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Biological tissues undergo continuous, heterogeneous deformation, so that
implantable biosensors must be soft, elastic and operationally stablein aqueous
environments. Weak physiological signals are distorted at the biotic/abiotic
interface, makingin situ amplification essential for high-fidelity recording, yet
existing devices cannot simultaneously provide strain-insensitive operation,
aqueous stability and amplification. Here we introduce an integrated
material-device-circuit strategy that enables the fabrication of elastic
organicelectrochemical transistor amplifiers with stable in vivo performance,
including: astretchable, aqueous-stable n-type polymer, P(bgTDPP-TVT-CN2)
that maintains high performance under 100% strain; a self-assembled
monolayer ensures robust interlayer adhesioninstrained, aqueous conditions;
acomplementary p—n organic electrochemical transistor architecture that
counterbalances strain-induced current variations. The resulting amplifiers
maintain high gain under >50% deformation and directly capture and amplifyin
vivo biosignals with substantially improved signal-to-noise ratios, establishing a
route to mechanically resilient, high-fidelity bioelectronic interfaces.

Invivo biosignal acquisition is criticallyimportant because it enables
continuous monitoring of physiological states and supports funda-
mental biological research with real-time clinical diagnostics"’. The
accurate decoding of biological activity relies on efficiently acquiring
high-quality biosignals with minimal distortion under dynamic biologi-
cal environments (Fig. 1a). To achieve this, an ideal in vivo biosensor
should establish a seamless tissue/machine interface and in situ sig-
nal amplification capability, as weak biosignals are easily attenuated

or contaminated by noise at the biotic/abiotic interface. However,
the development of such biosensors faces several challenges: (1) The
dynamic movement of organs and tissues during daily activities®leads
totheintrinsic failure of devicesin thisaqueous environment, such as
corrosion, delamination and dissolution®. (2) Weak biosignals are highly
susceptible to noise coupling through the biotic/abioticinterface and
wires of the sensor. (3) Inflammatory reactions or the formation of scar
tissue due to a mechanical mismatch and poor biocompatibility can
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Fig.1|Strain-insensitive amplifier design and its application in bioelectronics.
a, Schematic diagram of sensors or receptors for in vivo electrophysiological
recording. b, Advantage of in vivo amplification by active OECT amplifiers,
compared with passive electrodes and single-transistor devices. ¢, Schematic
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diagram of the elastic electrophysiological amplifier based on an OECT inverter.
d, Designs of paired OECT circuits for strain-insensitive operation through
current compensation. V,/V,,, input/output voltage; V,,p/Vss, positive/negative
supply voltage; AV, deviationin V.

change theinterface environment andjeopardize long-termrecording
stability’. Consequently, it is essential to develop soft, stretchable—or
even elastic—biosensors with anin vivo amplifying capability to allow
stable signal-recording.

Soft and stretchable electrodes are used for in vivo applications
due to their good biocompatibility and seamless tissue integration®.
However, their performanceis often limited by low signal-to-noise ratios
(SNRs) caused by high interfacial impedance and noise from wiring
and back-end electronics, whichrestricts their effectiveness in making
high-fidelity recordings'®". Intrinsically stretchable or elastic organic
field-effect transistors have been extensively used for complex logic
circuitsinsignal processing**. However, they cannot work directly in
anaqueousenvironment. Thus, complex packagingis required, which
often compromises softness and stretchability, and their high operat-
ing voltage (often>10 V) may pose safety concerns for tissue'*. Organic
electrochemical transistors (OECTs) have emerged as promising candi-
dates for simultaneous in vivo biosignal acquisition and amplification
duetotheir distinct advantages, such as low operating voltage (<1.0 V),
operability in aqueous environments and high biocompatibility''°.
Although soft single-OECT devices have been successfully employed
to record and amplify biosignals (Fig. 1b)""%, they still face two main
challenges: (1) Their current outputis not directly compatible with com-
mercial electrophysiological acquisition systems*?* and (2) their strain
sensitivity caninduce current drifts, which substantially compromise
the stability and reliability of signal-recording.

Unlike single-OECT devices, amplifiers based on complemen-
tary OECT inverter circuits can simultaneously record and amplify

biosignalsinsitu and produce avoltage output, which facilitates their
integration with back-end acquisition systems***, and do so with an
enhanced SNR*? (Fig. 1b). To construct a complementary amplifier,
both p-type and n-type OECTs are necessary. However, to date, only
a few p-type OECT materials with intrinsic stretchability have been
reported’®”*?, and stable and intrinsically stretchable n-type materials
remain unavailable, leaving a gap in the development of stretchable
and elastic in vivo amplifiers. Additionally, effective strategies for
minimizing strain-induced current drifts in practical OECT devices
have not yet been explored, further limiting their reliability under
physiological motion.

Here we demonstrate anintegrated strain-insensitive material,
device and circuit design, which we used to build an elastic, biocom-
patible and stable in vivo amplifier for biosignal-recording (Fig. 1c).
First, we developed an n-type OECT material, P(bgTDPP-TVT-CN2),
with high electrical performance and stretchability, which retains its
transconductance (g,,) with only minimal variation, even under 100%
strain. Second, by pairing this material with a p-type counterpart, we
constructed stretchable complementary OECT inverters exhibiting
a high voltage gain of 140 V/V. Importantly, the complementary
OECT configuration compensates for strain-induced current vari-
ations, thereby eliminating drift and enhancing strain stability in
practical applications (Fig. 1d). Third, a self-assembled monolayer
(SAM) was employed to improve device stability during repeated
deformationinaqueous environments, thus enabling stablein vivo
operation. Finally, having validated its biostability and biocompat-
ibility, we applied the fully elastic OECT amplifier to record in vivo
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Fig. 2| Electrical performance and morphology characterization of
P(bgTDPP-TVT-CN2) with different strain levels. a, Transfer characteristics of a
P(bgTDPP-TVT-CN2)-based OECT device. The dashed curve represents the gate
current (/;). b, Operational stability of a P(bg TDPP-TVT-CN2) OECT device over
2,000 on/off cycles (V= 0.45-0.8 V, pulse width = 0.5 s and V;,s= 0.8 V). Insets:
single pulses at the beginning and end of the test. /5, drain-source current; Vs,
drain-source voltage; V;, gate voltage. c, Comparison of the stability during
cycling of P(bg TDPP-TVT-CN2) OECT with other reported n-type OECTs* whose
pC¥ishigher than50 Fecm™ Vs, d, Transfer characteristics and maximum
transconductance g, of P(bgTDPP-TVT-CN2) under different strain levels. re0%,

