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On-site or in-sensor biosignal transduction and amplification can offer several
benefits such as improved signal quality, reduced redundant data transmis-
sion, and enhanced system integration. Ambipolar organic electrochemical
transistors (OECTSs) are promising for this purpose due to their high trans-
conductance, low operating voltage, biocompatibility, and suitability for
miniaturized amplifier design. However, limitations in material performance
and stability have hindered their application in biosignal amplification. Here,
we propose using high-spin, hydrophilic conjugated polymers and a compu-
tational screening approach to address this challenge. We designed a high-spin
polymer, namely P(TII-2FT), which exhibits satisfactory, stable, and balanced
ambipolar OECT performance. The figure-of-merits achieved by the P(TII-2FT)
devices surpass those of the current leading materials by 5 to 20 times,
resulting in remarkable voltage gains while maintaining a compact form factor.

Based on this amplifier, we have successfully achieved on-site capture and
amplification of various electrophysiological signals with greatly enhanced

signal quality.

Biosignal recording systems typically involve front-end signal transdu-
cers and downstream backend signal amplification, filtering, or feature
detection components'. To mitigate noise, enhance signal quality,
reduce redundant data transmission, and improve system integration,
on-site or in-sensor signal processing has emerged as an increasingly
significant avenue in bioelectronics®’. Coating conducting polymers on
electrodes can reduce interfacial impedance and improve the signal-to-
noise ratio (SNR)*’. Nevertheless, this approach lacks on-site amplifi-
cation, and the large physical distance between the sensors and the
backend signal processors introduces additional noise, resulting in
compromised signal quality®’. To achieve on-site amplification with
compact form factors and exceptional performance, organic electro-
chemical transistors (OECTs), a burgeoning polymer-based bioelec-
tronic technology®°, have garnered growing attention due to their low
operating voltage (<0.8V), remarkable flexibility/stretchability, high
transconductance (g.,), and ability to form intimate biointerface”.

OECTs have found utility in diverse biological applications,
including metabolite sensing and electrophysiological recordings,
with performance surpassing those of electrode-based sensors and
inorganic transistors'>>, However, their current output presents chal-
lenges for practical implementation, given that most electro-
physiology equipment demands a voltage input™. To tackle this issue,
OECT-based circuits, such as unipolar circuits”, complementary metal-
oxide-semiconductor (CMOS)-like circuits'® and ambipolar OECT-
based circuits", have been devised (Supplementary Fig. 1). Ambipo-
lar OECT-based circuits can enhance device integration, reduce foot-
print, and simplify manufacturing processes. Nonetheless, the
performance and stability of ambipolar OECT materials remain
inadequate to meet the requirements of practical signal amplification.
Moreover, achieving in vivo and on-site amplification within living
organisms has yet to be realized, likely due to limitations in device
stability and performance.
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The past few years have witnessed rapid advancements in OECT
materials, with p-type materials showcasing high uC* values exceeding
500Fcm™V?'s™ and n-type materials demonstrating elevated uC*
values surpassing SOFcm™V's?72° In contrast, the current best
ambipolar material is based on blending p-type and n-type materials,
resulting in moderate yet unbalanced performance, with a p-type uC*
of 22.8 Fcm™V?s™ and an n-type uC* of 11.8 Fcm™ Vs, Although
this approach is straightforward, it offers limited performance and
may lead to inadequate uniformity in large-area fabrication due to
challenges in controlling the morphology and phase separation of the
two OECT materials. Single-component ambipolar materials are more
appealing, as they simplify device fabrication processes while pro-
moting better film uniformity. However, their performance and sta-
bility remain subpar'“*., The most promising single-component
ambipolar material, 2DPP-OD-TEG, exhibits a p-type uC* of
3L.8 Fem™ Vs and an n-type uC* of 6.8 Fcm™V's™, and its device
performance drops rapidly after 84 cycles during p-type operation®.
Thus, ambipolar OECT materials are underexplored, significantly
trailing behind their p-type and n-type counterparts. In traditional
OFET material design, achieving high-performance, stable, and
balanced ambipolar characteristics is feasible through the use of
classical low-bandgap donor-acceptor (D-A) polymers®?. Never-
theless, our attempts indicate that this approach is not applicable to
ambipolar OECT materials, primarily due to the challenge of restricted
polaron delocalization and unstable doped states (see Supplementary
Fig. 2 for detailed discussions)'®. Consequently, the design strategy for
achieving high-performance, stable, and balanced ambipolar OECT
materials remains elusive.

