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ABSTRACT
Bio-proteins with intrinsic piezoelectricity are highly promising for bioelectronics due to their tunable conformations,
biocompatibility, and biodegradability. However, their practical applications are severely constrained by difficulties in regulating
piezoelectric domains and inherent mechanical brittleness. In this study, we propose a small-molecule dual-amplifier strategy to
achieve high performance piezoelectric biomaterials. By introducing a dopamine-mediated modulation approach, a silk fibroin-
based film with an enhanced piezoelectric coefficient of up to 12.7 pC N−1 is obtained. This performance boost is attributed
to a dual mechanism: the dopamine-induced promotion of β-sheet formation in silk fibroin, which strengthens its intrinsic
piezoelectricity, and the synergistic contribution of piezoelectric dipole moments from dopamine. In addition, the film exhibits
superior mechanical robustness and flexibility, tunable stability in aqueous environments, as well as excellent in vitro/vivo
biocompatibility. When applied to the sensing of temporomandibular joint motion and oral occlusal contact patterns, the resulting
sensors demonstrate high sensitivity and long-term stability. Furthermore, the generated voltage signals can be effectively encoded
and converted into digital information, facilitating data processing and analysis. These results demonstrate small-molecule
modulation represents a reliable approach for enhancing the piezoelectricity of structurally complex proteins, offering a simple
and innovative pathway toward the development of high-performance bio-piezoelectric materials for digital healthcare.
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Introduction

io-piezoelectric materials have attracted considerable interest
wing to their favorable biocompatibility, biodegradability and
bundant availability [1, 2]. Most importantly, owing to their
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naturally diverse conformations, some biomaterials (e.g., amino
acids, peptides, and proteins) exhibit high intrinsic piezoelectric
potential [3, 4]. For instance, glycine has a predicted piezoelec-
tric coefficient of up to 178 pm/V, while silk fibroin (SF) and
some other biomolecules are also predicted to exhibit strong
lligence technologies or similar technologies.
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iezoelectric responses, highlighting their great potential for
pplications in biosensing [5–7]. However, the difficulties in
ontrolling their molecular conformations and regulating the
iezoelectric phase, often result in weak or unstable piezo-
lectric performance [8, 9]. In addition, inherent mechanical
imitations—such as excessive brittleness, lack of elasticity, or
nsufficient mechanical strength—further hinder their imple-
entation in biomedical applications [10, 11].

mong the various bio-piezoelectric materials investigated, SF
as attracted particular attention in the biomedical field due
o its controllable β-sheet content, piezoelectricity, mechani-
al performance and biodegradation rate, as well as favorable
iocompatibility [12–15]. Nevertheless, practical applications of
F remain constrained by issues such as unstable piezoelec-
ric performance, pronounced brittleness, and complex fabri-
ation processes, which limit its broader implementation in
ioelectronic applications [16–18]. Recently, small molecules
ave attracted growing interest for their role in modulating
he structural configurations of biomaterials. Through various
ovalent or noncovalent interactions, these small molecules
an induce ordered arrangements of crystalline phases or
rganic polymer chains, thereby influencing their functional
roperties [19, 20]. Among these molecules, mussel-inspired
opamine hydrochloride (DA) exhibits remarkable chemical
ersatility and broad interfacial affinity owing to its catechol
roups [21–23]. This allows it to play a key role in promot-
ng the formation and alignment of piezoelectric crystalline
hases [24, 25], suggesting its potential utility in regulating the
iezoelectric performance of biomaterials via conformational
ontrol.

his study proposes a dual-functional small-molecule strategy
o regulate the piezoelectric properties of SF films (Scheme 1).
y introducing DA to structurally regulate the SF matrix, a
ual amplification of the piezoelectric effect is achieved. On the
ne hand, DA promotes the formation of β‑sheet and enhances
rystallinity, thereby optimizing and stabilizing the piezoelectric
onformation of SF and significantly improving its piezoelectric
erformance. On the other hand, DA itself possesses a con-
iderable dipole moment and intrinsic piezoelectricity. Under
xternal stress, it synergistically responds with the dipoles of
F, leading to an enhanced overall piezoelectric responsive-
ess of the composite DA/SF film. Benefiting from this dual
nhancement mechanism, the fabricated DA/SF film exhibits a
iezoelectric coefficient (d33) of up to 12.7 pC/N, surpassing that
f most previously reported bio‑piezoelectric films. Moreover,
he introduction of DA improves the toughness of SF film by
ncreasing both tensile strength and elongation at break. These
echanical adaptations make the film suitable for detecting
ubtle joint movements and withstanding cyclic loading. The
A/SF films demonstrate excellent sensitivity and stability in
onitoring temporomandibular joint activity and occlusal con-
act patterns duringmastication. The acquiredwaveformdata can
e converted and encoded into digital information, laying a solid
oundation for its potential integration into intelligent healthcare
ystems. Finally, the film exhibits tunable stability in aqueous
nvironments, along with favorable in vitro and in vivo biocom-
atibility, demonstrating its strong potential for applications in
ustainable bioelectronics. Overall, this work provides a simple,
ffective, and environmentally friendly strategy for improving
of 17
bio-piezoelectric films, which is expected to facilitate their future
application in biosensing and implantable electronics.

2 Results and Discussion

2.1 Characterization of DA/SF Films

SF is a biomaterial possessing complex hierarchical structure,
which mainly exists in two conformation types: silk I, composed
mainly of random coils, α-helices, β-turns and side chains; and
silk II, dominated by anti-parallel β-sheet nanocrystals stabilized
via hydrogen bonding [26, 27]. Current research points out
that piezoelectricity of SF is closely correlated with β-sheet
crystallinity and crystalline orientation [28]. In addition, DA
exhibits considerable potential in regulating the formation and
alignment of piezoelectric phases [24]. Therefore, the incorpo-
ration of DA into SF films is expected to significantly influence
their piezoelectric properties, motivating the synthesis of DF/SF
composite films. Figure 1A illustrates fabrication process of
DA/SF films. Regenerated SF (RSF) solutions were prepared
according to the reported protocols [29], while DA was dissolved
separately in Tris buffer. Then the DA solution and RSF solution
were mixed in different ratios (0:10, 1:10, 2:10, 3:10, and 4:10,
corresponding to PSF, 1DSF, 2DSF, 3DSF and 4DSF). The obtained
homogeneous mixtures were cast on petri dishes, and films were
formed through slow solvent evaporation at room temperature.
This straightforwardmethod does not require complex processing
steps or advanced instruments, offering advantages in terms of
time efficiency, environmental friendliness, and scalability for
mass production.

