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ABSTRACT: Accurate detection of the degree of isoflurane anesthesia during a surgery is important to avoid the risk of
overdose isoflurane anesthesia timely. To address this challenge, a four-shank implantable microelectrode array (MEA) was
fabricated for the synchronous real-time detection of dual-mode signals [electrophysiological signal and dopamine (DA)
concentration] in rat striatum. The SWCNTs/PEDOT:PSS nanocomposites were modified onto the MEAs, which significantly
improved the electrical and electrochemical performances of the MEAs. The electrical performance of the modified MEAs
with a low impedance (16.20 + 1.68 k) and a small phase delay (-27.76 + 0.82°) enabled the MEAs to detect spike firing
with a high signal-to-noise ratio (> 3). The electrochemical performance of the modified MEAs with a low oxidation poten-
tial (160 mV), a low detection limit (10 nM), high sensitivity (217 pA/uM), and a wide linear range (10 nM-72 pM) met the
specific requirements for DA detection in vivo. The anesthetic effect of isoflurane was mediated by inhibiting the spike firing
of D2_SPNs (spiny projection neurons expressing the D2- type DA receptor) and the broadband oscillation rhythm of the
local field potential (LFP). Therefore, the spike firing rate of D2_SPNs and the power of LFP could reflect the degree of
isoflurane anesthesia together. During the isoflurane anesthesia-induced death procedure, we found that electrophysiologi-
cal activities and DA release were strongly inhibited, and changes in the DA concentration provided more details regarding
this procedure. The dual-mode recording MEA provided a detection method for the degree of isoflurane anesthesia and a
prediction method for fatal overdose isoflurane anesthesia.

Isoflurane is an inhaled general anesthetic with fast onset,
stable anesthesia, controllable operation, short anesthesia
induction period and recovery period, which has been
widely used in animal surgery'-2. Many neural signal detec-
tion experiments are conducted under isoflurane anesthe-
sia®*. However, a large number of studies have shown that
isoflurane can change the excitability of brain tissue and
cause functional inhibition of brain5-%, and even high con-
centration of isoflurane can tend to cause death in rats’%.

Therefore, accurate detection of the degree of isoflurane
anesthesia in the surgery is very important.

It is well known that striatum is involved in the process of
isoflurane anesthesia®10. Studies have shown that isoflu-
rane can hyperpolarize resting potentials of the neurons of
the striatum through the two main anesthetic receptors
(gamma-amino butyric acid (GABA) and N-methyl-D-
aspartate (NMDA) receptors) in the striatum!!-13, thereby



inhibiting the electrophysiological signals in the striatum*
15, At the same time, isoflurane can induce biphasic effect
on dopamine (DA) regulation by potentiating DA release
and inhibiting of DA synthesis in rat striatum?¢-17. It is
widely accepted that DA plays an important role in anes-
thesia, and the selective activation of dopaminergic neuro-
transmission is sufficient to induce emergence from isoflu-
rane general anesthesial# 18, Therefore, the electrophysio-
logical signals and DA concentration in the striatum are
both effective indicators to reflect the degree of isoflurane
anesthesia.

However, the existing researches are dedicated to studying
the effect of isoflurane on single-mode signals (electro-
physiological signals or DA)!°-20, while isoflurane affects
the striatum by simultaneously acting on electrophysiolo-
gy and DAS. Therefore, it is meaningful for the real-time
synchronous detection of dual-mode signals (electrophysi-
ological signal and DA concentration) at the cellular level
during isoflurane anesthesia process, and even isoflurane
anesthesia-induced death procedure!® 7. This will help to
study the dynamic process of isoflurane anesthesia in
more detail, thereby developing a detection method for
degree of isoflurane anesthesia and a prediction method
for fatal overdose isoflurane anesthesia in the surgery.

