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New concept

This work introduces an interface-governed design paradigm for soft piezoelectric materials,
demonstrating that chemically activated interfaces can dominate electromechanical coupling under
ultrasound excitation, rather than acting as passive boundaries between functional layers. Inspired by
biological mechanotransduction, where mechanical signals are processed through hierarchical structures
and heterogeneous interfaces, the study reveals how plasma-engineered interfacial adhesion within a
layered piezoelectric architecture concentrates shear deformation and amplifies piezoelectric response
beyond that of individual components. The resulting interface-driven electromechanical coupling enables
efficient generation and transfer of electrical cues through an extracellular-matrix-mimetic fibrous
surface, promoting effective communication with adherent cells under non-invasive ultrasound
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stimulation. By shifting piezoelectric optimization from bulk composition, filler loading, and crystallinity
toward interfacial chemistry, mechanical coupling, and architectural design, this approach establishes a
general and scalable materials chemistry framework for adaptive, bioinspired electromechanical
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interfaces. The concept is broadly applicable to shear-active piezoelectric polymers and multilayer soft
electronic systems, opening new directions for bioelectronics, regenerative medicine, and dynamic tissue-
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Bioinspired materials frequently derive functionality from hierarchical
organization and chemically active interfaces that mediate the conversion of
mechanical stimuli into biological signals. Emulating such interface-governed
mechanotransduction in synthetic soft matter remains a major challenge for
electromechanical biomaterials. Here, we introduce a hierarchical
piezoelectric polymer architecture in which plasma-engineered interfaces act
that

electromechanical coupling. Two piezoelectric poly(L-lactide) (PLLA) layers

as active functional elements govern  ultrasound-driven
with distinct morphologies—a uniaxially drawn film and an electrospun
fibrous mat—are directly bonded via plasma-assisted surface activation,
enabling morphologically well-integrated and strong interfacial adhesion
without additional adhesive phases. Under ultrasound excitation, mechanical
energy is preferentially concentrated at the chemically activated interface,
generating enhanced shear deformation and a synergistically amplified
piezoelectric response that exceeds the performance of the individual layers.
This interface-dominated electromechanical coupling translates efficiently to
biological systems through an extracellular-matrix-mimetic fibrous surface,
enabling effective transfer of electrically mediated cues to adherent cells.
Ultrasound-activated piezostimulation of human keratinocytes demonstrates
enhanced cell adhesion, proliferation, and cytoskeletal organization. By
establishing chemically programmed interfaces as a new design axis for
electromechanical energy transduction, this work defines a bioinspired
materials chemistry paradigm for adaptive piezoelectric surfaces and
interfaces with broad relevance to bioelectronics, regenerative medicine, and

dynamic tissue engineering.
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New concept

This work introduces an interface-governed design paradigm for soft
piezoelectric materials, demonstrating that chemically activated
interfaces can dominate electromechanical coupling under ultrasound
excitation, rather than acting as passive boundaries between functional
layers. Inspired by biological mechanotransduction, where mechanical
signals are processed through hierarchical structures and heterogeneous
interfaces, the study reveals how plasma-engineered interfacial
adhesion within a layered piezoelectric architecture concentrates shear
deformation and amplifies piezoelectric response beyond that of
individual components. The resulting interface-driven electromechanical
coupling enables efficient generation and transfer of electrical cues
through an extracellular-matrix-mimetic fibrous surface, promoting
effective communication with adherent cells under non-invasive
ultrasound stimulation. By shifting piezoelectric optimization from bulk
composition, filler loading, and crystallinity toward interfacial chemistry,
mechanical coupling, and architectural design, this approach establishes
a general and scalable materials chemistry framework for adaptive,
bioinspired electromechanical interfaces. The concept is broadly
applicable to shear-active piezoelectric polymers and multilayer soft
bioelectronics,

electronic systems, opening new directions for

regenerative medicine, and dynamic tissue-engineering platforms.

Introduction

Bioinspired  materials frequently exploit hierarchical
organization and interfacial coupling to convert mechanical
stimuli into functional biological signals.! In native extracellular
matrices (ECM), mechanical forces are transduced through
multiscale architectures and heterogeneous interfaces,
enabling electrically and chemically mediated regulation of cell
behaviour.2 Replicating such mechano—electrical interactivity in
synthetic materials remains a central challenge for next-
generation bioelectronics and regenerative systems.