Here, we propose designing high-spin conjugated polymers for
high-performance, stable and balanced ambipolar OECTs. We have
successfully developed a single-component ambipolar polymer, P(TII-
2FT) (Fig. 1d), which demonstrates balanced and exceptionally high
ambipolar properties with uC* values of 158.6 Fcm™V's™ for the
p-type regime and 147.4Fcm™V's™? for the n-type regime. These

values are over 5 to 20 times higher than the current best single-
component ambipolar materials. Our ambipolar OECTs also exhibited
unprecedented stability with less than 6% current change after cycling
over 1000 times. Computational studies corroborate that the design of
high-spin polymers facilitates the effective delocalization and stabili-
zation of positive and negative polarons, resulting in enhanced per-
formance and much better stability. By leveraging this material, we
have successfully realized NOT (Inverter), NAND, and NOR gates, as
well as ultrahigh gain amplifiers. Furthermore, we harnessed the
amplifiers to monitor human electrocardiograph (ECG), electro-
encephalograph (EEG), and mouse electrocorticogram (ECoG) signals.
These biosignals experienced amplification exceeding 70 times,
showcasing the immense potential of employing hydrophilic high-spin
polymers for on-site biosignal capture and amplification.

Results

Polymer design, synthesis, and characterization

Compared with OFET materials, which work in neutral or lightly doped
states, OECT materials generally operate in highly doped states®, thus
their charge delocalization capabilities and stability in the doped states
are crucial>. We propose that a high-performance, stable, and
balanced ambipolar OECT material requires (1) high charge carrier
mobility, (2) stable p-doped and n-doped states and (3) balanced hole/
electron injection/transport ability. To meet these requirements, we
selected polymer building blocks through the following steps: (I) Most
high-mobility conjugated polymers are based on several high-
performance building blocks (e.g., bithiophene imide (BTI)¥, naph-
thalene diimide (NDI)'*?, isoindigo (1ID)*, dithienyl diketopyrrolo-
pyrrole  (TDPP)*, benzodifurandione-based oligo(p-phenylene
vinylene) (BDOPV)*, and thienoisoindigo (TII)*), primarily due to their
good backbone planarity and strong interchain interactions. (II) The
singlet-triplet energy gap (AEst=Es— Et) represents the energy dif-
ference between the singlet and triplet states®. As the energy level of
the singlet state approaches that of the triplet state, the organic
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Fig. 1| Schematic illustration of using high-spin polymers for on-site biosignal
amplification. a Schematic illustration of a flexible OECT sensor matrix for cap-
turing and amplifying mouse electrocorticogram (ECoG). b Diagram of the com-
pact signal amplifier based on a cofacial vertical OECT pair and the corresponding
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circuit diagram. ¢ The layered device configuration of our device. d Chemical
structures of the three high-spin polymers, P(TII-T), P(TII-2FT), and P(TII-2CIT) used
for this study. Panel a was partly generated using Servier Medical Art under a
Creative Commons Attribution 3.0 unported license.
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Fig. 2 | Polymer design and characterization. a Schematic illustration of the
transition from a closed-shell state to an open-shell state as the energy gap between
the singlet state and the triplet state decreases. b Resonance structures and the
amphoteric redox behaviors of P(TII-Ar), which could encompass both aromatic
type (closed-shell) and quinoid type (open-shell) structures. The “Ar” represents

the comonomers. ¢ Calculated Ay values of the six commonly used high-mobility
building blocks. d Calculated AEsy values of the three polymers: P(TII-T), P(TII-2T),
and P(TII-TT). 1, 2, 3, and 4 represent the number of repeating units used for
calculation.

semiconductor gradually transitions from a closed-shell to an open-
shell character (Fig. 2a)*. Simultaneously, the degree of overlap
between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the material increases,
implying enhanced charge delocalization along the polymer backbone
and further stabilizing the electronic structure in a high-spin state®**,
High-spin electronic structures usually exhibit rich redox
behaviors®*, with two electrons occupying two nearly degenerate
frontier orbitals, each capable of gaining or losing electrons. We pro-
pose that this characteristic could enable stable ambipolar charge
transport after doping (Fig. 2b). (Ill) The polymers must also have a
planar backbone for better intrachain/interchain charge transport.