At present, electrophysiological signals are commonly rec-
orded by glass micropipettes?! or metal wire electrodes??
that can be fabricated simply but offer imprecise spacing
and size. And the isoflurane-induced DA are detected using
microdialysis method which is high sensitivity and selec-
tivity but poor spatial and temporal resolution according
to the previous studies'®21.23, The above methods focus on

single-mode signals such as electrophysiological signal or
DA release?+25, To detect the dynamic variations of striatal
dual-mode signals during isoflurane anesthesia in real time,
a highly sensitive, highly selective, and high-temporal reso-
lution implantable microelectrode array (MEA) that can
simultaneously detect electrophysiological signals and DA
concentrations is needed?6-28,

At the same time, to improve the detection ability of MEA,
the nanomaterials are modified onto the surface of MEAZ2°.
In recent years, poly (3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) has been widely used in
MEA to detect electrophysiological signals and neuro-
transmitters owing to good adhesion and porous struc-
ture3%-32, In addition, carbon nanotubes (CNTs) were em-
bedded into PEDOT to enhance conductivity, biocompati-
bility and stability of the MEA owing to their extraordinary
strength, electrical conductivity and chemical stability32-34,

In our work, a dual-mode recording MEA was mass fabri-
cated for synchronous real-time detection of electrophysi-
ological signals and DA concentrations in rat striatum. In
addition, the SWCNTs/PEDOT:PSS nanocomposites were
modified onto the MEA to improve their electrical perfor-
mance and electrochemical performance. The MEAs were
implanted into the rat striatum to detect dual-mode signals.
The in vivo studies demonstrated that the modified MEA
could stably and sensitively record the electrophysiological
signals and DA concentrations in rat striatum. And the
characters of dynamic variations of dual-mode signals pro-
vided a detection method for degree of isoflurane anesthe-
sia and a prediction method for fatal overdose isoflurane
anesthesia.
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Figure 1. SWCNTs/PEDOT:PSS modified microelectrode arrays. (a) The completed MEA connected with the printed circuit board.
(b) 16 microelectrodes are distributed on the tip of four shanks. (c¢) Morphology of the SWCNTs/PEDOT:PSS modified microelec-
trode characterized by scanning electron microscopy (SEM). (d) SEM image of the SWCNTs/PEDOT:PSS nanocomposites. (e)
Scheme for electrochemical deposition of SWCNTs/PEDOT:PSS onto the microelectrodes.

MATERIAL AND METHODS

Dual-maode recording MEA Fabrication



The MEA was designed with 16 microelectrodes. Each mi-
croelectrode could detect either electrophysiological sig-
nals or dopamine concentration, depending on whether
the microelectrode is connected to an electrophysiological
module or an electrochemical module (Figure 1a). As
shown in Figure 1b, the implantable part of the MEA was
designed with four shanks (6 mm long; 100 um wide; 30
um thick). Each shank contained 4 microelectrodes (20 um
electrode diameter and 100 pum spacing). The MEA was
mass fabricated by Micro-Electro-Mechanical System
(MEMS) technique as previously described35. The details of
the fabrication process are shown in the supporting infor-
mation.

SWCNTs/PEDQOT:PSS nanocomposites for dual-mode re-
cording

In order to simultaneously detect the electrophysiological
signals and DA concentration of rat striatum in real time,
all microelectrodes (S01~S16) were modified with
SWCNTs/PEDOT:PSS nanocomposites as following steps:
Firstly, 165.88 mg PSS and 10 ml carboxylic ultrapure sin-
gle-wall carbon nanotubes (SWCNTSs) aqueous dispersion
(0.15 wt%) were mixed by ultrasonically dispersed for at
least 30 min. Secondly, 22.74 mg EDOT was mixed into the
dispersed solution, followed by 30 min ultrasonic disper-
sion. Then, the deposition was performed in the dispersed
solution by cyclic voltammetry (CV) between 0 and 0.95 V
at a rate of 100 mV/s for 20 cycles using an Ag|AgCl (sat.
KCl) reference electrode and a Pt counter electrode. The

scheme for electrochemical deposition of the nanocompo-
site is shown in Figure 1e.

Dual-mode recording MEA Characterization and Testing

To characterize the electrical performance of the MEA, all
microelectrodes underwent electrochemical impedance
spectroscopy (EIS) in standard PBS (¥10 mV vs Ag|AgCl,
100 kHz - 10 Hz). To characterize the electrochemical per-
formance of MEA for detecting DA, all microelectrodes
were tested in vitro with the homemade dual-mode re-
cording equipment based on traditional three-electrode
system. The test methods included cyclic voltammetry (CV)
and amperometry.

In vivo dual-mode recording under isoflurane anesthesia

As shown in Figure S1, the whole experiment comprises an
anesthesia machine, a mask, a modified MEA and a home-
made dual-mode recording equipment (design details are
shown in supporting information). Sprague-Dawley (SD)
rats were anesthetized with the different concentration of
isoflurane (1.5% — 1.0% — 0.5%). The dual-mode signals,
including electrophysiological signals (neural spike signals
and local field potentials (LFPs)) and DA concentration, in
rat striatum were recorded by the MEA. The implantation
position of the MEA is shown in Figure S2.