Stimuli-responsive biomaterials have therefore attracted
increasing attention as platforms capable of sending, receiving,
and responding to cellular signals, offering new routes for
controlling critical processes such as cell adhesion, migration,
proliferation, and differentiation during tissue regeneration.3=>
Among external stimuli, ultrasound (US) is particularly

attractive due to its non-invasive nature and deep tissue
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Figure 1 The main concept of interactive piezo-PLLA design, is based on: two-layered structure designed to provide

electromechanical coupling which will increase the piezoelectricity and provide enhanced stimuli signal as well as charged and

textured surface for improved cell-material contact, both following enhanced interactivity for efficient transferring the signal to
cells and their response, due to the structure which mimics the charge —driven interactions of cells with ECM fibrous structure

during natural healing.

penetration. US-responsive piezoelectric biomaterials can
convert mechanical deformation into electrical polarization,
enabling contact-mediated stimulation of cells without
implanted electrodes.®’” However, achieving efficient and
biologically relevant signal transduction requires not only
optimized piezoelectric response, but also intimate interfacial
contact between the material and living cells.

Poly(L-lactide) (PLLA) is one of the few biodegradable and
biocompatible polymers exhibiting intrinsic piezoelectricity.8 Its
electromechanical response is strongly governed by
crystallinity, chain orientation, and molecular conformation.®
Owing to its helical chain structure—analogous to that found in
natural macromolecules such as proteins and DNA°—PLLA
exhibits its strongest piezoelectric response under shear
deformation.’12 This characteristic makes PLLA particularly
well suited for US-driven activation, where shear strains
dominate in soft and layered structures.

Existing strategies to enhance PLLA piezoelectricity have
primarily focused on optimizing bulk structure, including
uniaxial drawing, annealing, incorporation of high-aspect-ratio
fillers, and nanostructuring.®13-16 While these approaches can
improve crystallization and chain orientation, they typically
address piezoelectric performance at the level of individual
components. Importantly, they overlook the potential role of
interfacial electromechanical coupling between mechanically
dissimilar but electrically active layers—a principle widely
exploited in natural hierarchical systems,’” yet largely
unexplored in organic piezoelectric materials.

Nanostructuring PLLA into electrospun fibrous networks offers
additional advantages by increasing surface area and mimicking
ECM-like topography, thereby improving cell adhesion and
guidance.'®20 However, nanostructured PLLA surfaces are
inherently hydrophobic, which limits effective cell-material

2| J. Name., 2012, 00, 1-3

contact.?22 Moreover, previously reported multilayer PLLA
systems rely on soft adhesive interlayers, such as
poly(caprolactone), which mechanically decouple the layers
and prevent cooperative electromechanical response.’® As a
result, synergistic piezoelectric enhancement through layer—
layer interaction has not been achieved.

Here, we propose a bioinspired hierarchical piezoelectric
architecture in which a uniaxially drawn PLLA film and an
electrospun fibrous mat are directly bonded via plasma-assisted
surface activation, enabling strong interfacial adhesion without
additional adhesive phases (illustrated in Fig. 1).22> Under
ultrasound excitation, direct coupling of these mechanically
dissimilar layers induces adhesion-mediated electromechanical
coupling, enhancing shear-driven polarization and synergistic
piezoelectric response while simultaneously promoting
efficient signal transfer to cells through a plasma-modified
fibrous biointerface.

In contrast to conventional strategies that enhance
piezoelectricity through bulk crystallinity or
orientation, this work establishes an interface-governed design
paradigm in which chemically activated interfaces act as
primary sites of electromechanical transduction. Inspired by
biological mechanotransduction, this approach defines a
materials chemistry frontier for soft piezoelectric systems,
where emergent functionality arises from architectural and
interfacial design rather than compositional complexity.

molecular

Results and Discussion

By combining piezoelectricity with biodegradability and
biocompatibility, PLLA represents an attractive platform for
interactive bioelectronic materials. However, achieving
effective interactivity in piezo-PLLA systems requires not only

This journal is © The Royal Society of Chemistry 20xx
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optimized piezoelectric performance as the source of electrical
stimulation, but also a surface architecture that enables
intimate and efficient contact with living cells. Considering the
limitations of previously developed piezo-PLLA
morphologies,®?* we designed a bioinspired hierarchical
architecture composed of two directly bonded piezoelectric
layers with distinct morphologies: a smooth, uniaxially drawn
film and a textured electrospun fibrous mat (Fig. 1). This design
mimics charge-driven interactions between cells and the fibrous
extracellular matrix during natural healing, where endogenous
electrical potentials and hierarchical structure play a central
role.?> High-aspect-ratio fillers (hydroxyapatite and bacterial
cellulose nanofibers)!326 were incorporated into both layers to
enhance their intrinsic piezoelectricity, while plasma-assisted
surface activation enabled strong direct adhesion between the
layers. Under ultrasound excitation, this direct interfacial
contact promotes synergistic electromechanical coupling,
generating enhanced shear deformation and amplified
piezoelectric output. The resulting electrical signal is efficiently
transferred to cells through the hydrophilic, plasma-treated
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Surface and interface properties in two-layered structures

