impact

of the bioelectric field on cell migration and regenerative capacity.

4.2.7 Evaluation of in vitro anti-scar properties of the enzymatic biofuel cell MN bandage
An in vitro scar tissue model was established using NIH 3T3 fibroblasts embedded in a type I
collagen matrix. NIH 3T3 fibroblasts were cultured in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin (PS) under humidified conditions (37°C, 5% COz). Cells were
harvested at confluence, trypsinized, and resuspended in a working collagen solution prepared
on ice. The collagen mixture (3 mL total) was composed of 2 mL collagen I stock solution
(3 mg/mL), 300 uL 10x PBS, 50 pL sterile 1 M NaOH, and 650 uL sterile distilled water. A total
of 1.5 x 10° NIH 3T3 cells were incorporated into this solution to achieve a final concentration
of 0.5 x 10° cells/cm?.[202]

The cell-collagen mixture was cast into a custom polytetrafluoroethylene mold (35 x 15
x 5 mm), flanked on both ends by two sponge pads (15 x 10 X 5 mm). After bubble removal,
gels were polymerized at 37°C in a humidified incubator for 60 mins. The resulting hydrogel
scaffold was transferred to a Petri dish and placed onto a polytetrafluoroethylene support plate
(50 x 20 x 2mm). Plastic pins were inserted through the sponges and collagen to provide
mechanical constraint during 24 h of pre-culture. Subsequently, 10% static strain was applied
to simulate native tissue tension prior to treatment.

Following the pre-conditioning phase, different microneedle patches (VMN, IMN, or no
treatment) were applied to the scar model for 4 days. Patches were positioned such that inclined
microneedles (30°, 45°, 60°, or 90°) penetrated the collagen construct under tension.

To assess cytoskeletal organization, the constructions were fixed in 4% paraformaldehyde
for 30 mins, permeabilized with 0.5% Triton X-100 for 10 mins and blocked with 5% bovine
serum albumin for 1 h at room temperature. Samples were incubated with Alexa Fluor® 488-
conjugated phalloidin (1:200 dilution) for 1 h and DAPI (1:1000 dilution) for 10 mins in the

dark. Confocal imaging was performed using a TCS SPE microscope (Leica, Germany) to
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visualize F-actin morphology.

For immunofluorescence analysis of fibrotic markers, additional samples were stained
fora-SMA (1:300, ab124964, Abcam) and CXCL14 (1:300, ab264467, Abcam). Following the
same fixation and permeabilization steps, primary antibodies were incubated overnight at 4°C,
followed by Alexa Fluor® 488-conjugated secondary antibody (1:500, ab150157, Abcam) for
1 h and DAPI (1:1000) counterstaining. Z-stack images were acquired using the confocal
microscope’s 3D scanning function and analyzed with LAS X 3D software (Leica). This

experimental section was completed together with Dr. Shang LY U.

4.2.8 Evaluation of in vivo therapeutic efficiency of the enzymatic biofuel cell MN bandage
Male Sprague-Dawley rats (6 weeks old, 180-200g) were obtained from Huateng
Biotechnology Co., Ltd. All procedures were conducted in accordance with institutional
guidelines and approved by the Huateng Biotechnology Co., Ltd. (Approval No. B202412-29).
Type I diabetes was induced via a single intraperitoneal injection of streptozotocin (STZ;
60 mg/kg, 10 mg/mL in citrate buffer) following a 12-h fasting period. Model establishment
was confirmed 72 h post-injection based on fasting blood glucose levels between 13.5 and
25 mM, along with typical clinical signs including lethargy, polydipsia, polyuria, and weight
loss. For wound creation, rats were anesthetized by intraperitoneal injection of sodium
pentobarbital (1%, 50 mg/kg), and dorsal hair was removed. A full-thickness circular wound
(1 cm diameter) was created on the mid-back region using a sterile biopsy punch. Microneedle
patches — either untreated, blank, or functionalized — were directly applied to the wound sites
and adhered via their inherent adhesive properties without additional fixation. Patches were
replaced daily, and wound images were captured on day 0, 3, 7, and 14. At the endpoint, rats
were euthanized, and wound tissues were harvested for histological analysis.

In parallel, full-thickness wounds (1.5 cm diameter) were created on healthy Sprague-
Dawley rats (6—8 weeks old, 200-300 g) under the same anesthesia protocol. Patches were
applied without glucose supplementation to assess wound healing under normal physiological

conditions. Wound closure was monitored on day 0, 7, and 14, and collected tissues were
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processed for H&E and Masson’s trichrome staining.

4.2.9 Statistical analysis

All data are reported as mean =+ standard deviation (SD). Unless otherwise stated, routine
mechanical, electrical, and cell-based experiments were performed with » = 3 independent
samples per group. Animal experiments were conducted with » = 4 animals per group. Multi-
group comparisons were carried out by one-way or two-way ANOVA with Tukey’s post-hoc

tests. *p<0.05, ** p<0.01, *** p<0.001 are considered statistically significant.

4.3 Results and Discussion

4.3.1 Optimization of PEDOT-PGLADMA composites for uniform dispersion and stable
microcurrent delivery in microneedle systems

Uniform dispersion of conductive fillers is essential for ensuring continuous conductive
pathways and stable microcurrent delivery in microneedle-based therapeutic systems. Here, we
systematically investigated PGLADMA hydrogels doped with different PEDOT derivatives,
evaluating post-curing morphology, electrical conductivity, and mechanical integrity (Figure
4.2). Pristine PGLADMA was transparent and electrically insulating (sheet resistance > 1.5
kQ-sq'). Incorporation of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) introduced visible phase separation, which could be partially mitigated by co-
solvents such as hexafluoroisopropanol (HFIP), dimethyl sulfoxide (DMSO), and triton X-100.
In contrast, the amphiphilic PEDOT-block—PEG/PGLADMA composite formed a uniform, jet-
black gel after UV crosslinking, with no visible aggregation or macroscopic inclusions,
indicative of nanoscale dispersion throughout the polymer network. This homogeneous
microstructure is critical for maintaining continuous conductive pathways along the
microneedle shafts. Four-point probe measurements confirmed that PEDOT-block—PEG
incorporation reduced sheet resistance by nearly an order of magnitude compared with pristine
PGLADMA, an improvement substantially greater than that achieved by PEDOT:PSS or co-

solvent-modified systems. The superior miscibility of PEDOT-block—PEG within the
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photocurable PGLADMA matrix likely facilitates stable electron transport under physiological

conditions, thereby supporting consistent microcurrent generation in the final device.
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Figure 4.2 Representative images and sheet resistance of cured gel disks prepared from

PGLADMA doped with different PEDOT formulations.