In addition, the details of surgery, experiment, MEA re-
cording, signal processing and analysis are presented in
the supporting information.
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Figure 2. Electrical (a-d) and electrochemical (e, f) performance characterization of the MEA. (a) Impedance characteristics of bare

and modified microelectrodes at different frequencies. (b) Phase characteristics of bare and modified microelectrodes at different

frequencies. (c) At 1 kHz frequency, the impedance and phase of the bare microelectrodes, MWCNTs/PEDOT:PSS modified microe-

lectrodes and SWCNTs/PEDOT:PSS modified microelectrodes. (d) Nyquist plots of the complex plane impedance spectra of bare

and modified microelectrodes. (e) Cyclic voltammograms of MWCNTs/PEDOT:PSS and SWCNTs/PEDOT:PSS deposition process. (f)
Cyclic voltammograms of the bare microelectrodes, MWCNTs/PEDOT:PSS modified microelectrodes and SWCNTs/PEDOT:PSS

modified microelectrodes in 50 uM DA and PBS, respectively (-0.2 - 0.5V, 100 mV/s, 5 cycles). (n = 5).

RESULTS AND DISCUSSION

Electrical performance characterization of the MEA

As shown in Figure 1c,d, the SEM images indicate that the
SWCNTs/PEDOT:PSS nanocomposites are tightly adhere to
the surface of the microelectrodes. The nanocomposites
form many nanostructures and provide a rougher and po-



rous surface, which is conducive to improving the conduc-
tivity of the microelectrodes.

As shown in Figure 2a,b, the impedance and the phase of
the bare microelectrodes and the modified microelec-
trodes are compared in the frequency range from 10 Hz to
100 kHz. At 1 kHz frequency (central frequency of the neu-
ral activity), the impedance of the microelectrodes de-
creases from 637.5 + 26.24 kQ (bare) to 32.47 + 4.22 kQ
(MWCNTs/PEDOT:PSS), and then to 16.20 *+ 1.68 kQ
(SWCNTs/PEDOT:PSS) (n = 5, ***p < 0.001). The phases of
the microelectrodes increase from -82.95 + 1.54° (bare)
to -30.79 + 1.27° (MWCNTs/PEDOT:PSS), and then to -
27.76 + 0.82 ° (SWCNTs/PEDOT:PSS) (n = 5, ***p <
0.001) (Figure 2c). As shown in Figure S3, the active sur-
face areas of the microelectrodes were evaluated using
double layer capacitance (Ca) from cyclic voltammetry
experiments, and the results indicated that the
SWCNTs/PEDOT:PSS modified microelectrodes (Ca =
0.852 nF) had larger active surface areas and more active
sites than MWCNTs/PEDOT:PSS modified microelectrodes
(Car = 0.296 nF) (details in “Comparison of active surface
area of SWCNTs/PEDOT:PSS and MWCNTs/PEDOT:PSS
modified microelectrodes” of supporting information). The
above results mean that the SWCNTs/PEDOT:PSS modified
microelectrodes have the best electrical performance with
the lowest impedance and the smallest phase delay, be-
cause of the larger active surface area and more active
sites. At the same time, the phases of the
SWCNTs/PEDOT:PSS and MWCNTs/PEDOT:PSS modified
microelectrodes are similar, which indicates that the re-
duction in phase delay is mainly attributed to the PEDOT.
Furthermore, Nyquist plots of the impedance spectra of
the bare and modified microelectrodes further demon-
strate that SWCNTs/PEDOT:PSS modified microelectrodes
have strong indication of diffusional characteristics (Figure
2d).

Electrochemical performance characterization of the MEA

During the growth of SWCNTs/PEDOT:PSS and
MWCNTs/PEDOT:PSS nanocomposite films, the recorded
cyclic voltammograms are the typical characteristic for
PEDOT polymerization (Figure 2e). Under the same elec-
trochemical deposition condition, the deposition current of
SWCNTs/PEDOT:PSS nanocomposites is larger than that of
MWCNTs/PEDOT:PSS nanocomposites.