A strong and stable interface between the smooth PLLA HAp
films and the PLLA fibrous layers was achieved by plasma-
assisted surface activation followed by mechanical pressing.
Atmospheric-pressure plasma, a cold plasma technique widely
used for biomedical surface modification, enables controlled
tuning of surface chemistry and wettability through the
introduction of polar functional groups.2’-2° Here, this strategy
was exploited to enable direct bonding between two chemically
identical but morphologically distinct PLLA layers that otherwise
show no intrinsic adhesion.

Plasma treatment transformed the PLLA surface from
hydrophobic to hydrophilic, with a morphology-dependent
response. Owing to nanostructuring, electrospun PLLA fibres
were initially more hydrophobic than smooth films (Fig. 2b), but
both surfaces became hydrophilic after plasma activation, with
statistically significant reductions in contact angle (p < 0.001 for
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Figure 2. Surfaces and interface in two-layered PLLA structures. Methylene blue (MB) staining of PLLA BCcwc fibres and PLLA HAp smooth films with and without plasma
treatment (a;-a,); water contact angles at the surface of films and fibres and statistically relevant differences induced by nanostructuring and plasma (b1-bs); XPS spectra of

PLLA surface before and after plasma treatment (c); adhesion between layers following plasma activation, and plasma stability (aging) (d), toward two-layered structure:

surface activation, connecting activated layers and fibers orientation at the top (e), *, **, *** and **** indicate p<0.05, p<0.005, p<0.001 and p<0.0001, respectively.

fibrous top layer, which serves both as an ECM-mimicking

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Crystallization and orientation of two-layer structures: XRD patterns showing phase composition in two-layered structures (a); polarized Raman spectra for
PLLA HAp DR5 film / BCcmc DRS fibres showing molecular orientation (b); SAXS 2D patterns showing orientation of crystalline domains in f PLLA HAp DR5 film, PLLA BCcmc
fibers and co-drawn PLLA HAp DR5 film / BCemc DR5 fibres (c); DSC- determined crystallinity (d); Raman- determined chain orientation (e), *, **and *** indicate p<0.05,

p<0.005 and p<0.001, respectively.

fibres and p < 0.0001 for films). Despite this shift, the intrinsic
difference between films and fibres was preserved, indicating
that nanostructure continues to influence surface wettability
after chemical activation.

Changes in surface chemistry were confirmed by cationic
methylene blue staining®® which revealed a pronounced
increase in anionic functional groups on plasma-treated films
and fibres (Fig. 2a). The enhanced staining of PLLA BCcmc fibres
reflects the combined contribution of plasma-induced oxygen-
containing groups and carboxyl functionalities originating from
carboxymethylated bacterial nanocellulose exposed at the fibre
surface. XPS analysis corroborated these findings, showing an
increased concentration of oxygen-containing species
consistent with COO~ and C-0 groups (Fig. 2c).

This chemically activated interface enabled robust mechanical
adhesion between the two layers upon pressing, whereas no
bonding was observed without plasma pre-treatment (Fig. 2d,

4| J. Name., 2012, 00, 1-3

Fig. S1), and the adhesion remained stable upon plasma aging.
The activated interfacial chemistry (Fig. 2e) therefore plays a
critical role in establishing direct layer—layer contact, which
underpins the electromechanical coupling discussed below.
Beyond improving wettability or adhesion, plasma activation
to program
functionality, enabling mechanical energy concentration and

serves here as a chemical tool interfacial
electromechanical signal amplification at bonded polymer

interfaces.

Crystallinity and chain orientation in two-layered structures

Two-layer architectures were designed with either aligned or
randomly oriented fibrous top layers (Fig. 2e). These consisted
of a uniaxially drawn PLLA HAp film combined with either co-
drawn PLLA BCcmc fibres (PLLA HAp DR5/BCcwvc DR5 fibres) or
non-drawn PLLA BCcmc fibres deposited onto the pre-drawn film
(PLLA HAp DR5/BCcmc fibres). Their structural properties were

This journal is © The Royal Society of Chemistry 20xx
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compared with those of the corresponding single-layer films
and fibrous mats.

