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Long-Term Tracking and Dynamically Quantifying of Reversible
Changes of Extracellular Ca®>' in Multiple Brain Regions of Freely

Moving Animals

Yuandong Liu, Zhichao Liu, Fan Zhao, and Yang Tian*

Abstract: Understanding physiological and pathological pro-
cesses in the brain requires tracking the reversible changes in
chemical signals with long-term stability. We developed a new
anti-biofouling microfiber array to real-time quantify extra-
cellular Ca®* concentrations together with neuron activity
across many regions in the mammalian brain for 60 days, in
which the signal degradation was < ca. 8 %. The microarray
with high tempo-spatial resolution (ca. 10 um, ca. 1.3 s) was
implanted into 7 brain regions of free-moving mice to monitor
reversible changes of extracellular Ca’" upon ischemia-reper-
fusion processes. The changing sequence and rate of Ca*" in 7
brain regions were different during the stroke. ROS scavenger
could protect Ca®" influx and neuronal activity after stroke,
suggesting the significant influence of ROS on Ca*" overload
and neuron death. We demonstrated this microarray is
a versatile tool for investigating brain dynamic during
pathological processes and drug treatment.

Introduction

Monitoring neuronal signaling with chemical expression
involved long-term physiological and pathological changes in
vivo holds the key to dissecting the complex mechanisms of
pathogenesis and drug treatment of brain diseases in behaving
animals.!'! Although technologies such as electrophysiology™
and non-invasive functional magnetic resonance imaging®!
have made significant progress in real-time monitoring of
brain nerves, the methods for long-term monitoring of
chemical species in vivo are still limited. Positron emission
tomography, which maps the target molecules by injected
probes, has recently been developed in freely moving mice by
point source tracking.! However, it suffers from low spatial
resolution. The electrochemical method provides a practical
approach for monitoring chemical signals in vivo, in which the
implanted functional microelectrode shows excellent tempo-
spatial resolution.”! Our group has designed a double-recog-
nition strategy and developed a series of selectively electro-
chemical sensors to accurately monitor chemical species such
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as reactive oxygen species (ROS), amino acids, oxygen and
pH, metal ion, and sulfide hydrogen in the brain.®! More
recently, we have designed and synthesized a novel molecule
for specific recognition of Fe?", and assembled it onto the
electrode surface through an Au—C=C bond with high
stability.” Although the developed methods are selective
and accurate for detection in vivo, the recognition processes
are usually irreversible. Thus, these methods are difficult for
real-time tracking the dynamic changes of chemical species in
the brain of behaving animals. Furthermore, it is still
a challenge for long-term monitoring of chemical signals in
the intricate brain, because many proteins existing in the
brain are easy to adsorb onto the surfaces of implanted
biosensors, resulting in signals loss.”’l Over the past decades,
a lot of hydrophilic materials® have been developed to resist
protein adsorption, based on the repulsive effect between the
hydration layers of proteins and hydrophilic materials.
Unfortunately, the surfaces completely protected by anti-
biofouling materials are hard to modify the functional
recognition molecules on the active sites of electrodes.
Here, to solve the above problems, we designed and
developed a new type of anti-biofouling microfiber array for
real-time tracking of extracellular Ca’" changes with high
reversibility and selectivity. The carbon fiber microelectrode
(CFME) modified with gold particles was electrodeposited
and alternately wrapped with graphene oxide microbands
(GOMs), in which the exposed gold particles provided active
sites for modification of recognition molecules. The devel-
oped electrode showed long-term stability for monitoring the
chemical signals of Ca*" in the brain of freely moving mice
because of its remarkable anti-fouling property. The sensitiv-
ity of the present electrode was found to maintain ca. 92 %
after this sensor was implanted and continuously measured in
the live brain for 60 days. On the other hand, three kinds of
Ca®" ligands (METH, M18C6, and MBAPTA) with different
recognition affinities were designed and assembled onto the
developed microelectrodes. It was found that METH dem-
onstrated the best reversibility and selectivity for determi-
nation of Ca’", among the synthesized three ligands. Even-
tually, 7 microelectrodes were constructed into a microfiber
array for, respectively implanting into 7 brain regions of mice
and monitoring the reversible changes of extracellular Ca*"
upon cerebral ischemia-reperfusion (I/R) processes (Fig-
ure 1a). Meanwhile, because open-circuit potentiometry
without any applied potentials or currents was employed in
electrochemical measurements, a nickel-titanium wire elec-
trode was used to record local field potential (LFP) simulta-
neously. Benefiting from the good reversibility and selectivity

