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stimulation,[2] TES employs two or more 
extracranial electrodes (placed on skull or 
scalp) to stimulate neural activity in the 
absence of direct contact with brain tissue. 
TES is categorized into three main types 
based on the stimulating waveform: direct 
current stimulation, alternating current 
stimulation, and random noise stimula-
tion.[3,4] During the stimulation phase, the 
potential difference between an electrode 
pair generates a current across skin, scalp, 
and skull that reaches the brain. A major 
emphasis in the TES field is investigating 
the mechanisms underlying its effects on 
brain tissue. Use of animal models is a 
key method to pursue this goal in an in 
vivo environment.[1,5,6] In rodents, TES 
electrodes are placed on the surface of the 
skull to enable safe, chronic experimenta-
tion. Results derived from these models 
can be extrapolated to human subjects, 
where TES electrodes are placed on the 

surface of the scalp, due to the relatively ohmic conducting 
properties of subcutaneous tissue.[7–9]

The currently used TES electrodes are usually large (20–35 cm2)  
motivated by the need to reduce the electrochemical imped-
ance of the electrode–tissue interface. This large surface area 
precludes their ability to provide local stimulation for high 
spatiotemporal resolution neuromodulation. Although smaller 
electrodes (1 cm2; similar to encephalography (electroencepha-
logram) electrodes) have been reported to establish more focal 
stimulation, multiple electrodes need to be combined to affect 
neural circuits.[10] Commonly used TES electrode materials 
include metals, carbon-rubber, and self-adhesive hydrogels.[11–13] 
Metal electrodes consist of a stainless steel or Ag/AgCl  
plate surrounded by a spongy or textile matrix that can uptake 
aqueous electrolyte and improve contact with tissue. However, 
evaporation of the electrolyte can increase the overall imped-
ance and may create an unequal distribution of the electric 
field, potentially causing tissue damage and discomfort at the 
interface.[4,14] Moreover, these electrodes are bulky and require 
elastic straps or supporting structures to maintain stable inter-
facing, thus hindering a reliable use of TES over an extended 
period of time.[15] Carbon-rubber electrodes based on polysi-
loxane mixed with carbon powder can provide a flexible and 
soft electrode interface with tissue as compared to metal 
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Transcranial electrical stimulation (TES) is an emerging neu-
rostimulation technique with potential use for minimally inva-
sive treatment of brain diseases.[1] In contrast to deep brain 
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electrodes. However, they still require aqueous electrolyte and  
sponge structures at the interface to provide efficient charge 
delivery to target tissue.[4] To extend the operation time of wet 
sponge-based electrodes, poly acrylics and N-vinylpyrrolidone-
based hydrogels have been fabricated on a conductive substrate 
to establish a flexible and adhesive electrode.[12] However, these 
electrode setups require a large surface area due to their high 
electrochemical impedance. In addition, it is challenging to min-
iaturize and manufacture these devices because of their multi-
stack architecture of the functional layers (adhesive, electrical, 
and ionic conducting layers). Such an arrangement increases 
the thickness of the device and prevents creation of a slim and 
conformable interface with tissue. Ideal TES electrodes should 
be i) conformable, flexible, and nonbulky, ii) biocompatible and 
stable in physiological environments, iii) high charge capacity 
for effective interaction with electrophysiological signals, and iv) 
mechanically self-supporting to skull or tissue.