As displayed in Figures 1B and S1, both PSF and 2DSF films
showhigh optical transparency. TheDA/SF films present a brown
appearance due to the incorporation of DA. In the wavelength
range of 400–800 nm, the UV–visible (vis) transmittance of PSF
and DA/SF films is 75%–85% and 45%–65%, respectively, which is
beneficial for observing underlying skin tissue states in biosens-
ing applications. In addition, the DA/SF films exhibit excellent
elasticity, flexibility, and deformability (Figure 1B). Tensile stress-
strain tests (Figure 1C) demonstrate that the mechanical prop-
erties of DA/SF films vary with DA content. Specifically, as the
DA concentration increases, the elongation at break initially
increases and then decreases, while the tensile strength and
Young’s modulus display a fluctuating trend characterized by
alternating decreases and increases. The 2DSF film exhibits
the most balanced overall mechanical performance among all
DA-containing groups. Compared with PSF films, this 2DSF
film shows enhanced tensile strength and elongation at break,
accompanied by a slightly reduced Young’s modulus, indicating
improved deformation compliance. Suchmechanical adaptability
is particularly beneficial for flexible sensing applications, which
can realize conformal contact with skin or muscle tissues and
effectively catch physiological deformations. It should be noted
that the mechanical properties of the DA/SF films exhibited a
non-monotonic dependence on DA concentration. This behavior
may be attributed to the significant influence of DA concentration
on the hydrogen-bonding interactions between SF and DA, as
well as on the contact area between SF and polar solvents,
thereby inducing conformational changes in SF and consequently
affecting its mechanical properties (Figures S2–S5; Notes S1 and
Advanced Materials, 2026
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SCHEME 1 Schematic illustration of the small-molecule dual-amplifier strategy for fabricating enhanced SF-based piezoelectrics.
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2). Furthermore, Atomic force microscope (AFM) indicates that
he films present smooth and uniform surfaces, along with low
anoscale roughness (Figure 1D). Scanning electron microscopy
SEM) and energy-dispersive x-ray spectroscopy (EDS) analyses
Figure 1E) indicate that SF-based films possess uniform surface
nd cross sectional structures. In DA/SF films, chlorine elements
hich act as markers of DA are evenly spread on whole surface
nd cross section, thus confirming uniform incorporation of DA
nside SF matrix.

s a protein-based film, the properties of DA/SF are closely
elated to its microstructure. Fourier-transform infrared (FTIR)
pectra (Figures 1F and S6A) of the various SF films present that
ll samples exhibit a prominent absorption band in the amide I
egion (1600–1700 cm−1), which originates from the C═O stretch-
ng vibration of amide groups, along with the amide II band at
500–1600 cm−1 arising from N─H bending and C─N stretching
ibrations, and the amide III band at 1200–1300 cm−1 associated
ith N–H bending vibrations [30]. With the incorporation of DA,
etectable changes in intensity and peak shifts were observed in
he amide I band (1620–1650 cm−1), indicating significant struc-
ural alterations in the SF films. To further quantitatively analyze
he secondary structure of all samples, the amide I bands were
ubjected to fourier self-deconvolution and second-derivative
eak fitting (Figures 1G,H and S6B,C). Absorption peaks located
t 1610–1635 cm−1 and 1690–1705 cm−1 correspond to β-sheet
tructures, those at 1635–1665 cm−1 are attributed to α-helices
nd random coils, and peaks at 1665–1690 cm−1 are assigned
o β-turns [31]. Based on these assignments, statistical analysis
eveals that the β-sheet content in 2DSF and 3DSF films (46%
nd 45%) increases markedly compared with PSF films (34%).
n contrast, PSF and 1DSF films show higher percentages of α-
dvanced Materials, 2026
helix and random coil structures (58% and 58%), while 4DSF films
show an increased β-turn content (22%). The non-monotonic
variation of SF secondary structure with DA concentration can
be explained by concentration-dependent intermolecular inter-
actions. MD simulations and differential FTIR spectral analysis
showed that intermediate DA concentrations promote effective
noncovalent interactions with SF, facilitating the formation of
ordered and compact structures, consistent with the higher β-
sheet content in the 2DSF and 3DSF groups (Figures S3 and
S4; Figure 1G). At low DA concentrations, insufficient DA–SF
interactions fail to induce ordered SF structures, resulting in
lower β-sheet content in 1DSF (Figures S3 and S4; Figure 1G).
In contrast, excessive DA promotes self-associated hydrogen
bonding amongDAmolecules, reducing the effective interactions
required for SF crosslinking and β-sheet formation, as reflected
by the lower β-sheet content in 4DSF (Figures S3–S5 and 1G).
These results support that an appropriate DA/SF ratio is essential
for simultaneously optimizing SF structural organization and
mechanical performance [19, 24].

The x-ray diffraction (XRD) patterns (Figure 1I) display that
SF films of all groups present wide diffraction characteristics
within the 2θ scope of 10◦–20◦, and a characteristic peak stand
at 2θ = 20◦–22◦. Variations in peak width among different
samples indicate differences in their crystalline structures. The
crystallinity was further quantified via the integration of areas
under the diffraction curves (Figure S7). The results (Figure 1J)
indicate that with the increase of DA content, the crystallinity of
the films initially increases and then decreases. The 2DSF film
shows a moderate crystallinity (21.3%), which is still significantly
higher than that of PSF (13.1%). Notably, crystallinity did not
exhibit the same trend as β-sheet content. This discrepancy arises
3 of 17
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FIGURE 1 Characterization of DA/SF films. (A) A schematic illustration depicts the fabrication procedure of DA/SF films. (B) Representative
photographs demonstrate the transparency and flexibility of the DA/SF films. (C) Tensile strength, elongation at break, and Young’s modulus of SF films
incorporating different DA contents. DA solution: RSF solution = 0:10 (PSF), 1:10 (1DSF), 2:10 (2DSF), 3:10 (3DSF), and 4:10 (4DSF). (D) AFM images
reveal the surface microtopography of PSF and 2DSF films. (E) Cross sectional SEM images (top) together with the corresponding EDS elemental
mapping (bottom) illustrate the internal morphology of the SF films and the spatial distribution of Cl. (F) FTIR spectra collected in the range of 1100–
1800 cm−1 display the characteristic amide I–III bands of different SF films. (G) The relative contents of secondary conformations in various SF films
are summarized based on spectral deconvolution. (H) Detailed analysis of the amide I region in the FTIR spectra elucidates the secondary structural
distribution of 2DSF, where β-sheet structures are identified at 1610–1635 cm−1 and 1690–1705 cm−1, random coils and α-helices at 1635–1665 cm−1,
and β-turns at 1665–1690 cm−1. (I–J) XRD patterns of different SF films, along with the corresponding quantitative crystallinity analysis, highlight the
DA-dependent crystalline evolution. (K) WAXS results present the crystalline quality of PSF and 2DSF films.