To obtain the current responses of the bare and the modi-
fied microelectrodes to the DA solution, CV was applied to
the bare and the modified microelectrodes in PBS and 50
puM DA solution, respectively. As shown in Figure 2f, com-
pared to the bare microelectrodes, modified sites have
obvious current responses to the DA solution. The oxida-
tion peak potential is 160 mV for SWCNTs/PEDOT:PSS
modified  microelectrodes and 250 mV  for
MWCNTs/PEDOT:PSS modified microelectrodes, whereas
the bare microelectrodes have no obvious oxidation peak
potential as well as the weak current response to DA. The
results indicate that the nanocomposites modified microe-
lectrodes can catalyze the DA reaction. Furthermore, the
oxidation potential of SWCNTs/PEDOT:PSS modified mi-
croelectrodes to DA is much lower than that of
MWCNTs/PEDOT:PSS modified microelectrodes, and the
oxidation current of SWCNTs/PEDOT:PSS modified micro-
electrodes to DA is much more larger than that of
MWCNTs/PEDOT:PSS modified microelectrodes. A lower
DA oxidation potential is important for the safety of in vivo
detection and is vital to avoid various interfering reactions.

The calibration was performed under a three-electrode
system in a PBS solution. The chronoamperometry was
applied with the potential of 160 mV for
SWCNTs/PEDOT:PSS modified microelectrodes and 250
mV for MWCNTs/PEDOT:PSS modified microelectrodes.
Figure 3a shows typical low concentration calibration
curves of SWCNTs/PEDOT:PSS and MWCNTs/PEDOT:PSS
within a concentration range from 10 nM to 500 nM. Fig-
ure 3b shows typical calibration curves of
SWCNTs/PEDOT:PSS (500 nM to 72 uM) and
MWCNTs/PEDOT:PSS (1 uM to 59 puM). In low concentra-
tion, SWCNTs/PEDOT:PSS nanocomposites have obvious
current responses to DA, while MWCNTs/PEDOT:PSS
nanocomposites have no obvious current response. As
shown in Figure 3c, the DA concentration and the current
responses are piecewise linear for SWCNTs/PEDOT:PSS
nanocomposites, that is, in the range from 10 nM to 4 uM,
the linear equation is I (pA) = 217C (uM) + 134, with a cor-
relation coefficient of 0.9816, and in the range from 4 pM
to 72 pM, the linear equation is I (pA) = 42C (uM) + 1071,
with a correlation coefficient of 0.9717. The sensitivities
are 217 pA/uM and 42 pA/uM, respectively. The
MWCNTs/PEDOT:PSS nanocomposites have a linear cur-
rent response within a DA concentration range from 1 uM
to 59 uM, whose sensitivity is 19.6 pA/uM.
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Figure 3. Electrochemical performance characterization of the MEA. (a) Typical low concentration calibration curves of
SWCNTs/PEDOT:PSS and MWCNTs/PEDOT:PSS within a concentration range from 10 nM to 500 nM. (b) Typical calibration curves
of SWCNTs/PEDOT:PSS (500 nM to 72 puM) and MWCNTs/PEDOT:PSS (1 uM to 59 uM). (c) Piecewise linear fitting curves of DA
current responses for SWCNTs/PEDOT:PSS in the concentration range from 10 nM to 4 uM and 4 pM to 72 pM, respectively. And
the linear fitting curve of DA current response for MWCNTs/PEDOT:PSS in the concentration range from 1 pM to 50 pM. (d)
SWCNTs/PEDOT:PSS nanocomposites current responses to the addition of interferers (Glu, GABA, TA, UA and DOPAC) with a con-

centration of 50 uM. (e) Current response comparison between the interferers and DA (n = 5).

Table.1 The electrochemical performance parameters of SWCNTs/PEDOT:PSS and MWCNTs/PEDOT:PSS nanocomposites.

. Oxidation Detection Linear Sensitivity
Nanocomposites i L. R
potential [mV] limit [nM] range [pM] [pPA/uM]

MWCNTs/PEDOT:PSS 250 1000 1-59 19.6 0.9993
0.01-4 217 0.9816

SWCNTs/PEDOT:PSS 160 10
4-72 42 0.9717

The electrochemical performance parameters of was 160 mV) (Figure 3d). As shown in Figure 3e, the calcu-

SWCNTs/PEDOT:PSS and MWCNTs/PEDOT:PSS are com-
pared in Table 1. The results show that
SWCNTs/PEDOT:PSS nanocomposites have lower oxida-
tion potential, lower detection limit, higher sensitivity and
larger linear range than MWCNTs/PEDOT:PSS nanocom-
posites. Therefore, compared to MWCNTs/PEDOT:PSS
nanocomposites, SWCNTs/PEDOT:PSS nanocomposites
have better electrochemical performance, which is condu-
cive to the detection of trace DA in vivo.

