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HYDROGELS

N-type semiconducting hydrogel
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Hydrogels are an attractive category of biointerfacing materials with adjustable mechanical properties,
diverse biochemical functions, and good ionic conductivity. Despite these advantages, their application in
electronics has been restricted because of their lack of semiconducting properties, and they have
traditionally only served as insulators or conductors. We developed single- and multiple-network
hydrogels based on a water-soluble n-type semiconducting polymer, endowing conventional hydrogels
with semiconducting capabilities. These hydrogels show good electron mobilities and high on/off ratios,
enabling the fabrication of complementary logic circuits and signal amplifiers with low power consumption
and high gains. We demonstrate that hydrogel electronics with good bioadhesive and biocompatible interface
can sense and amplify electrophysiological signals with enhanced signal-to-noise ratios.

ydrogels, composed of three-dimensionally
cross-linked hydrophilic polymer net-
works, are capable of retaining large
amounts of water (7). Within contrast to
rigid inorganic materials and dry poly-
mers, the mechanical properties of hydrogels
can be widely adjusted to match various biol-
ogical tissues, such as cartilage, skin, muscle,
and brain (2, 3). The structures of hydrogels
are also diverse and easy to modify, showing
excellent versatility in biofunctional engineer-
ing (4). By modifying different functional groups,
hydrogels can exhibit stimulus responsiveness
(5) and attractive interfacial properties (7, 6).
This has led to their use in sensors (7), ac-
tuators (8), coatings (9), acoustic detectors
(10), optics (11), and electronics (12, 13).
Traditional hydrogels are ionic conductive
but lack electronic conductivity (14). Their
three-dimensional hydrophilic networks make
them good ion conductors and satisfactory
biocompatible materials. Therefore, hydro-
gels can effectively reduce the interfacial im-
pedance between traditional metal electrodes
and the biological tissue, which is convenient
for the collection of biosignals (15). However,
the low conductance and mobility of ions limit
the signal amplitude, response speed, and cut-
off frequency of electronics that are based on
hydrogels (16). To enhance the electronic con-
ductivity of hydrogels, micro- and nanocompo-
sites such as carbon (17, 18) and metal materials
(19, 20) have been added to the hydrogel matrix.
Conducting polymers offer substantial advan-
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tages in terms of mechanical flexibility and bio-
compatibility (21). Therefore, conducting polymers,
such as poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) (22-24), have been
blended with nonconducting hydrogels to create
interpenetrating networks. This provides good
electronic conductivity to the hydrogel systems,
enabling multifunctional electronic devices (25).

Semiconductors play crucial roles in elec-
tronics, serving as fundamental elements for
switching, amplifying, rectifying, and logic ope-
rations (26, 27). Hayward et al. demonstrated
the basic functions of diodes and transistors
using ionic heterojunctions, which presented
an opportunity for constructing logic circuits
by using hydrogels (28, 29). However, the de-
vice performance and applications are limited
by the low mobility of ions and incompatibility
with electronic circuits.

Design and preparation of single-network
semiconducting hydrogel

We envisioned that if semiconducting hydro-
gels could be developed, they could be used to
build up circuits similar to conventional semi-
conductors while maintaining a good interface
with tissue (Fig. 1A). Hydrogels are typically
formed by cross-linked water-soluble polymers.
However, most semiconducting polymers are
water insoluble. Although the hydrophilicity
of conjugated polymers can be improved by
introducing ionic or ethylene glycol chains,
they still need to be dissolved in alcohol or
chlorinated solvents. The incorporation of cat-
ions into the conjugated polymer skeleton can
improve water solubility. We designed an
n-type water-soluble semiconducting poly-
mer, P(PyV), that possesses a cationic back-
bone with chloride counterions and does not
have any side chains (Fig. 1B and supplemen-
tary materials) (30). We believe that a side
chain-free polymer design could enable high
electronic performance (31, 32), and the ionic
backbone provides the potential for electro-
static cross-linking. Using density functional

theory (DFT) calculations, we found that the
binding energy between benzenesulfonate ion
and polymer backbone is greater than that of
the chloride ion, making the exchange pro-
cess thermodynamically favorable (fig. S3). We
chose disodium 1,3-benzenedisulfonate (DBS)
as the cross-linker because it is a dianion, and
its small size minimizes effects on electronic
properties. When P(PyV) and DBS are mixed,
they can form a bulk hydrophilic network that
is insoluble in water (Fig. 1, C and F), suggest-
ing that P(PyV) was electrostatically cross-
linked to form hydrogel by the dianions.