Based on these assumptions, we screened available high-mobility
building blocks by calculating their AEst values (Fig. 2¢c). Among them,
TIl exhibits the largest AEsy value, suggesting that Tl could possess the
most significant open-shell character. Thiophene (T), bithiophene
(2T), and thieno[3,2-b]thiophene (TT) are commonly used comono-
mers and were also employed for calculations. Compared to P(TII-2T)
and P(TII-TT), P(TII-T) demonstrates the largest AEst value (Supple-
mentary Table 1, Fig. 2d, and Supplementary Fig. 3). Thus, Tll and T
were selected for constructing the polymers. Based on P(TII-T), P(TII-
2FT) and P(TII-2CIT) were also designed (Fig. 1d), with two fluorine or
chlorine atoms introduced to tune the frontier orbital energy levels for
balanced hole/electron injection. Ethylene glycol (EG) side chains were
used to enhance the polymers’ hydrophilicity. Detailed synthesis and
characterization of the polymers can be found in Supplemen-
tary Fig. 4-7.

All the polymers display similar absorption features with optical
bandgaps below 1 eV (Fig. 3a and Supplementary Table 2). Notably, the
absorption spectrum of P(TII-T) shows a slight redshift compared to

P(TII-2FT) and P(TII-2CIT) (Fig. 3a and Supplementary Fig. 8), largely
due to its strong intramolecular charge transfer effects and strong
interchain aggregation (Supplementary Figs. 9-11). The absorption
spectrum of P(TII-2FT) reveals a pronounced vibronic absorption
shoulder at ~1067 nm, suggesting that P(TII-2FT) has a more planar
backbone in thin film, consistent with the relaxed potential energy
surface calculations (Supplementary Fig. 12). To further quantify the
backbone planarity, we used a planarization index (cos’@)*®, which
ranges between O (perpendicular) and 1 (coplanar) (see Supplemen-
tary Information for more details). The calculated results show that
(cos?p) values for P(TII-T), P(TII-2FT), and P(TII-2CIT) are 0.69, 0.72,
and 0.48, respectively. The higher (cos’p) values indicate better
backbone planarity for P(TII-T) and P(TII-2FT) relative to P(TII-2CIT).
All the polymers display distinct reduction and oxidation peaks during
electrochemical operation (Supplementary Fig. 13). The HOMO/LUMO
energy levels were determined to be —-4.59/-3.99 eV for P(TII-T), -4.76/
-4.05eV for P(TII-2FT), and —4.89/-4.03 eV for P(TII-2CIT), respec-
tively, consistent with the density functional theory (DFT) calculations
(Supplementary Table 2 and Supplementary Fig. 14). Spectro-
electrochemistry was also performed. All the polymers showed new
absorption peaks (>1250 nm) in the long-wavelength region with
decreased neutral polymer absorption (800-1200 nm), irrespective of
reduction or oxidation, which can be attributed to the formation of
polarons/bipolarons after doping (Fig. 3b, ¢, Supplementary
Fig.15-17). These results suggest that the three polymers can be readily
p-doped or n-doped, promising for ambipolar charge transport.
Electron paramagnetic resonance (EPR) spectroscopy is
employed to assess the open-shell characteristics of the polymers. At
room temperature, P(TII-2CIT), P(TII-2FT), and P(TII-T) all exhibited
strong EPR signals (Fig. 3e). We also synthesized other polymers with
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Fig. 3 | Optoelectronic and electrochemical properties of the polymers.

a Normalized UV-vis-NIR absorption spectra of P(TII-T), P(TII-2FT), and P(TII-2CIT)
in thin film. Electrochemical absorption spectra of P(TII-2FT) with b positive vol-
tages (0 to +0.8 V) and c negative voltages (0 to —0.8 V) on ITO glass in 0.1 M NaCl
aqueous solution. The AAbs. represents the difference in absorption intensity at

various bias voltages. d Calculated AEst and y, values of the polymers. The y, value,
ranging from O (closed-shell) to 1 (pure diradical), can be used to evaluate the
diradical characteristic. e Comparison of the room-temperature EPR signals of the
three polymers with P(TDPP2FT) in the solid state. f Variable-temperature EPR
signals of P(TII-T) in the solid state from 5K to 70 K.

different building blocks (e.g., P(TDPP2FT)) and side chains (e.g., alkyl
chains) for comparison (Supplementary Figs. 12 and 18). All the results
indicate the presence of unpaired electrons in their backbone and the
polymers adopt an open-shell electronic structure. DFT-calculated
AEst and yo values indicate that the order of the open-shell char-
acteristics is as follows: P(TII-T) > P(TII-2FT) > P(TII-2CIT) (Fig. 3d and
Supplementary Fig. 19). Compared to the closed-shell polymer
P(gTDPP2FT) with a TDPP moiety, we can conclude that the open-shell
characteristics of these polymers originate from the TII moiety.
Variable-temperature EPR spectroscopy showed that both P(TII-T) and
P(TII-2FT) exhibited a decreasing trend in EPR signals as the tem-
perature increased (Fig. 3f and Supplementary Fig. 20), suggesting the
presence of a triplet high-spin ground state in both materials®**°.