Wavelength (nm)

recovered to 0% strain. Inset: schematic of an OECT device with strained channel
material. Data are presented as mean values + standard deviation (n =10 for 0%
strainand n =5 for other strain levels, where nis the number of OECT devices).

e, Photographs (top) and AFM height images (bottom) of P(bg TDPP-TVT-CN2)
films under 0% and 100% strain . f, GIWAXS results for P(bgTDPP-TVT-CN2) films
under 0%, 50% or 100% strain. Para., parallel; perp., perpendicular. g, Polarized
UV-vis-NIR spectra of P(bgTDPP-TVT-CN2) films under different strain levels.

h, Schematics showing the rotation and alignment of the polymer crystalline
structure under strain.

electrocardiogram (ECG) signals, thus demonstrating its conformal
and stable attachment on wet heart tissues as well asits superior SNR
and drift-free advantages.

Highly stretchable and stable n-type material

When designing the stretchable n-type material, we first selected
thiophene-flanked diketopyrrolopyrrole (TDPP) as the core build-
ing block due to its highly planar backbone and high charge carrier
mobility®®. Reducing the crystallinity and glass transition temperatures
of conjugated polymers is an effective approach for realizing high

stretchability. Thienylenevinylenethiophene (TVT) hasbeenshownto
reduce polymer crystallinity while maintaining a high charge mobil-
ity*. However, TVT is an electron-donating building block, making
it unsuitable for n-type OECTs*. To address this, cyano (CN) groups
were added tothe TVT to stabilize negative polarons and enhance the
uniformity of the negative charge distribution®** (Supplementary
Fig.2).Additionally, grafting branched ethylene glycol side chains onto
the TDPP backbone facilitated good solubility and ion transport within
the polymer bulk® while simultaneously reducing the crystallinity to
improve the overall stretchability®.
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The performance of the resulting polymer, P(bgTDPP-TVT-CN2),
as an OECT was evaluated using a photolithography and double-
layer parylene patterning method®”. The polymer exhibited typical
n-type OECT behaviour, with a figure-of-merit value uC* (ref. 38) of
163.3+5.8 Fcm™ V's(Fig. 2a and Supplementary Fig.1). Moreimpor-
tantly, the polymer exhibited exceptional operational stability among
n-type OECTs with uC*beyond 50 F cm™ Vs (ref. 39; Supplemen-
tary Table1). The polymer maintained 95.9% of its initial performance
after 2,000 switching cycles, and 81.1% after 30,000 switching cycles
(Fig. 2b,c and Supplementary Figs. 3 and 4). Repeated cyclic voltam-
metry curves confirmed its electrochemical stability (Supplementary
Fig.5), whichindicates its potential for practical applications. Further-
more, P(bgTDPP-TVT-CN2) demonstrated notable stretchability. The
OECT performance was evaluated under strain levels of 0% to 100%
using a transfer method, as previously reported”. When stretched
parallel or vertical to the charge-transfer direction and then allowed to
recover, the OECT performance of P(bgTDPP-TVT-CN2) remained sta-
ble withlimited variations of the transconductance. Both the maximum
transconductance g, m., (defined as (8/p/0V;) ma) and uC* exhibited
minimal fluctuations under different strain levels in both directions,
indicating that the electrical performance of the polymer was largely
insensitive to mechanical deformation (Fig. 2d and Supplementary
Figs.6and 7).

Toinvestigate the mechanism underlying the high stretchability,
we calculated the dihedral angle and torsional barrier using density
functional theory. Theresults revealed that the torsion angle between
the TDPP and TVT segments was ~-30°, and the torsional barrier was
lower than that of other rigid conjugated polymers*’, leading to a
twisted backbone curvature (Supplementary Fig. 8). We propose that
this twisted backbone reduces the polymer crystallinity and enhances
theinterchain entanglement, thereby improving stretchability.

Agrazing-incidence wide-angle X-ray scattering (GIWAXS) analy-
sis of the unstretched film found a relatively amorphous molecular
packing with a mixed face-on and edge-on orientation (Fig. 2f). Upon
stretching to 50% and 100% strain, the diffraction intensity became
anisotropic, as it differed for when the X-ray beam was parallel to the
straindirection compared with when it was perpendicular to the strain
direction. When the X-ray beam was parallel to the strain direction, the
n-tstacking diffractionin the in-plane (q,,) direction was enhanced,
while the diffraction in the out-of-plane (g,) direction decreased; the
opposite trend was observed during perpendicular incidence (Fig. 2f
and Supplementary Fig. 9). This result indicates the polymer packing
underwent rotation and reorientation during stretching (Fig. 2h).
Polarized ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy
revealed that whenthe polymer was stretched from 0% to100%, the dif-
ference between the absorptionintensity with the polarization parallel
(A,) and the absorption intensity with the polarization perpendicular
(A)) tothe stretching direction increased. The dichroic ratio, defined
as the ratio of A, and A, (ref. 41), continuously increased, indicating
that the polymer chains became aligned during stretching (Fig. 2g
and Supplementary Fig.10). This alignment and rearrangement of the
polymer chains may account for the slight increase in the maximum
g as the strain was increased. These results demonstrate that the
reorientation-induced stress dissipation of the initially amorphous
and entangled chains contribute to the high intrinsic stretchability of
P(bgTDPP-TVT-CN2). Moreover, we hypothesize that its outstanding
operational stability may also stem from its low crystallinity, asamor-
phous films are less sensitive to morphology changes induced by ion
injection and ejection (Supplementary Fig. 11).

Furthermore, optical microscopy and atomic force microscopy
(AFM) height images of films transferred onto a polydimethylsiloxane
(PDMS) substrate and stretched to 100% strain reveal that the films
remained intact without marked large cracks (Fig. 2e). To evaluate its
stability under repeated cycles of stretching, the polymer film was
subjected to cycles with 30% strain, which exceeds the typical strain

levels encountered in physiological tissue, such as the heart (15-20%)>.
After 1,000 cycles of stretching, g, m.x Showed no substantial decline,
further demonstrating the excellent cyclic stretching stability of the
polymer. Further high-strain cycling tests also supported its outstand-
ing stretchability (Supplementary Fig.12). This stretchable and stable
n-type material provides areliable material basis for the construction
of elastic OECT amplifiers.

