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Abstract

Non-invasive brain—computer interfaces (NI-BCls) have garnered significant attention due to their safety and wide
range of applications. However, developing non-invasive electroencephalogram (EEG) electrodes that are highly
sensitive, comfortable to wear, and reusable has been challenging due to the limitations of conventional electrodes.
Here, we introduce a simple method for fabricating semi-dry hydrogel EEG electrodes with antibacterial properties,
enabling long-term, repeatable acquisition of EEG. By utilizing N-acryloyl glycinamide and hydroxypropyltrimethyl
ammonium chloride chitosan, we have prepared electrodes that not only possess good mechanical properties
(compression modulus 65 kPa) and anti-fatigue properties but also exhibit superior antibacterial properties. These
electrodes effectively inhibit the growth of both Gram-negative (E. coli) and Gram-positive (S. epidermidis) bacteria.
Furthermore, the hydrogel maintains stable water retention properties, resulting in an average contact impedance of
<400 Q) measured over 12 h, and an ionic conductivity of 039 mScm™". Cytotoxicity and skin irritation tests have
confirmed the high biocompatibility of the hydrogel electrodes. In an N170 event-related potential (ERP) test on
human volunteers, we successfully captured the expected ERP signal waveform and a high signal-to-noise ratio
(20.02 dB), comparable to that of conventional wet electrodes. Moreover, contact impedance on the scalps remained
below 100 kQ for 12 h, while wet electrodes became unable to detect signals after 7-8 h due to dehydration. In
summary, our hydrogel electrodes are capable of detecting ERPs over extended periods in an easy-to-use manner with
antibacterial properties. This reduces the risk of bacterial infection associated with prolonged reuse and expands the
potential of NI-BCls in daily life.

Introduction

Brain—computer interface (BCI) is a system that directly
connects a human or animal brain to an external device,
designed to enable real-time information exchange
between the brain and the device'”. BCI technology has
evolved into a promising application across various
domains including healthcare, human augmentation,
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military combat, and edutainment®~>. BCI systems can be
classified as invasive, semi-invasive, and non-invasive
based on the way the EEG signals are acquired and
where the electrodes are implanted in the brain®’. Among
them, non-invasive brain—computer interfaces are char-
acterized by safety, non-invasiveness, and convenience,
making them highly promising for daily life applications
and receiving widespread attention®. The technical chal-
lenge of non-invasive EEG interfaces lies in acquiring
high-precision EEG signals. Therefore, the selection of
appropriate electrodes is vital, as it directly influences the
quality and accuracy of the signals obtained®.

At the present time, non-invasive BCIs for acquiring
EEG signals are typically categorized into three main
types: wet electrodes, dry electrodes, and semi-dry
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electrodes'®. Wet electrodes are considered the “gold
standard” for EEG signal acquisition''. However, wet
electrodes are prone to water loss, cannot be monitored
for long periods of time, are complicated to handle, and
need to be cleaned after use'”. The use of conductive gel
or viscous paste can also lead to hair contamination and
potentially severe allergic reactions if there are scalp
abrasions'”. These inconveniences and discomforts limit
the use of wet electrodes in daily life. Dry electrodes are
straightforward to utilize, can be readily removed, and are
suitable for repeated use'*. However, dry electrodes are
susceptible to hair interference during EEG signal acqui-
sition, generating motion artefacts, and the quality of the
acquired signals is often not accurate enough'®. In addi-
tion, wearing dry electrodes for a long period of time can
cause pain to the subject, which limits the total duration
of wear'®.

In response to the limitations of both wet and dry
electrodes, semi-dry electrodes are increasingly being
employed to enhance both wearing comfort and signal
quality. Semi-dry electrodes integrate features from con-
ventional wet and dry electrodes, addressing the need to
reduce impedance without leaving behind conductive
paste residue after use'’. Flexible semi-dry electrodes
require high electrical conductivity and compatibility with
biological tissues. The physicochemical properties of
hydrogels are analogous to those of biological tissues,
rendering them an optimal composition for next-
generation electrodes, which are becoming increasingly
prevalent in biosensor applications'®. For instance, Zhu et
al. developed a novel stretchable piezoresistive strain
sensor using a semi-interpenetrating network hydrogel
formed by CMC micro sheets and PAAm through
monomer polymerization. This sensor is capable of
monitoring subtle vibrations and human motion'®. Han
et al. constructed a multichannel wearable electrode based
on PVA-PVP-PDA NPs with excellent self-adhesion and
electrical conductivity. This electrode can reliably and
stably acquire prefrontal EEG signals and be used as a
portable sustained attention assessment device in both
scientific research and daily life?®. Nevertheless, the self-
adhesive hydrogel is incapable of capturing signals in
regions, such as the hair-dense hindbrain functional area.
K. Jakab and colleagues refined the production of poly-
vinyl alcohol-glycerol-NaCl hydrogel electrodes with
high ionic conductivity. These electrodes offer favorable
and satisfactory skin contact in hairy areas of the scalp,
and their high glycerol content ensures reusability and a
long shelf-life. However, the complexity and time-
consuming nature of the electrode fabrication process,
along with the large size of the finished product, present
usability challenges®'. Xue et al. designed and prepared a
substrate-adhesive bilayer hydrogel EEG electrode that is
capable of continuously recording EEG signals for 12 h.
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The electrode features a highly conductive layer with high
electrical conductivity, low skin contact impedance, and
high robustness. The electrode is straightforward to
handle and can be recycled, which is anticipated to
facilitate the utilization of non-invasive EEG electrodes in
a multitude of everyday contexts®’. Nevertheless, the
experiment did not offer further validation of the anti-
bacterial profile of the hydrogel electrode. It is therefore
necessary to consider bacterial transmission in order to
assess the potential for recycling the hydrogel. Due to its
high-water content, hydrogel is susceptible to bacterial
growth in humid environments®®, This may result in the
deterioration of device performance, moreover, may pose
a health risk to users. Consequently, the creation of
hydrogel electrodes with anti-bacterial properties has
become a significant area of current research. Wang et al.
developed a spongy cellulose aerogel flexible electrode
doped with polypyrrole-coated silver nanowires to
enhance its conductivity and anti-bacterial properties,
thereby facilitating long-term high-quality electro-
physiological monitoring®*. However, the experiment did
not employ the same aerogel electrode for long-term
signal monitoring, and the long-term biosafety experi-
mental validation was also inadequate.