The cross-linking method facilitates the prep-
aration of hydrogel films. By spin-coating a
P(PyV) solution onto a substrate and subse-
quently immersing in a dimethyl sulfoxide
(DMSO) solution of DBS, which is an ortho-
gonal solvent for P(PyV), a P(PyV) hydrogel
[P(PyV)-H] thin film can be produced (fig. S4).
X-ray photon-electron spectroscopy (XPS) re-
sults revealed the disappearance of the chlo-
rine signal and the emergence of the sulfur
signal, indicating a complete exchange of the
anions (Fig. 1D and fig. S10). The stability
of the cross-linked P(PyV)-H was confirmed
through ultraviolet-visible-near infrared (UV-
vis-NIR) spectra, demonstrating that the hy-
drogel remains stable even after prolonged
soaking in water (Fig. 1E and fig. S5). We
examined the morphology of P(PyV)-H using
atomic force microscopy (AFM), and the im-
ages indicated that the cross-linking process
did not visibly affect the film’s morphology
(fig. S6). Grazing incidence wide-angle x-ray
scattering (GIWAXS) showed that the lamellar
and n-r stacking distances (djamenar and d.,
respectively) of the hydrogel are slightly en-
larged compared with those of the pristine
film (table S2 and fig. S7). We freeze-dried the
bulk hydrogel to investigate its morphology.
Scanning electron microscope (SEM) images
showed that the P(PyV)-H has a porous struc-
ture, contrasting with the pristine P(PyV) film
and other conjugated polymers (Fig. 1F and
figs. S8 and S9). These findings confirm that
the P(PyV)-H forms a stable three-dimensional
porous network structure, similar to traditional
hydrogel, which could facilitate water storage
and efficient ion and molecules transport.

A patterned P(PyV)-H can be obtained by
spray-coating the cross-linker solution onto
the film through a shadow mask, followed by
rinsing with water to wash away the portion
not cross-linked (fig. S4). The resolution of
this spray-coating patterning method is about
200 um (fig. S11), and this patternable capa-
bility can simplify the fabrication process of
large-size hydrogel-based devices (Fig. 1G).

Semiconducting properties of the P(PyV)-H

Spectroelectrochemistry was performed to inves-
tigate the electrochemical characteristics of
the hydrogel (fig. S12A). During electrochemical
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Fig. 1. Single-network semiconducting hydrogel based on P(PyV).

(A) Conceptual diagram of the working mechanism of semiconducting
hydrogel. (B) Chemical structure of P(PyV), the dianion exchange reaction,
and the electrochemical doping-dedoping processes. (C) Schematic
illustration of the film microstructure of the pristine and the cross-linked
hydrogel. (Inset) Photograph of P(PyV) solution and the bulk P(PyV)-H in
bottles. (D) Sulfur (2p) and chlorine (2p) XPS spectra of the pristine