Angew. Chem. Int. Ed. 2021, 60, 2—1


http://orcid.org/0000-0001-8850-0349
https://doi.org/10.1002/anie.202102833
http://dx.doi.org/10.1002/anie.202102833
http://dx.doi.org/10.1002/ange.202102833
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202102833&domain=pdf&date_stamp=2021-04-28

GDCh
~~—

b  Au/CFME

Signal Display

<4 Parylene
insulating layer

Anti-fouling
GO microstrips

3 ’4— Gold partials

Carbon fiber

Research Articles

d Au/CFME

01 0 01 02 03 04 05 06 10 pm

E/V vs. Ag/AgCI —

DPACE g DPACE

10 pm

EDACE

01 02 03 04 05 06

01 0 01 02 03 04 05 06 0 01 02 03 04 05

Angewandte

intemationalEdition’y Chemie

E/V vs. Ag/AgCI E/V vs. Ag/AgCI E/V vs. Ag/AgCI

Figure 1. a) lllustration for multi-fiber microarray and measurements in the mouse brain. b) SEM image of Au/CFME. c) Cyclic voltammograms
(CVs) obtained at Au/CFME (a) in 10 uM DA solution before (solid curve) and after (dotted curve) the electrode was immersed into 20 mgmL™
FITC-BSA for 2 h. Scan rate: 10 mVs™". d) Fluorescence image of Au/CFME after immersed in 20 mgmL™' FITC-BSA solution for 2 h. e) SEM
images of DPACE (top) and EDACE (bottom). f) EDX analysis of the selected areas of Au (yellow) and GO (blue) on DPACE (top) and EDACE
(bottom). g) Fluorescence image of DPACE and EDACE after immersed in 20 mgmL™" FITC-BSA solution for 2 h. h,i) CVs obtained at EDACE (h)

and DPACE (i) in 10 uM DA solution before (solid curves) and after (dotted curves) the electrode was immersed into 20 mgmL™' BSA for 2 h.
Scan rate: 10 mVs™'. m) CVs obtained at DPACE (solid curve), and EDACE (dotted curve) in 0.5 mM K;[Fe (CN)¢] with 0.1 M KCl.

of the present microarray with super anti-fouling ability, we
found that extracellular concentration of Ca®" was gradually
decreased from the superficial to deep brain areas with
decreasing rate upon ischemia, then unexpected it recovered
from the deep to superficial brain areas with decreasing rate
after reperfusion. More interestingly, reduced glutathione
(GSH), which can scavenge ROS,' effectively reduced Ca*"
disorder during I/R processes, suggesting that ROS induced
the influx of Ca*" into neurons and resulted in Ca®" overload
after ischemia, which was closely related to neuron death. The
significant effect of GSH on extracellular Ca®" was also
observed during the cerebral hemorrhage model treatment.
Therefore, it was suggested that GSH is an essential potential
drug for stroke treatment. Moreover, it was discovered that
diuretics quickly restored extracellular concentration of Ca*",
but weakened the activity of neurons; while Ca®" blocker—
flunarizine restored Ca*' concentration and promoted the
neuronal recovery.
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Results and Discussion