Elastic OECT fabrication and strain-insensitive
circuit

To translate the above material advances into OECT amplifiers, we
designed an elastic OECT circuit for reliable sensing under dynamic
deformation. Wefirst built an elastic n-type OECT device using alami-
nation method. It consisted of an active layer (P(bgTDPP-TVT-CN2)),
anelasticsubstrate (styrene-ethylene-butylene-styrene, SEBS), a pre-
stretched Au electrode and an encapsulation layer (PDMS) (Fig. 3a).

During repeated stretching in aqueous environments, however,
we observed progressive delamination of the polymer, particularly
near the crack edges that formed in the Au electrode, which caused
pronounced performance fluctuations (Supplementary Fig. 13). To
enhance operational stability, we added abenzyl mercaptan SAM onto
the Au surface via vapour-phase modification. This interfacial SAM
effectively improved underwater adhesion and operational stabil-
ity through two primary mechanisms (Fig. 3b): (1) m-m interactions
between the SAM and the conjugated polymer backbone and (2) an
increase in the surface energy of the Au, as evidenced by an increase
in the contact angle from 36.9° to 67.6°, which promoted adhesion
between the hydrophobic polymerbackbone and the Au surface (Sup-
plementary Fig.13c). Inaddition, the SAM facilitated the transfer pro-
cess, which boosted the fabrication yield while exerting negligible
influence ontheelectrical performance (Supplementary Fig.13d). The
successful fabrication of a high-performance p-type stretchable OECT
based on P(g2T-T)" (Supplementary Fig.14) validated the effectiveness
and universality of this process.

Benefiting from the pre-strained Au electrode and SAM modi-
fication, both the p- and n-type OECT devices exhibited good semi-
conducting properties as the strain was increased (Fig. 3¢), although
their on-current slightly decreased due to inevitable changes in the
channel dimensions. Most studies to date have primarily focused on
maintaining the normalized transconductance (g,,, ,) under strain while
overlooking current variations. In practical applications, however,
strain-induced dimensionvariations directly affect the output current,
leading to pronounced strain sensitivity. Consequently, circuits based
onasinglestretchable transistor, such asload-diodeinverters, cannot
sustain a stable output under mechanical strain**** (Supplementary
Fig. 16 and Supplementary Note 2), which restricts their applications
primarily to strain or tactile sensors**. This strain sensitivity poses a
major challenge for the practical application of biosensors, particularly
those making electrophysiological recordings, as fluctuations induced
by tissue motion can compromise signal accuracy. Therefore, realizing
strain-insensitive biosensors remains a challenge for stretchable and
elastic electronics.

To overcome this limitation, we propose acomplementary design
foraninverter circuit. This design leverages the synchronous changes
in the current of both p-type and n-type OECTs during stretching.
These changes effectively counterbalance each other and act as a
self-reference, thereby rendering the circuit less susceptible to strain.

To validate this concept, we first fabricated a complementary
inverter circuit on a rigid substrate by integrating P(g2T-T) with our
stretchable n-type polymer, P(bgTDPP-TVT-CN2), using the afore-
mentioned transfer method. Each of the two types of polymer film
was picked up by a PDMS film, stretched and then transferred onto
the samerigid substrate, where they were connected using gold wires
(Supplementary Fig.17). For comparison, aload-diode inverter circuit
made fromaconstantresistor and aP(bgTDPP-TVT-CN2)-based OECT
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Fig. 3 | Fabrication of an elastic OECT device and strain-insensitive circuit
design. a, Schematicillustration of an elastic OECT device. G the gate electrode.
b, Schematic diagram of the function of the benzyl mercaptan SAM modification.
¢, Transfer curves of elastic n-and p-type OECTs under different strain levels

(W/L =400 um/40 pm). The electrolyte was 0.1 M NaCl solution, and the gate

was an Ag/AgClelectrode. d, Schematic diagrams of the complementary circuit
and theload-diode circuit. e, Gain and V), for each device (rigid substrate,

W/L =100 pm/10 pm) in d under different strain levels. Data are presented as
mean values + standard deviation (n =10 for 0% strain and n = 5 for other strain
levels, where nis the number of inverter devices). f,g, VTCs for the two devices
ind under different strain levels based on experimental data (V,, = 0.9 Vand
Vss=0V) (f) and simulation results (g). The data at 100% strain in fshowed
moderate changes, mainly due to the unmatched stretchability of the n-type and
p-type materials.

was used as a reference (Fig. 3d). The voltage transfer characteristic
(VTC) curves of theload-diode circuit shifted notably as the device was
stretched from 0% to 100%, mainly due to the decrease of the strain-
induced current for asingle OECT (Fig. 3e,f). Asaresult, the maximum
gain (defined as dV,,/dV;,) decreased from 9.47 V/V to 4.62 V/V, and
the switching threshold voltage (V,, the corresponding V;, voltage
when V, . potential is (Vpp + Vis)/2) consistently increased from 0.74 V
to 0.86 V. Such a large voltage shift will induce large artefacts, mak-
ing it unsuitable for practical biosensing. By contrast, the VTC of the
complementary circuit showed minimal changes, with aslight V,, shift
from 0.781V to 0.811V (+3.8%) under strain levels of up to 75%. The
gain value of the complementary circuit remained consistently high,
around 80 V/V, thus ensuring stable operation and analogue signal
amplification. We also evaluated the output of the two circuits under
assumed dynamic deformations by applying a 25% cyclic tensile strain,
yielding time-dependent output curves (Supplementary Fig.19). The
simulated results showed that the load-diode circuit exhibited more
notable output fluctuations under cyclic strain, whereas the output of
the complementary circuit remained relatively stable, which demon-
strates the strain insensitivity of this circuit design.

We supported the current counterbalance mechanism using a
load-line simulation method. Assuming that the performance of the
p-type and n-type OECTs decreases synchronously with increasing
strain, the output curves of both devices were superimposed to obtain
VTC curves (Supplementary Figs. 20-23 and Supplementary Note 3).
The simulation results demonstrate that the complementary design
exhibits superior output stability upon stretching, which agrees well
with the experimentally measured trend (Fig. 3g). Given these results,
our complementary design substantially mitigates the strain-sensitive
nature of individual transistors, thus enabling more complex and reli-
able sensing applications.