Both bilayer architectures predominantly contained the a’-PLLA
phase, with the characteristic diffraction maximum at 16.4° (Fig.
3a). Previous studies have shown that thermal treatment and
uniaxial stretching of semicrystalline PLLA can induce partial
transformation of the a phase into the B phase,3! particularly in
the presence of anisotropic fillers.!®> Consistent with this,
incorporation of a small amount (1 wt%) of high-aspect-ratio
fillers (HAp rods or cellulose nanofibres), combined with co-
drawing of the bilayer, led to the appearance of an additional
diffraction peak at 28.8° in PLLA HAp DR5/BCcmc DRS fibres,
indicating the formation of a B-PLLA phase (Fig. 3a).

DSC -determined crystallinity of PLLA in the drawn PLLA HAp
DRS film was significantly higher than that in electrospun PLLA
BCcmc fibres (p < 0.05, Fig. 3d). In the bilayer systems, co-
drawing of the fibrous layer did not result in statistically
significant changes in overall crystallinity, indicating that the
crystalline contribution is dominated by the bulk film. All
samples exhibited melting temperatures in the narrow range of
182-183 °C, and both single-layer fibres and bilayer structures
showed pronounced cold crystallization relative to the PLLA
HAp film (Fig. S2), suggesting additional crystallization potential
within the fibrous phase.

In contrast to crystallinity, fibre drawing had a pronounced
effect on molecular orientation. SAXS patterns revealed strong
anisotropic orientation in uniaxially drawn PLLA HAp DR5 films,
whereas non-drawn PLLA BCcmc fibres exhibited isotropic
scattering, consistent with randomly oriented crystalline
domains (Fig. 3c). When the film and fibres layers were directly
bonded and co-drawn, a joint directional alighment of
crystalline domains with enhanced long-range order was
observed.

Chain orientation was quantified by polarized Raman
spectroscopy using the intensity ratio of the v(C—COO) band
measured parallel and perpendicular to the drawing direction
(Fig. 3b). As expected, single-layer electrospun fibres showed no
bulk orientation (Fig. 3e). In contrast, co-drawn bilayers (PLLA
HAp DR5/BCcmc DRS5 fibres) exhibited significantly higher overall
PLLA orientation than both single-layer fibres (p < 0.001) and
the drawn PLLA HAp film alone (p < 0.005). Notably, bilayers
prepared by depositing non-drawn fibres onto pre-drawn films
showed no additional increase in orientation compared to the
film alone, indicating that co-drawing is required for fibre
contribution to macromolecular alignment.

Overall, these results demonstrate that strong bond at the
interface following co-drawing fibres on top of the bulk film
enables enhanced PLLA chain orientation in directly bonded
bilayer architectures.

Piezoelectric properties of two-layered structures

Similar to other polymers with a helical chain conformation,
PLLA exhibits dominant shear piezoelectricity.”?> Mechanical
deformation of the films was induced by US stimulation at 80
kHz (low frequency) and 1 MHz (high frequency), the latter also
being relevant for therapeutic ultrasound applications.® The US-

This journal is © The Royal Society of Chemistry 20xx
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activated piezoelectric response was strongly,, freauency
dependent. At 80 kHz, all samples exhibited'ré&battively teWwqséake
to-peak (p—p) voltage outputs, whereas stimulation at 1 MHz
resulted in a significant increase in p—p voltage for all
investigated materials (p < 0.0001; Fig. 4b, Table S1).

For single-layer materials, the uniaxially drawn PLLA HAp DR5
film generated substantially higher p—p voltages than the
electrospun PLLA BCcwmc fibrous mat under both 80 kHz (p <
0.001) and 1 MHz (p < 0.0001) stimulation. This behaviour
correlates well with the higher crystallinity and stronger chain
orientation of PLLA in the drawn film compared with the
randomly oriented electrospun fibres (Fig. 3).