OECT device fabrication and characterization
The OECT devices based on the polymers were prepared using a pho-
tolithography and parylene patterning method”. The OECT perfor-
mance of the polymers was characterized in an aqueous environment
(0.1 M NaCl). All three polymers showed satisfactory ambipolar beha-
viors (Fig. 4a, b, and Supplementary Fig. 21-27). To evaluate the OECT
performance of the polymers, the Bernards’ model was used (Eq. 1)*.
Em=W/L)-d-p-C -|(Vry = Ves)l M
where g, 1, and C* are the transconductance, charge carrier mobility,
and volumetric capacitance; W, L, and d are the channel width, length,
and film thickness; V1, and Vs are the threshold voltage and the vol-
tage between the gate and source electrodes. In the model, a figure-of-
merit, uC*, can be extracted to evaluate the performance of an OECT
material*’. The p-type/n-type uC* values are 122.2/16.4 Fcm™ V™ for
P(TII-T), 83.2/71.5F cm™ V! for P(TII-2FT), and 96.4/63.0 Fcm™ V! for
P(TII-2CIT), respectively (Supplementary Table 3). It can be seen that
the overall ambipolar steady-state performance of P(TII-2FT) is higher

and more balanced. To achieve optimal OECT performance, the three
polymers were further fractionated using preparative GPC to narrow
the molecular weight distribution (Supplementary Fig. 28-35, and
Supplementary Table 4). The purified P(TII-2FT) exhibited a remark-
able p-type uC* 0of 158.6 F cm™ V™' and an n-type uC* of 147.4 Fcm™ V7,
setting a high standard for ambipolar OECT materials (Fig. 4f and
Supplementary Table 5). Compared with P(TII-T) with a large n-type
and small p-type Vi, (0.76 V and —0.10 V), P(TII-2FT) and P(TII-2CIT)
exhibited more balanced Vy, values.

The C* values for OECTSs operating in the p-regime/n-regime were
measured to be 157/203F cm™ for P(TII-T), 88/138 Fcm™ for P(TII-
2FT), and 180/214 F cm for P(TII-2CIT), respectively (Supplementary
Fig. 36). These values are comparable to those of other high-
performance OECT polymers**, Using puC* and C*, the evaluated
hole (un) and electron mobilities (z.) of the polymers are 0.78/
0.08 cm?V*s™ for P(TII-T), 1.80/1.07 cm?*V* s * for P(TII-2FT), and 0.54/
0.30 cm?V*s™* for P(TII-2CIT), respectively. These results indicate that
P(TII-T) exhibits hole-dominant transport, whereas P(TII-2FT) and
P(TII-2CIT) exhibit relatively balanced hole and electron transport.
Compared with the pure n-type material P(TDPP2FT)'®, P(TII-2FT)
exhibits ideal ambipolar OECT characteristics by replacing the TDPP
with TII. This highlights the efficacy of utilizing AEst to select the
comonomer for ambipolar OECT materials. Furthermore, we evaluated
the response speed of their OECT devices (Fig. 4c, d, Supplementary
Figs. 37, and 38). All the polymers exhibited fast responses with 7o,/Tor
on the scale of several milliseconds, comparable to the state-of-the-art
p-type and n-type materials**. Under long-term cycling and continuous
charging conditions, the stability of all three polymers significantly
outperforms previously reported ambipolar polymers (Fig. 4g and
Supplementary Figs. 39-41). For P(TII-2FT), it maintains 94% of the
original current after 1000 cycles of cycling measurements in the air
(Fig. 4e), and exhibits higher current retention under p-doped/n-
doped operation (Supplementary Fig. 40). Furthermore, its OECT
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Fig. 4 | OECT device and logic circuits fabrication and characterization.