We hypothesized that by combining high charge capacity 
mixed-conducting polymers and biocompatible hydrophilic 
gels, it would be possible to create TES electrode that fulfill 
these criteria. Poly(3,4-ethylenedioxythiophene):poly styrene 
sulfonate (PEDOT:PSS) and other conducting polymers such 
as polypyrrole and polyaniline have been widely used to for-
mulate hydrogel-based bioelectronics for neural interface 
applications.[16–22] These hydrogels are comprised of a cross-
linking system enriched with a hydrating medium that can be 
biological or synthetic (such as polysaccharides or polymeth-
acrylates, respectively).[18] Hydrogel films can also be created 
using PEDOT:PSS without addition of a hydrating medium.[19] 
PEDOT:PSS can be combined with nanofibrillated cellulose 
to generate a freestanding film with paper-like properties.[23] 
Such a film demonstrates high charge capacity and improved 
combined electronic-ionic conduction compared to thick 
PEDOT:PSS films alone because the conducting polymer wraps 
around individual nanocellulose fibers and increases the effec-
tive surface area.[24] However, extraction of high-quality nano-
cellulose fibers from pulp requires extensive processing with 
sophisticated equipment. Therefore, we aimed to leverage the 
high conductivity of PEDOT:PSS in combination with a biologi-
cally derived hydrating medium with a facile extraction process. 
Aloe vera (AV) gel is a widely used plant-based hydrogel natu-
rally enriched with amino acids, lipids, sterols, vitamins, and 
saccharides that could fulfill this function.[25,26] It has been used 
in a wide variety of applications, ranging from cosmetics and 
the food industry to wound healing, tissue engineering, and 
drug delivery systems.[25–27] AV gel has, nevertheless, rarely 
been harnessed for use in bioelectronics.[28]

Here, we report a fully solution-processed, biocompatible, 
high charge capacity, mixed conducting polymer hydrogel mate-
rial that can be used to create conformable, freestanding TES 
electrodes capable of self-supported contact with skull in a 
rodent model. AV gel was extracted directly from the plant and 
it was combined, without any sophisticated processing, with 
the conducting polymer PEDOT:PSS, additive plasticizers, and 
surfactants in a composite film (AVCP) to form TES material. 
The self-supporting mechanical properties of the gel were com-
plemented by the ionic and electronic conductivity of the con-
ducting polymer. Electrochemical characterization revealed that 
the film provides a high charge capacity and establishes a low  

electrochemical impedance interface with the skull. To validate 
its efficacy for TES, we used the AVCP film to fabricate TES 
electrodes and found that they exhibited lower in vivo electro-
chemical impedance and higher charge capacity compared to con-
ventional metal-based TES electrodes. AVCP-based TES electrodes 
were able to modulate activity of neurons in the rat brain in vivo, 
delivered sufficient charge to induce epileptic activity, and con-
comitantly recorded neural activity from multiple brain regions.

To create an AV-based film with mixed ionic and electronic 
conduction, we optimized a mixture of AV gel extracted from 
the aloe vera succulent plant and the conducting polymer 
PEDOT:PSS (AVCP films; Figure S1, Supporting Informa-
tion). AV gel supported the formation of a stable biocompat-
ible matrix that was fully blended with the PEDOT:PSS. By 
varying the weight ratio between the AV and PEDOT:PSS, we 
were able to achieve an optimal balance between low electro-
chemical impedance, stability for mechanical manipulation, 
and adequate hydration. A weight ratio percentage of 42.5% 
AV to 53.6% PEDOT:PSS achieved the lowest electrochemical 
impedance values across the majority of the physiological fre-
quency spectrum. In the high frequency regime (>3 × 105 Hz), 
a combination of 62.5% AV to 33.6% PEDOT:PSS exhibited 
lower values. Regardless of composition percentage, AVCP 
films displayed significantly improved impedance compared to 
a Au electrode of equal dimensions (Figure 1A,B). To gain more 
insight into the charge capacity of the optimized AVCP films 
compared to crosslinked PEDOT:PSS and bare Au interfaces, we 
performed cyclic voltammetry (CV). AVCP films had wide box-
shaped CV profiles, indicating that capacitive processes domi-
nate the charge interaction at the interface. In contrast, the Au 
electrode exhibited a resistive profile (Figure 1C and Figure S2,  
Supporting Information). These results support the hypoth-
esis that AVCP films have high volumetric capacitance, in con-
trast to the formation of an electrical double layer capacitance 
on the Au interface.[29–31] AVCP films displayed a CV profile  
with a larger area than PEDOT:PSS films of similar dimen-
sions and polymer content, demonstrating that AV increased 
the charge capacity of the CP films (1.3 mF instead of 1 mF for 
pure PEDOT:PSS film), likely due to higher porosity (Figure S3, 
Supporting Information).[32] This result was further supported 
by the larger micron-scale pores in PEDOT:PSS films compared 
to AVCP films as quantified by comparative transmission polar-
ized optical microscopy (Figure S3, Supporting Information).