Fabrication and performance of the elastic,
aqueous-stable amplifier

The above inverter was then used as an elastic small-analogue-signal
amplifier for in vivo applications (Fig. 4a). The fabrication process is
illustrated in Supplementary Figs. 24 and 25. Given that the p-type
and n-type OECTs did not have awell-matched threshold voltage V;; or
on-state current (Fig. 3¢c), we first systematically adjusted the width-
to-length (W/L) ratio of the p-type OECT to reduce its on-state current
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curves and gain values for the elastic amplifier under different strain levels.
e, Comparison of the gain value and supply voltage of different stretchable
inverters'>**4495°_f Schematic diagram of the monolithic downscaling of
the channel area of the amplifier. g, Photographs of the miniaturized elastic
amplifier. h, Dynamic responses of the elastic amplifier before and after channel
area downscaling. The input signal was a 20-mV sinusoidal signal at different
frequencies withad.c.biasat Vj,.

(Supplementary Fig.27a). After optimization, the transfer characteris-
tics of the two materials aligned much better, resulting in areduction
of V,,from0.8 Vto 0.65 V (Supplementary Fig. 27b,c). Lowering V,,not
only minimizes power consumption and the bias potential required for
signalamplification butalsoreduces therisk of potential tissue damage.
Benefiting from the good operational stability and the inherent
current counterbalancing of our complementary design, the amplifier
output remained notably stable. Both the gain value and V,, exhibited
minimal variation across different strain levels (Fig.4b and Supplemen-
tary Figs.29-31). Notably, the SAM-modified amplifier remained fully
functional even after 14 days ofimmersionin rabbit plasmaand 24 days
inphosphate-buffered saline (PBS) solution (Fig.4c and Supplementary
Figs.32 and 33). This finding underscores the outstanding operational
stability of our n-type polymer in physiological environments.
Toensure suitability within vivoimplantation, the elasticamplifier
was designed as along strip (Supplementary Fig.36a). Abonded aniso-
tropic conducting filmand flexible printed circuits (FPCs) were used for
theelectrical connections. Having been designed for electrophysiological
recording, the amplifier showed a maximum gain of about 140 V/V with
anegligible variation in V,, and gain under 0% to 40% strain (Fig. 4d and
Supplementary Fig. 36b). Both the operational voltage and gain of the
elastic amplifier are exceptional among reported stretchable inverters

made from organic or inorganic materials'**~* (Fig. 4e and Supplemen-
tary Table 3). A simulated electroencephalogram signal was amplified
about 40 times (Supplementary Fig. 36¢). Under bended and tented
deformation, the elasticamplifier also demonstrated good amplification
(Supplementary Figs. 37 and 38). Moreover, the amplification capabil-
ity remained unaffected under dynamic strain levels (Supplementary
Figs.39 and 40 and Supplementary Note 6). These results show that the
elastic amplifier is fully suitable for most electrophysiological record-
ingapplications, as large-deformation tissues, such as the skin or heart,
typically experience astrain of no more than 30% during daily activities®.

To investigate the dynamic response, we simulated weak electro-
physiological signals by applying a20-mV sinusoidal signal input with a
d.c.biasto V. Theresulting -25-fold amplification at1 Hzwas lower than
thegainobtained fromthe VTC curve (Fig.4hand SupplementaryFig. 42).
This limited performance stemmed from the oversized channel and the
high electrode capacitance (Supplementary Fig. 43). To address this, we
devised amonolithic photolithography fabrication processto downscale
thechannelsize (Fig.4fand Supplementary Fig. 44), which demonstrates
theintegration potential of the elastic amplifier. Miniaturizing the channel
to 10 pm notably enhanced the dynamic response (Fig. 4g and Supple-
mentary Fig.45). It achieved a40-fold magnificationat1 Hzand a14.9-Hz
cutofffrequency undera20-mVsinusoidal input (Fig. 4h). Furthermore,
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Fig. 5| Elastic amplifiers for implantable bioelectronics. a, Cell staining images
of the polymer film and a control sample in alive/dead staining test. b, Cell
viability of mouse fibroblasts (NIH-3T3) from the MTT assay. Data are presented
as mean values + standard deviation (over three independent experiments).

¢, Comparison of histological results for an elastic (thickness ~400 pm) and
Pl-based (thickness ~25 pm) amplifier. Representative images with haematoxylin
and eosin, Masson’s trichrome and immunofluorescence staining are shown
from left to right. d, Photographs of the device before and after implantation for
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7 days. e-g, Performance statistics of the device before and after implantation:
gnand V,, of p- (e) and n-type (f) OECTs and the gain of the amplifier and Vy, (g).
Data are presented as mean values + standard deviation (n = 5 for the data before
implantation and n = 3 for the data after implantation, where nis the number of
inverter devices implanted in different rats). h, Schematic of the electrical set-up
and a photograph of adevice used for in vivo ECG. i, Time-domain ECG signals
obtained by the elastic amplifier and its time-frequency analysis diagram,
compared with those for a passive electrode.

althoughthe mesoscale amplifier magnified asimulated ECGsignal by only
six times, the microscale amplifier achieved over 25-fold magnification
(SupplementaryFig.46 and Supplementary Note 7). However, ata10-pm
resolution, the stretchability of the microscale deviceis constrained by the
Auelectrodestonomorethan30%strain. Asoptimizing the stretchability
ofthe micro-cracked Auis beyond the current scope, only the mesoscale
device was used for the subsequent in vivo scenario.

Enhanced biocompatibility and in vivo
electrophysiological recording

Biocompatibility, biostability and stable electrical performance
are essential for implantable biosensors. We first evaluated the

biocompatibility of the polymer with cell viability tests using mouse
fibroblasts (NIH-3T3), and the semiconducting polymer P(bgTDPP-
TVT-CN2) showed low cytotoxicity (Fig. 5a,b). Next, we conducted a
long-termin vivo histological comparison against conventional poly-
imide (PI)-based devices (Supplementary Fig. 48). After 6 weeks of
subcutaneous implantation, our elastic amplifier formed a stable,
mature fibrous capsule. There was a thin, compact collagen layer with
minimalinflammatory cellinfiltration (mature collagen fraction 8.5%).
By contrast, the Pl-based flexible device showed continuing tissue
remodelling and chronicinflammation, characterized by a thicker col-
lagen layer, abundant capillaries and scattered nuclei (mature collagen
fraction15.5%). Overall, this compact capsule demonstrates the better

Nature Sensors


http://www.nature.com/NatSens

Article

https://doi.org/10.1038/s44460-026-00091-7

tissue integration and higher biocompatibility of this elastic amplifier
compared with its Pl counterparts (Fig. 5c and Supplementary Fig. 49).