a Transfer and b output characteristics based on P(TII-2FT) (W/L =100/10 um).
Transient response behavior of the ¢ p-type and d n-type working regime of P(TII-
2FT). e Operational stability over 1000 on-off cycling and alternating polarities of
the OECT device. f Performance and g device stability comparison of our polymers
with some state-of-the-art p-type, n-type, and ambipolar OECT materials (Supple-
mentary Tables 5 and 6). h Comparison of the gain and supply voltage of the

0 5 10 15 20 25 30 35 40

different types of inverters (Supplementary Table 7). i Circuit diagram and j voltage
input and output behavior given by the NOR gate based on P(TII-2FT). k A flexible
transistor array with 300 x 300 inverters attached to the back of a hand (scale bar:
1cm). I Microscope image of the inverter array. Inset: enlarged microscope image
of the inverter array (blue dashed line: Vpp electrode contour; purple dashed line:
Vss or Vgnp electrode contour; green dashed line: Voyr electrode contour; red
dashed line: ambipolar OECT material channel contour; scale bar: 100 pm).

performance shows negligible changes after being stored in the air for
2 months (Supplementary Fig. 42), suggesting tremendous potential
for large-scale integration in logic circuits and amplifiers. We also
analyzed their polymer film microstructures and found that the higher
crystallinity and minimal morphology change of P(TII-2FT) after dop-
ing might explain its excellent performance and satisfactory stability
(Supplementary Figs. 43-46).

Logic circuits fabrication and characterization

Recently, a new OECT device configuration, namely the cofacial ver-
tical OECT (VOECT)", was proposed to increase the integration level
and reduce the overall device size. However, this work only demon-
strated moderate device performance due to poor OECT performance
and stability. To fabricate high-performance single-component vVOECT
circuits, P(TII-2FT) has been employed to create vVOECTs (Fig. 1b), in
which two metal layers are separated by a parylene insulating layer
serving as the source/drain contacts and interconnects. The thickness

of the parylene layer roughly determines the vOECT channel length
(0.5um), and the width of the OECT is defined by the etched area
(100 um) in photolithography (see Supplementary Information for
more details). The vOECT inverters based on P(TII-2FT) demonstrated
an ultra-high gain (0V,/0V;,) of 809 V/V at a voltage step size of
0.1mV with a simple device fabrication process (Supplementary
Figs. 47 and 48). This gain, obtained under a low supply voltage (Vpp)
of 0.8V, is significantly higher than that of previously reported inver-
ters based on OECTs and OFETs (Fig. 4h). Interestingly, we observed
reduced inverter gains with larger voltage step sizes (Supplementary
Fig. 49), showing a gain of 272 V/V at a 1mV step and 30.1V/V at a
10 mV step. NAND and NOR gates were also fabricated based on P(TII-
2FT) (Fig. 4i, j, and Supplementary Fig. 50). We defined the output
voltage below 0.05V as ‘0’ and the voltage above 0.55V as ‘1'. All the
devices showed correct logic operations, demonstrating the possible
creation of complex logic circuits using a single material. Additionally,
we successfully fabricated a flexible array consisting of 300 x 300

Nature Communications | (2025)16:396


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55369-6

a

Petri Dish

7

1s

1 mV

5mV

Frequency (Hz)

o

Fig. 5 | Biosignal amplification using P(TII-2FT)-based amplifiers. a Schematic
illustration of cell viability tests on P(TII-2FT) film. b Live (green fluorescence)/dead
(red fluorescence) staining of mouse fibroblasts (L929) on P(TII-2FT) film (scale bar:
100 pm). ¢ Dynamic response of the amplifier using small sinusoidal signals at
different frequencies. The corresponding gains at different frequencies are also
displayed. d Schematic illustration of the vVOECT amplifier for recording (e) EEG and
f ECG signals. g Photograph of in vivo ECoG recording and schematic of the elec-
trical wiring (scale bar: 2 mm, inset: 100 pm). h Microscopic image of the amplifier
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array (scale bar: 200 pm). i Photograph of an ultrathin (10 pm) and flexible amplifier
array attached to a finger joint (scale bar: 1cm). j The ECoG signals of the cortex
in vivo recorded by a metal electrode or a P(TII-2FT) amplifier. The time-frequency
analysis diagram of the signal from the amplifier. In the ECG, EEG, and ECoG signals,
the black lines represent the electrode-collected signals, and the orange lines
represent the signals from our amplifier. Panel a was partly generated using Servier
Medical Art under a Creative Commons Attribution 3.0 unported license.