A more pronounced enhancement was observed in the bilayer
architectures, whose piezoelectric responses exceeded those of
both single-layer components and could not be explained solely
by differences in crystallinity or molecular orientation. Despite
the higher orientation in bilayers with co-drawn fibres, both
bilayer configurations exhibited significantly higher p—p
voltages (and respective charge densities, Fig. S3) than the
single-layer film and fibre samples under US activation at both
80 kHz (p < 0.001 and p < 0.005 for bilayers with non-drawn and
drawn fibres, respectively) and 1 MHz (p < 0.0001 for all bilayer
vs. single-layer comparisons) (Fig. 4b,c). These results indicate
the emergence of a synergistic electromechanical response
arising from the joint activation of the directly connected layers.
The possibility of triboelectric signal generation was carefully
evaluated through dedicated control measurements (Fig. S4),
particularly taking into account measuring set up in which
Kapton tape (as tribo- negative layer) is covering PLLA (as tribo-
positive).32 However, as shown in Fig. S4ci3, no measurable
triboelectric response was detected either between the
individual PLLA layers or between the bilayer and Kapton tape
confirming that the voltage output observed under ultrasound
activation originates from the intrinsic piezoelectric response of
the material.

To verify the interfacial enhancement effect, three additional
multilayer structures with different interlayer connections were
designed: strong (plasma-induced), weak (mechanically
pressed) and non-connected (intermediate layer) (Fig. S5). The
measured voltage output followed the interlayer bonding
strength, with the lowest output observed for the sample
containing the intermediate layer, comparable to the individual
layers, as also obtained in recent study when PLLA layers were
separated by electro-inert interlayer,*® confirming that stronger
interfacial bonding induces greater interfacial strain under US-
driven deformation and enhances electromechanical coupling.
To further assess the mechanical stability of the material and
the temporal stability of its voltage output, bilayer samples with
and without electrodes were immersed in liquid and
continuously stimulated with 80kHz US (Fig. S6a). The response
was first evaluated by periodically switching the US on and off
(Fig. 6b, Video 1 and Video 2) and testing signal after increasing
the US power (Video 3), while the one-minute interval over
40min measurement demonstrated stable signal generation

J. Name., 2013, 00, 1-3 | 5
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Figure 4. The piezoresponces in single and two-layered PLLA structures: the main principle of detected electromechanical coupling in directly connected piezoelectric
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p<0.005, p<0.001 and p<0.0001, respectively.

throughout the experiment (Fig. S6c. Video 4), with no evidence
of delamination at the plasma-bonded interface (Fig. S6d).
Because the chemical composition of both layers and their
surfaces prior to bonding was identical, as well as due to the
absence of the coupling in case of bilayer with integrated
interlayer, the observed differences between bilayer
configurations are attributed primarily to differences in
interfacial mechanical coupling. This is reflected in the higher p—
p voltages observed for bilayers with non-drawn fibres
compared to those with co-drawn fibres (p < 0.0001; Fig. 4).
Peel-off measurements confirmed stronger interfacial adhesion
in bilayers with non-drawn fibres, where the plasma-induced
bonding was preserved, whereas co-drawing after plasma
treatment reduced the adhesion strength (Fig. 4d, Fig. S1).

The direct correlation between interfacial adhesion strength
and piezoelectric output demonstrates that strong mechanical
coupling  between layers is critical for efficient
electromechanical interaction. Enhanced adhesion promotes
more effective strain transfer across the interface, thereby
amplifying shear deformation and resulting in a synergistically
increased piezoelectric response under ultrasound activation.

6 | J. Name., 2012, 00, 1-3

The electromechanical coupling observed in these bilayer
architectures is attributed to shear deformation predominantly
generated during ultrasound (US) activation of directly bonded
piezoelectric layers. Numerical modelling has identified shear
strain as the dominant mode of deformation induced by US in
soft, laminar structures typical of flexible electronic systems.33
Consistent with this, ultrasonic techniques are widely used for
non-destructive evaluation of adhesive joints in thermoplastics,
where the interaction of US waves with bonded interfaces is
particularly sensitive to interfacial shear strength and
integrity.343>

In layered materials exhibiting shear piezoelectricity, such as
PLLA, US activation is therefore expected to be especially
effective. However, achieving efficient electromechanical
coupling requires intimate and mechanically robust interfacial
contact. Upon US excitation, mechanical deformation is
transferred toward the interface between layers with dissimilar
mechanical properties. In the present system, the stiffer PLLA
HAp film is bonded to the more compliant PLLA BCcmc fibrous
layer via plasma-induced direct contact. US excitation induces
bending of the bilayer, while differences in mechanical
compliance generate interfacial friction, leading to localized

This journal is © The Royal Society of Chemistry 20xx
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shear strain concentrated at the interface, as predicted
previously.33