Key properties for a reliable TES electrode material are 
mechanical and chemical stability in a biological environ-
ment. To evaluate these properties, we compared AVCP films 
with a series of PEDOT:PSS-based composites fabricated into 
freestanding films with comparable ionic conductivity and bio-
compatibility (Figure 1D). PEDOT:PSS-based composite films 
made with chitosan (CS) and CS/polyvinyl alcohol (PVA) were 
mechanically self-supporting and were able to generate free-
standing films in dry conditions. However, only the AVCP 
and PEDOT:PSS films cross-linked with (3-glycidyloxypropyl)
trimethoxysilane (GOPS) showed mechanical resilience in 
hydrated conditions. To test the mechanical stability and 
robustness of AVCP film, we have performed tensile strength 
measurements (Figure S4, Supporting Information). Stress 
versus strain characteristics resulted in a Young’s modulus 
of 0.154 GPa.[33] AVCP film with thickness of 50 µm, and 
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a cross-sectional area of 1 mm2, could withstand up to 14 N 
of tensile force. Overall, AVCP films were found to have high 
charge capacity as well as the ability to maintain mechanical 
stability in aqueous environments and under tensile strength.

We next sought to characterize the electrical properties and 
charge carrier mobility of the AVCP film. To accomplish this 
characterization, we fabricated organic electrochemical transis-
tors (OECTs) with a channel composed of AVCP. AVCP oper-
ated as a depletion mode transistor channel material, such 
that when a positive voltage between the AVCP source and 
the Ag/AgCl gate was applied, ions diffused from the electro-
lyte in the channel to compensate the sulfonate anions of the 
PSS, reducing the hole density in the PEDOT and reversibly 
decreasing the channel current (Figure 2A).[34] These AVCP-
based transistors delivered high current (≈90 mA for drain 
voltage (VD) of −0.6 V and gate voltage (VG) of 0 V) with a max-
imum transconductance of 250 mS (Figure 2B and Figure S5,  
Supporting Information). This high transconductance value 
is likely attributed to the highly homogenous distribution of 
PEDOT:PSS throughout the entire thickness of AV matrix 
(≈40 µm) that results in a large volumetric capacitance, con-
sistent with results obtained with impedance spectroscopy 
and CV measurements.[35] Assuming that AVCP-based OECTs 
operate in the saturation regime |VD| > |VG|, we can estimate 

the mobility of the channel material from the square root of the 
transfer characteristics of the device (Figure 2C).[36,37] We found 
high mobility values (µsat = 2.59 cm2 V−1 s−1) that were similar 
to the mobility of films consisting of only PEDOT:PSS,[38] sug-
gesting that addition of AV does not compromise the electronic 
properties of PEDOT:PSS.