VvOECT inverters, equivalent to an inverter density of 78,125cm™
(Fig. 4k, 1, and Supplementary Fig. 51), highlighting the significant
advantage of the ambipolar VOECT device structure in enhancing
device integration and reducing space occupation.

On-site biological amplification

The biocompatibility of P(TII-2FT) was evaluated by cell viability tests.
Live/dead staining results showed that all mouse fibroblasts (L929)
cultured on the P(TII-2FT) film were alive (green fluorescence) with no
significant difference compared to the control group, revealing low
cytotoxicity and good biocompatibility of our polymers (Fig. 5a, b).
The high gain of P(TII-2FT)-based inverters decreases significantly as
the frequency increases (Fig. 5c), similar to other CMOS-like inverters
(see below Supplementary Fig. 54 for more details). At a high fre-
quency of 100 Hz, the gain still maintains a value of 27.5V/V, demon-
strating excellent voltage amplification capabilities and suitability for
on-site sensing and amplification of electrophysiological signals. Sub-
sequently, flexible amplifiers based on P(TII-2FT) were fabricated (see
Supplementary Figs. 52 and 53 for more details) to capture and amplify

human EEG (electroencephalogram), ECG (electrocardiogram), and
mouse ECoG (electrocorticography) signals (Fig. 5). The EEG of parti-
cipants before and during mental arithmetic tasks was utilized for
testing®. We collected EEG signals synchronously using a conventional
metal electrode and the amplifier. To eliminate power line inter-
ference, we applied a high-pass filter with a cutoff frequency of 3 Hz
and a notch filter at 50 Hz (Fig. 5e). The amplifier exhibited an SNR of
21.5dB, while the metal electrode only showed an SNR of 9.2dB.
Similarly, ECG signals can also be recorded by attaching an electrode
to the subject’s skin near the heart, enabling the capture of cardiac
signals. The amplifier can amplify these signals with a high SNR of
31.9dB, and the QRS complex peaks, P wave, and T wave are well
duplicated (Fig. 5f), meeting the requirements of functional ECG
recording. Remarkably, the output ECG signal achieved a magnitude of
46.3mV, 73 times higher than the initial voltage collected by the
conventional electrode (Fig. 5f). Such on-site amplifiers possess several
advantages over conventional ECG detectors, including high gain,
considerable SNR, compact size, and portability, which could facilitate
remote ECG monitoring and cardiac disease diagnosis.
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Fig. 6 | Computational study and comparison of high-spin polymers and other
OECT polymers. a Chemical structures and uC* values of four polymers: P(bgDPP-
MeOT2) (p-type); P(ETDPP2FT) (n-type); P(gNDI-gT2) (ambipolar), and P(TII-2FT)

(ambipolar). The side chains of each polymer are omitted for clarity. b LUMO energy
levels and n-doped backbone planarity. (cos’@)™ is the (cos?@) value of the polymer

in an negatively charged state. ¢ N-doped stability (AE"). d HOMO energy levels and
p-doped backbone planarity. (cos’p)* is the (cos’p) value of the polymer in a posi-
tively charged state. e P-doped stability (AE"). f Comparison of the six parameters
affecting the device performance of the four polymers. Spin density distribution of
the positively or negatively charged (g) P(gNDI-gT2) and h P(TII-2FT).

The voltage amplifiers were then used to record the electro-
corticogram (ECoG) signals of the cortex in vivo. The voltage ampli-
fiers were placed on the dura mater of a mouse after craniectomy.
During the test, ECoG signals were collected using an AgCl/Ag elec-
trode as the ground electrode and brain tissue fluid as the electrolyte
(Fig. 5g). The devices successfully achieved on-site amplification
(Fig. 5j), but compared to static tests and external electrode mea-
surements, the amplification factor is only 5 to 10 times that of con-
ventional electrodes. This unexpectedly low amplification factor might
be due to the high signal frequency and complex solution environment
within the brain tissue fluid (Supplementary Fig. 54). However, this
does not mean that the quasi-static gain is insignificant for practical
application. First, the quasi-static gain can be used to determine the
suitable operating scenarios for an inverter. Smaller quasi-static mea-
surement step aligns with smaller input signals, which could show
larger gains. Quasi-static gain can also serve as an upper limit for actual
amplification performance. Second, the gain may decrease at higher
signal frequencies and is largely influenced by various environmental
factors. Third, quasi-static gain also reflects the overall operational
stability of an inverter (see Supplementary Fig. 54 for more details).
Overall, we successfully realized on-site and in vivo biosignal capture
and amplification using a single high-spin conjugated polymer, which
provides a soft interface with tissues and could be further chemically
modified for additional biofunctions, such as bioadhesion".