Importantly, tensile stress—strain analysis (Figure 4.3) showed that PEDOT
functionalization did not compromise the distinct mechanical characteristics of the
PGLADMA-based formulations. The rigid P7L2DMA retained its high modulus and stiffness,
ensuring structural robustness for the microneedle shafts, while the soft, elastomeric
P68LEDMA preserved its high elongation-at-break and flexibility, remaining suitable as a
deformable backing layer.

Collectively, these results demonstrated that the amphiphilic PEDOT-block—PEG enables
simultaneous optimization of electrical and mechanical performance, providing a structurally
and electrically compatible platform for mechano-electrical microneedle patches. This
balanced integration strategy ensures reliable mechanical support, flexible backing, and

uniform conductive networks — key prerequisites for the dual modulation of wound
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microenvironments.
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Figure 4.3 The tensile stress-strain curves of PGLADMA and PGLADMA-PEDOT.

4.3.2 Enzymatic cascade mechanism for glucose-to-electricity conversion in the
microneedle bio-battery

The microneedle bio-battery employed a dual-electrode enzymatic cascade to convert glucose-
derived chemical energy into continuous electrical output (Figure 4.4).[198, 199] At the anode,
glucose dehydrogenase (GDH) catalyzes the oxidation of B-D-glucose, with NAD* as a cofactor,
producing D-glucono-6-lactone, NADH, and protons (Eq. 1). However, because NADH is
electrochemically inactive at low potentials, a secondary reaction — catalyzed by diaphorase
(Dp) in the presence of the soluble mediator vitamin Ks (Med (ox) ) — rapidly re-oxidized
NADH to regenerate NAD*, simultaneously transferring two electrons to the electrode via the
reduced mediator (Med (red) ) (Eq. 2). This cascade ensured both continuous NAD* recycling
for sustained GDH activity and efficient, low-overpotential electron transfer from glucose

oxidation to the electrode interface.

B-D-glucose + NAD* — D-glucono-§-lactone + NADH + H™ (1)

NADH + Med,, —» NAD* + H* + 2e™ + Med,q )

The liberated electrons flowed through the external circuit (R) toward the cathode, where
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bilirubin oxidase (BOD) catalyzed the four-electron reduction of molecular oxygen to water
(Eq. 3), either directly or via the ferri/ferrocyanide mediator pair (K3[Fe(CN)s]/K4[Fe(CN)¢]).
The protons consumed in this step originated from both the anode reaction and the bulk
electrolyte, thereby maintaining charge neutrality and ensuring stable current generation.
Collectively, this integrated enzymatic pathway established a self-sustaining, mediator-assisted
electron transfer cycle, enabling the microneedle bio-battery to operate efficiently under

physiologically relevant glucose levels.

1
702+ 2H* + 2e~ - H,0 (3)
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\Medoxj NAD+ + H+ H2O

anode cathode
Figure 4.4 Schematic illustration of the principles of used to develop the bio-battery with

glucose solution.

4.3.3 Optimization of anode and cathode enzyme loadings for balanced catalytic
performance

The catalytic activity of the microneedle bio-battery was optimized by systematically varying
enzyme loadings at both electrodes to maximize current output while avoiding mass-transport
penalties [199]. For the GDH anode (Figure 4.5A), steady-state current density increased
nearly linearly with enzyme concentration up to = 5 U/mL, reaching a maximum of (32.4 + 1.7)
nA/cm? before declining at higher loadings. This bell-shaped trend is characteristic of systems
where excessive enzyme density restricts glucose diffusion and slows NADH/diaphorase

turnover. Polynomial fitting (R? = 0.97) identified an optimal GDH loading of 4.8 + 0.3 U/mL,
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which was selected for subsequent fabrication.

In contrast, the BOD cathode (Figure 4.5B) exhibited a monotonic increase in catalytic
oxygen-reduction currents within the tested range, plateauing at (331 +9) pA/cm? around 0.18—
0.20 U/mL. The absence of a downturn suggested that oxygen diffusion through the PDA film
remained sufficient even at higher loadings. A second-order fit (R? = 0.95) predicted an optimal

loading of 0.19 + 0.02 U/mL, beyond which performance gains were negligible (< 2%).
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Figure 4.5 Optimization of enzyme loading on SIMN electrodes. (A) Maximum current density
as a function of GDH loading at the anode. (B) Maximum current density as a function of BOD

loading at the cathode.

Cyclic voltammetry (CV) confirmed efficient mediator-wired electron transfer at the GDH
anode (Figure 4.6A).[203] In the absence of glucose, a reversible VK3/VKsH: redox couple
was observed at —0.10 V vs Ag/AgCl (black trace), indicating robust electronic communication
between the quinone mediator and the PGLADMA-PEDOT electrode. Upon addition of 20
mM glucose, a catalytic oxidation wave emerged, with current rising from —0.20 V and reaching
0.37 mA/cm? at +0.40 V (green trace), consistent with rapid GDH-mediated electron turnover.
Concurrently, the cathodic peak diminished, reflecting oxygen depletion during enzymatic
glucose oxidation and confirming full operation of the GDH-NADH-Dp—VKs electron-
transfer cascade.

At the BOD cathode, oxygen reduction began at +0.55 V vs Ag/AgCl, achieving a limiting

current of —0.32 mA/cm? at 0.10 V under air saturation (Figure 4.6B). This current disappeared
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upon electrolyte degassing, confirming its enzymatic origin.

Together, these data established a low-overpotential GDH—VK3 anode (onset =~ —0.20 V)
and a complementary BOD cathode (onset~+0.55 V), yielding an open-circuit voltage of ~0.75
V. The matched catalytic current densities (> 0.3 mA/cm?) support the feasibility of an
enzymatic biofuel cell in which glucose oxidation at the anode was stoichiometrically coupled

to oxygen reduction at the cathode.
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Figure 4.6 (A) CVs of the GDH-PGLADMA-PEDOT anode with and without 20 mM glucose.

(B) CVs of the BOD-PGLADMA-PEDOT cathode saturated under different atmospheres.