When two piezoelectric layers with contrasting mechanical
characteristics are strongly bonded, US activation thus couples
bending deformation with interfacial friction, resulting in
amplified shear strain and synergistic shear piezoelectricity. The
combined effects of mechanical support between layers,
plasma-enabled interfacial adhesion, and efficient shear
deformation under US excitation critically govern the
piezoelectric response of the bilayer structures (Fig. 3a). This
mechanism is clearly reflected in the higher piezoelectric output
of bilayers with non-drawn fibres, which exhibit stronger
interfacial contact, compared to those with co-drawn fibres. In
PLLA HAp DR5/BCcmc fibres, a 26% increase in peak-to-peak
voltage was observed relative to PLLA HAp DR5/BCcmc DR5
fibres, indicating that improved interfacial contact enables

This journal is © The Royal Society of Chemistry 20xx

more effective shear deformation. These results reveal an
interface-dominated electromechanical coupling mechanism,
in which plasma-induced adhesion transforms the interface
from a passive boundary, occurring in case of presence of
electro-neutral interlayer,'® into an active site of US-induced
shear-mediated polarization. Notably, the magnitude of the
piezoelectric response correlates more strongly with interfacial
adhesion strength than with crystallinity or molecular
orientation, underscoring the central role of interface chemistry
in governing electromechanical function.

Furthermore, because the transmission and reflection of US
waves at material interfaces are frequency dependent,3> the
strength of electromechanical coupling and the resulting
piezoelectric response increase with the frequency of US
activation, consistent with the experimentally observed
enhancement at 1 MHz.

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6mh00147e

Open Access Article. Published on 01 April 2026. Downloaded on 4/2/2026 3:48:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Materials-Horizons

Morphology of two-layered structures

SEM examination of layered structure revealed distinct and
well-defined morphologies. As described above, during
fabrication the surface of the bulk film and the surface of the
electrospun fibre mat—intended to form the interface—were
first treated with atmospheric plasma and subsequently
mechanically pressed to ensure intimate interfacial contact.
This process enabled effective integration of the two
morphologically different layers (Fig.5a1). Initial, adhesion- free
structure contains morphologically well-integrated layers,
obtained after plasma pre-treatment (Figure 5a;, Fig. S7). To
enable detailed inspection of the individual layers and their
interface, partial delamination was intentionally introduced, as
indicated in Fig. 5a;.

Cross-sectional SEM images clearly show two distinct layers: a
smooth bottom bulk film and a top layer composed of sub-
micrometre-thick fibres (Fig. 5a,). The bottom film exhibits an
internal layered structure, arising from the presence of a filler
during  uniaxial drawing, consistent with  previous
observations.!? The fibrous top layer shows partial fibre fusion,
which is most likely a consequence of mechanical pressing
during the lamination process.

Top-view SEM analysis further highlights pronounced
morphological differences depending on the drawing protocol.
In the PLLA HAp DRS film/BCcmc DR5 fibres system, where fibres
were uniaxially drawn together with the film, a clear
preferential fibre alignment along the drawing direction is
observed. In contrast, for the PLLA HAp DR5 film/BCcmc fibres
system—where fibres were deposited onto an already drawn
film—the fibres exhibit a random orientation (Fig. S8).

Beyond modifying surface chemistry, plasma treatment is
known to influence surface morphology, including roughness
and porosity.?° Fibres that were not plasma-treated exhibit
lower porosity and smaller pore sizes (Fig. 5bi and 5by),
characteristic of solvent-induced porosity commonly formed
during electrospinning. In this process, rapid evaporation of a
highly volatile solvent from the polymer jet leads to the
formation of porous fibres. In contrast, fibres subjected to
additional plasma treatment display increased porosity and
larger pore sizes (Fig. 5¢c1 and c2), indicating plasma-induced
surface modification.

Materials with finer microstructures3® and enhanced porosity3’
are widely reported to promote improved cell attachment, as
surface roughness facilitates cell adhesion and spreading.
Moreover, the introduction of internal closed porosity within
piezoelectric polymer fibres may positively influence their
electromechanical performance by reducing relative
permittivity.3® However, excessive porosity can adversely affect
macroscopic  polarization and compromise mechanical
integrity.3® In the present system, plasma-induced
morphological changes are largely confined to the fibre surface,
while the fibre bulk remains free of open pores. Consequently,
mechanical stability remains sufficient to withstand ultrasound-
induced deformation, and no significant degradation of
piezoelectric performance due to plasma-induced porosity was

8| J. Name., 2012, 00, 1-3

detected. In contrast, the influence of smaller, solyent-induged
pores is expected to be more pronounce @ OVErEIEodehieviRgdh
optimal balance between surface porosity for enhanced cell—
material interactions and minimal open porosity for preserved
piezoelectric functionality is essential for maximizing material
performance.