As technology advances, there is a growing demand for
antimicrobial properties in flexible electrodes, particularly
in the context of wearable devices that come into direct
contact with the skin. The incorporation of antimicrobial
properties can effectively inhibit bacterial growth and
reproduction, while also mitigating potential damage to
the user’s skin®>*. However, there is a paucity of research
exploring the incorporation of antibacterial properties
into semi-dry hydrogel EEG electrodes. This is largely due
to the inherent challenges associated with achieving a
balance between three key factors: ensuring optimal
electrical conductivity, providing a comfortable wearing
sensation, and ensuring long-term stability. Tables
S1 and S2 compare semi-dry hydrogel electrodes for EEG
signal acquisition.

In this study, we designed and developed a tough semi-
dry hydrogel electrode with antibacterial properties, cap-
able of continuously acquiring high-quality EEG signals
for up to 12 h or more. The superior antibacterial prop-
erty enables multiple reuses of the hydrogel electrode. We
characterized the microstructure and mechanical prop-
erties of the hydrogels and measured their electrical
conductivity, including electrode—skin contact impedance
and ionic conductivity. We performed 1000 cyclic vol-
tammetry (CV) cycle tests using an electrochemical
workstation. Charge storage capacitance (CSC) and
charge injection capacity (CIC) at the hydrogel interface
were characterized. Additionally, anti-bacterial tests con-
firmed its superior antibacterial performance, while
cytotoxicity and allergic reaction tests demonstrated good
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biocompatibility. Furthermore, we compared the perfor-
mance of the hydrogel electrodes with that of dry and wet
electrodes on human volunteers, recording and testing
real-time contact impedance over 12h and conducting
continuous N170 EEG experiments for 21 days to evaluate
the hydrogel electrodes’ ability to effectively capture EEG
signals.

Materials and methods
Chemicals

Poly (N-acryloyl glycinamide) (PNAGA) was purchased
from Shanghai Famasitanda Biotechnology Co., Ltd.
Hydroxypropyltrimethyl ammonium chloride chitosan
(HACC) was purchased from Macklin. Potassium chloride
(KCl) was purchased from Xilong Scientific. Glycerol (Gl)
was purchased from Damao Chemical Reagent Factory.
Lipidure-51 was purchased from Guangzhou Baolong
International Trade Co., Ltd. Ammonium persulfate
(APS) was purchased from Aladdin. All the chemicals
were used as received without further purification.

Synthesis method of hydrogels

The composition of the prepared hydrogels is below and
may be increased or decreased proportionally. If not
otherwise specified, the hydrogel is prepared as a cylinder
10 mm in diameter and 8 mm in height.

Synthesis of conductive hydrogels: 0.4 g NAGA, 0.055 g
KCl, 0.88 mL glycerol were dissolved in 1 mL of deionized
water and degassed by ultrasonication until completely
dissolved, then 0.0028 g APS was added as an initiator,
mixed homogeneously and then poured into molds, illu-
minated in a UVLED curing light source for 60s (power
100%), and then placed at 65°C for 1.5h to obtain a
conductive hydrogel. This conductive hydrogel was used
as a control group.

Synthesis of conductive hydrogels with anti-bacterial
properties: dissolve 0.01, 0.02, 0.03, 0.04, and 0.05g of
HACC in 1 mL of deionized water to obtain 1, 2, 3, 4, and
5wt% HACC solution, respectively, and then dissolve
0.4 g of NAGA, 0.055 g of KCI, 0.88 mL of glycerol in the
abovementioned 1 mL of HACC solution, and then degas
by ultrasonic degassing until complete dissolution.
0.0028 g of APS was added as an initiator, mixed homo-
geneously and poured into molds, illuminated in a
UVLED curing light source for 60s (power 100%), and
then put into an oven at 65 °C for 1.5 h to obtain a con-
ductive hydrogel with anti-bacterial properties. The con-
ductive hydrogel with anti-bacterial properties was used
as an experimental group.

Scanning electron microscope (SEM)

The morphology and microstructure of the hydrogel
cross-section were obtained by SEM (SU8822 0) at an
accelerating voltage of 5kV. The prepared hydrogel
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samples were pre-cooled in liquid nitrogen, lyophilized at
—80°C, and then placed in a freeze-dryer for 3 days. The
lyophilized samples were cut with a scalpel blade in order
to form the cross-section, which was subsequently
adhered to the sample stage with a double-sided elec-
trician’s tape, spray-coated using platinum, scanned, and
imaged with SEM.

Assembly of non-invasive hydrogel electrodes

Solidworks software was used to design the supports
and molds of the non-invasive electrodes, the designed
supports and molds were cast by 3D printing, Ag/AgCl
buttons were assembled, the hydrogel prepolymer solu-
tion was poured into the molds, and the non-invasive
hydrogel electrodes were obtained by UV irradiation and
heat curing.

Characterization of mechanical properties

The mechanical properties of the hydrogels were eval-
uated using an MST, 50N transducer with compression
test samples of cylinders at a test rate of 5 mm/min, and
the compression modulus was determined from the slope
of the compression curve at 0-30% strain. At least four
samples were used for each mechanical test. Furthermore,
in order to assess the fatigue resistance and self-recovery
characteristics of hydrogels, compression cycle tests were
conducted. The specified end-point deformation was set
at 4mm (50%), with the tensile machine automatically
compressing and releasing the hydrogel samples in
each cycle.