reduction, some of the anions leave the P(PyV)-H,
leading to an n-doped hydrogel with decreased
absorption bands of the pristine polymer (400
to 500 nm) and increased polaron absorption
bands (500 to 800 nm) (33). The formation of
the polaron bands was supported by our chem-
ical doping experiments and DFT calculations
(fig. S13). To evaluate the semiconducting prop-
erties of P(PyV)-H, we used organic electro-
chemical transistors (OECTs) (Fig. 2). OECTs
can operate in aqueous solution with low oper-
ating voltages (usually <1 V) (34). The bench-
mark value nC*, where p is the electron mobility
and C* is the volumetric capacitance, of the
hydrogel-based OECTs first slightly increased
and then decreased as the cross-linking time
increased (fig. S12B) (35). Therefore, we chose
5 min to be the cross-linking time for further
device fabrication and characterization. The
P(PyV)-H shows n-type OECT performance,
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with uC* values of up to 120 Fem™ V' s7*
(112 £ 6 Fem ™ V1 s7™Y), on/off ratios >107, and
response times (t,,/ 7o) Of 1.58/0.18 ms (Fig.
2, B to D). The uC* values are among the high-
est in reported n-type semiconducting poly-
mers (fig. S14) (36). We measured C* by use
of the electrochemical impedance spectrum
(EIS) (fig. S15). The maximal C* was extracted
to be 485 + 56.3 F cm ™. Such high capacitance
value suggests that P(PyV)-H has excellent ion
storage and transport capabilities. On the ba-
sis of the uC* and C* values, u was calculated
to be 0.25 (0.23 + 0.01) cm® V' 5™, which is com-
parable with the state-of-the-art n-type OECT
materials. The proposed electrochemical doping-
dedoping mechanism of P(PyV)-H is illustrated
in fig. S18. The hydrogel structure is stable be-
cause only 1/3 of the DBS®~ was replaced by
Cl™ during the electrochemical operation (figs.
S16 and S17). After electrochemical doping,

Electrochemical de-doping

n-doped P(PyV)-H

P(PyV) and the ion-exchanged P(PyV)-H. CPS, counts per second. (E) Stability
study of the P(PyV)-H immersed in water. I7, intensity of the maximum
absorption peak; lo, original intensity of the maximum absorption peak. The I+
shows no obvious change in 1 hour, indicating that the cross-linked film is
insoluble and stable in water. (F) SEM images of freeze-dried P(PyV)-H. Scale
bar, 20 um. (G) Photograph of the patterned P(PyV)-H with logo “PKU" on

the charge carrier density of P(PyV)-H reaches
1.75 x 10%! em™, which is equivalent to two
charges every three repeating units. DFT cal-
culations showed that electrons are delocal-
ized along the polymer backbone (fig. S19).
Besides, we calculated the band structures of
polymer under pristine and reduced states
(fig. S20). Pristine P(PyV) shows a small elec-
tron effective mass (m.* = 0.157 m,), suggest-
ing a good theoretical electron mobility along
the polymer chain (37). In the reduced state,
the Fermi level shifted up and surpassed the
conduction band minimum (CBM), indicating
an electron transport (fig. S21) (38).

To evaluate the integration capability of
P(PyV)-H, we fabricated complementary in-
verters and logic circuits (Fig. 2A). Because
of the lack of enhancement-mode p-type semi-
conducting hydrogels, we used for this study
a p-type OECT material, PAgDPP-MeOT2) (39).
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Fig. 2. Semiconducting properties of P(PyV)-H. (A) Schematic of the
semiconducting hydrogel devices, including a transistor, inverter, NAND, and
NOR. “G,” "D, and “S" are the gate, drain, and source electrodes, respectively.
p-type semiconductors are in blue, and n-type semiconducting hydrogels are in
orange. (B) Transfer and (C) output characteristics of the P(PyV)-H. (D) Transient on/off
curves with gate-to-source voltage (Vgs) of O to 1V. Device configuration is W/L =
100/10 pum and drain-to-source voltage (Vps) = 0.6 V. Ips, drain-to-source current.

(E) Voltage transfer characteristics and gain of the complementary inverter based on
p-type polymer P(IgDPP-MeOT?2) and P(PyV)-H. Device configuration is W/L = 100/10 um.
(F and G) Corresponding voltage input and output characteristics of NAND and NOR.
(H) The truth table of an inverter, NAND, and NOR gate. (I) Comparison of the gain
and voltage supply of different types of inverters (41-44). (J) Signal amplification
principle of the OECT inverter-based amplifier. (K) Dynamic response of small sinusoidal
signals with different frequencies of the inverter. The amplitude of the Vi, is 10 mV.