4.3.4 Biocompatibility of functionalized PGLADMA microneedle matrices

The cytocompatibility of PGLADMA-based microneedle matrices was assessed using NIH 3T3
fibroblasts cultured on two base formulations: the stifft P7TL2DMA (sP) and the elastic
P68L8DMA (eP), in their pristine, PEDOT-functionalized, and enzyme-loaded (GDH and BOD)
states.

Live/dead staining demonstrated high fibroblast viability (>90%) across all groups at
both 24 h and 48 h, with only sparse dead cells observed. Comparable cell densities at 24 h
indicated negligible acute cytotoxicity (Figure 4.7A). By 48 h, cells on PEDOT-doped and
enzyme-loaded matrices displayed more extensive migration, suggesting that surface
modification enhanced cell adhesion and proliferation. Quantitative viability analysis
confirmed no statistically significant differences among pristine, PEDOT-doped, and enzyme-

loaded groups at 24 h. At 48 h, PEDOT-containing matrices exhibited a slight reduction in
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viability (~5-10%) but remained above 85%, meeting standard biocompatibility thresholds
(Figure 4.7B). Proliferation assays further indicated that neither PEDOT incorporation nor
enzyme co-loading impeded fibroblast growth (Figure 4.7C). Overall, these findings
demonstrated that functionalization of PGLADMA matrices with conductive polymers and
catalytic enzymes preserves cytocompatibility while potentially offering bioactive surface cues

conducive to wound healing applications.
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Figure 4.7 (A) Live/Dead staining of the NIH 3T3 fibroblasts showing cytocompatibility of
different materials. Green and red fluorescence indicated the live and dead cells respectively.

Quantification of (B) cell viability and (C) cell proliferation in 24-28 h.

4.3.5 Fabrication and characterization of the self-powered inclined microneedle (SIMN)
bandages
The SIMN bandage was fabricated through a multi-step molding and enzyme integration

process (Figure 4.8). First, a rigid master mold was used to produce a soft PDMS negative
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mold containing angled cavities (~600 um height, 30—45° tilt). PEDOT-doped sSPGLADMA
precursor (sSP-PEDOT) was cast into the mold, vacuum-degassed, and photocured to form
freestanding inclined microneedles. Following demolding, microneedle surfaces were plasma-
activated and functionalized via a sequential layer-by-layer approach: the anode was modified
with glucose dehydrogenase (GDH), diaphorase (Dp), NADH, and vitamin Ks, whereas the
cathode was functionalized with bilirubin oxidase (BOD) and ferricyanide. A terminal
polydopamine (PDA) coating was applied to minimize enzyme leaching while retaining
substrate permeability. Finallyy, GDH- and BOD-modified microneedle arrays were
symmetrically integrated onto an elastic PGLADMA backing to form a dual-electrode patch.
This architecture leveraged the intrinsic elasticity and mechanical interlocking of the inclined
microneedles bandages to help maintain a stable mechanical microenvironment at the wound
site, while enabling glucose-driven power generation for wound-healing applications.

Rigid master mold PDMS casting & curing PDMS demolding Soft negative

mold
it |
ug”“'
Stiff PLDMA-PEDOT (sP- sP-PEDOT sP-PEDOT inclined = GDH/BOD Enzyme
PEDOT) casting & curing demolding microneedle array Immobilization

\rM | u&@mm

Figure 4.8 Fabrication of SIMNSs via two-step micromolding and enzyme immobilization. A
soft negative mold is prepared by PDMS casting against a rigid master mold. sP-PEDOT is
then cast and cured to form inclined microneedles. Finally, GDH and BOD are immobilized on

the microneedle tips for EBFC-based self-powering.

Scanning electron microscopy (SEM) confirmed the high geometric fidelity of the
fabricated SIMNs (Figure 4.9A). Microneedles with tilting at 30°, 45°, and 90° were produced
with uniform height (~600 um), sharp tips, smooth surfaces, and consistent spacing, features

essential for reproducible skin penetration and predictable mechanical—-tissue interaction. To
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verify functional compartmentalization, GDH and BOD were fluorescently labeled with FITC
and RhB, respectively, and immobilized on opposing sides of the array (Figure 4.9B). Confocal
imaging revealed distinct, non-overlapping green and red fluorescence signals, confirming
spatial separation of anodic and cathodic domains, critical for membrane-less EBFC operation.
Practical handling tests were performed by applying SIMN bandages to the dorsal surface of a
human hand. The patches adhered securely without auxiliary fixation, attributed to the
combined effects of the angled microneedle geometry and elastic substrate recoil, which
together promoted stable tissue contact and a consistent mechanical microenvironment at the

wound interface.
A

SIMN-90° SIMN-45° SIMN-30°

200 pm

FITC-labeled GDH RhB-labeled BOD

Figure 4.9 (A) Representative SEM images showing inclined microneedles fabricated at
different tilt angles (30°, 45°, and 90°). (B) Structural characterization and enzyme

immobilization of the stiff PGLADMA-PEDOT inclined microneedle arrays.

To further assess enzyme retention under prolonged wet exposure, FITC-labeled GDH and
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RhB-labeled BOD were immobilized on the microneedles and the patches were soaked for 5
days. Distinct fluorescence signals remained clearly detectable and spatially confined to the
corresponding electrode domains after soaking (Figure 4.10), with no obvious loss of coverage
or cross-mixing between the anode and cathode sides. These results support the effectiveness
of the PDA-assisted immobilization in maintaining enzyme loading under exudate-relevant
conditions.

SIMN-Anode SIMN-Cathode

FITC-labeled GDH RhB-labeled BOD

Before soaking

After 5 days of soaking

Figure 4.10 Fluorescence evaluation of enzyme retention on SIMN microneedles after soaking.
Representative confocal images of microneedle arrays after enzyme immobilization (Day 0)
and after soaking for 5 days, showing FITC-labeled glucose dehydrogenase (GDH) and RhB-

labeled bilirubin oxidase (BOD) on the anodic and cathodic domains, respectively.

4.3.6 Mechanical performance of electromechanical synergistic SIMN bandages

To fully elucidate how mechanoelectrical synergy could be harnessed to optimize wound
healing, the SIMN bandages were subjected to a comprehensive performance evaluation. This
section systematically investigated both their mechanical adhesion properties and electrical
output capabilities, aiming to clarify how the integration of strain-adaptive fixation and
sustained bioelectric generation enabled dual-regulation of the wound microenvironment.