Characterization of moisturizing properties

In this experiment, the effect of two common moist-
urizers (glycerol and lipidure-51) on the water retention
properties of hydrogels was tested. The cylindrical
hydrogels were placed in a ventilated environment at
room temperature and the hydrogels were weighed for
12 h consecutively and for a long period of time (6 weeks),
and the water retention rate of the hydrogels was calcu-
lated using the following formula:

w
Water retention rate(%) = Vt x 100%
0
Wy denotes the initial weight of the hydrogel, and W,
denotes the weight of the hydrogel after dehydration at
time ¢.

Skin—-electrode contact impedance

The skin—electrode contact impedance was measured
using the four-electrode method. Fresh pork skin was
placed in a refrigerator at —20°C for spare time and
thawed before use. The skin was washed with water to
remove excess fat and oil, cut into rectangles 20 cm long
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and 5 cm wide, and fixed on a base plate. Under the slide
of the measuring instrument, an electrode was mounted
at 4 cm intervals so that it was located directly above the
pig skin, the slide was moved downwards to keep the
hydrogel electrode tightly attached to the pig skin, and
then the circuit was connected according to the circuit
diagram. The E,-electrode was connected to the circuit by
turning the switch with a voltage of 2V. The data were
recorded after the readings had stabilized. The same
procedure is then performed when the E,-electrode is
connected to the circuit. The formula for calculating the
skin—electrode contact impedance is as follows:

VbCX R V/bCXR
Ve Ve

Z contact =

Vi and V3 are the indications of the voltmeter when the
circuit is connected to Ey, \/;,C, and VR are the indications
of the voltmeter when the circuit is connected to E, and
the resistance of R is 1000 Q.

In this experiment, a total of five hydrogels with dif-
ferent KCl concentrations (0.25, 0.50, 0.75, 1.00, and
1.25 mol/L) were measured. At least three samples were
used for each test. In addition, we tested the change in
contact impedance of the wet and hydrogel electrodes for
12 h continuously at room temperature.

Electrochemical impedance spectroscopy (EIS)

EIS was performed using the CHI660E workstation. The
test samples were cylinders with a diameter of 10 mm and
a height of 3 mm, and at least three samples were used for
each test. The hydrogel was clamped with two copper
plates and tested in the frequency range of 0.1-10° Hz at a
constant voltage of 5 mV. Meanwhile, the conductivity of
the hydrogel was measured and was calculated as follows:

L
o=
Rx A

L, R, and A denote the length, resistance, and cross-
sectional area of the hydrogel, respectively.

Next, to evaluate the long-term stability of the hydrogel
electrode, the cyclic voltammetry (CV) curve of the
hydrogel electrode was further investigated. The charge
storage capacity (CSC) and charge injection capacity
(CIC) of the hydrogel electrode were also measured.

Characterization of anti-bacterial properties

The anti-bacterial properties of hydrogels were investi-
gated using Escherichia coli (E. coli, Gram-negative bac-
teria, ATCC 8739) and Staphylococcus epidermidis (S.
epidermidis, Gram-positive bacteria, ATCC 12228) as
bacterial models. E. coli was cultured in LB liquid/solid
medium at 37°C. S. epidermidis was cultured in NA
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liquid/solid medium at 37°C. The control and experi-
mental hydrogels used for testing were cylinders.

Anti-bacterial properties in solid media: Evaluation of
the anti-bacterial activity by agar well diffusion method.
Then, 5 uL of the fresh bacterial solution was diluted to
5mL, and 5uL of the diluted bacterial solution was
aspirated and spread uniformly on the agar plate. The
inactivated control and experimental hydrogels were
placed in the center of the agar plate and placed into a
bacterial incubator, the plate was observed after 24 h, and
the diameter of the inhibition rings was measured and
recorded. Each experiment was repeated four times.

Anti-bacterial properties in liquid media: Anti-bacterial
activity was assessed by measuring optical density (OD).
Fresh bacterial solution (5puL) was added to a sterilized
shake flask containing 5mL of liquid medium. At the
same time, a blank group was prepared with LB/NA liquid
medium containing the bacterial solution and a blank
control group with a pure LB/NA liquid medium without
the bacterial solution. The bacterial solution (200 pL) was
collected from each group at each time interval. The
absorbance was measured at 600 nm, and four parallel
experiments were performed for each group. And take out
5 uL of bacterial solution and dilute it 1000-fold, then take
10 uL of the diluted bacterial solution and spread it evenly
on the agar plate, and observe the colony growth after
24 h.

Detection of anti-bacterial properties of hydrogels on the
surface: The control and experimental hydrogel electro-
des, worn for more than 3 days, were disassembled from
the EEG experiments tested by the subjects without any
treatment. The used hydrogels were then sealed in a bag
and stored at room temperature, and the changes in the
two groups of hydrogels were observed at various time
points.

Cytotoxicity assay

The effects of control hydrogels and hydrogels with
different HACC contents on mouse embryonic fibroblasts
(3T3) were assessed by CCK-8 measurement of cell via-
bility. Cylindrical hydrogels were irradiated with UV for
1 h in an ultra-clean bench for complete sterilization, and
then the hydrogels were immersed in 8 mL of DMEM
complete medium (10% fetal bovine serum, 1% penicillin/
streptomycin) for 3 days. Control and raw hydrogel sus-
pensions with different HACC contents were prepared,
and hydrogel suspensions at a concentration of 5 mg/mL
were prepared by dilution of the raw suspensions. These
suspensions were used as a conditioned medium for the
detection of cumulative hydrogel release or degradation
products.

3T3 cells cultured with DMEM complete medium were
inoculated into 96-well plates (100 uL per well) at a
density of 10,000 cells/per well and placed in an incubator
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at 37°C, 5% CO,. After 24h, the well plates were
removed, the medium was aspirated out, and 100 puL of
the prepared hydrogel suspension was added to each well.
The plates were then incubated for 6 h. After this incu-
bation, 10 pL of CCK-8 reagent was added to each well
under dark conditions, and the absorbance at 450 nm was
measured using an enzyme marker after 1h of dark
incubation. The cell viability was calculated using the
following formula:

As— A
Cell viability(%) = <A—Abl
c —Aba

) x 100%

Ay The absorbance of the experimental wells (con-
taining cells, medium, CCK-8 solution, and drug
solution);

A The absorbance of the control wells (containing
cells, medium, CCK-8 solution, and no drug);

Ap1: The absorbance of the blank wells (containing
medium, drug, CCK-8 solution, excluding cells);

Apz: The absorbance of the blank wells (containing
medium, CCK-8 solution, excluding cells and drugs).