When the supply voltage (drain voltage; Vpp)
of the complementary inverter was set to 0.8 V
and the input voltage (V;,) was swept from 0
to 0.8 V, a high gain value (0V/0Vi,) of 250
was obtained (Fig. 2E and fig. S22, A and B),
exceeding reported values for both OECTs and
organic field-effect transistors (OFETSs) (40, 4I).
The inverter is power-efficient and exhibits a
power consumption of <1 uW (fig. S22C). By
introducing a two-stage inverter, the gain can
be further improved to 385, and power con-
sumption remains at about 1 uW (fig. S22, D
and E). NAND and NOR circuits with four
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transistors were built and showed correct logic
functions, demonstrating the potential of using
semiconducting hydrogel for constructing in-
tegrated circuits (Fig. 2, F to H). Compared with
OFET- and other OECT-based inverters, our
hydrogel-based complementary inverters show
both low operating voltage and high gains
(Fig. 2I and table S3) (41-44). The amplitude
of biological electrical signals is typically very
small, necessitating the use of sophisticated
acquisition and amplification circuits for de-
tection, which presents challenges for wearable
monitoring of these signals. Using comple-

mentary inverters, we can construct efficient
signal amplifiers for low-amplitude biosig-
nals (Fig. 2J). For our hydrogel amplifier, the
signal amplification function can be realized
from 1 to 100 Hz (Fig. 2K). When a 1-mV sinu-
soidal signal is input, the magnification could
reach 79 at 1 Hz (fig. S22F).

Preparation and properties of multiple-network
semiconducting hydrogels

P(PyV)-H can also be blended with other well-
developed hydrogels, forming multiple-network
hydrogels (MNHs) with enhanced mechanical

3o0f7

Geoz ‘2z Arenuer uo A1isieniun Buied e 61osous 105 mmmy//:sdny wou) papeojumoqd



RESEARCH | RESEARCH ARTICLE

o] Q NH Q OH
%)LN/\HJI\/ o N\\N>§(NH2 HZNJK/

NH !
crosslinker initiator AM PVA
¢

0
H
N
O\N O Ns, NH, l :
o Y] L I, HO o gelatin & gelMA
~— Biopolymer network ‘=" Crosslinker for long-chain polymers AAC-NHS ester initiator AA
N Long-chain polymer network Semiconducting polymer network
MNH-1 MNH-2 MNH-2
] - /I NE A I
© [ m ~ © W M —~ 3 ©
W D m 2 Ambs 5. m~ T ¢
n £ o R} -
[ [C] ® C =
[ s 0 S £ (o)}
= n = »n O =
@ o @ o 3 2
g 5 90 S = ®
2 o 2 o ® o
g s B o 3
= =
I oL s £ 7]
( £
0 24 47 90 129 0 047 094 45 86 0 0.47
P(PyV) ratio (%) P(PyV) ratio (%) P(PyV) ratio (%)
102 = 0.8
| MNH-112.9% 103} MNH-2 8.6% MNH-2 8.6% 309 MNH-2 8.6% Amplifier
8 Inverter 07
250
0.6
0.6 |
: ; 200 S g
| £9
0.4 I 150 @ D 04
I (OF=]
t | o
| : 100 = 03
0.2 41
I 0.2
I 50
osv N o1
0.0} Vpp=08V o
02 04 06 0.8 005260 400 600 800 1000 1200 1400 1600 1800
V,, (V) Time (s)

Fig. 3. Preparation and properties of multiple network hydrogels.

(A) Schematic illustration of the microstructures of the multiple network
hydrogels. (B) Chemical structures of the components used for constructing
multiple network hydrogels: MNH-1 and MNH-2. (C and D) Comparison of the
fracture stress and strain with different P(PyV) ratios in MNH-1 and MNH-2.
(Inset) Schematic illustration of the measurement setup. (E) Comparison

of the interfacial toughness and shear strength after adding P(PyV) in MNH-2.
(Inset) Schematic illustration of the measurement setup. The brown bar indicates
the pig skin, the gray bar indicates substrate, and the orange bar indicates

and good bioadhesive properties (Fig. 3, A and
B). Two MNH systems are demonstrated. Each
system contains three polymer networks: a
long-chain polymer network [polyacrylamide
(PAM) or polyacrylic acid (PAA)], a biopoly-
mer network [polyvinyl alcohol (PVA) or gela-
tin], and a semiconducting polymer network
[P(PyV)]. Both MNHs were synthesized by
means of thermal polymerization and cross-
linking in aqueous solutions. MNH-1 incor-
porates PAM and PVA, exhibiting high tensile
strength and hygroscopicity, whereas MINH-2