Mechanically reliable contact with biological tissue is neces-
sary for consistent delivery of charge through TES electrodes.[12] 
We found that AVCP films can stably conform to the surface of 
the skull without addition of any other chemicals (Figure 3A). 
In the presence of excess water at the AVCP–skull interface, 
we found that the gel-based film took up water and became 
softer, allowing it to follow the rough and porous surface of the 
skull. After removal of the excess water, the film maintained its 
topography. Scanning electron microscopy (SEM) images of the 
AVCP–skull interface confirmed that AVCP film “molds” to the 
skull, creating an optimal mechanical contact. This behavior is 
likely attributable to the saccharide-rich composition of the AV 
gel.[39] Subsequently, we investigated the properties of AVCP 
films in vivo. Under isoflurane anesthesia, we placed an AVCP 
film and Au electrodes on the surface of a rat skull and per-
formed impedance spectroscopy. The AVCP film demonstrated 
reduced electrochemical impedance over a broad frequency 
range (0.1–106 Hz) compared to the Au electrodes in the 
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Figure 1. Addition of AV gel to PEDOT:PSS creates a stable conducting polymer film. A) EIS of Au (blue), Au/22.5% AV/73.6% PEDOT:PSS (orange), 
Au/42.5% AV/53.6% PEDOT:PSS (black), and Au/62.5% AV/33.6% PEDOT:PSS (red) 4 mm2 electrodes. Mean values (solid line) and standard devia-
tion (shaded area) are shown for n = 5. B) Phase plots for the corresponding electrochemical impedance measurements. Mean values (solid line) 
and standard deviation (shaded area) are shown for n = 5. C) Cyclic voltammograms of Au (blue), Au/AVCP (red), and Au/PEDOT:PSS(black) 4 mm2 
electrodes in PBS at 50 mV s−1. Mean values (solid line) and standard deviation (shaded area) are shown for n = 5. Area calculation of the mean values 
resulted in a corresponding capacitance of 5.5 µF (Au), 1.3 mF (Au/AVCP), and 1 mF (Au/PEDOT:PSS). D) Mechanical stability of various freestanding 
conducting polymer films before and after hydration. Raw images of chitosan (orange), chitosan/PVA (blue), AV-based (red), and pure PEDOT:PSS 
(black) films were compared after fabrication (top) and after hydration in PBS (middle and bottom). The AVCP film shows mechanical integrity after 
hydration with PBS.
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absence of any additional hydration (Figure 3C and Figure S6,  
Supporting Information). Measurements were made using two 
#000-gauge surgical stainless steel screws implanted over the 

cerebellum of the rat to serve as reference and counter elec-
trodes. Both interfaces had higher overall impedance compared 
to in vitro measurements, likely resulting from the increased 
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Figure 2. Steady-state characteristics of AVCP film-based OECTs. A) Output characteristics (ID − VD) of AVCP film-based OECT device (L = 250 µm, 
W = 1000 µm) for gate voltage (VG) varying from 0 V (top curve) to +0.6 V (bottom curve) with a step of +0.1 V; color intensity corresponds to VG 
amplitude (ID, VG, and VD notate drain current, gate voltage, and drain voltage). B) Transfer curve for VD = − 0.6 V (black), and the corresponding 
transconductance (orange), |gmmax| = 250 mS. C) Square root transfer curve characteristics; mobility in the saturation regime can be found by linear 
fitting as described by the equations in, µsat = 2.59 cm2 V−1 s−1.

Figure 3. AVCP-based TES electrodes enable focal seizure stimulation in vivo. A) Illustration of TES electrodes (blue) and reference/ground electrode 
(red) position on the skull surface. Two cranial windows with implantable microwires are illustrated. B) Optical micrograph displaying the top view of 
the left parietal bone and an AVCP film conforming to the rat skull. Scale bar 2 mm. Inset shows a zoomed-in optical image of the same area. Red box 
displays a cross-sectional SEM image showing the interface between an AVCP film (black) and a rat skull (copper). Scale bar 50 µm. C) In vivo EIS of 
Au (blue) and Au/AVCP film (red) 4 mm2 electrodes. Mean values (solid line) and standard deviation (shaded area) are shown for n = 5. D) In vivo 
cyclic voltammogram of Au (blue) and Au/AVCP film (red) 4 mm2 electrodes at 50 mV s−1. Mean values (solid line) and standard deviation (shaded 
area) are shown for n = 5. E) Epileptic seizure induced and recorded by AVCP-based TES electrodes placed intra-operatively on the rat skull. Upper time 
trace shows 50 s of pre-ictal activity, stimulation artifact (black dotted box), induced epileptic seizure, and post-ictal activity as recorded by AVCP-based 
TES electrodes placed on the vertical ridges of a rat skull. Insets (red boxes) demonstrate higher temporal resolution of the evoked epileptic discharges. 
F) Time-frequency spectrogram of the evoked seizure acquired through AVCP-based TES electrodes. Warmer colors represent higher relative power.
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resistance of the path between working and reference electrodes 
(phosphate-buffered saline (PBS) vs skull, dura, and intracra-
nial tissue). Increasing the surface areas of the reference elec-
trode did not result in significant changes in the CV curves, 
confirming that the more resistive in vivo CV profile arose from 
the biological environment rather than the reference electrode 
arrangement.[8,40] No distinct peaks were observed during in 
vivo CV measurements, suggesting that AVCP films are gov-
erned by purely capacitive processes and do not engage in any 
redox reactions in a physiological environment (Figure 3D).[31]