To further investigate the in vivo stability, elasticamplifiers were
subcutaneously implanted inthe rat hindlimb for 1 week (Fig. 5d). Post-
implantation tests showed that both p-type and n-type OECT materials
maintained their semiconducting properties (Fig. Se,f and Supple-
mentary Fig. 50a). The p-type OECT maintained its g,, but had alower
on/off ratio and increased V,, (probably from reductive doping). By
contrast, the n-type OECT exhibited improved performance (enhanced
gnandreduced V,,) afterimplantation, possibly due to further doping
by endogenous reducing chemicals, such asdopamine, ascorbicacid,
catalase and so on. Interestingly, such performance variations helped
to compensate for the inherently high V,;, of the n-type material, such
that the performances of the n-type and p-type OECTs better matched.
Overall, the amplifier maintained a stable gain of 120 V/V after 7 days of
implantation. It then had asmaller V, closer to1/2 of V;,p, which would
allowing operation at a lower voltage (Fig. 5g and Supplementary
Fig.50b). Theseresults demonstrate the robust in vivo adaptability of
our elastic amplifier and its reliable signal amplification.

Following the biocompatibility and biostability assessment, we
performed in vivo recording and amplification of the ECG signal ina
Sprague Dawleyrat (Fig. 5h). The PI-based flexible amplifier showed poor
adhesion to the beating heart surface due to its high modulus, and its
outputwas uninterpretable. By contrast, our elastic device, withits low
modulus and low stiffness (Supplementary Figs. 47 and 48), maintained
seamless adherence during vigorous motion. A planar Au electrode
was fabricated alongside the elastic amplifier to enable simultaneous
recording. As shown in Fig. 5i, ECG signals with a rhythm of 270 beats
per minute were recorded by both the passive electrode and the elastic
amplifier. During the test, the motion of the tissue was also captured and
magnified by the device, as evidenced by the low-frequency fluctuations
inthetrace. Because of the high-frequency range of the rat ECG signals,
the amplification factor was limited to three times. Nevertheless, the
amplifier achieved a notably higher SNR of 25.12 + 3.20 dB compared
with the passive electrode (11.08 + 2.62 dB), as the in situ amplification
mainly suppressed external wiring noise. Additionally, we successfully
recorded the lower-frequency ECG signal of a rabbit using the elastic
amplifier, achieving over 10 times magnification (Supplementary Fig. 51).
Further device optimization, including reducing the channel length or
adopting new device configurations'**, could substantially enhance
the dynamic response of the amplifier, leading to improved magnifica-
tionand SNR for abroader range of electrophysiological applications.

Conclusions

Insummary, we have demonstrated an elastic in vivo amplifier that can
work intimately in wet, dynamic biological environments. Thisadvance
was enabled by three key innovations: (1) the development of a highly
stretchable and high-performance n-type polymer, P(bgTDPP-TVT-
CN2), (2) ahydrophobic SAM that enhances adhesion for conjugated
polymersand (3) acomplementary circuit design that effectively miti-
gates strain sensitivity. With these innovations, we fabricated elastic
amplifiers capable of achieving high voltage gains of up to 140 V/V
while operating atlow voltages (<1.0 V) inaqueous environments. The
devices were successfully applied in vivo to record ECG signals, and
they demonstrated conformal and stable attachment to wet heart
tissue while delivering superior SNR. Although further optimization
is needed to improve response times and amplification factors, this
work establishes a viable pathway for achieving stable, long-term,
in vivo recording and amplification of biosignals, even under large
deformations and in dynamic biological environments.

Methods

Synthesis of OECT materials

The synthesis procedures for P(bgTDPP-TVT-CN2) and P(g2T-T) are
detailed in Supplementary Note 1.

General materials characterization and calculation
Polarized UV-vis-NIR spectra were recorded on a UV-vis-NIR spectro-
photometer (UV3600-Plus, Shimadzu) equipped with a polarizer to
control the polarization direction relative to the stretching direction.
Cyclic voltammetry tests were performed with an electrochemical
workstation (SP-300, BioLogic Science Instruments) in 0.1 M tetrabu-
tylammonium hexafluorophosphate (n-Bu,NPF)/acetonitrile solution
with ferrocene/ferrocenium (Fc/Fc*) as the external standard. AFM
topography measurements were performed with an atomic force
microscope (Cypher, Asylum Research, Oxford Instruments). Sur-
face morphology was recorded at a scan rate of 1-2 Hz in a.c. mode.
The AFM modulus was measured with an atomic force microscope
(MultiMode 8, Bruker), and Young’s modulus was extracted using the
DMT contact mechanics model. Alldatawere processed and analysed
using Nanoscope Analysis software (Bruker). Two-dimensional GIWAXS
measurements were conducted on a XenocsSAXS/WAXS system with
an X-ray wavelength of 1.5418 A and anincidence angle of 0.2°. Pilatus
300K was used as a two-dimensional detector. Data processing was
performed using Nika and WAXTools packages in Igor Pro.
Geometry optimization and relaxed potential energy surface
scans were performed at the wB97XD/6-311 g(d,p) level using Gaussian
16 and Gauss View 6.

Fabrication and characterization of rigid OECT devices

The OECT devices were fabricated following the reported double-
parylene method with minor modifications®. First, the silica sub-
strate was ultrasonically washed in acetone, deionized water (DI) water
and isopropyl alcohol in sequence, followed by drying with nitrogen
and oxygen plasma for 5 min (PDC-MG, Chengdu Mingheng). Source
and drain electrodes were fabricated by a lift-off method, which
included photo-patterning a photoresist LOR 3A/S1813 using a UV
lithography machine (MA6, SUSS), magnetron sputtering of 5nm Ti
and 40 nm Au (QAM-4W-STS, ULVAC), and removing the patterned
photoresist and excess metal. Subsequently, a1-pmlayer of parylene-C
was chemically deposited usinga PDS 2010 Labcoater-2 (Specialty Coat-
ing Systems), after applying 3-(trimethoxysilyl)propyl methacrylate
(A-174 silane), which is an adhesion promoter, onto the substrate. An
anti-adhesive layer (2 v/v% Micro-90 water solution) was subsequently
spin-coated onto thefirstlayer at1,000 rpm for 1 min, followed by the
deposition of another 1-pm layer of parylene. An AZ 10XT photoresist
and AZ-400K developer were then used to expose the channel while
protecting the other parts. The exposed channel areas were etched
by reactive-ion etching with O, plasma using a reactive-ion etcher
(LCCP-6A, Leuven Instruments). Finally, the excess photoresist was
rinsed off with acetone.