Skin irritation test

Five male and five female Sprague-Dawley rats (200 g)
were used to evaluate the potential skin irritation caused
by the hydrogels. The animals were acclimatized for
1 week before beginning the animal experiments.

First, the hair on the back of the rats was shaved with a
shaver, ensuring that the exposed area was free of visible
hair. Four cylindrical hydrogels (10 mm in diameter and
3mm in height) were then applied externally to the
shaved area. Four male and four female rats were
observed for 1, 3, 5, and 7 days, respectively. After the
designated period, the dressings were removed, and the
exposed skin was carefully examined for redness, swelling,
or other signs of irritation. At the same time, one male
and one female rat were selected as the blank control
group and were only shaved. At the end of the experi-
mental point in time, the skin under the dressing was
peeled off and fixed with paraformaldehyde for hema-
toxylin and eosin (H&E) staining.

Hydrogel electrodes EEG signal acquisition

In this experiment, a 32-channel EEG signal acquisition
system positioned according to an international
10-20 system was used to collect EEG signals, with CPz
and GND as online references. Dry electrodes, wet elec-
trodes, and hydrogel electrodes were fixed to the EEG cap
using buttons, respectively. The EEG signals of the sub-
jects were continuously collected using an eego ™ mylab
amplifier (ANT Neuro, Enschede, The Netherlands) with
a sampling frequency of 1000 Hz. These signals were
analyzed to compare the stability of the EEG signals
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acquired from the three electrodes. Additionally, the 12-h
real-time contact impedance of the electrodes was
recorded using the eego™ software.

N170 EEG experiment

The participants sat comfortably in a sound-proofed
acoustic dark chamber. First, they ignored the meaning of
the words and responded to key presses based on the
color of the target word: pressing the ‘1’ key for red words
and the 2’ key for blue words. This familiarized them with
the procedure of the test. After achieving 75% accuracy,
the test began. Participants responded to the color of the
target word appearing on the screen within 2's, and the
test will take 7-8 min. Three healthy male subjects and
one healthy female subject were recruited for this
experiment, and all participants were guaranteed to have
normal or corrected vision and not be color blind. Sub-
sequently, we experimentally verified whether the
hydrogel electrodes could be recovered for reuse. The
above volunteers were asked to wear the same hydrogel
electrode for 2 h per day, with an interval of about 3 days
for the N170 mood-evoking experiment, which lasted for
a total of 21 days.

The signal-to-noise ratio was calculated in the following
way?’: first, the signal 200 ms before stimulus onset was
chosen as the baseline window (noise), and 100-250 ms
after stimulus onset was used as the signal window (we
focused on the negative signal around 170 ms). The signal
peaks were obtained by calculating the absolute value of
the minimum of each channel within the signal window,
while the noise variance was the variance of the baseline
window data (where N is the number of trials of the sig-
nal)

mean(N x Signal peak)

SNR = 101
810 Noise variance

Results and discussion
Preparation and characterization of hydrogels

The objective of this study was to develop a new type of
non-invasive hydrogel EEG electrode with strong tough-
ness, superior anti-bacterial properties, excellent electrical
conductivity, high biocompatibility, moisture retention,
and low contact impedance. We first chose the poly-
merizable monomer N-acryloyl glycinamide (NAGA),
which can be initiated directly and easily in water to form
poly (N-acryloyl glycinamide) (PNAGA). The double
amide group sequence in the side chain forms highly
stable hydrogen-bonded domains between the two amide
groups, causing strong physical cross-linking. As a result,
a concentrated aqueous solution of PNAGA (=10 wt%)
can form a high-strength supramolecular polymer
hydrogel®®. Chitosan (CH) has considerable reactive
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amino and hydroxyl groups and can be chemically and
physically cross-linked to form various types of CH-based
hydrogels. CH can be chemically modified to prepare
common derivatives, such as hydroxypropyltrimethyl
ammonium chloride chitosan (HACC), carboxymethyl
chitosan (CMCH), and hydroxy butyl chitosan (HBC)*.
The quaternization of CH not only enhances its positive
electronegativity, greatly improving its anti-bacterial
properties compared to simple CH or quaternary
ammonium salts but also overcomes the limitation of its
anti-bacterial and bactericidal being effects only under
acidic conditions. This modification allows it to exhibit
strong anti-bacterial effects under acidic, neutral, and
alkaline conditions while retaining the other properties of
CH?. Therefore, HACC was chosen as another monomer
to form a physically crosslinked hydrogel system with
improved stability and anti-bacterial properties (Fig. 1a).
In this experiment, we used N,H, to name the hydrogels
with different ratios of the two monomers, NAGA and
HACC, where x and y represent the mass percentages (wt
%, relative to the weight of deionized water) of NAGA and
HACGC, respectively.

Moreover, because the hydrogel itself has no movable
charge or charge carrier, it is usually considered an elec-
trical insulator. KCl was added to the hydrogel to obtain
conductivity. The movement of ionic salts in the hydrogel
matrix, activated by an electric field, results in an ionic
conductive hydrogel that maintains its original mechan-
ical flexibility and optical transparency while exhibiting
high ionic conductivity’’. To improve the moisturizing
properties of the hydrogels, we added glycerol as a
humectant to prevent water loss and compared the effects
of adding lipidure-51, glycerol alone, or a mixture of both
on the moisturizing properties of the hydrogels. Finally,
APS was added as the coagulant promoter. After UV
irradiation and heat-curing, conductive hydrogels with
antibacterial properties were obtained.