To first determine the optimal microneedle configuration for tissue fixation, the adhesion
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strength of SIMNs with varying orientations (0°, 30°, 45°, and 90°) was quantified using a
customized lap-shear test on chicken tissue substrates. In this setup, half of the patch was
secured to a glass slide, while the remaining half was inserted into the tissue, and shear
displacement was applied until detachment. Force—displacement analysis (Figures 4.11A and
B) revealed that inclined microneedles at 30° and 45° achieved peak forces exceeding 1.3 N,
representing approximately 2.5-fold and 4.5-fold increases over vertical (90°) and flat (0°)
designs, respectively. This enhanced adhesion was attributed to the oblique penetration

geometry, which facilitated deeper tissue engagement and greater shear resistance.
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Figure 4.11 (A) Representative force—displacement curves. (B) Quantitative comparison of

peak adhesion forces.

In addition to static tensile testing, we performed fatigue testing to evaluate the cyclic
strain resistance of the SIMN patch under an extreme stretching condition relevant to motion-
driven deformation during daily wear. The stress - strain curves recorded over repeated stretch-
release cycles largely overlapped, indicating a stable elastic response with minimal mechanical
drift (Figure 4.12A). Notably, the SIMN patch maintained mechanical integrity for more than
200 cycles at the maximum stretching ratio, suggesting that the elastic backing and
microneedle-integrated architecture can tolerate repeated deformation without obvious loss of
elasticity. To further assess wearability, we also examined skin conformability on a highly
mobile and curved region. As shown in Figure 4.12B, the SIMN patch closely followed the

skin contour during wrist flexion without apparent lifting, supporting practical on-skin
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compliance for use on dynamic body sites.
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Figure 4.12 (A) Cyclic stress - strain curves under repeated stretch-release at the maximum
stretching ratio (>200 cycles). (B) Photograph showing the SIMN patch conforming to the wrist

during flexion.

We next examined the effect of elastic preloading on tissue adhesion. SIMN bandages
were applied under pre-strain levels of 10%, 20%, and 30%, and adhesion strength was
consistently found to increase with pre-strain across all geometries (Figure 4.13). Notably,
inclined microneedles (30° and 45°) maintained the highest adhesion, reaching ~1.5 N/cm? at
30% pre-strain, while vertical and flat designs lagged behind. The improved fixation of the
elastic inclined microneedle bandage likely arose from its ability to generate directional
resilience forces after pre-strain of the elastic substrate, which, together with the interlocking
effect of the inclined microneedles, stabilized the mechanical microenvironment at the tissue
interface. This strain-responsive adhesion highlights the potential of SIMN bandages as tunable,
movement-resilient wound interfaces capable of conforming to curved or dynamic skin
surfaces. Given the statistically comparable performance of 30° and 45° designs, the latter was

selected for subsequent studies due to superior moldability and robustness.
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Figure 4.13 Adhesion strength of SIMNs with different angle—flat, vertical, and inclined—

under varying pre-strain levels (10%, 20%, 30%).

4.3.7 Electrical performance of electromechanical synergistic SIMN bandages

In parallel, the EBFC within SIMN bandages was assessed to validate their capacity for
self-powered electrical stimulation. The EBFC consisted of a glucose dehydrogenase (GDH)-
based microneedle anode and a bilirubin oxidase (BOD)-based microneedle cathode, tested in
phosphate buffer (pH 7.4) containing 20 mM glucose (Figure 4.14A) [203]. Polarization curves
(Figure 4.14B) displayed the expected current density decay with increasing voltage, with an
open-circuit voltage (OCV) of ~0.32 V, consistent with the redox potential gap between the
GDH and BOD systems. The corresponding power density curve peaked at 10.9 pW/cm? at
~0.16 V, aligning with reported values for membrane-less EBFCs. The early peak and gradual
decline in the curve indicated low internal resistance and efficient electron transfer via the

PEDOT-based conductive network.
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Figure 4.14 (A) Schematic setup for evaluating the SIMN enzymatic biofuel cell in a wound
bandage-mimicking configuration. (B) Polarization and power density curves of the SIMN
enzymatic biofuel cell measured under external loads from 20 Q to 300 kQ in phosphate buffer

(pH 7.4) containing 20 mM glucose.

To further verify how glucose availability modulates the EBFC output, I quantified and
compared the key electrical metrics under different glucose concentrations. Figure 4.15
summarizes the OCV, the maximum power density, and the current density for each condition.
Across the tested range, the OCV showed only minor variation, whereas power density and the
corresponding current density exhibited a clear glucose-dependent increase, confirming that
glucose concentration primarily governs the output magnitude of the enzymatic system. This
quantified comparison establishes a consistent electrical baseline for interpreting the

subsequent glucose-dependent antibacterial and immunomodulatory responses.
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Figure 4.15 Glucose-dependent electrical outputs of the SIMN enzymatic biofuel cell.
Quantitative comparison of (A) open-circuit voltage (OCV), (B) peak power density, and (C)

current density measured in phosphate buffer (pH 7.4) under different glucose concentrations

(5, 10, 15, and 20 mM).

Long-term stability of the SIMN biofuel cell was further evaluated by continuously
monitoring the current density over an extended period. As shown in Figure 4.16, the current
density exhibited an initial decrease during the early stage, followed by a relatively stable
plateau. Notably, the output remained at a sustained level with only a gradual downward trend

throughout the 120-h test window, indicating that the SIMN bandage can maintain prolonged

bioelectric generation under continuous operation.
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Figure 4.16 Long-term stability of the SIMN biofuel cell output. Current density was
continuously recorded over 120 h under continuous operation with a 20 kQ in phosphate buffer

(pH 7.4) containing 20 mM glucose. The shaded region indicates the variability across

replicates.

To further quantify the spatial distribution and penetration depth of the electric field
generated by the microneedle EBC, 3D finite element simulations were performed using

COMSOL Multiphysics (Figure 4.17). The model included a 12 mm circular wound and two
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4 mm electrodes, together with two opposing microneedle arrays inserted at 45° (needle length
600 um). The potential distribution was visualized as a jet colormap, and the field direction and
relative intensity were displayed using streamlines.