AP(bgTDPP-TVT-CN2)/chloroformsolution (3 mg ml™) was spin-
coated onto the devicesinaglovebox toforma30-60-nm-thick poly-
mer film. After the second parylene layer was peeled off with tape, the
OECTs were ready for measurement. Electrical characterization of
the devices was performed using a Keithley 4200 SCS analyser or an
Fs-Pro semiconductor parameter analyser. An Ag/AgCl pellet (Warner
Instruments) was employed as the gate electrode. The electrolyte was
0.1 M NaCl solution, which covered the polymer film in the channel.
The film thickness was determined in a dry state with a profilometer
(DEKTAK, Bruker).

Electromechanical coupling characterization of
OECT materials
The device was constructed on asilica substrate with gold source and
drain electrodes, as we did for the rigid OECT devices. No patterned
encapsulation layer was applied. The width and length of the channel
were100 pumand 10 pm.

A P(bgTDPP-TVT-CN2)/chloroform solution (3-5 mg ml™) was
spin-coated onto an octadecyltrimethoxysilane (OTS)-modified silica
substrate in a nitrogen atmosphere. A 300-um-thick free-standing
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PDMS film was used to pick up the semiconducting polymer, which
was stretched to a target strain and transferred to the silica substrate
prepatterned with source and drain electrodes. The PDMS strip was
carefully peeled off at 60 °C, leaving the stretched semiconducting
polymer on the substrate. During the pickup, a high peeling rate was
appliedtothe PDMS stamp toinduce the rate-dependent delamination
ofthe semiconducting film from the donor substrate. During printing,
alower peeling rate combined with mild heating enhanced adhesion to
thereceiving substrate, so that the filmremained on the target surface
while detaching from the PDMS stamp, thus completing the transfer.
Excess polymer film outside the channel region was carefully wiped
off using a wet Q-tip to reduce electrical leakage. After being covered
with a 0.1 M NaCl aqueous solution electrolyte and an Ag/AgCl pellet
gate electrode, the device was connected without a passivation layer
toasemiconductor analyser for electrical characterization.

Mesoscale elastic OECT-based amplifier on a SEBS substrate
First,aSEBS H1221/toluene solution (120 mg mI™) was drop-castontoan
OTS-modified Sisubstrate. The wafer was carefully sealed to allow slow
evaporation of the solvent overnight, thus forming a 400-1,000 pm
SEBS elastic substrate. Then, the elastic substrate was pre-stretched
and fixed. The SEBS filmwas stretched by 50% in the longitudinal direc-
tion and 20% in the perpendicular direction. Next, a shadow mask
was attached to the pre-strained SEBS substrate, followed by thermal
evaporation of 40 nmof gold at an evaporation rate of 0.5 As™ (AMOD,
Angstrom Engineering). After removing the shadow mask, stretchable
source and drain electrodes were prepared. The device was then placed
inasealed oven with a3 mM benzyl mercaptan/isopropylalcohol solu-
tion for surface modification at 20 °C overnight. AP(bgTDPP-TVT-CN2)
and P(g2T-T) film was spin-coated onto an OTS-modified Si slice and
picked up by asmall piece of PDMS film (10 mm x 2 mm). With a mini-
mum resolution of 400 um x 1,000 um, it was aligned and transferred
to the channel region, before or after the pre-strained substrate was
released (Supplementary Figs. 24 and 25 and Supplementary Note 4).

To encapsulate the mesoscale elastic OECT-based amplifier, a
PDMS solution (prepolymer with crosslinker 12:1 w/w, diluted by ethyl
acetate 150 wt%) was carefully drop-cast onto the whole device, leaving
the channel and contact pads exposed. The PDMS passive layer was
then cured at 60 °C for 45 minin a glovebox for eventual crosslinking.
The encapsulated device was then cut into strips to meet the needs
of the application scenarios. FPCs and an anisotropic conducting
film were used for the electrical interconnections. The bonding of
the anisotropic conducting film was performed using a constant-
temperature hot press machine (GZC-COF280, Hailunda Technology)
at 0.01 MPa and 100 °C for 1 min to establish an electrical connection
betweenthe elasticamplifier and the FPC. Finally, azero-insertion-force
socket was used to connect the FPC to a semiconductor analyser for
the electrical characterization.

Mesoscale flexible OECT-based amplifier on a Pl substrate

The mesoscale flexible OECT-based amplifier was fabricated on a 25-pm
Plsubstrate, using asimilar fabrication process used for the mesoscale
elastic OECT-based amplifier with necessary adjustments. First, Ti
(5nm) and Au (40 nm) were magnetron-sputtered through a shadow
mask onto aclean Plsubstrate. The whole device was then exposed to
abenzyl mercaptanatmosphere for surface modification as described
above. Later, the p- and n-type semiconductor polymers were trans-
ferred to the channel part. Finally, another layer of Plwithanadhesion
agentwaslaminated onto the metal electrode asan encapsulation layer,
while leaving the channel exposed to the electrolyte.

Microscale elastic OECT-based amplifier

A3%poly(vinylalcohol) (PVA) aqueous solution was spin-coated onto a
cleansilicawaferat1,000 rpmto formareleasing layer. The edge of the
PVAwas wiped withwet Q-tips to avoid delamination during fabrication.