To verify the selectivity of the SWCNTs/PEDOT:PSS nano-
composites, common interferers, including Glutamate
(Glu), y—aminobutyric acid (GABA), Taurine (TA), Uric
acid (UA) and 3,4-Dihydroxyphenylacetic acid (DOPAC)
were added into the 50 pM DA solution (reaction potential

lated selectivity ratio for DA to Glu, GABA, TA, UA and
DOPAC (concentration is all 50 uM) is 1.25%, 1.5%, 1.3%,
2.69%, 3.47%, respectively, which satisfied the require-
ment of the in vivo detection.

To evaluate the stability of SWCNTs/PEDOT:PSS nano-
composites on microelectrodes, the morphology, the im-
pedances and the phases of the SWCNTs/PEDOT:PSS
modified microelectrodes were compared before and after
implantation. = AS shown in Figure S4, the
SWCNTs/PEDOT:PSS nanocomposites on microelectrodes
are stable before and after implantation, and the nano-
composites will not detach from the microelectrodes (de-
tails in “The stability of SWCNTs/PEDOT:PSS nanocompo-
sites on microelectrodes” of supporting information).
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Figure 4. Dynamic variations of the dual-mode signals of isoflurane anesthetic procedure. D15, D10 and D05 represent that the rat
was anesthetized with 1.5%, 1.0% and 0.5% isoflurane, respectively. (a) Representative eight channels of spike trains and (b) LFPs
recorded by the MEA. They were modulated by the concentration of isoflurane obviously. (c) Representative channel of DA con-

centration recorded by the MEA.

Dynamic variations of the dual-mode signals of isoflurane
anesthetic procedure

Figure 4 shows that the typical dynamic variations of neu-
ral electrophysiological signals (neural spike signals and
LFPs) and DA concentration which were recorded in the
striatum throughout a typical anesthetic procedure. The
D15, D10 and DO5 represented that the rat was anesthe-
tized with 1.5%, 1.0% and 0.5% isoflurane, respectively. In
terms of neural electrophysiological signal, the spikes and
LFPs detected by eight representative sites exhibited a
regular change with the concentration of isoflurane. As
shown in Figure 4a,b and Figure S5, in the three anesthesia
cycles, the spike firing activities and LFPs had typical pat-
tern in the three concentration of D15, D10 and DO5. In the
D15, the neural spike firing was in silent-firing pattern,
and the fluctuation and amplitude of LFPs were small.
When in the D10, the neural spike firing entered tonic-
firing pattern, and the fluctuation and amplitude of LFPs
increased. After entering the D05, the neural spike firing
entered burst-firing pattern, and the fluctuation and ampli-
tude of LFPs enhanced rapidly. At the same time, the rat
breathed quickly and was about to wake up. When the rat
was anesthetized with 1.5% isoflurane again, the patterns
of neural spike firing and LFPs could return to the stage of
D15 quickly. In terms of electrochemical signal, the DA
concentration was relatively stable and did not show a
regular change as concentration of isoflurane (Figure 4c).

The recorded results show the detailed dynamic process of
isoflurane anesthesia. It can be seen that the spike firing
activities and the fluctuation of LPFs significantly increase

as the degree of isoflurane anesthesia decreases. In differ-
ent concentration of isoflurane, neural spike firing and
LFPs change simultaneously, and their responses to the
degree of isoflurane anesthesia are repeatable and re-
versible. This means that they can be used to define the
degree of isoflurane anesthesia together.

Characteristics of the dual-mode signals at different degrees
of isoflurane anesthesia

In the striatum, spiny projection neurons (SPNs) account
for 95% of the neurons3¢. SPNs are usually divided into
two types of neurons which express the D1-type DA recep-
tor (D1_SPNs) and the D2-type DA receptor (D2_SPNs)36-37,
D1_SPNs and D2_SPNs differ with respect to both synaptic
inputs and projection targets?’.