The simulation indicates a directional field established between the cathode and anode,
with field concentration near the microneedle tissue interface and the needle tips. To quantify
penetration, we extracted depth dependent field magnitude beneath the microneedle region
using the 95th percentile of the electric field magnitude within the needle tip vicinity at each
depth. Using a layered skin model (stratum corneum about 30 um, epidermis about 200 pm,
dermis underneath), the field magnitude was approximately 0.93 kV/m at the epidermis dermis
boundary (about 0.23 mm), approximately 0.79 kV/m at 0.3 mm, and approximately 0.35 kV/m
at about 0.6 mm, which is comparable to the microneedle length. The field decayed to ~10%
of its near-surface level at ~0.56 mm, indicating dermis-relevant stimulation rather than

superficial confinement.
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Figure 4.17 Finite element simulation of the electric field distribution generated by the
microneedle EBC system in tissue. The electric potential is shown as a jet colormap, and the

electric field is visualized by streamlines to indicate field direction and relative intensity.

Collectively, these findings confirm that the SIMN bandage effectively integrates
mechanically tunable, strain-adaptive tissue adhesion with stable bioelectric generation. This

dual functionality provided a robust platform for mechanoelectrical modulation of the wound
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microenvironment, offering both enhanced mechanical coupling and sustained, self-sufficient

electrical cues to support advanced wound healing strategies.

4.3.8 Electrical modulation by SIMN bandages for antibacterial, immunomodulatory,
and pro-regenerative wound microenvironments

Endogenous electric fields play a critical role in regulating key cellular behaviors, including
fibroblast migration, proliferation, and ECM remodeling. In chronic wounds — particularly
diabetic ulcers — this bioelectrical signaling is often disrupted, contributing to impaired
healing. The SIMN bandages, by integrating a conductive architecture and enzyme-based
biofuel cell, have the potential to restore such signaling while exerting antibacterial effects via
microcurrent stimulation.

To investigate the antibacterial efficacy of SIMN bandages, we evaluated E. coli viability
under varying glucose concentrations: 0 mM (No glucose), 5 mM (Low), and 15 mM (High)
along with a blank control (Figure 4.18). Live/dead staining revealed predominantly viable
bacteria (green) in the blank and No glucose groups, partial bacterial death (increased red signal)
in the Low glucose group, and extensive damage in the High glucose group. SEM imaging
corroborated these trends: intact rod-shaped bacteria were observed in the blank and no glucose
groups, surface wrinkling and shrinkage appeared in the Low glucose group, and severe
membrane rupture with cell debris was evident at High glucose. The progressive damage
severity with increasing glucose concentration indicated a dose-dependent effect of bioelectric
output on bacterial viability. These above results demonstrated that glucose oxidation—driven
microcurrents from SIMN bandages can disrupt bacterial membranes and reduce viability,

making it particularly suited for diabetic or exudative wounds where glucose is abundant.
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Blank SMN-0

Figure 4.18 Representative live/dead fluorescence and SEM images of E. coli after 12 h
incubation with SIMN bandages under different glucose concentrations: 0 mM (SMN-0), 5 mM
(SMN-1), and 15 mM (SMN-2), with a blank control. Live bacteria are shown in green and

dead bacteria in red. Scale bars are indicated in the images.

Given that chronic wounds often remain trapped in a pro-inflammatory state, we next
examined whether SIMN-derived microcurrents could modulate immune polarization [204].
RAW264.7 macrophages were assessed for M1 (iNOS*) and M2 (CD206%) phenotypes (Figure
4.19A). The blank and No glucose (SMN-0) groups, which lacked electrical stimulation,
exhibited strong iNOS and weak CD206 signals, consistent with an MI-dominated pro-
inflammatory state. Low glucose (SMN-1) reduced iNOS and increased CD206 expression,
while High glucose (SMN-2) further enhanced this shift, displaying the weakest iNOS and
strongest CD206 staining. Quantitative analysis confirmed a current-dependent effect, with
CD206 expression elevated by ~2.5 times in SMN-1 and ~3 times in SMN-2 compared to blank
(Figures 4.19B and C). These findings indicated that localized electrical stimulation promoted
macrophage polarization toward an M2 pro-regenerative phenotype, a key step in resolving

inflammation and facilitating tissue repair.
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Figure 4.19 (A) Immunofluorescence staining of iNOS (M1 macrophage marker), and CD206
(M2 macrophage marker) after 48 h of culture. Quantification of immunofluorescence staining

of (B) iNOS and (C) CD206 after 48 h of culture.

We further investigated the influence of SIMN-derived microcurrents on fibroblast
motility using an in vitro scratch assay with NIH 3T3 cells (Figure 4.20A). [204] After 6 h,
minimal wound closure was observed in blank and SMN-0 groups, whereas SMN-1 and SMN-
2 exhibited progressively greater closure, with SMN-2 achieving near-complete gap filling

(Figure 4.20B). Quantitative analysis confirmed a current-dependent enhancement of
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migration, with SMN-2 producing the highest closure rate (Figure 4.20C). These results
suggested that enzyme-driven microcurrents markedly accelerated fibroblast migration, a

fundamental process in wound repair.
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Figure 4.20 (A) Experimental setup for scratch wound assay. (B) Representative images from
the scratch wound assay showing NIH 3T3 migration before and after 6 h of treatment with

various conditioned media. (C) Quantitative analysis of wound closure percentage.

Finally, to determine whether SIMN-derived microcurrents could promote angiogenesis,
endothelial cells were cultured under the same glucose conditions and stained for CD31 (green)
and F-actin (red) (Figure 4.21A) [205]. Blank and SMN-0 groups displayed low CD31
expression, whereas Low glucose increased both CD31 signal and actin filament organization.
High glucose yielded the strongest CD31 staining and well-aligned actin structures in both
SMN-1 and SMN-2 groups. Quantitative analysis confirmed a current-dependent increase in
CD31 intensity, with High glucose significantly outperforming the other groups (Figure 4.21B).

Overall, these findings demonstrated that the conductive, enzyme-powered SIMN system

not only provided antibacterial activity but also promoted macrophage polarization, fibroblast
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migration, and angiogenic signaling. This multifaceted bioelectrical stimulation capability
positions SIMN bandages as a promising multifunctional platform for accelerating wound
closure, enhancing tissue regeneration, and controlling infection, particularly in glucose-rich,

chronically inflamed wound environments such as diabetic ulcers.
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Figure 4.21 (A) Immunofluorescence CD31 staining for HUVECs after 48 h. The red, green
and blue colors indicated F-actin, CD31 and nuclei, respectively. (B) Quantification of

immunofluorescence staining of CD31 after 48 h.