We then used the AVCP film as both recording and TES 
electrodes to acquire high-quality brain signals and stimulate 
neural activity. Three 2 × 3 mm2 strips of AVCP films were 
maintained on the surface of the rat skull without the need of 
any additional adhesives or hydration. Two AVCP-based elec-
trodes were placed on the left and right lateral surfaces of skull, 
over the temporal region to serve as working electrodes.[1] One 
AVCP-based electrode was placed on the dorsal frontal midline 
of the skull to serve as the stimulation reference electrode. In 
addition, two arrays of 50 µm tungsten wire electrodes were 
implanted bilaterally into both hippocampi (anterior–posterior =  
3.5 mm, medial–lateral = 3.0 mm, dorsal–ventral = 2.0 mm). 
Two screws over the cerebellum again served as ground and 
reference electrodes for neural recordings. With this configu-
ration, we recorded neurophysiological signals characteristic of 
brain activity under isoflurane anesthesia with the AVCP elec-
trodes (Figure 3E and Figure S2, Supporting Information). The 
high signal-to-noise ratio data obtained with AVCP electrodes 
was consistent with stable electronic and mechanical interface 
with the skull. Next, we used the AVCP electrodes to apply cur-
rent, directly investigating their functionality as TES electrodes. 
We applied current through the AVCP electrodes with parame-
ters previously shown to induce epileptic seizures when applied 
intracranially (10 ms duration biphasic pulses for a period 
of 2 s;[41,42] Figure S7 in the Supporting Information, black 
dashed line box shows stimulation artifact). Current applica-
tion at 3 mA induced an epileptic seizure, characterized by high 
amplitude, broad band, evolving spike, and wave discharges 
lasting for approximately 30 s (Figure 3E,F). We demonstrated 
that the AVCP-based TES electrodes induced a spatially local-
ized response because electrodes implanted in distinct regions 
displayed different electrophysiological patterns (Figure S6,  
Supporting Information). Therefore, AVCP-based TES elec-
trodes on the skull can generate sufficient intracranial charge 
in targeted brain regions to drive neurons to epileptic activity.

In summary, we demonstrated a high charge capacity, free-
standing, plant-based composite material that can be used to 
transcranially stimulate and record brain activity. These elec-
trodes were fabricated via a simple and inexpensive process. 
The combination of PEDOT:PSS and AV gel provided biocom-
patibility, conformability, and stability, and did not alter the 
desirable electrical properties of PEDOT:PSS. The AV gel-based 
film molded onto the rough surface of the skull, leading to a 
mechanically stable interface. We verified the in vivo efficacy of 
the AVCP electrodes by placing them on the skull of a rat and 
concomitantly inducing focal seizures and recording the evoked 
neural activity. We also compared the in vivo electrochemical 
impedance and CV of AVCP-based TES electrodes with conven-
tional Au-based TES electrodes. AVCP results in several orders 

of magnitude lower impedance and higher charge capacity rela-
tive to metal electrodes, indicating that hydrogels can be lever-
aged to increase the efficiency of charge transfer[22,43] for TES. 
AVCP films pave the way for high-quality biological interfaces 
that can advance closed loop responsive stimulation devices in 
wearable electronics and therapeutic devices.

Experimental Section
Fabrication of AVCP Film: PEDOT:PSS (Clevios PH1000) was acquired 

from Heraeus. Dimethyl sulfoxide (DMSO) and glycerol were purchased 
from Sigma-Aldrich. AV gel was extracted directly from the leaves of an 
aloe vera plant just before use. The gel was passed through a metallic 
mesh (1 mm2) and then homogenized with a T10 Basic ULTRA TURRAX 
homogenizer for 10 min at speed setting 3 and 1 min at speed setting 4. 
The beaker with the gel was placed in a cold bath to avoid heating during 
homogenization. PEDOT:PSS, DMSO, and glycerol were added and then 
the mixture was homogenized again for 6 min (5 min-setting 3 and 1 min-
setting 4). The mixture was then placed in desiccator overnight to degas. 
Then it was poured into a petri dish and dried in an oven at 60 °C. Various 
concentrations of PEDOT:PSS, AV gel, DMSO, and glycerol were tested and 
the optimal concentration of 42.5/53.6/3.3/0.6 wt% was found. The final 
film was patterned by a sharp blade to give the desired electrode shape.

