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Multimodal integrated flexible neural probe for in
situ monitoring of EEG and lactic acid

Luxi Zhang,@ Jie Xia, Boyu Li, Zhen Cao* and Shurong Dong@*

In physiological activities, the brain's electroencephalogram (EEG) signal and chemical concentration
change are crucial for diagnosing and treating neurological disorders. Despite the advantages of flexible

neural probes, such as their flexibility and biocompatibility, it remains a challenge to achieve in situ

monitoring of electrophysiological and chemical signals on a small scale simultaneously. This study

developed a new method to construct an efficient dual-sided multimodal integrated flexible neural

probe, which combines a density electrode array for EEG recordings and an electrochemical sensor for

detecting lactic acid. The EEG electrode array includes a 6-channel recording electrode array with each

electrode 30 x 50 um in size, and the lactic acid sensor with overall contact is approximately 100 pm

wide. The EEG electrodes have an average impedance of 2.57 kQ at 1 kHz and remained stable after

immersing in NS (normal saline) for 3 months. The lactic acid sensor showed a sensitivity of 52.8 nA
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mM~L. The in vivo experiments demonstrated that the probe can reliably monitor electrophysiological

signals. The probe is able to be implanted into the desired site with the help of a guide port. This flexible

DOI: 10.1039/d4ra06336h

rsc.li/rsc-advances and clinical practices.

1. Introduction

Acquisition and analysis of the brain's electroencephalogram
(EEG) signal are critical for investigating essential life
processes, aiding clinical diagnoses, and implementing disease
surveillance.’® It is well-documented that neural cells commu-
nicate with each other through electrical signals and chemical
messengers,”® and both of which are integrated into the
function of neural circuits. Notably, neurological disorders,
such as Parkinson's disease and schizophrenia, have been
linked to atypical concentrations of various chemicals,”** such
as lactic acid. Researchers demonstrated that the level of lactic
acid in the brain are linked to sleep, energy metabolism in the
brain, and the formation of long-term memory.”>** Conse-
quently, the simultaneous monitoring of electrical and chem-
ical signals offers the opportunity both to investigate the
relationship between these two types of signals and to enhance
the accuracy of assessing brain activity levels.

Recent studies have introduced multimodal neural probes
capable of concurrent electrical recording and neurotransmitter
detection within the extracellular environment.>*° However, it
is still a challenge to design a small-sized multimodal neural
probe that can detect both neurotransmitters and neural
signals. For multimodal neural probes, the large size of probe is

The State Key Laboratory of Brain-Machine Intelligence, College of Information
Science and Electronic Engineering, Zhejiang University, Hangzhou, 310027, China.
E-mail: dongshurong@zju.edu.cn

35520 | RSC Adv, 2024, 14, 35520-35528

neural probe can provide more comprehensive insights into brain activity in the field of neuroscience

necessary for attaining high-density neural recordings and high
electrochemical sensitivity. The increase in the number of
channels for monitoring electrophysiological signals directly
correlates with the probe's width due to the linear relationship
with the count of microelectrodes. Similarly, enhancing elec-
trochemical detection's sensitivity and reliability requires the
establishment of the three-electrode system by fabricating
larger working electrodes (WEs) and incorporating two addi-
tional electrodes.®* For implantable probes, the larger size will
cause more severe damage to the brain tissue during implan-
tation and generating more glial cells at the process of
embedding, which adversely affect the long-term monitoring
capabilities of the probe. Thus, striking a balance between the
size and performance of probes represents a significant chal-
lenge in the development of small-sized multimodal neural
probes.

In this work, we provided a multimodal integrated flexible
neural probe with a small-sized design and employed a bifacial
integration process that facilitates in situ recording of neural
signals and the detection of lactic acid concentration simulta-
neously. Our development features a dual-sided integrated
technique on a flexible substrate to minimize potential damage
to brain tissue. Au microelectrodes were fabricated on one side
of the neural probe, while 2 pm-thickness gold films were
applied to decrease contact impedance. The average impedance
of the microelectrode was approximately 2.57 kQ at 1 kHz,
maintaining stability after 3 months in normal saline, with
impedance increasing by about 33%. On the opposite side of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the probe, lactic acid sensors with a size of around 100 pm were
developed, leveraging the enzymatic catalysis of lactic acid by
lactate oxidase in the presence of oxygen and modifying with
Prussian blue to mitigate electrochemical interference,®**
achieving a sensitivity of 52.8 nA mM " for the lactic acid
sensor. In addition, the entire head of the probe is equipped
with a guide port, which allows the electrodes to be implanted
into the desired site. The vivo experiments confirmed the
probe's capability to monitor electrophysiological signals stably
and consistently over extended periods.