4.3.9 Mechanical modulation in a tension-loaded ir vitro scar model and its impact on
fibroblast-mediated fibrosis
Scar formation results from intricate mechanobiological interactions in which fibroblast
contractility and peri-wound tensile forces jointly regulate ECM deposition, remodeling, and
fibrotic progression [206]. Conventional three-dimensional (3D) in vitro fibrosis models,
typically composed of fibroblast-laden type I collagen matrices, can replicate endogenous
contractile cues but fail to incorporate the external tensile forces imposed by surrounding
dermal tissue [207]. This omission reduces their physiological relevance, particularly in
modeling hypertrophic scarring where persistent wound-edge tension is a key driver.

To address this limitation, we established a tension-loaded in vitro scar model by applying
a 10% uniaxial tensile strain to fibroblast-populated collagen matrices, approximating the
tensile range (10-30%) experienced by native skin under physiological loading (Figure 4.22)

[202]. This system integrated both external tissue-like tension and fibroblast-generated
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contractility, thus creating a more physiologically relevant microenvironment for studying soft-
tissue injury and fibrosis. Within this improved platform, we evaluated multiple microneedle
designs, including our SIMN bandages, to examine their capacity for mechanical offloading

and scar mitigation.
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Figure 4.22 Experimental setup for culturing fibroblasts in a 3D collagen scaffold under three

conditions: static culture, 10% uniaxial strain, and 10% strain combined with the microneedle.

To investigate microneedle-mediated modulation of fibroblast morphology under
mechanical strain, we performed immunofluorescence staining for F-actin (green) and nuclei
(blue) after four days of culture. Figure 4.23A presents 3D reconstructions, 2D cross-sections,
bright-field images, and magnified views of fibroblasts cultured for 4 days in the tension-loaded
in vitro scar model. In the blank group (no strain, no microneedle intervention), fibroblasts
displayed sparse, randomly oriented distributions with limited cytoskeletal organization. Under
uniaxial tension alone (10% strain, control), fibroblasts exhibited pronounced elongation and
alignment along the strain axis, consistent with a mechanically induced fibrotic phenotype
(Figure 4.23B). Vertical microneedle (VMN) treatment resulted in fibroblast clustering around
deformed microneedle pores, with partial alignment along the stretch axis, indicating persistent
stress concentration at pore edges and incomplete attenuation of directional mechanical cues

(Figure 4.23C).
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By contrast, the IMN group maintained a more uniform distribution around minimally
deformed pores, accompanied by reduced elongation and markedly weakened alignment
(Figure 4.23D). This pattern supports that the dual-angle architecture can disrupt uniaxial strain
guidance by introducing multidirectional mechanical inputs, thereby attenuating tension-driven

cytoskeletal polarization.
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Figure 4.23 3D morphology of fibroblasts on day 4 in the in vitro anti-scar assay under different
treatment conditions: (A) Blank, (B) Control (10% strain), (C) VMN (vertical microneedle),
and (D) IMN (Inclined microneedle). Representative images include 3D projection views (left),
2D planar views of immunofluorescence staining for F-actin (green) and nuclei (blue) (middle),

and corresponding bright-field images (right).

Quantitative analysis of fibroblast nuclear circularity and actin filament orientation on day
4 further supported these observations (Figures 4.24 A and B). The control group (tension only)

displayed the lowest nuclear circularity and a narrow orientation distribution along the strain
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axis, indicating strong mechanical guidance and cytoskeletal elongation. Both the blank and
IMN groups showed higher circularity and broader orientation profiles, consistent with strain
neutralization. The VMN group exhibited intermediate circularity and higher alignment than
IMN, reflecting residual stress concentration at pore interfaces. Notably, the IMN group
achieved the highest circularity and an isotropic orientation distribution, indicative of minimal

nuclear deformation and negligible strain-induced alignment.
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Figure 4.24 (A) Quantitative analysis of nuclear circularity in different groups, where nuclear
circularity reflects the extent of cellular deformation. (B) Quantitative distribution of cell

orientation angles across different groups.

To assess the effects on fibroblast activation, a-smooth muscle actin (a-SMA) — a
hallmark of myofibroblast differentiation — was examined on day 4.[208] a-SMA expression
was markedly elevated in the control group, reflecting enhanced contractility and a pro-fibrotic
phenotype (Figure 4.25A). Both VMN and IMN treatments significantly reduced a-SMA
expression compared with the control, with the IMN group showing slightly greater

suppression (Figure 4.25B). The blank group displayed the lowest a-SMA levels overall,

consistent with the absence of external strain.
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Figure 4.25 (A) Immunofluorescence a-SMA staining for the model after 4 days. The red and
blue colors indicate the ao-SMA and nuclei, respectively. (B) Quantification of

immunofluorescence staining of a-SMA on day 4.

Given that fibrosis also involves paracrine signaling, we further assessed CXCL14, a
chemokine implicated in fibroblast recruitment and ECM remodeling.[209] Under uniaxial
strain without microneedle intervention, CXCL14 expression was the highest in the control
group (Figure 4.26A). Both VMN and IMN treatments significantly decreased CXCL14 levels,
with IMN exhibiting the most pronounced suppression, slightly lower even than the blank
group (Figure 4.26B).

Collectively, these findings demonstrated that microneedle-mediated mechanical
modulation can attenuate strain-induced fibrotic responses at multiple levels, downregulating
both intracellular contractile markers (a-SMA) and extracellular pro-fibrotic chemokines
(CXCL14). The IMN configuration was the most effective, likely due to its ability to
redistribute mechanical forces more evenly at the tissue interface, thereby minimizing localized
stress concentrations, preventing tension-driven cytoskeletal alignment, and ultimately

reducing fibroblast-driven fibrotic remodeling.
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Figure 4.26 (A) Immunofluorescence CXCL 14 staining for the model after 4 days. The yellow
and blue colors indicated the CXCL 14 and nuclei, respectively. (B) Quantification of

immunofluorescence staining of CXCL 14 on day 4.

4.3.10 In vivo evaluation of mechano-electrically synergistic SIMN bandages for acute and
diabetic full-thickness wound healing

To comprehensively assess the therapeutic performance of the SIMN bandages, we employed
a full-thickness skin wound model in rats, comparing seven treatment strategies, including two
commercial products (a zipper-type dressing and TENS, an electrical stimulation device)
(Figure 4.27A). Wound closure progression was monitored over 14 days via macroscopic
imaging, with residual wound areas quantified at defined intervals.