Therefore, according to the reported methods38-49, the rec-
orded spikes were classified by the following methods:
First, offline sorting was performed for recorded spikes to
obtain single neuron signals (spike unit) via principal
component analysis (PCA) and valley seeking methods.
Then, the spike duration and symmetry index of all 44 sep-
arate spike units were calculated. Finally, all units were
classified into two types (25 D1_SPNs and 19 D2_SPNs) by
K-means cluster analysis (Figure 5a). Figure S6 show the
statistical analysis of the spike duration and symmetry
index of D1_SPNs and D2_SPNs. The aggregated waveforms
in Figure 5b show that the waveform of D1_SPN is higher
and narrower than that of the D2_SPN. The spike firing
rates of D1_SPNs and D2_SPNs at different degrees of
isoflurane anesthesia were statistically analyzed respec-



tively. As shown in Figure 5c, the spike firing rates of
D1_SPNs and D2_SPNs all increase with the degree of
isoflurane anesthesia decreases. Furthermore, the spike
firing rates of D2_SPNs are significantly different between
the three degrees of isoflurane anesthesia (n = 19; ***P <

0.001), while the change of spike firing rates of D1_SPNs is
not obvious enough (n = 25; *P < 0.05). Indicate that the
response of D2_SPNs to the different degree of isoflurane
anesthesia is more obvious than that of D1_SPNs.
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Figure 5. Characteristics of the dual-mode signals at different degrees of isoflurane anesthesia. (a) All 44 separate spike units were
classified into 25 D1_SPNs and 19 D2_SPNs by K-means clustering with the parameters of spike duration and symmetry index. (b)
The aggregated waveforms of D1_SPNs and D2_SPNs. (c) Statistical analysis of the average spike firing rates of D1_SPNs and
D2_SPNs at the different degrees of isoflurane anesthesia. (d) The PSD of LFPs in the frequency band of 0-33 Hz. The shadow is the
error bar calculated from the PSD of the LFPs recorded by 8 channels. (e) Statistical analysis of the DA concentration at the differ-
ent degrees of isoflurane anesthesia. (n = 8; *P < 0.05; **P < 0.01; ***P < 0.001).

LFP is a complex combination of electrophysiological activ-
ities of a group of neurons surrounding the microelec-
trodes*!. Figure S7a depicts the power density spectro-
gram of LFPs in the frequency (0-33 Hz) during the whole
anesthetic procedure. As shown in Figure 5d, the PSD of
LFPs significantly increase as the degree of isoflurane an-
esthesia decreases, which is highly consistent with the PSD
of D2_SPN spikes (Figure S7b). Indicate that the electro-
physiological signals of the cell level and the population
cell level are consistent in response to isoflurane anesthe-
sia. Furthermore, the power spectral densities (PSD) of
LFPs indicate that the frequency components of LFPs are
mainly distributed in the 0-14 Hz. Therefore, the power of
the delta rhythm (1-3 Hz), theta rhythm (4-7 Hz) and alpha
rhythm (8-14 Hz) bands of the LFPs are statistically ana-
lyzed at each degree of isoflurane anesthesia respectively
(Figure S7c). The results show that at the different degrees
of isoflurane anesthesia, the power of LFP is significantly
statistically different in the whole and different frequency
bands, and the power of LFPs increases with the degree of
isoflurane anesthesia decreases.

As shown in Figure 6e, DA concentration are statistically
analyzed at the different degree of isoflurane anesthesia.
The average DA concentration in the stages of D15, D10
and D05 are 1.163 + 0.690 uM, 1.040 + 0.761 uM and 1.101
+ 0.633 uM, respectively, which have no significant differ-
ence.

Quantitative analysis of spike and LPFs show that isoflu-
rane does inhibit the electrophysiological activities of the
striatum. According to the previous studies, isoflurane in-
hibits the neural activities by targeting GABA and NMDA

receptors which were distributed in the striatum?!-15. Qur
results further indicate that as a general anesthetic, isoflu-
rane not only inhibit the spike firing at the cellular level,
but also inhibit the neuronal population activities by sup-
pressing the oscillation rhythm over a wide spectrum band
of the LFP. At the same time, the D2_SPNs are more obvi-
ously regulated by the isoflurane anesthesia than D1_SPNs.
The reason may be that D2_SPNs displayed a larger ratio of
NMDA receptor mediated excitatory postsynaptic currents,
which make D2_SPNs more excitable*2. We infer that the
anesthetic effect of isoflurane in the striatum maybe main-
ly caused by the inhibition of D2_SPNs.