According to the ergonomic design, we used Solidworks
drawing software to design the support and mold as
shown in Fig. 1b. The hard circular support was assem-
bled with a relatively soft four-claw support structure,
which allowed it to firmly hold the hydrogel and pre-
vented it from falling off during use. The hydrogel pre-
polymer was poured into a semi-circular mold and cured
to obtain hydrogel electrodes. The semi-circular design
can increase the contact area between the electrodes and
scalp hair, thereby improving signal transmission and
enhancing wearer comfort.

The detailed steps for the electrode fabrication were as
follows: the metal clasp and Ag/AgCl electrodes were
assembled on top of the 3D-printed circular support using
a clasp-making tool, and then placed in a 3D-printed
semi-circular mold. The hydrogel prepolymer was poured
through four small holes in the circular support to fill the
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mold. After the curing process was completed, the
hydrogel electrode was gently peeled off from the mold to
obtain a transparent hydrogel electrode, as shown. The
conductive hydrogel was in contact with the Ag/AgCl
electrode on one side and in direct contact with the scalp
on the other side. The detected EEG signal could be
transmitted from the epidermis to the Ag/AgCl electrode
through the movement of Cl™.

Microstructure of hydrogel

The surface morphology and microstructure of the
hydrogels were further observed by SEM, as shown in Fig.
1c, d, respectively. It can be seen that the hydrogel has a
smooth cross-section and an abundant porous texture
was found on the sides. This is because the concentrated
aqueous solution of PNAGA forms a high-strength
supramolecular polymer network structure, with many
microscopic pores. Meanwhile, a large number of tens of
microns of pores existed on the sides of the hydrogel
samples, and the pores were uniformly distributed on the
surface of the material. These pores provide sufficient
storage space for water and glycerol, resulting in hydro-
gels with a relatively high water content.

Measurement of hydrogel mechanical properties and
moisture retention properties

The mechanical properties of hydrogels are an impor-
tant requirement for EEG electrodes, and compressive
strength is an important parameter for evaluating these
properties. To investigate the effects of different mono-
mer ratios on the mechanical properties of the hydrogels,
we conducted a series of compression tests. Figure 2a
shows the compressive modulus of the hydrogels with
different proportions of NAGA and HACC. It can be seen
that both the compressive strength and modulus increase
with the increase of NAGA content, which is attributed to
the enhancement of stiffness due to the enhancement of
the density of hydrogen-bonded supramolecular interac-
tions®>, To improve the wearing comfort of the subjects
while ensuring that the hydrogel electrodes have good
mechanical properties, we chose a hydrogel with a NAGA
mass percentage of 40 wt% for subsequent experiments
(65kPa). Figure 2b shows the stress—strain curve of
hydrogel compression of NyoH,. The HACC content has a
smaller effect on the mechanical properties of the
hydrogel, and we will determine the optimal proportion of
HACC through subsequent experiments.

Next, we verified the effect of KCl concentration on the
mechanical properties of the hydrogels (Fig. 2c). The
compression modulus of the hydrogels gradually
decreased with increasing KCl content, which may be
attributed to the Hofmeister effect, that is ion-specific
effect. Different ions affect the hydrated water molecules
around the hydrophilic functional groups on the
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S. epidermidis
(]

.

Fig. 1 Design of hydrogel materials and schematic diagram of the electrode structure. a Design of conductive hydrogel materials with anti-
bacterial efficacy with NAGA and HACC. b The drawing of the electrode support and mold assembly was created using Solidworks software (above)
and the physical drawing of the hydrogel electrode (below). ¢ SEM images of N4oHs; and Ny are presented in (d)

hydrophobic chain. Some anions polarize hydrated water
molecules and destabilize the hydrogen bonds between
the polymer and its hydrated water. Consequently, high
concentrations of KCI can degrade the mechanical prop-
erties of hydrogels®.

The anti-fatigue and self-recovery properties of hydro-
gel electrodes are crucial for repeated use. To investigate
this, we conducted 500 compression cycle tests on a
hydrogel. Figure 2d compares the shape and height of the
hydrogel before compression and after 500 cycles. The
curves for the selected cycles (1st, 100th, 200th, 300th,
400th, and 500th) nearly overlap, showing no significant
hysteresis (Fig. 2e). There was no fracture of the hydrogel

during compression, and the height remained relatively
unchanged, indicating excellent fatigue resistance and
self-recovery properties. Next, we performed 10,000
compression cycle experiments on the hydrogel, and the
experimental results (Fig. 2f) showed that there was no
obvious hysteresis in the stress—strain curves of the
compression cycles, which fully proved that the hydrogel
could maintain good elasticity recovery ability after a large
number of repetitive compressions, and provided strong
data support for the stability and reliability of the hydrogel
in practical applications, especially as the EEG electrodes
need to withstand repetitively. The above results
demonstrate that the hydrogel has good mechanical
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properties, can be reused in practical applications, is not
easily damaged, and has great potential for use in portable
EEG electrodes.

The moisturizing ability of the hydrogel has a direct
impact on the service life of the electrodes, as the hydrogel
becomes fragile after losing water, and the skin—electrode
contact impedance becomes unstable. Therefore, we
needed to find a suitable moisturizing agent to be added
to the hydrogel. For this purpose, we compared the effects
of two commonly used moisturizing agents: glycerol and
lipidure-51, on the moisturizing ability of the hydrogel.
Glycerol, or propanetriol, has three hydroxyl groups in its

structural formula. The greater the density of the dis-
tribution of hydroxyl groups throughout the molecule, the
greater the hygroscopicity. Glycerol’s structure is simple,
its three hydroxyl groups are completely exposed, making
it easier to combine with water, thus propanetriol pro-
viding very strong water absorbency®. Lipidure-51 is a
biocompatible ingredient designed to mimic cell mem-
branes and is a highly effective, gentle moisturizing factor
with excellent water-locking and hydrating properties.
Figure 2g shows the morphological changes of three
hydrogels after 24 h of placement in a ventilated envir-
onment: one without a humectant, one with only glycerol
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as a humectant, and one with glycerol and lipidure-51 as
humectants. It can be seen that the hydrogel with only
glycerol (middle) shows the least change in morphology
and does not exhibit significant water loss. In contrast, the
hydrogel without any humectant (far left) has completely
dried out after 24 h.