Li et al., Science 384, 557-563 (2024) 3 May 2024

frequency is 1 Hz.

incorporates PAA, gelatin, gelatin methacrylate
(gelMA), and acrylic acid N-hydroxysuccinimide
ester (AAc-NHS ester), exhibiting high stretch-
ability and good biointerface adhesion (fig.
S24) (45). The water content of the MNHs is
60 to 70%, which is greater than that of pure
P(PyV)-H (~40%) (fig. S25). The tensile tests
showed that the MNHs could exhibit high
stretchability, with fracture strains >100%.
The fracture stress was acutely increased after
adding a small amount of P(PyV) because P(PyV)

is stiffer than conventional hydrogels. With fur-

MNH-2. (F) Photographs of OECT devices based on MNH-2 attached to skin
tissue. The device fully attached to the skin before and during multiple
tensile stress. (G) Transfer characteristics of MNH-1 [12.9 wt % P(PyV)
polymer]. (H) Transfer characteristics of MNH-2 [8.6 wt % P(PyV) polymer].
(1) Voltage transfer characteristics and gain of the complementary inverter
based on P(IgDPP-MeQT2) and MNH-2 8.6%. Device configuration is

W/L =100/10 um. (J) Dynamic response stability of the amplifier based on
MNH-2. The amplitude of the small sinusoidal signals is 10 mV, and the

ther increase in P(PyV), the fracture stress is
basically unchanged, but the fracture strain
gradually decreases (Fig. 3, C and D, and fig. S24,).
Previous studies reported that hydrogels con-
taining PAA, gelatin, gelMA, and AAc-NHS ex-
hibited excellent bioadhesive properties (45).
MHN-2 demonstrated good interfacial tough-
ness (~100 J m™2) and shear strength (25 kPa)
on pig skin (Fig. 3E). The presence of multiple-
polymer networks and components did not
notably affect the semiconducting properties
of P(PyV) polymer network. Both MNH-1 and

4 of 7

Geoz ‘2z Arenuer uo A1isieniun Buied e 61osous 105 mmmy//:sdny wou) papeojumoqd



RESEARCH | RESEARCH ARTICLE

Semiconducting hydrogel

80

P(PyV)-H

60 -

400

Cell viability (%)

20

Control

P(PyV)-H

SNR =0.12dB

MNH-1
12.9%

MNH-2
8.6%

E

Original

o

Au electrode :
1

N
o
Electrode output (mV)

A
S

Sound
stimulus

Y

Frequency (Hz)

B i Left Commercial gel electrode x100
il [l =l ° 0 \ - Hydrogel based amplifier
EOG i 1 .
P ) ’ :
O O \ Right | |g
== B i 5s
ECG ii.
>
L2
o~
1s

Normalized Amp

Time (s)

Fig. 4. Applications of the semiconducting hydrogel amplifiers. (A) Live/
dead staining and cell viability of HaCaTs. Scale bar, 100 um. (B) EOG and ECG
signals acquired by hydrogel amplifiers. (i) The associated EOG signals obtained
by the amplifier based on P(PyV)-H compared with commercial gel electrode
during left-right eye movement. (ii) The precordial leads V2 ECG signals obtained
with the amplifier based on MNH-2 compared with commercial gel electrode.
The output curve was rectified according to fig. S33. (C) Photograph of the Au
electrode and amplifier channels with the same effective area. Scale bars,

50 um. (D) Simulated EEG signals and average waveforms measured with Au
electrodes and amplifiers on an agar brain model. The SNR of the amplifier signal is
much higher than that of the Au electrode. (E) Simulated EEG signals measured
with gold electrodes and amplifiers compared with the pristine signal. The signals
were digitally filtered by using a 50-Hz notch filter. (F) Photograph of in vivo ECoG
recording and schematic of electrical wiring. (G) The time domain ECoG signals
obtained by the P(PyV)-H-based flexible amplifier and its time-frequency analysis
diagram. Arrows indicate the timing of sound stimuli during ECoG recording.