2. Experimental
2.1 Materials and reagents

Acetic acid (CH;COOH) and lactate oxidase were purchased
from Macklin. Chitosan, H,SO,, KCI, HCIl, acetone, iso-
propanol, PMMA, and phosphate buffer solution (PBS) were
purchased from Sinopharm Chemical Reagent Co., China.
Multi-walled carbon nanotubes were obtained from Suzhou
Carbonfund Graphene Technology Co., China. FeCl;-6H,O0,
K3Fe(CN)g, lactic acid, HAuCl,, and Nafion solution were
purchased from Sigma-Aldrich. Allresist AR-P 5350 photoresist
and Allresist AR 300-26 developer solution were purchased from
Suzhou Research Material Micro-Nano Technology Co., China.

2.2 Fabrication of flexible multimodal integrated neural
probe

The flexible multimodal integrated neural probe, depicted in
Fig. 1, incorporates eight layers of materials across two main
components. The front is a microelectrode array for monitoring
neural electrical signals, the upper and lower encapsulation
layer is PI, the middle electrode is Ti-Au-Ti, and 2 pm thickness
gold films were applied to decrease contact impedance by
chemical plating. The back side is the sensor for monitoring
lactic acid content. The upper and lower encapsulation layer is
PI, the intermediate electrode is Ti-Au-Ti, and the electrode
contacts are modified with Au and plated with PB-lactate oxide-
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Nafion, and mixed with carbon nano-tubes to enhance its
sensitivity. The two-sided integration process enables the
neural probe to achieve more modes in a smaller size, reducing
the tissue damage caused by implantation.

The glass sheet was ultrasonically cleaned with acetone,
isopropanol, and deionized water, respectively, and dried after
nitrogen blowing to obtain a clean and dry glass substrate.
PMMA film was by spin-coating at 2000 rpm for 30 s and fol-
lowed bake at 180 °C for 30 min to form a sacrificial layer. Spin-
coat 60 s polyimide solution (thickness of about 15 pm) at
600 rpm, 105 °C for 30 min; 150 °C for 30 min; 180 °C for
30 min; 230 °C for 2 h, and use staged heating until it is cured.
Spin-coat 60 s photoresist at 4000 rpm, and heat it at 105 °C for
4 min to obtain a photoresist of about 1 pm thickness, after
a photolithography (MA6-BSA, Karl Suss, German) exposure of
1.7 seconds, the substrate was immersed in developer (devel-
oper: deionized water = 1: 7) for 25 s. The substrate was cleaned
by oxygen plasma for 5 min with a power of 140 W. A magnetron
sputtering coating system (DISCOVERY-635, DENTON, USA)
was used to sputter 10 nm of Ti, 600 nm of Au, and 10 nm of Ti
to form a Ti-Au-Ti structure. After preparing the metal elec-
trode layer, encapsulation was required. A 60 s polyimide
solution (thickness of about 15 pm) was spin-coated at 600 rpm,
105 °C for 30 min; 150 °C for 30 min; 180 °C for 30 min; and
230 °C for 2 h, using staged heating until it cured. The photo-
resist covered the contacts and interfaces of the probes, and the
photoresist was washed off after coating a 15 pm PMMA film.
The sample was etched in an inductively coupled dry etching
machine (Plasmapro100 Cobra 180, OXFORD, UK) for 25 min to
expose the contacts and inter-faces and etch out the electrode
profile. To enhance the stability and reliability of the electrodes
in complex brain tissue, a commercial Pt electrode was set as
the anode, and the electrode array was set as the cathode, they
were then immersed into a mixture of 0.1 m HAuCl, and 1 m
KCl with a current of 0.2 pA supplied by a digital source meter
(Keithley 2400, Tektronix Inc.) for 40 s to obtain a layer of Au on
the contacts and interfaces of electrode array. Finally, release
the electrode array.