4 of 17 Advanced Materials, 2026
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ecause crystallinity depends not only on the β-sheet fraction but
lso on crystallite size, molecular packing regularity, and long-
ange structural ordering [26, 32–34]. As shown in Figure 1G,J,
DSF exhibited higher crystallinity than PSF despite their similar
-sheet contents, which may be attributed to its larger crystallite
ize (Figure S8). In addition, wide-angle x-ray scattering (WAXS)
esults demonstrate that the crystalline quality of PSF films was
uperior than that of 2DSF films (Figure 1K). These results indi-
ate that DA incorporation causes notable changes to the β-sheet
ontent and crystallinity of SF. These structural modifications
re probably the key factors that control the observed changes in
acroscopic properties of the films.

.2 Piezoelectric Performance of DA/SF Films

he macroscopic ferroelectric behavior was evaluated by mea-
uring the polarization–electric (P–E) field hysteresis loops of
F films with different DA concentrations. As Figure 2A illus-
rates, 2DSF film exhibits pronounced polarization and superior
erroelectric characteristics, which is closely related to the well-
ligned orientation of piezoelectric domains inside the film,
hereby confirming its favorable piezoelectric behavior. The
ielectric property test (Figures 2B and S9) indicates that the PSF,
DSF and 2DSF films exhibit relatively low dielectric constants
<4.5) and dielectric loss, which is beneficial for achieving
igher piezoelectric voltage output [35]. In contrast, the dielectric
onstants (>6) and dielectric loss of the 3DSF and 4DSF films
ncrease markedly, whichmay adversely affect the voltage output
erformance of the films [36]. Quasistatic d33 measurements
Figures 2C and S10–S14) further reveal that the d33 of the
ilms initially increases and then decreases with increasing DA
ontent, and Notably, the 2DSF film achieves a maximum d33
alue of 12.7 pCN−1, surpassing those of most previously reported
iopiezoelectric films, including γ-glycine/PVA (10.4 pC N−1)
37], silk nanoribbons (7.7 pm V−1) [11], β-glycine/PDMS (5.7 pC
−1) [24], and DL-alanine/PDMS (4.8 pC N−1) [38]. Relative to
ecently reported piezoelectric SF-based materials, the DA/SF
ilms developed in this study offer a compelling combination
f high piezoelectric output, facile fabrication, and reduced
ime and energy requirements, highlighting their potential for
calable and sustainable applications [7, 9, 11, 14, 30, 39] (Table
1). In addition, although commonly used methanol or ethanol
reatments can promote β-sheet formation, they significantly
ncrease the brittleness of SF films without markedly improving
heir piezoelectric performance (Figures S15–S18). In contrast, DA
ncorporation enhances SF piezoelectricity while better preserv-
ng film flexibility. Furthermore, temperature-dependent stability
ests showed that the DA/SF films maintained a d33 value above
2.3 pC/N within the physiological temperature range of 20◦C–
0◦C (Figure S19). Even at an elevated temperature of 70◦C,
he d33 value remained higher than 6 pC/N, indicating that
he DA/SF films retain considerable piezoelectricity under both
hysiological and relatively harsh thermal conditions [40, 41].
hese results provide compelling evidence for the effectiveness
f DA incorporation in enhancing the piezoelectric performance
f SF films.

he microscopic piezoelectric performance of the samples
as investigated using piezoresponse force microscopy (PFM).
igure 2D–I presents the PFM out-of-plane (OOP) amplitude
dvanced Materials, 2026
mappings, PFM-OOP phase mappings, and the corresponding
quantitative phase distributions of the PSF, 2DSF, and 3DSF
films, respectively. Specifically, the three-dimensional (3D) PFM-
OOP amplitude morphology of the PSF film exhibits a dispersed
and highly nonuniform piezoelectric response (Figure 2D). The
corresponding PFM-OOP phase mapping and phase histogram
(Figure 2G) reveal a heterogeneous phase distribution with pro-
nounced opposing phases, indicating inconsistent piezoelectric
domain alignment directions within the film. Such disordered
domain orientations may lead to mutual cancellation of piezo-
electric vectors along different directions, thereby weakening
the overall OOP piezoelectric performance of the film [42–
44]. In contrast, the 2DSF and 3DSF films display relatively
uniform piezoelectric responses in their 3D PFM-OOP amplitude
morphologies (Figure 2E,F). Moreover, the PFM-OOP phase
mappings and phase histograms (Figure 2H,I) show homo-
geneous phase distributions with minimal phase opposition,
suggesting a high degree of consistency in local piezoelectric
domain alignment.

Furthermore, ferroelectric hysteresis loop measurements were
carried out. For the PSF film, no characteristic butterfly-shaped
amplitude loops were observed (Figure 2J), indicating its weak
ferroelectric behavior. In contrast, the 2DSF films exhibit well-
defined butterfly-shaped amplitude loops accompanied by an
approximately 180◦ phase shift at the point of minimum ampli-
tude, demonstrating pronounced ferroelectricity (Figure 2K).
Furthermore, analysis of the PFM data yielded an inverse piezo-
electric coefficient of up to 35 pm/V for the 2DSF films. Although
the amplitude loops of the 3DSF films are less distinct and
characteristic than those of the 2DSF films, they still indicate
evident ferroelectric behavior (Figure 2L). By integrating both
macroscopic and microscopic characterization results, the 2DSF
films are identified as exhibiting the most superior ferroelectric
and piezoelectric properties. These findings further validate the
feasibility of employing small molecules such as DA to enhance
the piezoelectricity of biomaterials with complex hierarchical
structures.