Some studies based on in vivo microdialysis techniques
showed that isoflurane anesthesia could induce biphasic
effect on DA regulation by potentiating DA release and
inhibiting of DA synthesis in rat striatum!¢'7, The in vivo
fast scan cyclic voltammetry (FSCV) techniques indicated
that surgical level isoflurane concentration would not
significantly alter terminal mechanisms of DA release and
uptake?% 43, Qur results also confirm the above conclusions
and further find that under surgical level isoflurane con-
centration, the DA concentration will fluctuate during an-
esthesia procedure, but the average DA concentration is
not significantly different with the degree of isoflurane
anesthesia.

In summary, there is an excellent negative correlation be-
tween the degree of isoflurane anesthesia and the spike
firing rate of D2_SPNs and the power of LFP, which means
the two electrophysiological indexes can reflect the degree
of isoflurane anesthesia in real time. This provides a detec-
tion method for degree of isoflurane anesthesia.
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Figure 6. Characteristics of the dual-mode signals during isoflurane anesthesia-induced death procedure. (a) The spike firing of
D2_SPNs was recorded by S16. (b) The average spike firing rate histogram of D2_SPNs (n = 8). (c) The LFP was recorded by S16. (d)
The spectrogram of LFPs (n = 8). (e) The DA concentration was recorded by S12. “Valley moment” and “Rising moment” represent

the moment when the DA concentration drops to the bottom and rises from the bottom, respectively. (f) Statistical analysis of spike

firing rate and LFP power at the stages of D05, deep anesthesia and brain death. All data points are normalized to the average val-

ues of the DO5 (n = 3). (g) Statistical analysis of DA concentration at the stages of D05, deep anesthesia and brain death (n = 3; ***P

< 0.001).

Characteristics of the dual-mode signals during isoflurane sentative channel (516) and the electrochemical signal of
anesthesia-induced death procedure DA concentration of a representative channel (S12) when
the isoflurane concentration increased from 0.5% to 3%.
The dual-mode signals of other channels were similar. Ac-
cording to the above result that the D2_SPNs were more
obviously regulated by the degrees of isoflurane anesthe-

The characteristics of the dual-mode signals during isoflu-
rane anesthesia-induced death procedure were analyzed.
Figure 6a,c,e show the electrophysiology signal of a repre-



sia than D1_SPNs, we selected D2_SPNs as the analysis
object of neural spike firing. As shown in Figure 6a-d, when
the rat was anesthetized with 3% isoflurane, the spike fir-
ing rate rapidly decreased, the fluctuation of the LFP be-
came smaller quickly, and the power of the frequency
components of the LFPs were significantly reduced. After
about 70 s, the spikes firing and the wide fluctuation of the
LFP were almost disappeared, and the rat brain entered a
state of deep anesthesia. The state of deep anesthesia was
maintained for about 470 s. Then, the fluctuation of the
LFP dropped to close to zero suddenly, and its frequency
components almost completely disappeared. At that time,
the rat had stopped breathing. According to the definition
of brain death*#+45, it could be determined that the rat brain
was dead. The statistical analysis showed that compared
the stage of DO5, the average spike firing rate dropped to 2
+ 1 % (deep anesthesia), and then dropped to 0 % (brain
death). The average LFP power dropped to 10 £ 5 %
(deep anesthesia), and then dropped to 3 £ 2 % (brain
death), as shown in Figure 6f.

In the terms of DA concentration, as described above,
when under surgical level isoflurane concentration, the DA
concentration fluctuates within a certain range, which is
not significantly related to the degrees of isoflurane anes-
thesia. However, when the rat was anesthetized with 3%
isoflurane, the DA concentration decreased significantly
(Figure 6e). After about 300 s, the DA concentration
dropped to the bottom, and maintained in the bottom for
about 140 s. Then, it began to rise for 100 s and reached
the peak when the rat brain died. Thereafter, due to the
consumption of electrochemical measurement, the DA
concentration slowly decreased without fluctuation, which
further confirmed that the brain had been dead. Further
statistical analysis showed that the average DA concentra-
tion dropped form 1.22 + 0.18 uM (D05) to 0.27 * 0.04
UM (deep anesthesia), and then rose to 1.76 * 0.07 uM
(brain death), as shown in Figure 6g.