Understanding of the high-spin conjugated polymer design

We propose six parameters (HOMO and LUMO energy levels, polaron
stability, and backbone planarity after doping) to correlate our high-
spin polymer design with ambipolar OECT performance (Fig. 6f). High-
lying HOMO/low-lying LUMO energy levels can facilitate hole/electron
injection from the source and drain electrodes*. AE" and AE~ were
proposed to evaluate polaron stability (or doped stability). AE" repre-
sents the energy difference between the neutral and positively charged
states (AE" = Epositive — Eneutral), and a smaller AE” value indicates better
stability after p-doping, and vice versa. After doping, the backbone
planarity may change®, and a planar backbone can benefit charge
transport. The (cos’p)”" values were employed to evaluate polymer
backbone planarity after p-doping/n-doping. All these parameters can
be obtained using DFT calculations (see Supplementary Fig. 55 for
more details).

Four representative polymers are used for comparisons
(Fig. 6a-e)'3**°_P(bgDPP-MeOT2) has a high-lying HOMO energy level
and the highest stability and backbone planarity after p-doping, mak-
ing it undoubtedly a p-type polymer. P(ETDPP2FT), featuring a low-
lying LUMO energy level and better stability and backbone planarity
after n-doping, is an n-type polymer. Both P(TII-2FT) and P(gNDI-gT2)
span both p-type and n-type zones, exhibiting ambipolar behaviors.
However, despite P(gNDI-gT2) having the lowest LUMO energy level
and good stability in both p-doped and n-doped states, its ambipolar
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OECT performance is much lower than that of P(TII-2FT). This is largely
due to its twisted backbone after doping, leading to substantially lower
charge carrier mobility (Fig. 6f). The spin density distribution of the
charged P(gNDI-gT2) and P(TII-2FT) supports this observation (Sup-
plementary Figs. 56-58). In the case of P(TII-2FT), the charges are
uniformly distributed throughout the trimers, irrespective of being
positively or negatively charged (Fig. 6h). For P(gNDI-gT2), the positive
or negative charge is strongly localized (Fig. 6g), further impeding
charge transport along the polymer backbone™.

P(TII-2FT) shows balanced ambipolar behavior, while P(TII-T) is
hole-dominated. This experimental result coincides with the six-
parameter radar chart (Supplementary Fig. 61). P(TII-T) only satisfies
the three parameters for the p-type regime, hence exhibiting high
p-type and weak n-type OECT performance. In contrast, P(TII-2FT)
matches the six parameters in both p-type and n-type regimes, dis-
playing balanced p-type and n-type OECT performance. We further
experimentally demonstrate that the unmatched LUMO energy level of
P(TII-T) is the origin of its weak n-type performance (Supplementary
Fig. 62). The obvious difference between the two high-spin polymers
evidences that the high-spin electronic structure only endows the
material with more stable polarons and good backbone planarity than
traditional closed-shell polymers. However, the high-spin nature does
not provide suitable HOMO/LUMO energy levels for efficient charge
injection and balanced charge transport. Therefore, functional groups,
such as fluorine or chlorine atoms, were introduced to tune the hole/
electron injection. Both P(TII-2FT) and P(TII-2CIT) show more efficient
electron injection than P(TII-T), indicating that suitable HOMO/LUMO
energy level engineering is necessary for our high-spin polymer design.
Supplementary Fig. 63 shows the relationships among our high-spin
design, the six parameters, and ambipolar OECT performance. In
addition to the TII polymer system, a widely used building block, TDPP,
was employed to construct unique high-spin conjugated polymers. In
this system, we employed high-spin monomers BT and TQ for design,
and all the new polymers also show satisfactory ambipolar OECT
performance (Supplementary Fig. 64-66), further demonstrating the
generality and effectiveness of our high-spin polymer design strategy.