As a starting point of our work, CFME (ca. 10 um) with
high spatial resolution was prepared, according to our
previous methods.”! Then, gold particles were electrodepos-
ited onto the surface of CFME, which was denoted as Au/
CFME electrode. From Figure 1b, the size of gold particles
was estimated to ca. 300-600 nm. According to cyclic
voltammetry (CV) (Figure Sla, Supporting Information),
the peak current of CFME in 0.1 mM K; [Fe(CN)q] increased
by 51% after gold particles were deposited, demonstrating
high electrochemical activity of Au/CFME. But the surface
suffers from the adsorption of biological species such as
proteins onto the electrode. Because albumin is the most
abundant protein in plasma,'! this kind of natural poison
always results in the degraded performance of biosensors for
continuous measurements in vivo. As shown in Figures 1c and
d, after the electrode was implanted in bovine serum albumin
solution labeled with fluorescein isothiocyanate (FITC-BSA)
for 2 h, the signal of Au/CFME in 10 uM dopamine (DA)
solution remained only 46.9% and 84% of the electrode
surface covered by proteins.
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Recently, graphene oxide (GO) has attracted much
attention because of a random distribution of hydroxyl
groups and epoxy groups formed on a single sheet, as well
as carboxyl groups and carbonyl groups at the edges of the
monolith, which allows GO having super-hydrophilicity with
uniform negative charges.'? On the other hand, most proteins
demonstrate negative charge in the neutral solution. Thus,
GO was expected to be a potential material for preventing the
adsorption of proteins onto electrode surface. Two methods
were employed to deposit GO on Au/CFME surface: dip-
coating and electrodeposited methods. The developed micro-
electrodes covered with GOs by these two methods were
denoted as DPACE and EDACE, respectively. SEM image
(Figure 1e) shows that GO was completely covered the
surface of DPACE. However, a portion of gold particles was
still exposed on the EDACE surface, while the electro-
deposited GOMs were alternately wrapped onto Au/CFME.
EDX elemental analysis characterizes elements distribution
on the electrode surface (Figure 1f), also demonstrating the
interphase exposure of gold and carbon on the EDACE
surface. The exposed gold particles on the EDACE surface
provided electrochemical active sites for further modification
of functionalized molecules.

Next, the anti-fouling effects of EDACE and DPACE
were tested in FITC-BSA and solution. From Figure 1g, the
surfaces of EDACE with exposed gold particles and DPACE
were covered the similar proportion of proteins. However,
after the electrode was measured in BSA solution for 2 h, the
signal of EDACE in DA solution remained ca. 91.3%
(Figure 1h), which was greater than that (Figure 1i) of
DPACE (ca. 86.9%). Besides, the oxidation peak showed
negligible change for EDACE, but that was obviously shifted
200 mV to positive direction on DPACE. The signals dem-
onstrated negligible changes for EDACE even after im-
mersed in BSA solution upon 60 days. The similar results
were also obtained in y-Globulin solution (Figure S2, Sup-
porting Information). These results proved that EDACE
showed better electrochemical performance against protein
fouling than DPACE.

Then, CVs of EDACE and DPACE were measured in
K;[Fe(CN)4] solution (Figure 1m). It was found that EDACE
showed more significant signal suppression than DPACE,
which may be attributed to more negative charge on EDACE
surface than DPACE. Then, Zeta potential was also found to
be —18.33 mV on the surface of DPACE, which was higher
than that of EDACE, —34.27 mV (Figure S1d, Supporting
Information). Most proteins in the brain environment
(pH 7.4) were negatively charged, thus EDACE with more
negative charge showed repulsive interaction with proteins,
resulting in better anti-fouling performance than DPACE.
Recent studies have found that the hydrophilic interface was
also beneficial for resisting proteins adsorption.® Our test
showed that the contact angle of Au/GCE modified with
electrodeposited GO was 25+7° (n=38, S.D.), which was
greater than that of 30 + 8° (n =8, S.D.) on Au/GCE modified
with dip-coated GO (Figure Slg, Supporting Information).
Thus, EDACE with electrodeposited GO showed more
hydrophilic than DPACE. Therefore, the developed EDACE
microelectrode with strong anti-fouling ability was chosen as
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an optimized electrode surface in the following measure-
ments.

To specifically recognize Ca*" in the brain, three kinds of
organic molecules, METH, M18C6, and MBAPTA were
designed and synthesized (Figure2a) as two main parts:
recognition groups™ for selective determination of Ca>* and
terminal groups for the molecules self-assembled onto the
electrodes. The recognition group of METH shows two pairs
of amide bonds in the chain, which could specifically capture
Ca”". M18C6 has an aza crown ether with a cavity size of 260~
320 pm to match the size of Ca®>". BAPTA bears four free
active carboxyl groups to capture Ca®". On the other hand,
the alkynyl group was designed to stably assemble the
molecules onto the electrode surfaces, because Au=C bond
had recently been reported as a robust chemical bond in the
brains with abundant thiols.”! Therefore, all three molecules
were characterized by '"H NMR, ®C NMR, and MS (Figur-
es S3-S12, Supporting Information).