There are growing evidence that overdose isoflurane may
cause widespread apoptosis of neurons, and even induce
brain death, in the rodents and nonhuman primates#6-48,
Our results showed that during the isoflurane anesthesia-
induced death procedure, the neural electrophysiology
activities changed faster and suddenly, while the change of
the DA concentration was relatively slower and smoother.
Overdose isoflurane anesthesia would inhibit electrophys-
iology activities quickly. After entering the state of deep
anesthesia, the electrophysiology activities no longer
changed, while the change of the DA concentration provid-
ed more details for the isoflurane anesthesia-induced
death procedure. A possible understanding of the isoflu-
rane anesthesia-induced death procedure was that, at the
“Valley moment” when the DA concentration dropped to
the bottom, neurons no longer released DA, and the nor-
mal function of the brain was inhibited completely which
make the brain in dangerous. At the “Rising moment”,
when the DA concentration rose from the bottom, neurons
began to release DA abnormally, and the brain had started
the death procedure. Finally, at the moment of “Brain
death”, DA was no longer released, and the brain had been
dead.

Due to individual differences, even the surgical level
isoflurane concentration may be excessive for some rats,
which easily causes the death. In addition, the isoflurane
anesthesia-induced death usually happens suddenly, which
makes it difficult to predict. Therefore, it is important to
accurately detect the degree of isoflurane anesthesia, espe-
cially predict the fatal overdose isoflurane anesthesia in the
surgery.

The above results prove that the dual-mode signals espe-
cially the DA concentration, can provide the dynamic pro-
cess of isoflurane anesthesia-induced death procedure in
more detail. Therefore, as shown in Table S2, the quantita-
tive dual-mode signals can predict the four stages of anes-
thesia-induced death procedure: Shallow Anesthesia -
Overdose Anesthesia - Deep Anesthesia ( I, II, III) - Brain
Death. The details of the prediction method for fatal over-
dose isoflurane anesthesia are presented in the supporting
information. Simply, if the electrophysiology activities are
inhibited rapidly accompanied by a decrease of DA concen-
tration in the rat striatum, the degree of isoflurane anes-
thesia has reached deep anesthesia which is sufficient to
induce death. The deep anesthesia will last for some time.
When the DA concentration begin to rise, it indicates that
the brain may begin to die.

In summary, the dual-mode signals provide a prediction
method of whether the degree of isoflurane anesthesia is
sufficient to induce death. During the surgery, the real-
time detection of dual-mode signals can avoid the risks of
overdose isoflurane anesthesia timely.

CONCLUSION

In this work, we designed and fabricated a four-shank im-
plantable MEA which was used to simultaneously detect
the dual-mode signals (electrophysiological signal and DA
concentration) in the striatum during isoflurane anesthe-
sia process and isoflurane anesthesia-induced death pro-
cedure. To improve the performance of the MEA, the
SWCNTs/PEDOT:PSS nanocomposites were modified onto
the MEA. The SWCNTs/PEDOT:PSS modified MEA has the
better electrical performance and electrochemical perfor-
mance. The better electrical performances allow the MEA
to detect electrophysiological signals with a high signal-to-
noise ratio (SNR). The better electrochemical performanc-
es allow the MEA have the sensitive and selective respond
to DA concentration. The dual-mode signals recorded by
the MEA show the spike firing rate of D2_SPNs and the
power of LFP can reflect the degree of isoflurane anesthe-
sia accurately. The electrophysiological signals and DA
concentration can jointly reflect the isoflurane anesthesia-
induced death procedure.

Compared to the reported works of CNTs/PEDOT:PSS
modified MEAs in Table S1, the novelty of our work include
the following three points: (1) detailed comparison and
characterization of SWCNTs/PEDOT:PSS and
MWCNTs/PEDOT:PSS; (2) the CNTs/PEDOT:PSS modified
MEA was applied to simultaneously detect dual-mode sig-
nals of electrophysiological signals and DA concentration
for the first time; (3) revealing the interact of electrophys-
iology and DA electrochemical signals under isoflurane
anesthesia for the first time.



The use of dual-mode recording MEA allow us to study the
dynamic process of isoflurane anesthesia in detail. The
characters of the dual-mode signals recorded by MEA pro-
vide a detection method for degree of isoflurane anesthe-
sia and a prediction method for fatal overdose isoflurane
anesthesia in the surgery. In the further, this method will
be used to test the toxicity and lethality of inhaled anes-
thetics, such as desflurane and sevoflurane which are
commonly used in clinical practice. If the dual-mode sig-
nals can be correlated with the EEG to find the characteris-
tics of the EEG during isoflurane anesthesia-induced death
procedure. This will help to develop a clinical noninvasive
technique for monitoring anesthesia-induced death, which
is important for reducing the risk of anesthesia in clinic.
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