2.3 Mechanism of DA on SF Biofilm
Piezoelectric Performance

Based on the widely accepted polar stacking of antiparallel β-
sheets in SF [26, 45], molecular models of polypeptide double
chains with four distinct relative configurations (antiparallel,
close approach, register shift 1, and register shift 2) were
constructed (Figure S20), and calculations based on density func-
tional theory (DFT) were subsequently performed. As Figure 3A–
D shows, negative charges are strongly constructed around the
O and N atoms due to their high electronegativity. This leads
to dense charge density contour lines, which are an indication
that electron density decays rapidly from atomic centers to
surrounding regions. On the contrary, the C and H atoms in
the hydrocarbon backbone have lower electronegativity, which
causes more delocalized electron clouds and sparser contour
lines. This situation shows a more gradual change in electron
density. Therefore, when polypeptide chains take an antiparallel
configuration, charge density is mainly gathered around the N
atoms andOatoms at the edges of the two chains (Figure 3A).One
end of each chain shows a slightly higher charge density than the
5 of 17
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FIGURE 2 Piezoelectric performance of DA/SF films. (A) P–E hysteresis loops reveal the ferroelectric characteristics of different SF films.
(B) Relative permittivity of the SF-based films. (C) Results of the d33 measurement of various SF films. (D–L) PFM results illustrate nanoscale
electromechanical responses across the SF films, including OOP amplitude maps (D–F), OOP phase maps (G–I), corresponding phase histograms (the
inset at the upper-right corner of the phase maps), and ferroelectric hysteresis loops (J–L) for PSF films (D, G, J), 2DSF films (E, H, K), and 3DSF films
(F, I, L).
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ther end, and weak interchain interaction exists. This structural
symmetry and nonuniform charge density distribution finally
ause a net dipole moment (4.61 D) for the two-chain system
long the Y axis, with a deviation angle of 27.74◦ (Figure 3E).
hen the two polypeptide chains move close to each other,
harge density of one chain becomes mainly distributed along
of 17
the extended backbone, while that of the other chain is mainly
localized at terminal regions (Figure 3B). At the same time,
interchain interaction is strengthened. This may increase the
overall symmetry of the charge density distribution of the two-
chain system, thus partially compensating for the asymmetry
that comes from individual chains. Hence, the system forms a
Advanced Materials, 2026
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FIGURE 3 Mechanism of DA in enhancing the piezoelectric performance of SF bio-films. (A–D) Four molecular models were constructed based
on the anti-parallel arrangement of repetitive polypeptide chains in the β-sheet structure of SF. The charge density distribution (upper panels) and
contour plots of charge density (lower panels) for each model are presented. (E–H) Computed molecular dipoles (green arrows) of the four models,
including the antiparallel (E), close approach (F), register shift 1 (G), and register shift 2 (H). (I) Molecular structure of the acquired DA single crystal. (J)
Contour plots of charge density (left), charge density distribution (upper right), and calculated dipoles (lower right) for DA. (K) The d33 measurement of
DA/PDMS film (upper panel), and the magnified view of the surface morphology (lower panel). (L–O) PFM detection of the DA/PDMS film. The results
include OOP amplitude mapping (L), OOP phase mapping (M), phase histogram (N), and ferroelectric hysteresis loop (O) for the film.
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ipole moment (4.83 D) which is slightly larger than that of
he antiparallel configuration, oriented along the X axis with a
eviation angle of 26.85◦ (Figure 3F).

hen longitudinal relative slippage takes place between the two
ntiparallel chains, great changes of electron cloud distribution
dvanced Materials, 2026
can be observed. In slip configuration 1 (register shift 1), spatial
separation between amido groups on the two antiparallel chains
becomes larger, thereby exacerbating the nonuniformity of the
charge density distribution (Figure 3C).Moreover, because amido
groups at the chain edges are inherently oriented at a certain
angle, the increased slip distance amplifies the overall structural
7 of 17
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symmetry of the two-chain system. Consequently, the net dipole
oment is significantly enhanced, reaching 7.60 D and oriented
long the X axis with a deviation angle of 43.72◦ (Figure 3G).
n slip configuration II (register shift 2), both the distance and
ngular mismatch between the amido groups on the antiparallel
hains increase, leading to further asymmetry in charge density
istribution (Figure 3D). Under this configuration, the system
enerates a dipole moment of 11.29 D along the X axis with a
eviation angle of 39.33◦, representing the largest dipole moment
mong all the considered configurations (Figure 3H).

he above results indicate that the repetitive polypeptide
equences within the β-sheet structures of SF exhibit asymmetric
tructures and non-zero dipolemoments atmultiple relative posi-
ions, which may constitute an important origin of the intrinsic
iezoelectricity of SF. According to previous research, the piezo-
lectric performance of SF is related to the β-sheet crystallinity
nd crystalline orientation [28, 30]. The former reflects the
raction of structures in SF that can contribute dipole moments
o the macroscopic piezoelectric response, while the latter deter-
ines whether these non-zero dipole moments can be aligned
nd superimposed in the same direction rather than oriented
andomly andmutually canceled [5, 28, 46, 47]. Therefore, simply
ncreasing the β-sheet content without considering crystalline
rientation does not lead to a significant improvement in the
iezoelectricity of SF. As shown in Figure 1G,J, the incorporation
f DA increases the β-sheet content in SF; however, Figure 1K
emonstrates that DA does not improve the orientation of the
rystalline domains in SF. Accordingly, we speculate that the
nhancement of the piezoelectric performance of SF arises from
dditional factors, particularly the intrinsic piezoelectricity of DA
tself. Therefore, theoretical and experimental investigationswere
urther conducted to verify the piezoelectric properties of DA.

pecifically, commercially available DA crystals were dissolved in
ris buffer solutions (pH = 9.5) and recrystallized on the PDMS
ubstrate via a slow evaporation process. Single crystals of DA
ere then selected for structural determination, revealing the
olecular structure of DA under these conditions (FigureS 3I and
21–S23; Tables S2–S5). Results of DFT calculations (Figure 3J)
how that the charge density of DA ismainly concentrated on two
atoms of the benzene ring and on theCl atomnear the ring,with
n additional obvious charge density around the N atom. This
ronounced structural asymmetry results in a substantial dipole
oment of up to 30.31 D along the X axis (deviation angle: 1.64◦),
heoretically confirming its strong potential for piezoelectricity.

o further validate the theoretical predictions, the DA/PDMS
ilmswere prepared for subsequent characterization (Figure S24).
he d33 of the composite film was measured, and a value as
igh as 4.7 pC/N was revealed (Figures 3K and S25), which
xceeds that of some reported biomaterials [48–51]. The micro-
copic piezoelectric response of the crystal film was determined
y PFM. The PFM-OOP amplitude mapping demonstrates a
elatively uniform piezoelectric response across the film surface
Figure 3L). Moreover, the PFM-OOP phase mapping and corre-
ponding phase histogram confirm a uniform phase distribution
ith minimal phase opposition, which suggests that the local
iezoelectric domains have a consistent polarization orientation
Figure 3M,N). Furthermore, ferroelectric hysteresis loop mea-
urements were conducted, and the existence of characteristic
of 17
butterfly-shaped amplitude loops together with an approximately
180◦ phase shift at the minimum amplitude point indicates
that DA/PDMS films exhibit pronounced ferroelectric behavior
(Figure 3O). Collectively, these results prove that DA indeed
exhibits distinct OOP piezoelectricity, which can be ascribed to its
asymmetric molecular structure and nonuniform charge density
distribution.