Then, the as-prepared EDACE was modified with three
kinds of molecules (METH, M18C6, and BAPTA) by Au=C
bond, which were denoted METH-E, M18C6-E, and BAPTA-
E (Figure 2a). XPS data demonstrated that all the molecules
were stably immobilized onto EDACE surfaces (Figure S14,
Supporting Information). Besides, EDACE without modifi-
cation was employed as an internal reference electrode to
provide a built-in correction, thus improving the accuracy of
determination in the biological systems. Next, the electro-
chemical titration of Ca*" was performed using open-circuit
potentiometry. The potential of ion-selective electrodes (Esg)
for METH-E, M18C6-E, and BAPTA-E was represented by
standard potential E’, ion concentration term, and potential
of reference electrode (Egg). Also, the potential of internal
reference electrode (E\zg) was used as a built-in element.
Thus, the potential separation AEy (AEsg=Egg—ERrg)
between Eg and EpRg was employed for the following
titrations.

2.303RT

_ )
AEe = E° + Pa

Igacy — Erg — Ere 1)

The AEsz of METH- E, M18C6-E, and BAPTA-E were
tested in artificial cerebrospinal fluid (aCSF, 37°C) with the
gradual addition of CaCl, (Figure 2b). An excellent linear
range was observed from 10.0 uM to 31.6 mM for METH-E,
while the detection limit was estimated to 5.914+0.33 uM (S/
N=3,n=20,S. D.). For M18C6-E electrode, the linear range
was obtained from 3.16 to 3160 uM with a detection limit of
1.89+0.42 pM (n=20, S. D.). Furthermore, the dynamic
linearity for MBAPTA-E was obtained in the range of 3.16 to
316 uM, with detection limit down to 0.84 +0.32 uM (n =20,
S. D.). The sensitivity of MBAPTA-E showed the highest
value among those of three kinds of electrode surfaces.
However, MBAPTA-E demonstrated a narrow linear range.
In contrast, METH-E with a little lower sensitivity exhibited
much broader linear range, which matches the concentration
range of Ca®" in the brain. The response time of METH- E,
M18C6-E, and BAPTA-E was found to less than ca. 1.3 s
(Figure S15, Supporting Information), faster than that of
commercial glassy ion-selective electrodes (5-15 s). The high

Angew. Chem. Int. Ed. 2021, 60, 2—1
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Figure 2. a) Molecular structures of METH (top), M18C6 (middle), and

MBAPTA (bottom) and modification of three ligands onto electrode

surfaces. b),c) The potential changes (vs. Ag/AgCl) obtained at METH-E (top), M18C6-E (middle), and MBAPTA-E (bottom) with continuously
increasing (b) concentration of Ca?" (METH-E was 1 pM—-100 mM, M18C6 was 10 uM—-10 mM, MBAPTA was 1 uM—-1 mM) and decreasing (c)
concentration of Ca** (METH-E was 100 mM-10 uM, M18C6-E was 10 mM-10 uM, MBAPTA-E was 1 mM-0.316 uM) in aCSF without Ca®".

EDACE with unmodified ligand was used as the internal reference elect

rode (black curve). Inner graphs: Linear fitting plots of potential change

versus concentration. d) DFT simulation calculation of the colored isosurface plot of METH (blue), M18C6 (red), and MBAPTA (green) with Ca’".
Blue in isosurface represents electrostatic interaction and green represents dispersion interaction. e) Selectivity test for determination of Ca’"
against other metal ions, amino acids, ROS, neuron transmitters obtained at METH-E (top), M18C6-E (middle), and MBAPTA-E (bottom). The

concentrations of Ca?" was 100 uM, K™ and Na™ were 1 mM, Cu*" and

spatial resolution of the developed electrode should be very
beneficial for real-time monitoring of Ca*" changes in brain
events.