To systematically explore the moisture retention ability
of hydrogels, we defined the water retention rate of
hydrogels by placing hydrogels with different glycerol
contents and lipidure-51 contents in a ventilated envir-
onment and recording W, and W, respectively. As shown
in Fig. 2h, i, the dehydration rate of the hydrogel gradually
decreased with increasing glycerol content, indicating that
the moisture retention ability of the hydrogel was
improved, which is consistent with the above experi-
mental results. The water retention of the hydrogel with
only glycerol as the humectant was the highest, remaining
above 75% for 6 weeks in room-temperature ventilation.
This increase in water retention could be attributed to the
hygroscopic capacity of glycerol. These results show that
our hydrogel electrodes can be stored in air at room
temperature for a long time without the need for special
environments, which facilitates their use of hydrogel
electrodes in subsequent monitoring.

Characterization of electrical properties

Electrical properties are a key feature of EEG electrodes
used for signal recording. Here, we employed the four-
electrode method and measured the contact impedance of
hydrogel electrodes using an animal skin model (pig skin).
A schematic of the impedance setup is shown in Fig. 3a.
First, we examined the effect of different KCI concentra-
tions on the contact impedance of hydrogel electrodes
(Fig. 3b). The contact impedance of the electrodes gra-
dually decreased with increasing KCl concentration,
which was attributed to the fact that a high concentration
of ionic salts increases the efficiency of ions moving
between the skin and the electrodes, thereby decreasing
the impedance. At a KCl concentration of 0.75 mol/L, the
decreasing trend of the contact impedance slowed down
to ~300 Q. Considering that too high a salt ion con-
centration reduces the mechanical properties of the
hydrogel, we chose a salt concentration of 0.75 mol/L KCl
for subsequent experiments. The contact impedance of
wet electrodes in general EEG acquisition is <5 kQ, which
allows the acquisition of high-quality EEG, EMG, and
other bioelectric signals for wide usage in scientific, cog-
nitive, and clinical research!'. Next, we examined the
contact impedance changes of the wet and hydrogel
electrodes for 12 h at room temperature (Fig. 3c). The wet
electrodes initially had a contact impedance of around
250 Q, but as time passed, it rapidly lost moisture, and the
contact impedance gradually increased. After 6 h it com-
pletely dried out and the impedance became infinitely
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large (>30 kQ), making it impossible to detect its electrical
signal. In contrast, the contact impedance of the hydrogel
electrodes did not significantly increase over time. The
impedance of the hydrogel electrodes remained below
400 Q) for 12 h of operating voltage and gradually stabi-
lized over time, which was attributed to the fact that the
water content in the hydrogel reached a steady state.
Thus, the wetting effect on the stratum corneum was
almost constant, suggesting that the hydrogel electrode
has certain advantages in the detection of EEG signals
over a long period of time.

We also tested the EIS of the hydrogels using an elec-
trochemical workstation with a frequency range of
0.1 Hz—0.1 MHz and a signal voltage setting of 5 mV. As
shown in Fig. 3d, we first tested the contact impedance of
hydrogels with different KCI contents in different fre-
quency ranges. Typically, the impedance decreases with
increasing test frequency, and a high concentration of KCl
can effectively reduce the impedance of hydrogels. Figure
3e shows the electrical impedance and phase angle of the
hydrogel at different frequencies. It can be seen that the
phase of the hydrogel does not show a particularly sig-
nificant hysteresis, indicating that the hydrogel electrode
can collect bioelectric signals stably.

We used CV to measure the electrical stability of the
hydrogel electrodes. We performed 1000 CV cycle tests
(Fig. 3f), and the prepared hydrogel (0.77 mC cm ?),had a
higher CSC than that of the commercial electrode
(0.0019 mC cm™?), and the CSC, although slightly chan-
ged after 1000 CV cycles, the amount of change was <10%
(Fig. 3g). We further characterized the CIC of the anti-
bacterial conductive hydrogel interface (Fig. 3h, i), and
from the experimental results, we can see that the
hydrogel electrode maintains excellent charge injection
and storage stability, and the out-of-plane impedance of
the hydrogel interface exhibits negligible hysteresis and
fluctuation under bidirectional pulse stimulation. Subse-
quently, the ionic conductivities of the hydrogels. A
hydrogel with a diameter of 10 mm and a height of 3 mm
was tightly sandwiched between two copper sheets, and
EIS was measured in the potentiation control mode. The
experimental results are shown in Fig. 3j. The ionic con-
ductivity of the hydrogel increased with increasing
potential frequency and KCl concentration, reaching
around 0.39mScm ' at EEG-related frequencies
(0.5—50 Hz)>*, which allowed for continuous and effective
collection of EEG signals.

Characterization of anti-bacterial properties

The surfaces of typical hydrogel electrodes often carry
bacteria from the skin, hair, or air of the subject after use,
which can lead to mold growth during recycling and
storage. This makes the electrodes unusable, resulting in
significant waste and higher costs. Additionally, if a
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subject has a wound on the scalp, it increases the risk of
infection. Therefore, the development of a hydrogel
electrode with anti-bacterial properties is essential for
long-term repeated EEG acquisition. The anti-bacterial
mechanism of HACC is due to the large number of
positive charges on the surface of its molecules, which
interact with the negative charges on the microbial cell
membranes. This interaction alters the permeability of
cell membranes, leading to the leakage of bacterial pro-
teins and other cellular components, thereby producing
anti-bacterial effects®®. To test the anti-bacterial proper-
ties of hydrogel electrodes, we selected Gram-negative
bacteria represented by E. coli and Gram-positive bacteria
represented by S. epidermidis. S. epidermidis is a bacter-
ium that is widespread on human skin®®. Overgrowth of S.
epidermidis can lead to serious skin diseases, including
atopic dermatitis (AD)?’, Netherton’s syndrome (NS)>*,
and seborrheic dermatitis/dandruff of the scalp™.