Au contact points

Au contact points

Ti-Au-Ti electrode array =
Guide port
9;’:{’"
~
&
} Au contact points
Ti-Au-Ti electrode array
#~—Au contact points
~ — Thin film (PB-Lactate oxide-Nafion)
e AgCl

Fig. 1 The flexible multimodal integrated neural probe. (a) Diagram of the probe’ functions; (b) diagram of the probe structure.
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36% Acetic acid was diluted to 2%, and 20 mL was taken to
completely dissolve 0.2 g of chitosan to obtain a 1 wt% chitosan
solution. Then 40 mg of multi-walled carbon nanotubes were
added to it and sonicated for 30 min to disperse uniformly to
obtain a chitosan solution containing 2 mg mL™" of multi-
walled carbon nanotubes named solution 1. 100 U of lactate
oxidase was dissolved in 50 pL of 100 mM of PBS buffer and
sonicated for 30 min to obtain a uniformly dispersed lactate
oxidase solution of concentration 2 U pL ™" named solution 2. 10
pL of solution 1 was mixed with 10 pL of solution 2 in equal
volume and sonicated for 30 min to obtain a mixed solution of 1
U pL ! of lactate oxidase.

Based on the mixed solution of ferric trichloride and potas-
sium ferricyanide, the concentration of FeCl; in the solution is
2.5 mM L7, the concentration of K;Fe(CN)g is 2.5 mM L™, and
the concentration of KCl and HCl is 0.1 M L™, Prussian blue
was prepared by reduction of potassium ferricyanide. The
deposition potential is —0.5 V to about +0.4 V.

The lactic acid sensor preparation process was the same as
that of the microelectrode. The reference electrode was coated
with a layer of conductive silver ink and baked on a hot plate at
60 °C for 1 h. Then the whole electrode was added to 50 pL
sulfuric acid solution (0.1 M L"), and the cyclic voltammetry
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(CHI760E, CH Instrument Co., USA), (1 V s~ ' sweep speed, 10
turns) was scanned twice at 0.2-1.2 V to remove the impurities on
the electrode surface meanwhile to activate the electrode. The
AgCl referenced electrode was obtained by adding 50 pL FeCl;
solution (0.1 M L") to the electrode for the 20 s reaction. The
electrode was washed 3 times with 0.1 M L™" KCI/HCI mixture,
and then 50 pL of Prussian blue solution was added to the
electrode, and cyclic voltammetry was used to deposit Prussian
blue onto the electrode surface. First, scan 2 cycles as a sweep
speed of 20 mV s~ under a voltage of —0.2 V-0.1 V, observe the
position of the oxidation peak and reduction peak to adjust the
scanning range, so that the cyclic voltammetry spectrum
contains two complete peaks, and scan again so that the total
number of times reaches 14 cycles. After scanning, the solution
was dried to complete deposition. After completing the deposi-
tion of Prussian blue, 5 puL of lactate oxidase mixture was drop-
coated on the working electrode and left to dry at room
temperature, and 5 puL of 5 wt% Nafion solution was drop-coated
on the working electrode and left to dry at room temperature to
form a Nafion selective permeable membrane. The prepared
lactic acid sensors were stored at 4 °C in a refrigerator.

The microelectrode array for monitoring electrical signals
and the lactic acid sensors is pasted back-to-back to form

¢ The glass substrate is coated with PMMA, Pl and photoresist successively. ¢

Photoresist exposure development, oxygen plasma cleaning sample surface.
¢ After sputtering Ti-Au-Ti, the photoresist was removed with acetone. ‘

‘ Spin coating Pi, lithography. L

$ Spin coating PMMA, removing photoresist with acetone. l

l Etching Pl away from contacts and around probes. i
Etching to remove PMMA.

* Electroplating gold film and coating PB-Lactate oxidase-Nafion. l

Qa‘sing electrode array

Dorsal paste forming a neural probe

Fig. 2 The complete process flow.
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a flexible double-sided multimodal integrated neural probe
with a small size. The complete process flow is shown in Fig. 2.