ASEBS H1221/toluene solution (120 mg ml™) was drop-cast onto the sub-
strate. After slow evaporation of the solvent overnight,a400-1,000 um
elastic substrate was prepared. Then, a40-nm gold layer was thermally
evaporated onto the SEBS. Photoresist S1813 was spin-coated and baked
with slow heating and annealing rates to avoid crack formation. Then
the photoresist was patterned by lithography (MA6, SUSS), and the
exposed gold was wet-etched by an Au etchant (120 mMKI/32 mM I,
in DI water) for 3 min. The etchant was thoroughly washed off with DI
water. The residual photoresist was dissolved in acetone and isopropyl
alcohol, followed by nitrogen drying. Next, aP(g2T-T)/hexafluoroisopro-
panol (HFIP) solution of 3 mg ml was spin-coated onto the substrate at
1,000 rpm, whichwas followed by a layer of fluoropolymer (Novec 2702,
3M) as protective layerI. A50-nm layer of Cuwas magnetron-sputtered
asprotectivelayer Il. Photoresist AZ1I0OXT was spin-coated and patterned
tocover the channel part of the device. Protective layer [lwas etched with
aCuetchant. Protective layer I and p-type polymer were dry-etched by
reactive-ion etchingloaded with O, and CF,.Isopropyl alcohol was used
to dissolve and wash away the excess AZ10XT, which completed the
patterning of the p-type OECT material. An n-type layer of P(bgTDPP-
TVT-CN2) was then spin-coated and patterned by dry-etching under
the protection of the fluoropolymer and photoresist, using a similar
fluoropolymer protection method as described above. Finally, the fluo-
ropolymer was dissolved by a fluorinated solvent, and the Cu protection
layer waslifted off, leaving both the p-and n-type semiconducting films
on the channel. The films had a size of 100 pm x 10 pm. The device was
ready for characterization without passive layers.

Tensile tests

Tensile tests under monotonic and cyclic loading conditions were
conducted using a low-force testing system (68SC-05, Instron), with
devices fixed to the clamps. Specifically, devices with Pland SEBS sub-
strates were monotonically stretched at aloading rate of 5 mm min,
and elastic devices were also subjected to cyclic tensile tests (continu-
ous loading and unloading) at arate of 20 mm min.

Long-term immersion stability test

The elastic devices were first bonded with an FPC connecting wire,
and the welding joint was encapsulated for waterproofing. The as-
fabricated device was then soaked in rabbit plasma (R774419, Aladdin)
or PBS solution for ageing. At certain time intervals, the device was
taken out, dried and its electronic properties were measured using a
drop of 0.1 MNaClsolution as the electrolyte. After each measurement,
the device was re-immersed in the solution to continue the long-term
ageing. Details of the experimental set-up are provided in Fig. 4c and
Supplementary Fig. 32.

Cytotoxicity
The polymer P(bgTDPP-TVT-CN2) was dissolved in chloroform and
spin-coated onto glass substrates, baked at 100 °C, washed with DI
water and blow-dried. After abrief oxygen plasma treatment, samples
were placed into 12-well plates. Mouse fibroblasts (NIH-3T3, Cellcook)
were then seeded into each well. Cells were cultured in high-glucose
DMEM (CM2016, CellCook) supplemented with 10% fetal bovine serum
(BL201A, Biosharp),100 U ml™ penicillinand 100 U ml™ streptomycin
(SV30010, HyClone) at 37 °Cin a humidified atmosphere with 5% CO,.
After 24 h of incubation, live/dead staining (E-CK-A354, Elabscience)
was performed. Briefly, cells were washed with PBS, and a working solu-
tion was prepared by adding 1 uM calcein-AM and 7.5 pM propidium
iodide to DMEM. The working solution was added to the cultures and
incubated at 37 °C for 30 min. Live cells (green fluorescence) and dead
cells (red fluorescence) were then observed using amicroscope (Eclipse
LVIOOND POL/DS, Nikon) equipped with alight source (C-HGFI, Nikon)
and a490-nm excitation filter.

For the MTT assay, the P(bgTDPP-TVT-CN2)/chloroform solution
was first drop-cast onto OTS-modified silica wafers, vacuum-treated
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for 12 h after peeling and then washed with DI water, PBS and DMEM
(CM2016, CellCook). The samples were thenincubated in complete cul-
ture medium (0.8 mg ml™) at 37 °C for 24 h. The extracts were filtered
througha0.22-pmfilter and diluted to the desired concentrations. NIH-
3T3cellswere then seeded into 96-well plates (2 x 10* cells per well) and
incubated for 24 h. After incubation, the cells were washed with PBS and
treated with extraction media of different concentrations for another
24 h. The extract was then removed, and MTT solution (0.5 mg ml™in
DMEM, MAO0198, MeilunBio) was added. Following incubation for 4 h
inthe dark, the solution was carefully removed, and 100 pl of dimethyl
sulfoxide was added to each well to dissolve the formazan crystals.
The absorbance was measured at 570 nm using a microplate reader
(Multiskan FC, Thermo Scientific).

Histological processing for haematoxylin and eosin, Masson’s
trichrome and immunofluorescence staining

After anaesthetizing the Sprague Dawley rats (aged 10-12 weeks)
with isoflurane (R510-22-10, RWD Life Science Co), we subcutane-
ously implanted the elastic amplifier device (10 x 6 x 0.4 mm?) and
the Pl-based device (10 x 6 x 0.025 mm?) into the hindlimb tissue
of the rats. The wound was closed with sutures. After 6 weeks, the
rats were euthanized, and the implanted devices, along with the sur-
rounding tissue, were excised and fixed in 4% paraformaldehyde
(BL539A 4%, Biosharp) for 24 h. The samples were then dehydrated
and embedded in paraffin, and pathological sections were prepared.
The sections were deparaffinized sequentially with xylene, ethanol
and distilled water. Samples were stained with haematoxylin and
eosin (QY1013, Shanghai Qianya Jinzhi Biotechnology) and Masson’s
trichrome staining kits (QY1018, Shanghai Qianya Jinzhi Biotechnol-
ogy). They were then washed with xylene and mounted with neutral
resin. The entire sections were imaged using a microscope (DM2500,
Leica). Immunofluorescence staining was performed as follows. After
blocking endogenous peroxidase and nonspecific sites, sections
wereincubated with the primary antibodies (a-SMA, amyofibroblast
marker, green, and CD68, amacrophage marker, red) overnightat4 °C,
followed by incubation with the secondary antibodies and tyramide
signal amplification for 10 min, using specified fluorescence chan-
nels. For multiplex labelling, antibody elution and sequential stain-
ing cycles were performed. Nuclei were counterstained with DAPI
(4',6-diamidino-2-phenylindole), and sections were mounted with
antifade medium for imaging. The primary antibodies were anti-
alpha smooth muscle actin (a-SMA) antibody (ab7817, Abcam; dilu-
tion 1:2,000) and anti-CD68 antibody (ab283654, Abcam; dilution
1:500). The secondary antibodies were goat anti-rabbit IgG H&L (HRP)
(ab205718, Abcam:; dilution 1:5,000) and goat anti-mouse IgG H&L
(HRP) (ab205719, Abcam; dilution: 1:5,000).