First, the size of the anti-bacterial circle of the hydrogel
against the two bacteria was determined using the coated
plate method (Fig. 4a). There was no visible anti-bacterial
zone around the hydrogel in the control group without
added HACC. In contrast, obvious anti-bacterial zones
appeared around all HACC-added hydrogels, and the
anti-bacterial effect became more pronounced with
increasing HACC concentration. The diameter of the
anti-bacterial circle was the largest at HACC content of
3 wt%. The diameters of the zone of inhibition of NyyHjz
hydrogels against E. coli and S. epidermidis were
20.75 + 1.08 and 15.17 + 0.54 mm, respectively (Fig. 4b, c).
The anti-bacterial activity of the NgoHjz hydrogel was
further confirmed by the OD counting method, as shown
in Fig. 4d, f. The control hydrogel showed no anti-
bacterial effect against E. coli or S. epidermidis, with a
gradual increase in UV absorption at 600 nm. In contrast,
the NyoHj; hydrogel showed significant anti-bacterial
activity, which increased significantly over time. The
NyoHs hydrogel inhibited more than 80% of E. coli after
10h and more than 95% of S. epidermidis after 7.5h.
Additionally, the bacterial suspensions were aspirated at
each time point, diluted, and spread on LB and NA agar
plates. The colony growth status after 24h in the incu-
bator is shown in Fig. 4e, g. These results were consistent
with the OD measurements: the plates of the control
group showed a large number of colonies, while the
number of colonies on the LB plates with the NyoH;
hydrogel gradually decreased, and almost no colonies
appeared on the NA plates. These results demonstrated
that the addition of HACC endowed the hydrogel with
strong anti-bacterial properties.

We invited two male subjects to wear the control and
NyoHs hydrogel electrodes for three consecutive days
to further examine the compression resistance and
anti-bacterial properties of the hydrogel electrodes after
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use. Each subject wore 3 control and 3 NyoHj; hydrogel
electrodes on the occipital region of the hindbrain area
and did not experience any discomfort during the 3-day
period. As shown in Fig. 5a, the height of the NyoHj3
hydrogel electrode remained comparable to its original
height after 3 days of use, with no significant changes,
breaks, or cracks on the side in contact with the subject’s
hair. It is further illustrated that hydrogel electrodes have
good mechanical strength that is compatible with human
tissue and superior fatigue resistance. The two groups of
hydrogels were kept at room temperature, and after 1-
month, visible colonies appeared on the surface of the
control hydrogel (Fig. 5b), whereas this did not occur with
the experimental hydrogel. Next, we tested the anti-
bacterial properties of the hydrogels on the surface by
placing the two hydrogel electrodes in LB and NA liquid
media, respectively. Figure 5c shows the two groups of
hydrogels after 24 h in the medium, clearly indicating that
both mediums containing the control hydrogel became
very turbid, whereas the medium containing the NyoHj3
hydrogel remained clear. Subsequently, we measured the
OD values of the hydrogel suspensions at various time
points (Fig. 5d). No change was observed in the OD value
of the medium in which the NyyH3 hydrogels were placed,
further demonstrating the superior anti-bacterial prop-
erties of the hydrogels. These results suggest that hydrogel
electrodes can be recovered and reused in daily
applications.

Biocompatibility and biosafety

When hydrogel electrodes are used to collect EEG sig-
nals, the hydrogel comes into direct contact with the skin
of the subject. Therefore, it is important that hydrogel
electrodes exhibit good biocompatibility. To confirm this,
we performed cytotoxicity tests and skin irritation tests on
the hydrogel electrodes.

First, we assessed the biocompatibility of the hydrogels
by determining their cellular proliferation rate using
CCK-8. Figure 5e shows the results of 3T3 cells cultured
in extracts of hydrogels with different concentrations of
HACC immersed in complete DMEM for 3 days. The
cell proliferation rate of NyyH3z cells was above 90%,
indicating good biocompatibility. In contrast, the cell
proliferation rate of hydrogels with HACC mass per-
centages above 4wt% decreased more significantly.
Therefore, we selected a hydrogel electrode with a
monomer ratio of NyoHs.

We examined the biosafety of the hydrogel in vitro,
using SD rats as test animals, with both female and male
rats tested for allergic and inflammatory reactions to the
hydrogels. Figure 5g shows images of the hydrogels
applied to the bare back skin of rats after days 1, 3, 5, and
7. Compared with the shaved blank group, no redness,
swelling, inflammation, or exudation appeared on the
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back skin of both female and male rats during the 7 days To further assess the skin irritation caused by the
of hydrogel application. This indicates that the hydrogel  hydrogel, we collected rat skin tissues with hydrogel
can be in contact with the skin for a long period of time applied at various time points, embedded them in paraffin
without causing serious allergic reactions. wax, and stained them with H&E. The results are shown



Wang et al. Microsystems & Nanoengineering (2025)11:105 Page 13 of 17

a
After 3 days of wearing

L
e

LB+Control | NA+Control

LB+N,oH; NA+N,H;
d_
E 09{ ™ LB+n,oH, [ Female rats
s —e— LB+n,H, T I Male rats
S —a— LB+Control = > 1500
5 —v— LB+Control s g
2 0.6 1 2 @
> = =
= 3 1000
[ 8 s
3 0.3 = 3
Tg 3 § 500
= o
-3 *
© o0 : . . 0
5 12 24
Time (hours)

g

[2]

s

(]

©

£

Q

('8

[2]

s

(]

©

=

h

Blank 1 day 3 day 5 day 7 day

Female rats
B

Male rats

(>
T
O

Fig. 5 (See legend on next page.)