2.3 Invitro experiment

The normal saline (NS) was used to simulate the humoral
environment in the mice brain, and the impedance of the
microelectrodes was tested in the frequency range of 0.1 Hz-10
kHz using the three-electrode system of the electrochemical
workstation (CHI760E, CH Instrument Co., USA). The neural
probe, Ag/AgCl, and graphene were employed as the working
electrode, the referenced electrode, and the counter electrode,
respectively. The physiological electrical signal sensing capa-
bility of microelectrode was characterized by an electrophysio-
logical signal generator purchased from Blackrock (cereplex,
USA), which could generate a simulated signal of local field
potential (LFP) and spikes in NS.

Using a pipette gun, 50 pL of 100 mM PBS buffer was added
to the electrode and scanned as the basal current, ie., the
current at a lactic acid concentration of 0 mM L™, using the
chronocurrent method. Subsequently, 1 pL of 51 mM, 157 mM,
214 mM, 326 mM, 389 mM, and 507 mM lactic acid solutions
(all configured with PBS solution) were added to the electrode
sequentially to detect lactic acid solutions of 0, 1, 4, 7, 10, 13,
and 16 mM. The lactic acid solution was added each time to
fully react with lactate oxidase, and then detected by the chro-
nocurrent method, the current-time curve was recorded, and
the sensitivity was analyzed based on the obtained data. A
pipette was used to dispense 50 pL of 100 mM PBS buffer onto
each of the four electrodes to establish the baseline current,
defined as the current when the concentrations of glucose,
ascorbic acid, glycine, and lactic acid were 0 mM L. Scanning
was then performed using the time-current method. Subse-
quently, solutions of 1 pL containing 51 mM lactic acid, 204 mM
glucose, 51 mM ascorbic acid, and 51 mM glycine (all prepared
in PBS) were sequentially added to the electrodes to detect 1 mM
per L lactic acid, 4 mM per L glucose, 0.5 mM per L ascorbic
acid, and 1 mM per L glycine. Each addition was allowed to fully
react with lactate oxidase before chronocurrent detection.

2.4 In vivo experiment

The five mice used in the experiment were all male mice
between 6 and 8 weeks of age and were allowed to acclimate in
a standard animal room for at least 3 days before the experi-
ment, during which they were fed standard amounts of food
and water. All experiments conformed to the People's Republic
of China Experimental Animal Management and Use Guide-
lines and the Guidelines for the Care and Use of Laboratory
Animals of Zhejiang University. Additionally, all protocols were
sanctioned by the Institutional Animal Care Committee. The
mice were anesthetized by isoflurane, and the head was fixed to
the stereotaxic apparatus (RWD, China). Head skin was incised
to expose the skull with the appropriate hydrogen peroxide
content and saline scrub. Then, a tiny craniotomy hole was
made using a dental drill (RWD, China) for penicillin injection
and probe implantation. Penicillin induces epileptic signals by
blocking GABA_A receptors, reducing inhibitory

© 2024 The Author(s). Published by the Royal Society of Chemistry
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neurotransmission in the brain, which leads to neuronal
hyperexcitability and the uncontrolled firing of neurons,
mimicking seizure-like activity. Epileptic foci were induced by
injecting 500 IU penicillin (2 pl volume) into the right hippo-
campus (AP: —3.3 mm; ML: 2.2 mm; DV: —2.5 mm) using
a microinjector. A neural probe was implanted at the injection
site with a Pt wire for assistance, which was removed after
implantation. This epileptic signal begins within 2-5 minutes of
penicillin administration, lasts for 3-5 hours, and reaches
a constant level of frequency and amplitude within 30 minutes.

3. Results and discussions
3.1 Probe structure

Fig. 3 is the fabricated flexible neural probe image, compared
with a coin, demonstrating that the probe size is small enough
to ensure its implantation into a mouse brain and does not
interfere with its routine activities. Microscopic images of the
probe are shown in the inset of Fig. 3, and it can be seen that the
overall width of the probe is 115 pum, the oval implantation
guide port at the front end is 50 pm, and the width of the
microelectrode contact point is about 30 x 50 um. The overall
line profile of the microelectrode can also be seen in the
microscopic image, which is very clear and indicates a high
degree of reliability in the fabrication process. The inset shows
the physical diagram of the lactic acid sensor, the overall size of
the sensor electrode is about 100 um, and the structure of the
working electrode is the deposit of Prussian blue, lactate
oxidase (chitosan, multi-walled carbon nanotubes) and Nafion
on a gold film in sequence. In addition, a gold film was used as
the counter electrode and AgCl was used as the referenced
electrode.