Discussion

In summary, we have proposed a general and effective strategy to
screen potential building blocks for designing high-performance,
stable, and balanced ambipolar OECT polymers. The high-spin poly-
mer, P(TII-2FT), demonstrates balanced and remarkable ambipolar
properties, 5 to 20 times higher than current state-of-the-art materials,
with satisfactory operational stability in aqueous media. Based on
P(TII-2FT), we realized single-component flexible logic circuits and
amplifiers with ultrahigh gains of over 800 V/V at a voltage step size of
0.1 mV. P(TII-2FT) also shows good biocompatibility, suitable for on-
site biosignal amplification. Several biosignals, such as human ECG,
EEG, and mouse ECoG, can be amplified using a single-component
amplifier with a higher SNR than conventional electrodes. We believe
this exceptional demonstration of single-component polymer in vivo
amplifiers could enable more polymer-based bioelectronics with soft
and multifunctional biointerfaces.

Methods

The EEG and ECG measurements were approved by the Institutional
Review Board (Approval number: PUIRB-2023139). These data were
recorded from a male volunteer who is 24 years old at the time of the
study (2024). And informed written consent was obtained prior to
subiect participation. The animal experiments were supervised and
approved by the Animal Care & Use Committees at Tsinghua University
(THU-LARC-2023-008). Our study is not related to the differences
between individuals (e.g., age, gender, race, ethnicity, and racism). We
only needed to ensure that the samples could provide valid biological
signals.

Materials

All the chemical reagents were purchased and used as received
unless otherwise indicated. All air and water-sensitive reactions
were performed under a nitrogen atmosphere. Dichloromethane
(DCM), tetrahydrofuran (THF), toluene, and N, N-dimethylformamide
(DMF) were dried using a JC Meyer solvent drying system
before use. Ultradry solvents were obtained from J&K reagent
company.

Cytotoxicity

The sample substrate was preloaded into a 6-well plate. 5x10°
mouse fibroblasts (L929) were seeded into each well and cultured in
high glucose DMEM with 10% fetal bovine serum (FBS, 6021031,
DAKEWE), 100 U/mL penicillin (Invitrogen), and 100 p/mL streptomy-
cin (Invitrogen) at 37 °C with 5% CO, and 95% humidity. After 24 h, a
live/dead staining assay (cat# 40747ES76, Yeasen) was performed to
evaluate the biocompatibility of the substrates. Briefly, cells
were washed with 1xAssay Buffer. A working solution was prepared by
adding 2 mM Calcein-AM solution and 1.5 mM PI solution to 5 mL of
1xAssay buffer. The working solution and assay buffer were added to
the cell culture plates at a ratio of 1:2 and incubated at 37 °C for 15 min.
Live cells (green fluorescence) and dead cells (red fluorescence) were
excited with a 490 +10 nm laser (Nikon DS-F).

Simulated EEG monitoring

The amplifier and the Au electrode, both with the same effective area
on the same flexible device, were positioned on an agar model (2 wt%).
An AgCl/Ag electrode was inserted into the model to simulate the EEG
signal source. The signals from the Au electrode and amplifier were
recorded using the Fs-Pro semiconductor parameter analyzer, PDA.
MATLAB was used for software filtering. The signals were digitally
filtered using a 50 Hz notch filter.

Preparation for in vivo ECoG recording

For the in vivo experiments, mature female C57BL/6 mice, 8 weeks of
age (Charles River Laboratories), were used throughout this study.
The mice were maintained at 22 +1°C with humidity ranging from
30% to 70% and were kept on a 12-h light/dark cycle, with ad libitum
access to food. All 910 experiments were supervised and approved
by the Animal Care & Use Committees at Tsinghua University (THU-
LARC-2023-008). During the surgery, the mice were anesthetized
with oxygen-vaporized isoflurane (3% for induction, 1.5-2% for
maintenance, 0.5 L/min). Body temperature was maintained at 37 °C.
Craniotomies (three craniotomies of 1mm? for testing and larger
craniotomy over 20 mm? for visualization) were performed on the
skull to expose the cortical surface without removing the dura mater.
One silver wire coated with silver chloride was inserted into the
cortex to a depth of about 0.5 mm through the craniotomies, serving
as the ground electrode. The flexible amplifier was placed in
another opening. The craniotomy where the flexible amplifier was
positioned was done in different locations revealing various cortical
areas such as the motor (M1), somatosensory (S1), and primary visual
(V1) cortices. During subsequent tests, a metal bar was affixed to the
mouse’s skull using dental methacrylate to stabilize the mouse’s
brain. The FPC connected to the flexible amplifier was secured to the
metal fixed bar to prevent the device from moving on the
mouse’s brain.

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

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.
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Code availability
The code that supports the findings of this study is available from the
corresponding authors upon request.
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