MNH-2 with various ratios can exhibit good
semiconducting characteristics comparable with
that of pure P(PyV)-H (Fig. 3, G and H, and fig.
S26, A to C). MNH-1 (12.9 wt %) displayed a
uC* value of 13.5 F em™ V™! s7! (equivalent to
105 F em™ V! s7! after conversion by mass
ratio), and MNH-2 (8.6 wt %) displayed a
uC* value of 9.72 F em™ V' 577 (equivalent to
113 F em™ V' s7! after conversion). These
results indicate that the semiconducting hy-
drogel has the potential to form composite

Li et al., Science 384, 557-563 (2024) 3 May 2024

materials with other hydrogels without sub-
stantial loss in electrical properties. Because of
the thicker film, the OECT response time of
MNHs is longer than that of P(PyV)-H. The
cut-off frequency was about 100 Hz for the
MNH-based OECTs (fig. S26, D to F).

The device based on MNH-2 showed much
improved bioadhesion when attaching to var-
ious mouse tissues such as brain and skin tis-
sues (Fig. 3F and fig. S29). These results
suggest that our semiconducting hydrogels

could integrate more attractive features of
conventional hydrogels while maintaining
outstanding electronic performance. The per-
formance of the MNH-2 device remained es-
sentially unchanged after ultrasonic treatment
for 1 hour in sodium chloride solution, whereas
the device performances of PEDOT:PSS/GOPS
and the pristine P(PyV)-H declined sharply
(fig. S30, A to D). We also constructed inver-
ters based on MNH-2 (8.6 wt %). The devices
showed amplification characteristics similar
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to those of inverters based on the pure semi-
conducting hydrogel. The maximum gain was
279 (Fig. 31), and the power consumption was
less than 3 uW (fig. S30E). The signal ampli-
fication function was good at low frequency
but gradually decreased at high frequency (fig.
S30F). Additionally, the device showed good
operational stability, and its amplification
properties remained basically unchanged dur-
ing long time operation (Fig. 3J).

Semiconducting hydrogel for
biosignal amplification

The outstanding semiconducting performance
of these semiconducting hydrogels motivated
our pursuit of their bioelectronic applications.
The biocompatibility of the hydrogels was eval-
uated with cell viability tests by use of human
keratinocyte cells (HaCaTs). Compared with
conventional conjugated polymers with either
hydrophilic or hydrophobic side chains, our
semiconducting hydrogels showed low cyto-
toxicity and outstanding biocompatibility
(Fig. 4A and figs. S31 and S32), probably be-
cause of their water processability and high
water content nature. Thus, our semiconduct-
ing hydrogels might be suitable for in vivo
applications. Traditional metal electrodes, such
as gold (Au), often exhibit notably large inter-
facial impedance in aqueous solutions because
of their limited ion conductance (46). By lever-
aging the high volumetric capacity of P(PyV)-H
(485 F cm ™), we were able to effectively reduce
the impedance of the Au electrodes (fig. S33, A
and B). Besides, conductive electrodes or those
coated with conducting polymers are often
used to record electrophysiological signals, but
their signal-to-noise ratios (SNRs) are limited
owing to the lack of on-site signal amplifica-
tion. A single transistor has been used for am-
plifying biosignals (47). However, its current
output characteristic is not compatible with
existing voltage recording equipment for elec-
trophysiological measurements, which im-
pedes their applications (48).