3.2 Invitro characterization of microelectrodes of fabricated
neural probe

The impedance scanning of the microelectrodes was performed
in NS, and the results are shown in Fig. 4a, which shows the
impedance spectra of each of the 6 channels at 1 Hz-10 kHz.
The difference between the impedance values of each channel is
not obvious, with multi-channel consistency, and the slight
difference may be caused by the difference in the size of the
contact point. As can be seen from Fig. 4b, when the scanning
frequency is at 1 kHz, the impedance of each channel of the
probe is less than 2.85 kQ, and its average impedance is about
2.57 kQ (std: 0.14 kQ), which meets the requirements of elec-
trophysiological signal detection.*® Fig. 4c and d respectively
show the electrophysiological analog signal and signal power
spectrum collected by the microelectrode, which are generated
by the electrophysiological signal generator. It can be seen that
the signal consistency of the 6-channel microelectrode in the
flexible neural probe is strong, and the acquisition frequency
distribution of each channel is also consistent. The neural
probe was bent (bending radius of ~0.3 cm) 100, 200, 500, and
1000 times to measure its impedance at 1 kHz to verify its
flexibility. Fig. 4e shows that the impedance value of the 6-
channel electrode increases by less than 10% at 1 kHz after

RSC Adv, 2024, 14, 35520-35528 | 35523
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Fig. 3 The size comparison of a flexible neural probe and a coin, inset: probe front, probe back, and wire array, respectively.

bending 1000 times. The flexible neural probe was infiltrated in
NS to verify its stability. As shown in Fig. 4f and g, the probe can
be stable in the NS environment for more than 3 months, with
only a 33.3% increase in impedance compared to before infil-
tration. The micrograph of the probe after infiltration is shown
in the inset of Fig. 4g, which clearly shows that the microelec-
trode lines are still clear and stable.

3.3 Invitro characterization of lactic acid sensor of
fabricated neural probe

Prussian blue (PB) is a catalyst used to reduce hydrogen
peroxide and oxygen.*” The reduction of hydrogen peroxide in
the bare gold electrode requires a high potential, and there are
usually a lot of electroactive substances in this range, which will
produce a lot of interference signals to the sensor. After the
Prussian blue modification, it has good selectivity for hydrogen
peroxide, and can easily detect hydrogen peroxide at low
potential to reduce electrochemical interference.*****” The
reaction between lactate oxidase and lactic acid produces
pyruvate and hydrogen peroxide. When a positive voltage is
applied to the electrode to oxidize hydrogen peroxide, oxygen,
hydrogen ions, and electrons are generated, and the electrons
form a detecting current through the electrode loop, and its size
is proportional to the concentration of lactic acid. As shown in
Fig. 5a, the response curves of lactic acid concentration of 0, 1,
4, 7, 10, 13, and 16 mM, respectively. The standard response

35524 | RSC Adv, 2024, 14, 35520-35528

curve of lactic acid concentration is shown in Fig. 5b. It can be
seen that the electrode modification scheme is effective and the
linearity is good. The lactic acid sensor has a sensitivity of 52.8
nA mM "' (2.33 pA mM " em ™ ?) and a correlation coefficient of
0.9925. Compared with existing sensors for lactic acid detection
(sensitivity 0.256 pA mM ™' cm™?), the lactic acid sensor
prepared in this study is not only smaller but also about 9 times
more sensitive.*

In the actual cerebrospinal fluid environment, many other
compounds besides lactic acid may interfere with sensor
recognition. For example, compounds such as glucose, ascorbic
acid, and glycine are common components of cerebrospinal
fluid. To verify the anti-interference ability of the lactic acid
sensor prepared in this study, it is necessary to compare the
response currents of the lactic acid sensor for these compounds
and lactic acid. The response currents were 5.3, 49.7, 4.1, and
1188.3 nA for glucose (4 mM L), ascorbic acid (0.5 mM L),
glycine (1 mM L"), and lactic acid (1 mM L"), respectively. As
shown in Fig. 5c, the response currents of the interfering
compounds were negligible compared to those of lactic acid.