Considering that DA can self-polymerize into polydopamine
(PDA), UV–vis characterization and control experiments were
performed to confirm that the observed piezoelectric enhance-
ment mainly originated from DA. The UV–vis spectra showed no
characteristic broad absorption of PDA (Figure S26), indicating
that significant DA self-polymerization did not occur under
our preparation conditions. Furthermore, PDA-containing SF
films were intentionally prepared (Note S3). Optical microscopy
revealed that PDA formed pronounced local aggregates with a
heterogeneous distribution within the SF matrix (Figure S27).
DFT calculations showed that representative PDA structures
possess significantly lower dipole moments than DA (Figure
S28), and such disordered aggregation may further cause partial
dipole cancellation [5, 52]. Consistently, PDA/SF films exhibited
lower and more heterogeneous d33 values than DA/SF films
(Figure S29). These results strongly support that the enhanced
piezoelectricity observed in DA/SF films is mainly derived from
DA rather than PDA.

In this research, DA plays a dual role in enhancing the piezo-
electric property of SF-based films. On the one hand, DA induces
the formation of a higher proportion of β-sheet structures within
SF, which facilitates the constructive alignment and superposi-
tion of dipole moments in SF, thereby enhancing its inherent
piezoelectric response. On the other hand, owing to its asymmet-
ric molecular structure, DA itself contributes additional dipole
moments to the composite film, further promoting the overall
piezoelectric enhancement of the system. To our knowledge, this
work is the first research that confirms the piezoelectric behavior
of DA and makes use of this effect to improve the piezoelectric
performance of biomaterials. It offers both theoretical insight and
a technical reference for future efforts aimed at improving the
piezoelectricity of biomaterials using small molecules.

2.4 Output Performance of DA/SF-Based
Piezoelectric Biosensor

To evaluate the voltage output performance of DA/SF film, it
was made into a mechanical force sensor, in which the central
layer consists of two 2DSF films connected in series, and the
basic assembly structure is shown in Figure 4A. To investigate
the operational stability of the biosensor, the pressure device was
subjected to repeated cyclic loading and unloading. Figure 4B
shows that the output voltage exhibited negligible fluctuation
over 3000 consecutive cycles, demonstrating the strong mechan-
ical reliability and long-term durability of the sensor. Moreover,
the generated voltage shows a force-dependent increase, which
highlights the outstanding electromechanical energy conversion
ability of the DA/SF films (Figure 4C). Additionally, within the
pressure range of 10–100 N, a clear linear correlation between
the output voltage and applied pressure was established, which
obtains a voltage sensitivity as high as 0.065 V/N (Figure 4D).
Advanced Materials, 2026
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FIGURE 4 Output performance of DA/SF-based piezoelectric biosensors. (A) Schematic illustration of the fabrication of DA/SF-based
piezoelectric force sensors. (B) Long-term operational stability of the DA/SF film under repetitive mechanical loading (20 N, 3 Hz, 3000 cycles). (C)
Force-dependent piezoelectric voltage responses of the device under progressively increased external loads. (D) Voltage-force linear fitting curve. (E)
During mandibular opening–closing, lateral and protrusive movements, and distinct voltage waveforms were recorded from sensors positioned on the
surfaces of the left and right TMJs, as well as from the occlusal surfaces of different tooth positions.
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iven the superior piezoelectric sensing capability and favorable
echanical properties of the DA/SF film, it is expected to be
uitable for monitoring complex physiological activities. Mastica-
ion is a fundamental process in dentate organisms, which not
nly has key function in food intake but also in keeping tem-
oromandibular joint (TMJ) health [53]. Therefore, monitoring
MJ motion patterns and occlusal contact behaviors during mas-
ication holds considerable diagnostic and therapeutic value for
tomatognathic diseases [54, 55]. However, current devices have
vailability limitation and often depend on costly consumables or
omplicated instruments [56–58]. Moreover, during mastication,
he surface deformation of TMJ is considerably smaller than that
f larger joints like knee or elbow [55]. This necessitates the
se of sensing films with high sensitivity to accurately capture
he subtle surface deformations. In addition, contact patterns
etweenmaxillary andmandibular teeth are highly complex, and
he irregular morphology of the occlusal surfaces results in non-
niform force distribution on the sensing film [59, 60].Hence, this
equires the sensing film to have enoughmechanical strength and
oughness to prevent early damage in monitoring process and to
uarantee reliable sensing performance.

herefore, the force sensor was attached to the surface of TMJ
r to the occlusal surfaces of teeth to record voltage waveforms
roduced during several common mandibular movements asso-
iated with mastication. The results indicate that the device
an sensitively capture detailed features of masticatory activities
Figure 4E). Specifically, during mandibular opening-closing
ovements, alternative upward and downward voltage peaks
ere observed at both the left and right TMJs, with downward
eaks exhibiting greater widths than upward peaks. During
ateral movements, continuous downward voltage peaks were
etected at both TMJs, which may be attributed to the relatively
arge lateral forces generated at TMJs during such movements.
hen mandible performed protrusive movements, alternative
pward and downward peaks were observed again at both TMJs,
ith downward peaks presenting higher amplitudes than upward
eaks. Specifically, differences in waveforms between the left
nd right joints are probably related to asymmetries in joint
orphology and the nonidentical force distributions experienced
y each side. Additionally, distinct waveforms were recorded at
he occlusal surfaces under differentmasticatorymotions. During
ateral movements, narrow and sharp bidirectional peaks were
bserved at the premolar region, whereas broader and blunter
idirectional peaks were detected at the molar region. These dif-
erences are likely associated with variations in occlusal surface
orphology and force distribution between the two sites. During
rotrusivemovements, incisal edges of mandibular anterior teeth
ainly slide along the lingual surfaces of maxillary anterior
eeth. Thus, regular rectangular-shaped voltage waveforms were
ecorded at corresponding occlusal sites. These findings validate
he feasibility of using DA to improve the piezoelectricity of bio-
aterials with complex hierarchical structures, hence expanding
heir applications in biosensing field.