Interactivity of two-layered structures: HaCaT cell adhesion
and piezostimulated growth

Cellular responses are used as a functional readout of interface-
mediated electromechanical coupling and signal transfer
efficiency. Plasma treatment increased surface polarity and
wettability, transforming hydrophobic PLLA surfaces into
hydrophilic ones (Fig. 2), while simultaneously inducing
morphological changes in the fibrous layer, including increased
surface roughness and porosity (Fig. 5). Together, these
chemical and topographical modifications enhanced material
interactivity, beginning with cell-surface attachment (Fig. 6a).
Plasma-treated fibrous substrates showed significantly
adhesion compared to untreated
counterparts (p < 0.05; Fig. 6b). Even without plasma activation,
cells preferentially adhered to fibrous surfaces over smooth
films, reflecting the higher surface area and favourable
topography of the fibrous morphology. Plasma treatment
further amplified this effect (p < 0.005), consistent with
increased hydrophilicity, higher densities of anionic functional
groups, and tailored surface roughness (Fig. 5).

Comparative analysis of plasma-treated single- and two-layered
structures revealed a clear advantage of hierarchical
(Fig. 6c). Two-layered materials supported
significantly higher cell adhesion than single-morphology
substrates, with the PLLA HAp DR5/BCcwmc fibres system showing
the strongest enhancement (p < 0.001). Notably, randomly
oriented fibres at the surface promoted greater cell adhesion
than uniaxially aligned fibres, indicating a cellular preference for
isotropic, ECM-like architectures.

To evaluate piezostimulation, cells adhered to the materials
were exposed to ultrasound (US) at 80 kHz or 1 MHz. US
activation promoted cell proliferation relative to non-
stimulated controls (Fig. 6d), with the strongest effect observed
for PLLA HAp DR5/BCcmc fibres, which also exhibited the highest
piezoelectric output (Fig. 4). However, no significant difference
was observed between 80 kHz and 1 MHz stimulation,
suggesting a possible saturation of the proliferative response.
Under 1 MHz stimulation, proliferation on this two-layered
material was significantly higher than on single-layer PLLA HAp
DRS5 films (p < 0.005) and PLLA BCcwmc fibres (p < 0.05), consistent
with frequency-dependent enhancement of electromechanical
coupling.

In contrast, the PLLA HAp DR5/BCcmc DR5 system with uniaxially
aligned fibres did not show increased proliferation upon US
activation, despite high baseline cell growth. This behaviour is
attributed to reduced interfacial adhesion and weaker
electromechanical coupling, resulting in lower piezoelectric
output (Fig. 4), in agreement with previous reports on oriented
piezoelectric PLLA systems. Importantly, plasma-activated

increased HaCaT cell

architectures

This journal is © The Royal Society of Chemistry 20xx
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interlayer adhesion remained stable under prolonged aqueous
exposure and repeated US stimulation (as confirmed with cross
section investigation (Fig. S9)), preventing delamination under
dynamic loading conditions.
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Figure 6 Interactivity of two-layered films and ultrasound stimulated HaCaT cells growth. Toward effective interactions between materials surface and cells: 1-
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HAp DR5 / BCemc fibres DR5) materials (c), proliferation of cells at the surface of all

single- and two- morphology materials without and with activation using 80kHz or 1MHz US (d), n=3-9, *, **, ¥** and **** indicate p<0.05, p<0.005, p<0.001 and

p<0.0001, respectively.

Testing controls confirmed no significant increase in cell
proliferation observed when cultured on standard tissue culture
plate without piezoelectric material or on non-piezoelectric
material (Fig. S10), indicating that US alone did not drive the
cellular response. Temperature changes during stimulation
remained within physiologically relevant limits, as previously
reported,? indicating that the observed effects are unlikely to
originate from thermal mechanisms and are primarily
attributed to electromechanical coupling induced by
ultrasound-driven deformation of the piezoelectric layers.