We used both P(PyV)-H- and MNH-2-based
inverter amplifiers for the amplification of
electrooculography (EOG) and electrocardiograph
(ECQ) signals. The amplitude of EOG signals
measured with commercial gel electrodes was
below 1 mV. By contrast, the P(PyV)-H-based
amplifier records voltages exceeding 200 mV
(Fig. 4B and fig. S33C). When capturing ECG
signals, both the MNH-2- and P(PyV)-H-based
amplifiers display the typical P-QRS-T wave
pattern of precordial leads V2 ECG signals
(Fig. 4B and fig. S33D) (49). Compared with
commercial gel electrodes, the hydrogel ampli-
fiers produced output signals 40 times greater.
Thus, circuits built with semiconducting
hydrogels can simultaneously capture and
amplify the electrophysiological signals. To
demonstrate the SNR superiority of the MINH-
2-based amplifiers, we also fabricated a small-
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size amplifier [channel width/length (W/L) =
10/10 um] and a comparable-sized Au electrode
(10 by 30 um) (fig. S34, A and B). As shown in fig.
S34C, the original data from the amplifier can
depict the ECG signal with a clear PQR wave,
despite the noise, and the SNR was 4.23 +
0.37 dB, whereas the ECG signal acquired by
the Au electrode was overwhelmed by noise,
and the SNR was close to 0 dB. The distortion
caused by different amplifications at different
frequencies in the ECG signal can be rectified
by applying compensation factors for different
frequencies (fig. S34D).

Our hydrogel amplifiers can also be used for
on-site recording of low-level biosignals, such
as electroencephalogram (EEG), with minimal
noise interference from cables and connec-
tions, providing high SNR. We fabricated flex-
ible amplifiers for EEG recording (figs. S35
and S36). Before in vivo tests, we verified the
amplification capability for the simulated EEG
signals (Fig. 4C). Because of the interference of
50-Hz noise, the signal measured with the Au
electrode has a low SNR, whereas our ampli-
fier with the same effective area (0.012 mm?)
was less affected (Fig. 4D). After the signals
were filtered with a 50-Hz notch filter, the
signal obtained by our amplifier showed an
amplification of more than 50 times and a
high SNR of 15.8 dB, which is greater than
the signals obtained with a conventional Au
electrode (Fig. 4E and fig. S37).

On the basis of these results, both P(PyV)-
H- and MNH-2-based amplifiers were used
for recording the electrocorticogram (ECoG)
signal of the cortex in vivo. The flexible hy-
drogel amplifier was placed on the dura mater
of a mouse after craniectomy (Fig. 4F). With a
silver/silver chloride (Ag/AgCl) electrode as
the ground electrode and brain tissue as the
electrolyte, the output of the amplifier can
maintain a high gain under zero bias by ad-
justing the V'pp and source voltage (Vsg). The
ECoG signals were recorded under both awake
and anesthetized states of the mouse (fig. S38).
The signal of the awake state was stronger
than that under anesthesia. The same test was
completed by using the Ag/AgCl electrode
simultaneously, and the output of P(PyV)-H-
based amplifier was more than 25 times
stronger than that of the Ag/AgCl electrode
with an area of 0.79 mm? (fig. $39). The awake
ECoG signals obtained with the hydrogel am-
plifier and its time-frequency analysis diagram
are shown in Fig. 4G. The ECoG signal am-
plitude increased after multiple sound stimuli,
especially at high-frequency range, which is
consistent with the previous studies based
on an electrode array (50). For the MNH-2
amplifier, ECoG signals can be amplified but
lost some high-frequency signals because of
its lower cut-off frequency (fig. S40). Thus,
MNHs have great potential in measuring low-
frequency biological signals—such as EOG,

ECG, and metabolite sensing—whereas P(PyV)-
H is superior on relatively high-frequency signals
such as EEG and ECoG.

‘We believe that there are three primary fac-
tors contributing to the varying amplifications
observed in different types of electrical signal
measurements. First, the slow ion migration
rate makes the signal amplitude highly de-
pendent on the signal frequency. The frequency
difference of different electrophysiological sig-
nals affects the magnification of the device.
Second, the interface impedance of different
organisms is different, affecting the voltage
drop on the device and thus the amplification
of the device. Last, the ion concentration of the
different biological tissues such as cerebro-
spinal fluid and body sweat is different, which
affects the device’s performance.

We have developed single- and multiple-
network hydrogels that are based on a water-
soluble n-type cationic semiconducting polymer.
The hydrogels exhibit exceptional n-type semi-
conducting characteristics that can be used for
constructing logic circuits and amplifiers. The
semiconducting hydrogels exhibit good bio-
compatibility, mechanical properties, bioad-
hesion, and semiconducting properties. The
semiconducting hydrogels are effective in am-
plifying various electrophysiological signals
for bioelectronics.
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