Invivo ECG recording
All animal experiments were approved by the ethics committee (Pro-
tocol No. DLASBD0683, approved by the Institutional Animal Care
and Use Committee of Peking University Health Science Center) and
conductedin compliance with guidelines for animal experimentation.
Female Sprague Dawley rats aged 10-12 weeks from the Depart-
ment of Laboratory Animal Science, Peking University Health Sci-
ence Center, were used in the acute epicardial recording experiments.
Rats were anaesthetized with isoflurane (2-5% in oxygen) for general
anaesthesia. An acute tracheotomy was conducted, and the rats were
intubated on a ventilator (VentStar Small Animal Ventilator, RWD Life
Science). The ribs were cut to expose the heart, and the pericardium
was gently removed. During ECG recording, working and reference
electrodes were lightly placed on the heart tissue and recorded with
an Fs-Pro semiconductor parameter analyser with a1,000-Hz sam-
pling rate. The device could lightly cover and become attached to
the epicardial surface due to its softness and the modest adhesion of
SEBS. By adjusting the supply voltage (V,,=0.25Vand Vi =-0.65V),

theamplifierinput could be fixed at zero bias. The animal was directly
grounded by a commercial AgCl gel electrode (3M) attached to the
abdominalregion. The recorded signals were digitally filtered using a
notch filter of 50 Hz. Then, a digital high-pass filter of 10 Hz was used
to focus on the ECG frequency band. Letswave7 MATLAB toolbox was
used to plot the ECG time-frequency domain analysis diagrams.
FemaleJapanese white rabbits (aged 6-7 months, weighing 2.5 kg)
fromthe Department of Laboratory Animal Science, Peking University
Health Science Center, were selected for this study. After anaesthesia,
the rabbit’s heart was exposed via median sternotomy. The amplifier
and reference electrode were used to record the ECG signal, like the
method we used for the rat experiment. At the end of the study, the
animal was euthanized humanely with the air embolism method.

Statistics and reproducibility

Allexperiments wereindependently repeated at least three times. The
number of independent experiments n is specified in the figure cap-
tions. Imaging experiments, including optical and electron microscopy,
were independently repeated at least five times with similar results;
representative images are shown.

Ethics and inclusion statement

Collaboratorsagreed onroles and responsibilities ahead of the research
and discussed any capacity-building plans for local researchers. Ani-
mal experiments were approved by the Institutional Animal Care and
Use Committee of Peking University Health Science Center and were
conductedin compliance with guidelines for animal experimentation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldata supporting the findings of this study are available in the main
textor the Supplementary Information. Other related raw data are fully
and freely available from the corresponding authors. Source data are
provided with this paper.

Code availability
No central code was developed for this work.
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Data collection  LabExpress in Fs-Pro semiconductor parameter analyzer (PDA): OECT and inverter characterization, ECoG recording; EC-Lab(V11.52):
electrochemical measurements; Fiji-lmagel: fluorescence quantification

Data analysis The electrophysiological signals were analyzed by Signal Processing Function in Origin 2023b, and MATLAB(R2025a) with toolbox letswave7.
The Atomic force microscopy (AFM) modulus measurements data were processed and analyzed using Nanoscope Analysis software V1.4
(Bruker). Data processing of 2D-GIWAXS measurements was performed using Igor Pro 9 software with the Nika and WAXTools packages.
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Sample size To evaluate the electrophysiological signal acquisition performance of the proposed device while adhering to the 3R principles of animal
ethics (Replacement, Reduction, and Refinement), we conducted experiments using two rats and one rabbit. Sample sizes were chosen based
on previous studies in the field and are consistent with commonly used practices for device characterization and in vivo electrophysiological
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Data exclusions  Parts of in vivo electrocardiosignals were excluded. Since this electrophysiological signal exhibits periodicity, a short segment (e.g., a few
seconds) is sufficient to characterize the complete signal. The applied exclusion criteria adhered to established clinical research standards.
Data were excluded when clear experimental artefacts were identified (e.g., device failure or measurement errors), according to pre-
established criteria.

Replication The interval between each independent experiment was at least one week. All experiments were repeated on independent devices or
samples, and consistent results were obtained, confirming the reproducibility of the findings.

Randomization  For the animal experiments, only species-level specifications were provided by the authors, with individual subjects randomly assigned by the
Institutional Animal Care and Use Committee of Peking University Health Science Center.

Blinding Blinding was not relevant to this study, as the experiments involved objective device measurements and signal recordings without subjective
assessment.
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Antibodies used Primary antibodies: Anti-alpha smooth muscle Actin antibody (ab7817, abcam; dilution: 1:2000), Anti-CD68 antibody (ab283654,
abcam; dilution: 1:500);
Secondary antibodies: Goat anti-rabbit 1gG H&L (HRP) (ab205718, abcam; dilution: 1:5000), Goat anti-mouse 1gG H&L (HRP)
(ab205719, abcam; dilution: 1:5000)
Validation Each primary antibody used in this study was validated for the relevant species and application. Validation information was obtained
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Cell line source(s) The NIH-3T3 cell line (mouse embryonic fibroblast) was obtained from Cellcook. This cell line is derived from mouse and
therefore sex is not applicable.

Authentication The NIH-3T3 cell line was not further authenticated.
Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  The NIH-3T3 cell line is not listed among commonly misidentified cell lines.
(See ICLAC register)
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Laboratory animals The study involved SD rats aged 10-12 weeks and adult Japanese White Rabbit (2.5 kg) aged 6-7 months. All animals were obtained
from the Department of Laboratory Animal Science, Peking University Health Science Center.

Wild animals The study did not involve wild animals.

Reporting on sex Only female animals were used in this study. Sex was not considered as a variable in the experimental design, as no sex-dependent
effects were expected.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal experiments were conducted in accordance with institutional guidelines and were approved by by the Institutional Animal
Care and Use Committee of Peking University Health Science Center (protocol No. DLASBD0683)
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