3.4 Invivo characterization of flexible multimodal
integrated neural probe

To evaluate the carrier's ability of the flexible neural probe, we
evoked epileptic signals in the right hippocampus of mice and
recorded them in real-time. We evoked epileptic signals in mice

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison with reported flexible neural probe

Reference Materials Impedance at 1 kHz Electrode size Multi-modal
This work PI/Au/Ti ~2.57 kQ 115 pm Yes
1 (ref. 39) PI/Parylene C/Si/PtNM 643(+208) kQ 10 pm No
2 (ref. 40) PEDOT: PSS/IrOx 36.97(+4.68)-56.46(+7.10) kQ 14 x 24 pm2 No
3 (ref. 41) Hydrogel/PEI/PC/COC/Sn =1 MQ 100 um in diameter Yes
4 (ref. 42) Porous Pt ~30 kQ 50 pm No
5 (ref. 43) TiN ~10 kQ 4 x 4 mm® No
7 (ref. 44) Si ~1 MQ 60 pm No
8 (ref. 45) PI/Au/Cr ~2.6 MQ 200 pm Yes
9 (ref. 46) PI/Al/Cr/Ti/Pt ~650 kQ 4000 pm Yes

by injecting appropriate amounts of penicillin and compared
the changes in neural signals before and after. Fig. 6a shows the
LFP signals of anesthetized mice at 300 s when their brains were
functioning normally, and Fig. 6b shows a local magnification
of the LFP signals in Fig. 6a (20 s). In this case, no abnormal
discharge signal was found in the LFP signal of the mice. Fig. 6¢
shows the power spectrum of the pre-evoked signal, and it can
be seen that the signal is mainly distributed in the range of 1-
3 Hz. Fig. 6d shows the LFP signal at 300 s during evoked
epileptic in the brain of an anesthetized mouse, and Fig. 6e
shows an amplified 20 s epileptic LFP signal, which shows
a strong abnormal epileptic spike. The power spectrum analysis
in Fig. 6f shows that the distribution region of the LFP signal in
the epileptic state widens to the right and is mainly concen-
trated between 1 and 15 Hz. The results in Fig. 6 show that the

35526 | RSC Adv, 2024, 14, 35520-35528

flexible neural probe we prepared is capable of acquiring high-
quality LFP signals in organisms and for epilepsy monitoring.

3.5 Summary of materials, and characteristics of flexible
neural probe

In comparison with conventional implantable neural probes, as
shown in Table 1, our neural probe has multimodal and better
electric characteristics, while the small size causes little damage
to brain tissue.

4. Conclusions

The creation of small-sized neural probes capable of simulta-
neously monitoring electrical signals and chemical substances

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presents a significant challenge, primarily due to the trade-off
between the probe's size and its performance. This paper
developed a method to construct an efficient dual-sided flexible
multimodal integrated neural probe. This design incorporates
a 6-channel microelectrode array alongside a lactic acid sensor.
The microelectrode demonstrated an average impedance of
approximately 2.57 kQ at 1 kHz, maintaining stability after 3
months in normal saline with a modest increase in impedance
of about 33%. The lactic acid sensor on the other side of the
probe is based on the principle that lactate oxidase catalyzes
lactic acid to generate hydrogen peroxide and uses PB modified
electrode to measure the reaction current, obtaining a sensi-
tivity of 52.8 nA mM ™", This sensitivity is consistent with the
range of lactic acid in the human body. In addition, the entire
head of the probe is equipped with guide holes, facilitating
precise electrode implantation into the target site using
a microscope, a guide needle, or other implantation tools.
Finally, the vivo experiments confirmed that the neural probe
was able to stably monitor electrophysiological signals and
detect epileptic bursts in real-time.

In conclusion, our neural probe demonstrates superior
performance. In future studies, we aim to further enhance the
electrical performance of the electrode arrays, improve the
sensitivity of the lactate sensor, and optimize the biological
model. These advancements are expected to facilitate the
application of our multimodal neural probe for in situ, real-time
monitoring in both clinical and basic neurotechnology
research.
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