.5 Digital Processing of Information Collected
y DA/SF Films-Based Sensors

he waveform signals generated by joint movements were then
onverted into digital information, which facilitates the central-
0 of 17
ized management and large-scale analysis of clinical datasets in
future applications. First, fourier transformation was applied to
voltage waveforms recorded by the sensor to get corresponding
frequency spectrum [61]. Spectral analysis (Figure 5A) found that
joint movement frequencies of volunteers were generally below
5 Hz, and dominant activity was concentrated in 0–2 Hz range.
The output voltage varied between 0 and 16 mV, depending on
the specific joint movement pattern and measurement location.
Therefore, a binary encoding strategy was put forward to convert
spectral information into digital data that is more convenient for
storage and access. Specifically, five frequency bands (0–1, 1–2, 2–
3, 3–4, and 4–5 Hz) were defined, and one threshold voltage was
assigned to each band. Signal components over corresponding
threshold were encoded as “1”, and those below threshold were
encoded as “0”. By this way, spectral information related to each
type of jointmovement could be represented as one unique binary
code (Figure 5B). Hence, encoding results were as follows: left
TMJ open/close movement was encoded as “10000”; right TMJ
open/close as “11000”; left TMJ lateralmovement as “11010”; right
TMJ lateral movement as “10010”; left TMJ protrusive movement
as “01000”; right TMJ protrusive movement as “00000”. These
binary codes can be further converted into barcodes or visual QR
codes that are recognizable by smartphones [62] (Figure 5C,D),
enabling direct access to the corresponding joint movement
waveform data and associated descriptive information. These
results demonstrate the effective digitalization of TMJ activity
signals acquired by the DA/SF film-based sensors, highlighting
the potential of piezoelectric biomaterials for future applications
in digital diagnostic and therapeutic technologies.

2.6 Biocompatibility of DA/SF Films

As a natural protein derived from silkworm silk, SF possesses
inherent and tunable biodegradability [63–65]. In addition, DA is
a mussel-inspired small molecule with intrinsic biodegradability
[66, 67]. Therefore, the DA/SF composite films are expected to
exhibit biodegradable behavior. In this study, the solubility of
DA/SF films was first investigated. As shown in Figure 6A, films
that were not subjected to conventional crosslinking treatments
(such as methanol immersion [14, 68]) were almost completely
dissolved in phosphate-buffered saline (PBS) within 7 days. How-
ever, after immersion in ethanol for 1 h, theDA/SF films remained
structurally stable in PBS formore than 1weekwithout noticeable
dissolution or disintegration. Furthermore, the crosslinked films
were dried after water immersion and their voltage output
was evaluated, revealing no significant attenuation compared
with films that had not been exposed to methanol and PBS
(Figure S30). These results demonstrate the tunable stability of
DA/SF films in aqueous environments, thereby broadening their
potential applications in implantable and sustainable electronics.

The uncross-linked SF and DA/SF films were dissolved in PBS,
and the obtained solutions were then added to the culture
medium of bone marrow mesenchymal stem cells (BMSCs) to
evaluate their in vitro biocompatibility. The CCK-8 assay results
(Figure S31) show that, comparedwith the control group, the cells
which are cultured with extracts from SF and DA/SF groups have
proliferation rates at comparable levels. Live/dead cell staining
(Figure 6B) discovers that, relative to the control group, neither SF
group nor DA/SF group has a visible increasing number of dead
Advanced Materials, 2026
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FIGURE 5 Digital processing of information collected by DA/SF film-based sensors. (A) Frequency spectra of voltage signals collected from the
surfaces of TMJs during various movements. (B) Binary encoding of the frequency-spectrum data for each group: within the 0–1 Hz band, voltages <
5 mV were encoded as “0”, whereas voltages ≥ 5 mV were encoded as “1”. Within the 1–2, 2–3, 3–4, and 4–5 Hz bands, voltages < 0.5 mV were encoded
as “0”, whereas voltages ≥ 0.5 mV were encoded as “1”. (C) Barcodes and QR codes generated based on the binary-encoded data. (D) The generated
barcodes and QR codes can be recognized by smartphones.
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FIGURE 6 Biocompatibility of DA/SF films. (A) Assessment of the solubility behavior of DA/SF (2DSF) films in PBS. (B) Proliferation of BMSCs,
quantified by the CCK-8 assay after incubation with SF and DA/SF (2DSF) solutions at a concentration of 10 µg/mL. (C) Representative fluorescence
micrographs obtained from viability assays, including live/dead staining in which viable and nonviable cells are visualized in green and red, respectively,
as well as phalloidin/DAPI staining to highlight the cytoskeletal filamentous actin (green) and cell nuclei (blue). (D) Serum biochemical parameters
measured in SD rats to evaluate systemic biological responses. (E) Histological sections of major organs collected from treated rats 7 days following
implantation, visualized byH&E staining. (F, G)H&E andMasson’s trichrome–stained histopathological images of skin tissue overlying unencapsulated
SF and DA/SF (2DSF) films at 7 and 14 days after implantation, illustrating tissue architecture and collagen deposition.
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ells. Cytoskeletal staining (Figure 6C) proves that BMSCs in all
hree groups present well-spread shapes, which indicates that the
ellular states are good. Overall, these results confirm that both
F and DA/SF films have excellent in vitro biocompatibility.

he in vivo biocompatibility and degradation of SF and DA/SF
ilms was further assessed via subcutaneous implantation oper-
tion in rat animals (Figure S32). Blood biochemical analyses
Figure 6D) demonstrate that, at 7 days post implantation, plasma
arameters—including albumin (ALB), urea (UA), cholesterol
CHO), alanine aminotransferase (ALT), and creatine kinase-
2 of 17
MB (CK-MB)—are kept inside normal value ranges. Histological
analysis toward major organs discovers no obvious pathological
changes or harmful tissue reactions (Figure 6E). Then, the soft
tissues around the implantation positionswere further examined.
Histological evaluations which are based on hematoxylin and
eosin (H&E) and Masson’s trichrome staining (Figure 6F,G)
found that both SF and DA/SF films disappeared within 7–
14 days after implantation. Importantly, no visible structural
damagewas seen in thenearby skin or under-layermuscle tissues.
The subcutaneous areas showed tissue structures that can be
compared to those of control samples, and there is no existence
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f infection, abscess formation or tumor growth at implantation
ites, thus confirming the good in vivo biocompatibility and
egradation of the implanted materials.

Conclusions

his study proposes a small-molecule dual-amplifier strategy for
chieving high performance bioorganic piezoelectric materials.
y introducing DA to structurally modulate the SF matrix and
orming composite films, the resulting films exhibit markedly
nhanced piezoelecity, with a d33 reaching 12.7 pC/N, surpassing
ost previously reported bio-piezoelectric films. This enhance-
ent arises from a synergistic mechanism: DA induces increased
-sheet formation in SF, thereby strengthening its intrinsic piezo-
lectricity, while its inherent molecular dipole moment provides
n additional piezoelectric contribution. The DA/SF films also
emonstrate excellent flexibility and mechanical robustness,
nabling reliable sensing of subtle joint motions and withstand-
ng of cyclic loading. Piezoelectric force sensors fabricated from
hese films show high sensitivity and stability in monitoring TMJ
otion and occlusal contact patterns. Importantly, the acquired
ignals can be efficiently encoded and converted into digital
nformation, facilitating clinical data organization, storage, and
nalysis, and highlighting their potential integration into digital
iagnostic systems. Moreover, the DA/SF films exhibit tunable
tability in aqueous environments, and favorable in vitro/vivo
iocompatibility, underscoring their promise as implantable bio-
iezoelectric materials. Overall, this work validates the effective-
ess of using small-molecule DA to enhance the piezoelectric
erformance of structurally complex proteins, offering a simple
et powerful strategy for the development of next-generation
igh-performance bio-piezoelectric materials.