Among all treatments, the pre-stretched, electroactive inclined microneedle bandage
(SIMN-P) achieved the most rapid and uniform healing. As shown in Figure 4.27B, SIMN—
P—treated wounds exhibited near-complete epithelial closure by day 14, accompanied by
minimal residual scarring and pigmentation. In contrast, untreated (Blank) and commercial
control groups showed delayed closure with persistent wound visibility. Quantitative analysis
confirmed that SIMN-P consistently maintained the smallest residual wound area and the
highest closure rate at all time points (Figure 4.27C). VMN-P, incorporating mechanical pre-
strain but lacking electrical activation, also outperformed non-prestrained and non-electrical
variants (e.g., SIMN, IMN), highlighting the critical role of wound-tension shielding. These

results underscore that the mechano-electrical synergy inherent to SIMN—P offered superior
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wound repair by concurrently modulating mechanical tension and bioelectrical cues within the

wound microenvironment.
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Figure 4.27 (A) Schematic illustration showing the construction of the full-thickness skin
defect SD rat model. (B) Representative wound images and the wound healing map treated with

different samples. (C) Quantification of wound healing rate of different samples.

Histological evaluation further substantiated these findings. H&E staining performed on
days 7 and 14 post-treatment revealed that, by day 7, Blank, TENS, IMN groups exhibited
incomplete epidermal coverage, loosely organized granulation tissue, and persistent
inflammatory infiltration, hallmarks of delayed re-epithelialization (Figure 4.28A). In contrast,
SIMN-P—treated wounds displayed a well-defined epithelial layer, reduced inflammation, and
more structured granulation tissue, indicating an accelerated transition from the inflammatory
to the proliferative phase. By day 14, SIMN-P produced the most advanced tissue architecture,
characterized by a continuous stratified epidermis, restored dermal structures, and abundant

regenerating hair follicles and sebaceous glands (black arrows). VMN-P and Zipper groups
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showed partial adnexal regeneration with thinner epidermal layers, whereas the control groups
exhibited minimal appendage formation. Quantitatively, SIMN-P achieved the greatest average
epidermal thickness (~22 um) and the highest follicle density per mm?, demonstrating its ability
to promote functionally regenerative healing with minimal scarring (Figure 4.28B and C).
From a safety perspective, repeated microneedle penetration and enzyme-containing
components may raise concerns regarding inflammation. Notably, H&E evaluation at days 7
and 14 did not reveal aggravated inflammatory infiltration in SIMN-P treated tissues; instead,
inflammatory cell presence was reduced at day 7 and tissue architecture progressed toward
restoration by day 14, which does not support a persistent local inflammatory reaction.
Moreover, the enzyme components are integrated within the microneedle system to function
locally, which is expected to limit systemic exposure; nevertheless, dedicated immunogenicity

profiling under repeated-application conditions will be an important focus in future work.
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Figure 4.28 (A) H&E-stained wound sections at days 7 and 14 post-treatment. Enlarged views
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of the marked regions are shown in the second row. Black arrows indicate regenerated hair
follicles. (B) Quantification of epidermal thickness. (C) Quantification of hair follicle count

based on H&E staining.

To evaluate clinical applicability in impaired healing, we next tested SIMN-P in a
streptozotocin (STZ)-induced diabetic rat model, which replicated the hyperglycemic, pro-
inflammatory microenvironment of chronic diabetic ulcers (Figure 4.29A). As expected,
diabetic wounds in Blank and commercial groups exhibited pronounced healing delays, with
persistent eschar and incomplete epithelialization persisting through day 14 (Figure 4.29B).
This reflected the inherent challenge of diabetic wound repair, where angiogenesis, re-
epithelialization, and collagen remodeling are compromised.

On the other hand, by day 3, SIMN—-P—treated wounds showed earlier contraction and
reduced redness compared to controls, indicating faster epithelial coverage. By day 7, the
SIMN-P group exhibited smaller residual wound areas with fresh granulation tissue and
minimal scab formation, whereas Blank and commercial groups retained thick eschar and
incomplete coverage. By day 14, SIMN-P achieved nearly complete re-epithelialization with
minimal visible scarring, while other groups retained unhealed areas with erythema and
swelling—particularly evident in commercial treatments that relied solely on mechanical
(zipper) or electrical (TENS) stimulation. This divergence highlights the inadequacy of single-
modality interventions for complex, non-healing diabetic wounds, where effective repair
requires multidimensional regulation. Healing maps further supported these observations,
showing the highest closure ratios for SIMN—-P across all time points. Quantitative analysis
(Figure 4.30) confirmed that SIMN-P maintained the fastest healing rate, culminating in near-
complete wound closure by day 14.

Collectively, these results demonstrated that integrating self-sustained -electrical
stimulation with mechanically programmed wound modulation enables SIMN—-P to overcome
the impaired regenerative capacity characteristic of diabetic wounds, thereby accelerating

closure, improving tissue architecture, and enhancing overall healing quality.
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4.4 Conclusion

This study presented a self-powered elastic microneedle (SIMN) bandage that integrated
enzymatic biofuel cell (EBFC) technology with an elastic inclined microneedle bandage to
deliver synergistic electromechanical stimulation for wound repair. By coupling in situ
electrical stimulation (ES) with programmable mechanical stimulation (MS), the SIMN
bandage overcame the intrinsic limitations of single-modality therapies. The EBFC module,
embedded within conical microneedle tips, employed spatially segregated enzyme systems to
catalyze glucose oxidation and oxygen reduction, thereby converting endogenous biochemical
energy into stable, continuous electrical currents without the need for external power.
Concurrently, the elastic backing layer and inclined microneedle geometry imparted strain-
responsive contractile forces that redistributed tension and facilitated wound edge
approximation.

This electromechanical synergy enabled phase-specific regulation across the wound
healing continuum. In the inflammatory phase, low-intensity endogenous ES attenuated pro-
inflammatory signaling, suppressed bacterial proliferation, and promoted M2 macrophage
polarization. During the proliferative phase, low-intensity endogenous ES and mechanically
programmed contractile forces accelerated fibroblast alignment, granulation tissue deposition,
enhanced neovascularization, and wound contraction. In the remodeling phase, the dual-action
stimulation supported organized collagen architecture and promoted the regeneration of skin
appendages, culminating in improved histological and biomechanical outcomes in both normal
and diabetic wound models.