- J




Wang et al. Microsystems & Nanoengineering (2025)11:105

Page 14 of 17

(see figure on previous page)

represent nuclei)

Fig. 5 Evaluation of anti-bacterial effect and biosafety of the hydrogel material. a Comparison of the appearance of hydrogel electrodes with
the original hydrogel electrodes after being worn by the subjects for 3 days. b Appearance of bacterial colonies on the surfaces and inside of the
worn hydrogel electrodes after being stored for 1 month at room temperature. ¢ Results of the action of the used control and N4oHs hydrogel
electrodes in the LB/NA liquid medium after 24 h. d Changes in OD of the hydrogel electrode suspension in the LB/NA liquid medium with different
HACC contents. e Cell proliferation rate of hydrogels with different HACC contents after 3 days of immersion in complete DMEM. f Thickness of
granulation tissue after H&E staining of skin tissue for hydrogel action. g Images of hydrogels applied to the dorsal skin of female and male SD rats
1-7 days after application. h Results of H&E staining of skin tissue to which hydrogel was applied (green arrows represent dermis, blue arrows

in Fig. 5h, the upper row shows the straining result of
female rat skin tissue (scale bar: 20 um), and the lower
row shows the straining result of male rat skin tissue
(scale bar: 50 um). In comparison with the blank group,
none of the experimental groups showed inflammatory
signals, such as hemocytes and neutrophils, nor significant
thickening of the epidermis at the 7-day time point. Next,
we measured the thickness of the granulation tissue at
each time point for quantitative evaluation (Fig. 5f). The
results showed no significant difference between the
experimental and control groups (p >0.05). These find-
ings confirm that hydrogel electrodes have good bio-
compatibility and biosafety.

Acquisition of EEG signals

We measured the real-time contact impedance of the
wet electrodes and hydrogel electrodes for 12h con-
secutively, using the wet electrode as the “gold standard”
for comparison. Figure 6a, b show the reference and
working electrodes, respectively, connected to the EEG
cap worn by the subject during the experiment. We chose
GND and CPz as the reference electrodes and simulta-
neously measured the real-time contact impedance of wet
electrodes and the hydrogel electrodes in regions with
normal hair (P3, P4, and O2) and regions with fewer hairs
(Fpl and F8). The results are shown in Fig. 6¢c, d. The
contact impedance of the wet electrodes gradually
increased owing severe dehydration after 6 h in the nor-
mal hair region, and the less hairy region was completely
dry after 7h, and no EEG signal could be detected. In
contrast, the contact impedance of the hydrogel electro-
des remained stable for 12 h consecutively, showing no
significant fluctuations and staying below 100 kQ, thus
enabling long-term acquisition of EEG signals.

EEG acquisition by measuring event-related potentials
(ERPs) can be effectively used to assess brain function.
ERPs provide a practical way to identify the efficacy of
non-invasive BCI electrodes®’. Figure 6e illustrates a
schematic of how the subjects responded to the prompts
in the N170 test. In the acquisition of EEG signals, the
functional areas of the brain in which the signals were
acquired for the emotion-evoking test were the left occi-
pital lobe (O1) and the right occipital lobe (O2) of the
occipital lobe of the hindbrain. The results of the

experiment are shown in Fig. 6g. The hydrogel electrodes
showed waveforms similar to those of the wet electrodes
in the O1 and O2 regions, displaying the expected nega-
tive peaks around 170 ms, indicating that the hydrogel
electrodes successfully detected ERPs. However, the
waveforms of the dry electrodes were significantly differ-
ent from those of the wet and hydrogel electrodes, with no
significant negative peaks within the time window of
N170. At the same time, we calculated the signal-to-noise
ratios of the dry, wet, and hydrogel electrodes (Fig. 6f),
which showed that the signal-to-noise ratios of the
hydrogel electrodes (20.02 dB) were similar to those of the
‘gold-standard’ wet electrodes, and were much higher
than those of the dry electrodes. The above results con-
firm that hydrogel electrodes can detect EEG signals at
the microvolt level in subjects and allow prolonged
monitoring of EEG signals. By making the volunteers wear
the electrodes for 2h a day for 21 consecutive days to
collect N170 signals, the experimental results showed that
the hydrogel electrodes were able to stably monitor the
expected signal waveforms. Moreover, the signal-to-noise
ratio of the hydrogel electrode did not show any sig-
nificant decrease during 21 consecutive days of signal
acquisition, which improved the long-term durability and
service life of the electrodes.

Conclusion

In this study, we present a semi-dry, durable, conductive
hydrogel electrode featuring antibacterial properties,
designed for easy installation and convenient use. The
electrode demonstrated superior antibacterial properties,
enabling recycling and reuse while consistently acquiring
high-quality EEG signals over extended periods of time.
The hydrogel exhibited robust mechanical properties
capable of maintaining its original height even after 500
compression cycles, ensuring wearer comfort. Moreover,
the conductive and water-retaining properties of the
hydrogel effectively keep the skin—electrode contact
impedance in a reasonably low range. Most importantly,
our hydrogel effectively inhibited the growth of both
Gram-negative (E. coli) and Gram-positive (S. epidermi-
dis) bacteria, facilitating electrode recycling and mini-
mizing the risk of bacterial transmission. Cell proliferation
and skin irritation tests confirmed the biocompatibility of
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the hydrogel electrodes, ensuring no harm will come to  EEG signals at microvolt levels with high performance.
the wearer’s skin. N170 trials on human volunteers Additionally, the results indicate that the SNR of the
demonstrate the hydrogel electrodes’ ability to capture hydrogel electrodes is comparable to that of the “gold
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standard” wet electrodes, which is significantly higher
than that of dry electrodes. During 21 consecutive days of
monitoring, the hydrogel electrodes consistently acquired
the expected signal waveforms and no significant decrease
in the SNR of the hydrogel electrodes was observed.
Compared with traditional Ag/AgCl wet electrodes, our
hydrogel electrodes offer easier installation, eliminate the
need for post-use cleaning, and can continuously record
EEG for over 12 h. In contrast, wet electrodes lose func-
tionality after approximately 5 h owing to dehydration. In
summary, the developed conductive hydrogel electrodes
with antibacterial properties in this study present a user-
friendly solution with significant potential for long-term
EEG recordings in daily life applications.
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