Experimental Section

.1 Materials

ilkworm cocoons from Bombyx mori (B. mori) were purchased
rom an online store on Taobao (Hangzhou, China). Na2CO3
nd LiBr were purchased from Macklin (Shanghai, China).
ialysis membranes(MD: 34 mm, MWCO 3.5 kD), and the
halloidine/DAPIwere purchased fromSolarbio (Beijing, China).
opamine hydrochloride (DA, ≥98%, AR) was obtained from
laddin (Shanghai, China). Tris-(hydroxymethyl)-aminoethane

≥98%, AR), along with the CCK-8 and calcein-AM/PI reagent kit
rom Beyotime (Shanghai, China).

.2 Preparation of RSF Solutions

SF solution was prepared following previously published meth-
ds [29]. Briefly, silkwormcocoonswere first sectioned into pieces
f approximately 1 cm2 and subjected to boiling in 0.02MNa2CO3
or 30 min to eliminate sericin. Following the degumming
rocess, the silk was rinsedwith ddH2O at least 3 times, manually
ressed to remove excess water, and air-dried in a fume hood.
he resulting dry silk was subsequently dissolved in 9.3 M LiBr
nd stirred at 60◦C for 4 h until a homogeneous amber solution
ormed. The SF–LiBr solution was dialyzed against ddH2O for 3
dvanced Materials, 2026
days using tubing with 3.5 kDa molecular weight cutoff. After
dialysis, the solution was centrifuged at 9000 rpm and 4◦C for
20 min to remove insoluble parts. The transparent supernatant
collected from this step was taken as RSF and kept at 4◦C.
Therefore, mechanical shaking was kept as small as possible
during all the process thus to avoid structure changes caused by
force.

4.3 Preparation of DA/SF Films

DA was dissolved into Tris buffer (pH 9.5) for making a stock
solution at the concentration of 10 mg/mL. Therefore, the newly
prepared DA solution was added into RSF solution according
to volume ratios of 0:10, 1:10, 2:10, 3:10, and 4:10 separately.
Gentle mixing of the two solutions was carried out, and the
resulting mixture was moved into petri dishes using a pipette.
1.5 mL of the solution was spread to cover a 1 cm × 4 cm
rectangular region. Then the solution was subjected to air-drying
under ambient conditions so that a film could be formed. No
additional poling treatment was applied to the DA/SF films prior
to characterization

4.4 Preparation of DA Crystals and DA/PDMS
Films

DA solution was made according to methods stated before. The
solution was moved onto PDMS films by pipette and spread to
cover one 1 cm × 1 cm rectangular region per 200 µL. Therefore,
crystals were formed on the PDMS substrate through slow
evaporation under ambient temperature. The DA/PDMS films
were then characterized without any additional poling treatment.

4.5 Optical Microscopy

An examination on the surface features of DA crystalline
and DA/SF films was carried out using a stereoscopic optical
microscope (SteREODiscovery V20, Zeiss, Germany).

4.6 Scanning ElectronMicroscopy (SEM)

The scanning electron microscopy (SEM; JSM-IT500LA, JEOL,
Japan) was used to carry out examination of the microstructural
characteristics of these samples; therefore, analyses were con-
ducted on both their surface and cross sectional regions. Hence,
energy-dispersive x-ray spectroscopy (EDS) was additionally
employed to make evaluation of the spatial distribution situation
of chlorine elements inside the selected areas.

4.7 Mechanical Property

The mechanical performance of these films was measured
through a universal testing system Instron 5967, USA. Before
the testing activity is carried out, all test samples were cut into
rectangle-shaped strips with size of 1 cm × 4 cm × 0.05 mm. Uni-
axial tensile measurement work was performed with crosshead
13 of 17
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peed set as 1mmmin−1 for acquiring stress–strain curves. There-
ore, based on these curve graphs, key mechanical parameters
ontaining Young’s modulus, elongation at break, and tensile
trength were calculated in the subsequent process hence.

.8 Fourier-Transform Infrared Spectroscopy
FTIR)

ourier transform infrared spectroscopy (FTIR; NEXUS 670,
hermo Nicolet, USA) was employed to analyze the secondary
tructural features of the SF films. Spectral data in the range
f 400–4000 cm−1 were collected. The resolution was 2 cm−1

nd 64 scans were accumulated for each sample. Subsequent
econvolution and assignment of protein secondary structures
ere performed according to previously reported methodolo-
ies [31]. For differential FTIR analysis, the PSF spectrum was
ubtracted from the spectra of 1DSF, 2DSF, 3DSF, and 4DSF to
btain the corresponding difference spectra, which were used
o assess DA-induced changes in SF molecular interactions and
tructure.

.9 X-Ray Diffraction (XRD)

he structural crystallinity of the samples was analyzed via x-
ay diffraction (XRD) using a Bruker D8 ADVANCE instrument
Germany), which was fitted with a Cu-Kα radiation source and
perated under conditions of 40 kV voltage and 60 mA current.
he XRD scans for the SF films were collected across a 2θ
ngular range from 5◦ to 45◦, employing a step size of 0.03◦
nd a dwell time of 3 s at each step. The degree of crystallinity
as quantified through analysis of the acquired diffraction
rofiles using the reported methodologies. Additionally, the
rystalline properties of the SF films were further evaluated
sing wide-angle x-ray scattering (WAXS). For the examination
f single crystals, DA crystals cultivated on PDMS films were
irst observed under a polarized optical microscope (Zeiss Ci-
OL, Germany) to confirm their crystallinity before undergoing
RDanalysis. Single-crystal diffraction datawere processedusing
PEX5 software to determine the crystallographic parameters.
he resulting crystallographic information files (CIFs) were sub-
itted to the IUCr CheckCIF platform for structural validation
Note S4).

.10 Transmittance

he optical transmittance of the films was characterized using
ltraviolet–visible spectroscopy (Lambda 950, PerkinElmer,
SA).

.11 Ferroelectric Measurement

o investigate the ferroelectric behavior of SF films, disc-shaped
amples with a diameter of 6mmwere fabricated. Gold electrodes
easuring 2 mm in diameter were sputtered onto both sides of
ach disc. A ferroelectric measurement instrument (FEAI1000,
alab Technologies, China) was used to obtain the polarization–
lectric field (P–E) hysteresis loops.
4 of 17
4.12 Relative Permittivity Measurement

The relative permittivity and dielectric loss of the DA/SF films
as a function of frequency was measured using a precision LCR
meter (WKSMD/WK6500, Balab Technologies, China) over a
broad frequency range.