To the best of our knowledge, the SIMN bandage represented the first wearable
microneedle platform to integrate self-sustained ES with mechanically programmed wound
modulation within a single, battery-free device. The combination of autonomous power
generation, synergistic and phase-adapted microenvironment modulation, and practical design
underscores its translational potential for expediting wound closure, restoring tissue integrity,
and minimizing scar formation in complex and chronic wound scenarios. While these features

support practical translation, moving a battery-free, enzyme-driven microneedle system toward
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clinical use requires addressing key regulatory and manufacturing requirements. From a
regulatory perspective, the SIMN bandage constitutes a combination product in which
biological components (enzymes and redox mediators) are integrated into a device,
necessitating rigorous evaluation of biocompatibility, local and systemic safety, and batch-to-
batch consistency, together with verification of enzyme stability, leachability control, and
sterility assurance under clinically relevant storage and use conditions. From a manufacturing
standpoint, scalable production will depend on reproducible micromolding and enzyme
immobilization, tight control of enzyme loading and activity, and packaging strategies that
preserve activity while maintaining shelf life. Altogether, addressing these regulatory and
manufacturing considerations will be essential to translate the SIMN bandage from a laboratory

prototype into a clinically viable wound-care device.
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Chapter 5 Conclusions and recommendations for future work

5.1 Major findings and conclusion

The first project established a sprayable biomimetic double mask (BDM) capable of rapid
autophasing and hierarchical programming. By leveraging the spontaneous water/oil separation
of a hydrophobic PGLADMA phase and a hydrophilic GeIMA hydrogel phase, the system
forms a bilayered structure upon mixing. Photocrosslinking enables rapid solidification with
strong interfacial bonding, tissue adhesion, and anatomical conformity. The bottom GelMA
layer provides calcium ion release for prompt hemostasis, while the top PGLADMA layer
preserves a moist, sterile environment, together facilitating the transition from inflammation to
proliferation. Mechanistic studies revealed the activation of cGMP/PKG—Wnt/Ca** pathways,
promoting vascular reconstruction. Both in vitro and in vivo experiments confirmed the BDM’s
capacity to accelerate healing and reduce scarring, underscoring its potential for clinical
application in extensive or irregular wounds.

The second project focused on the design of a mechano-intelligent Janus bandage (MIB)
with dynamically coordinated adhesion—contraction behavior inspired by gecko locomotion.
Fabricated through micromolding of PGLADMA, the MIB features a wedge-shaped
microstructure on its inner surface, enabling directional contractile force generation upon pre-
straining. The system’s adhesion strength increases proportionally with contractile force via
enhanced van der Waals interactions and interfacial friction, resulting in synchronized adhesion
and contraction. In full thickness wound models in both rats and pigs, MIBs significantly
accelerated re-epithelialization and angiogenesis. Mechanistic evaluation showed
downregulation of focal adhesion kinase (FAK), and modulation of NF-«xB, Wnt, and TGF-3
pathways. These findings highlight the potential of mechanical programming in facilitating
regenerative healing and present a promising direction for soft tissue repair beyond
dermatological applications.

The third project introduced a self-powered elastic microneedle (SIMN) bandage that
integrates enzymatic biofuel cell (EBFC) technology with an inclined microneedle array to

deliver synergistic electromechanical stimulation. The EBFC module, embedded within
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microneedle tips, catalyzes glucose oxidation and oxygen reduction, continuously converting
wound-derived biochemical energy into low-intensity electrical currents without external input.
Simultaneously, the elastic backing and angled microneedles provide programmable contractile
forces for wound edge approximation and tension redistribution. This dual-modality system
enables phase-specific intervention: reducing inflammation and promoting macrophage
polarization in the early stage, enhancing fibroblast alignment and angiogenesis during
proliferation, and guiding organized collagen remodeling in the later phase. The SIMN bandage
demonstrated superior histological and functional outcomes in both normal and diabetic wound
models. Its self-sustained operation, electromechanical coordination properties, and

programmability underscore its promise for intelligent, autonomous wound management.

5.2 Recommendations for future work
Future research should focus on both deepening the mechanistic understanding of these
multifunctional wound dressings and advancing their translational application. Although the
developed BDMs, MIBs, and SIMNs have demonstrated considerable efficacy in
reprogramming wound microenvironments and promoting scarless healing, their mechanisms
of action warrant further exploration at molecular and cellular levels. In particular, it is essential
to clarify how these systems modulate immune—matrix—vascular crosstalk, especially regarding
macrophage polarization, extracellular matrix remodeling, and angiogenic signaling. Multi-
omics techniques such as transcriptomics, spatial proteomics, and single-cell RNA sequencing
could offer valuable insights into cell-type-specific responses across different healing stages.
Additionally, electromechanical stimulation delivered by SIMN and MIB platforms engages
complex intracellular signaling pathways—including YAP/TAZ, FAK, calcium influx, and
redox-sensitive cascades—that should be dissected to understand how bioelectricity and
mechanical force jointly regulate regeneration.

Parallel efforts are needed to construct advanced preclinical models that better mimic the
biomechanical, biochemical, and immunological complexity of human wounds. In vitro

systems such as microfluidic wound-on-a-chip platforms and ex-vivo human skin cultures, as
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well as large-animal models simulating chronic or ischemic wound conditions, would enable
high-resolution analysis of therapeutic outcomes in more clinically relevant settings.

In parallel with efficacy-oriented modeling, future studies should strengthen safety and
immunogenicity assessment under repeated-application conditions. This is particularly relevant
for microneedle-based platforms and enzyme-containing bioelectronic systems, where
cumulative insertion and potential component exposure may elicit local irritation or delayed
immune responses. Beyond routine histology, longitudinal profiling of local inflammatory
mediators, systemic cytokines, and antigen-specific antibody responses should be considered,
along with biodistribution and clearance analyses of key functional components. Standardized
repeated-dosing protocols in clinically relevant large-animal or ex vivo human skin settings
would help define acceptable use frequency, tolerability, and safety margins for translation.

Building upon the distinct advantages of each system, future work should explore the
design of modular or integrated wound care platforms that combine the phase-specific bioactive
release of BDMs, the programmable adhesion-contraction mechanics of MIBs, and the
autonomous electrical stimulation of SIMNs. Additionally, incorporating sensing may enable
closed-loop control over therapy delivery, pushing these platforms closer to intelligent, patient-
tailored care. On the translational front, personalized design of wound dressings based on
wound geometry, depth, or patient-specific physiological status, potentially supported by
wearable diagnostics or wound imaging, may improve treatment precision and consistency.

In summary, future directions should simultaneously pursue mechanistic precision , safety
robustness, and clinical scalability, ultimately aiming to build smart, adaptive, and effective

wound care systems that dynamically respond to complex tissue environments.
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