Fabrication of OECT: Ti (10 nm) and Au (100 nm) layers were 
deposited with an e-beam metal evaporator on cleaned glass substrates 
(1 mm thickness). A thin PEDOT:PSS layer (≈20 nm) was spin coated, 
dried, and patterned on top of gold contacts by peel-off process. A 
second thin PEDOT:PSS layer (≈20 nm) was spin coated and patterned 
in a similar process. Before the layer dried, an AVCP film was laminated 
on top to realize the channel. Robust contacts between Au/PEDOT:PSS 
and AVCP were achieved with subsequent thermal treatment at 120 °C 
and drying of the second PEDOT:PSS layer.

Mechanical Stability: To evaluate the mechanical stability of the 
optimized AVCP films, these were compared with various PEDOT:PSS-
based films (PEDOT:PSS/CS (10 wt%), PEDOT:PSS/CS/PVA (10 wt%), 
and standalone PEDOT:PSS/GOPS (1 wt%) films) in dry and hydrated 
conditions. Hydration was provided with standard PBS solution.

Electrical Characterization: Current–voltage characteristics were measured 
with a Keysight B2902A Precision Source/Measurement Unit using two 
channels. On the first channel (VD), linear sweeps from 0 to −0.6 V with 
a step of −0.03 V were applied. On the second channel (VG), constant 
voltages from 0 to 0.6 V with a step of 0.1 V were applied. The electrical 
characteristics of the AVCP-based OECT were measured with 1 × PBS as 
an electrolyte and Ag/AgCl as gate electrode. Electrochemical impedance 
spectroscopy (EIS) and CV were performed with a Gamry Instruments 
Reference 600+ using a three-electrode configuration with platinum and 
Ag/AgCl as counter and reference electrodes, respectively. Au, PEDOT:PSS, 
or AVCP working electrodes with identical geometry (4 mm2) were used.

SEM images were acquired with a Zeiss Sigma VP scanning electron 
microscope. Before imaging the devices, an ≈10 nm AuPd layer was 
sputtered. The SEM images were taken with an acceleration voltage of 
5 kV. AVCP or PEDOT:PSS freestanding films were laminated onto Au 
contacts as described previously for fabrication of OECTs.

TES and Recording: Animal protocols were approved by the 
Institutional Animal Care and Use Committee of Columbia University. 
Three male and female Long Evans rats (200–350 g, 8–15 wks of 
age) were used for TES and recording. Rats were kept on a regular 
12–12 h light dark cycle, housed in pairs prior to surgical procedure, 
and euthanized immediately afterward. The animals were initially 
anaesthetized with 2% isoflurane and maintained under anesthesia 
with 0.75–1% isoflurane during the surgery. The head of the rat was 
immobilized in a stereotaxic apparatus and the body temperature was 
kept at 37.5 °C. A longitudinal incision was made in the scalp and 
the dorsal and lateral aspects of the skull were exposed. A stainless-
steel screw was driven into the skull above the cerebellum to serve as 
ground and reference electrodes. Seizure stimulation was consisted of 
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2 s duration bipolar current pulses (60 Hz, 10 ms pulse width). Current 
was titrated until observable seizure activity occurred. Neural activity 
was recorded using AVCP-based electrodes, amplified, and digitized 
continuously at 20 kHz using a head-stage directly attached to the 
electrodes (RHD2000 Intan technology), and stored for off-line analysis 
with 16-bit format. Data were analyzed using MATLAB (MathWorks) 
and visualized using Neuroscope. Spectrograms were generated using 
wavelet transformation (Gabor).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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