4.13 Piezoelectric Coefficient (D33)
Characterization

A quasi-static d33 meter (PEAI1000, Balab Technologies, China)
was employed to evaluate the piezoelectric d33 coefficient. Mea-
surements were performed under a static load of 3 N together
with a dynamic load of 0.25 N. To ensure statistical validity, 5–
6 randomly selected regions were measured for each film sample.
To evaluate the thermal stability of the films, the d33 was mea-
sured using a temperature-controlled piezoelectric testing system
(PEMS6000LN, Balab Technologies, China). The measurements
were performed from 20◦C to 100◦C at 10◦C intervals.

4.14 Piezoelectric Force Microscopy (PFM)

To further investigate the microscopic ferroelectric and piezo-
electric characteristics, PFM detections were performed on the
DA/SF films using a Jupiter XR instrument (Oxford Instruments,
UK). All measurements were performed using a conductive Pt-
coated probe (ContE-G, Budget Sensors, Bulgaria), with both the
cantilever and tip metallized for enhanced electrical contact. For
eachmeasurement site, a 5× 5 µm2 regionwas examined inDART
mode with an applied drive voltage of 5 V. In addition, single-
point SS-PFM hysteresis loops were obtained using a trigger
voltage of 20 V.

4.15 Preparation of Mechanical Sensors Based
on DA/SF Films

Figure 4A illustrates the fabrication process of the force sensor
based on DA/SF films. Briefly, two 2DSF films were electrically
connected in series using Mo electrodes deposited by silver past-
ing. Meanwhile, the PDMS film with a single-sided Mo electrode
was prepared and employed to encapsulate the piezoelectric
DA/SF films. The device was subsequently connected to an
oscilloscope (UNI-T UPO1202S-E, China) via leads to record the
voltage waveforms generated in response to applied mechanical
stimuli.

4.16 Voltage Output Measurement

All procedures involving human volunteers were conducted in
compliance with relevant ethical standards and regulations, with
approval granted by the Ethics Committee of the Affiliated
StomatologyHospital of ChongqingMedical University (approval
no. CQHS-REC-2023 (LS no. 054)). Written informed consent
was obtained from each participant prior to the study. Initially,
a calibrated stepper motor applied controlled force at a set
frequency to the force sensors to record the resulting voltage
waveforms. Subsequently, to evaluate performance in biological
Advanced Materials, 2026
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re
ettings, the sensors were attached to temporomandibular joints.
oltage waveforms produced by joint motions were recorded at
arious kinds of movements: the open and close movements,
he lateral-left and lateral-right movements, the protrusion and
etrusion movements. Furthermore, the devices were positioned
n the occlusal surfaces of various teeth to detect voltage
ignals generated under different occlusal contact patterns.
pecifically, the voltage waveforms generated at premolar and
olar regions during the lateral movements were recorded, as
ell as those produced at anterior teeth during the protrusion
ovements.

.17 Density Functional Theory (DFT)
alculations

representative polar-stacking of antiparallel β-sheet that com-
only observed in SF was selected as the model system [26].
n addition, a 3D molecular model was constructed comprising
wo antiparallel polypeptide chains with repeating sequences
GAGAGA and AGAGAG). Given that such an arrangement
ay undergo relative displacement under external mechani-
al force, several structural models were further developed to
imulate potential deformation modes induced by mechanical
tress, including the original antiparallel configuration, a “close
pproach” stacking mode, and two displacement types (desig-
ated as register shift 1 and register shift 2). DFT calculationswere
hen performed to determine key electronic properties for each
odel, including the charge density distribution, contour plots
f charge density and dipole moment. Detailed computational
rocedures are presented in Note S5.

.18 Biocompatibility Assessment In Vitro

ll animal- and cell-related experiments in this work were
pproved by the Ethics Committee of the Affiliated Stomatology
ospital of Chongqing Medical University (approval no. CQHS-
EC-2023 (LS no. 054)). To evaluate the biocompatibility of SF
nd DA/SF samples, rat bone marrow–derived mesenchymal
tem cells (BMSCs) were incubated with media containing
xtracts of the two materials (10 µg/mL).

ell proliferation of BMSCs was evaluated on Days 1 and 3 using
he CCK-8 assay. At the indicated time points, the tests were
onducted in accordance with the manufacturer’s protocol. All
xperimental groups were run in five replicates. Cell viability was
valuated by employing a live/dead staining protocol following
ne day of BMSCs culture. Fluorescence imaging was performed
sing a Zeiss Axio Obserber7 microscope (Germany). Excitation
t 488 nm (for live cells) and 560 nm (for dead cells) was applied,
nd five randomly selected fields of view per well were captured
or analysis.

o examine cell morphology and cytoskeletal structure, actin fila-
ents and nuclei were fluorescently stained after 1 day of culture.
-actin was labeled by co-culture with rhodamine-conjugated
halloidin for 30 min, while nuclei were counterstained with
API for 15 min. Fluorescence images were acquired by using
xcitation wavelengths of 408 nm for DAPI and 488 nm for
halloidin.
dvanced Materials, 2026
4.19 Biocompatibility Assessment In Vivo

To carry out assessment for in vivo biocompatibility of SF
and DA/SF films, 8-week-old male Sprague-Dawley rats were
obtained from Animal Center of Chongqing Medical University.
Therefore, all animals were kept in a pathogen-free, controlled
environment during the whole study process. For surgical
implantation activity, anesthesia was first started by way of
inhalation of 2%–5% isoflurane, and hence maintained at 2%
concentration. After anesthesia was achieved, a longitudinal cut
was made along the back, and then SF and DA/SF films were
inserted into subcutaneous area. Thus, the incision was closed
by using sutures. Blood samples were taken on the third, fifth,
and seventh days after surgery for later analysis. Animals were
euthanized at 7 and 14 days after implantation.At each preset time
point, tissue samples around the implant site, aswell as important
organs including heart, liver, spleen, lungs, and kidneys, were
collected and treated for histopathological examination, in order
to monitor local inflammatory responses and possible systemic
toxic effects.

4.20 Statistical Analysis

All experiments were carried out in three repeated times. Before
we do statistical analysis, we first assess data for normality
and variance homogeneity, hence one-way analysis of variance
(ANOVA)was used for comparisons amongmultiple groups, thus
followed by Tukey’s test for post hoc pairwise analysis. Data are
shown as mean ± standard deviation (SD). Therefore, data were
statistically analyzed with SPSS software (version 24.0), and we
define statistical significance as a p value smaller than 0.05.
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