Cytoskeletal organization and morphological response to
piezostimulation

Differences in piezoelectric response and cell proliferation were
reflected in cytoskeletal organization. US stimulation enhanced

actin filament formation on all PLLA substrates, with a

This journal is © The Royal Society of Chemistry 20xx

Please do not a

featuring randomly oriented fibres (p < 0.001), consistent with
their superior electromechanical performance. The significant
difference relative to 80kHz indicates that actin filament
organization appears to be more sensitive to the magnitude of
the generated electrical stimulus, consistent with the
established role of actin as a biological force sensor,* while cell
proliferation is primarily governed by mechanical stimuli
transmitted from the ultrasound-deformed bilayer to the cells
growing on its surface (Fig. S11).Cells on two-layered fibrous
structures (Fig. 7b) exhibited increased filopodia density and
enhanced cell—cell connectivity compared to single-layer
fibrous mats (Fig. S12 and S13), indicating more efficient signal
transfer at the cell-material interface. Fibre orientation further
modulated cell morphology: uniaxially aligned fibres induced
directional cell elongation and actin alignment, particularly
under US stimulation, whereas randomly oriented fibres

J. Name., 2013, 00, 1-3 | 9
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promoted isotropic spreading, infiltration into the fibrous biointerface. The resulting output voltages remain withinthe
network, and three-dimensional anchoring (Fig. 7c). physiological range relevant for wouR@! KealitgPeMH0RHile
Unlike previously reported oriented piezoelectric PLLA systems enabling efficient transfer of electromechanical signals to cells
that primarily promoted directional migration,® the present both at the surface and within the scaffold bulk.

two-layered architectures combine enhanced adhesion, Taken together, this work introduces a multilayer, architecture-
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Figure 7. Interactivity of two-layered films and effect to HaCaT cells cytoskeleton. Quantification of actin filaments in cells at the surface of films following activation
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by US (80kHz or 1MHz) (a), actin formation in stimulated cells in single- and two- layered PLLA fibrous structures (b), cell morphology and actin filaments in cells
stimulated at the surface of PLLA HAp DRS5 film / BCcwmc DR5 fibers (orientated fibers, orientated cells) and PLLA HAp DR5 film / BCewc fibers (non-orientated fibers, non-
orientated cells) without ultrasound (No US), and with 80kHz and 1MHz ultrasound stimulation (c), * and ** indicate p<0.05 and p<0.005, respectively.

proliferation, and infiltration. This multifunctional response driven design paradigm for piezoelectric biomaterials, in which
arises from interface-governed electromechanical coupling direct interlayer coupling enables synergistic control of
under US activation combined with an ECM-mimetic fibrous electromechanical response and biological interactivity. By
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integrating ultrasound-amplified electromechanical coupling
with a bioinspired, ECM-mimetic fibrous surface, the two-
layered PLLA scaffolds overcome a central limitation of earlier
piezoelectric systems—the separation of directional cell
guidance from proliferative stimulation. The resulting materials
operate within physiologically relevant electric potential ranges
while enabling efficient transfer of electromechanical signals to
cells both at the surface and within the scaffold bulk.
Importantly, this amplification strategy arises from structural
design rather than filler loading, rendering it broadly applicable
to other piezoelectric polymers and composite architectures.
Beyond wound healing, mechanically activated multilayer
piezoelectric scaffolds of this type define a promising frontier
for regenerative medicine, dynamic tissue models, and
electroactive biomaterial design, where hierarchical structure,
spatially resolved stimulation, and biological function must be
simultaneously orchestrated.

Although demonstrated here using PLLA, the proposed
interface-governed electromechanical coupling mechanism is
broadly applicable to other shear-active piezoelectric polymers
and multilayer soft electronic systems. Plasma treatment
represents one of several possible interfacial chemistries
capable of enabling this effect, highlighting the general
relevance of chemically programmed interfaces as functional
elements in bioinspired electromechanical materials.

Conclusions

Direct coupling of piezoelectric PLLA layers enabled by plasma
surface  modification induces efficient electromechanical
coupling under ultrasound activation and represents a practical
and versatile strategy for tailoring the piezoelectric response of
this polymer. The generated electromechanical stimuli are
effectively transferred to cells adhered to plasma-modified
surfaces, particularly in architectures featuring a porous fibrous
top layer that closely mimics the microstructure of the
extracellular matrix. By combining enhanced piezoelectric
activation with bioinspired surface design, the proposed
multilayer approach provides an effective route to tailoring the
interactivity of piezoelectric biomaterials, with strong potential
for future applications in bioelectronics, regenerative medicine,
and tissue engineering. More broadly, this work positions
chemically engineered interfaces as a new design axis for
electromechanical materials, where function emerges from
interfacial coupling rather than bulk optimization—mirroring
the interface-centric logic of biological mechanotransduction.
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