The reversibility of biosensors is also a relatively impor-
tant feature in establishing real-time tracking methods for
quantifying the concentration of Ca*'. The response for
METH-E was initially increased with gradual addition of
Ca®", and was reduced with decreasing concentration of Ca’".
The sensitivity of this biosensor was decreased to 98.0 £ 1.2 %
(n=8, S.D) when the concentration of Ca*" was reduced
(Figure 2b). The signal still retained 934+0.9% (n=8, S.D)
after 500 increasing and decreasing cycles (Figure S16a, SI).
However, for M18C6-E and MBAPTA-E, only 71+1.3%
(n=8, S.D) and 29 +0.8% (n=38, S.D) of sensitivities were
obtained for decreasing cycles compared with those for
increasing, which could not satisfy the reversible require-
ments for in vivo measurements. Moreover, DFT simulation
calculations on the binding modes of three ligands for Ca*"
(Figure 2d) recognition showed that two carbonyl groups and

Angew. Chem. Int. Ed. 2021, 6o, 2—11
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Fe’™ were 1 uM, AA was 40 uM, and other species were all 10 uM.

one ether on METH molecule form a stable complex with
Ca(H,0),*", while M18C6 and MBAPTA form complete
chelation of Ca®". The calculation for binding energy (Ta-
ble S1, Supporting Information) further demonstrated that
the binding free energy of METH with Ca®" was significantly
smaller than other ligands (Figure 2 ¢). Thus, Ca** was easy to
dissociate at low concentrations, resulting in the advantage of
high reversibility.

Next, to investigate whether the binding capacity of the
molecules toward Ca" affects the specific recognition of Ca®"
in the complex environments, the selectivity for three
electrodes was tested for determination of Ca**over other
metal ions, amino acids, ROS, neurotransmitters, and so on
(Figure 2¢; Figure S17, Supporting Information). Obviously,
M18C6-E was easily affected by K" (ca. 91%), Na® (ca.
45%), and Cu”>" (ca. 18 % ). This observation may be due that
the M18C6 ligand traps ions because of matching the size of
its cavity. Thus, the ions with similar sizes to the cavity show
comparable responses with Ca**, which made it difficult to
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separate the responses of K" and Na* from that of Ca*". The
main interference obtained at MBAPTA-E against the
determination of Ca®" was found to be Mg®" (ca. 16%)
because the structure of 4 carboxyl groups could also be easy
to form a chelate with Mg®". Fortunately, METH-E demon-
strated no detectable interferent (< ca. 3.0%). Due to the
special molecular structure with two amide groups, METH-E
has a particularly capture capacity for Ca**. After a compre-
hensive comparison for the three kinds of electrodes from
dynamic linear range, sensitivity, reversibility, and selectivity,
METH-E was chosen as the optimized biosensor because of
its superior reversibility and selectivity, suitable detection
range, and acceptable sensitivity. Next, to test the anti-fouling
ability of METH-E, it was implanted in the mouse brain for
60 days. It was found that the sensitivity of this electrode still
maintained 92+0.6% (n=38, S.D; Figure S16b, Supporting
Information), compared with that of the control experiment,
proving that METH-E could work steadily for a long period
up to 2 months in a biological environment such as brain.
Finally, the biological damage of METH-E was characterized
by TTC staining experiments (Figure S16¢, Supporting In-
formation). We found that the mouse brain remained intact
activity after stained with TTC after the microfiber electrode
was implanted into the mouse brain for 60 days, demonstrat-
ing that our developed microelectrode had quite low damage
and was competent for subsequent in vivo experiments.

As demonstrated above, the developed METH-E showing
high selectivity and reversibility for Ca®" recognition with
excellent biocontamination resistance established a reliable
and durable approach for real-time tracking and continuously
monitoring the levels of Ca’* in the live brain. Then, 7
METH-E electrodes with different lengths and internal
reference electrode were constructed into a microelectrode
array (Figure 3a,b) with the same active tip length of 300 pum,
which made it possible to simultaneously monitor the
concentration of Ca*" in the brain regions with different
depths in the same mouse. Meanwhile, the electrophysiolog-
ical electrode was also integrated with the array to record LFP
signals. Next, the developed METH-E microarray was
implanted into 7 regions of the mouse brain (Figure 3b),
such as the primary motor cortex (M1), primary somatosen-
sory barrel) cortex (S1BF), hippocampal CA1 (CA1) hippo-
campal dentate gyrus (DG), lateral dorsal (LD), caudate-
putamen (CPu), and reticular nuclei (RT). It was the first
observation that the initial change time and decreasing rate of
Ca®" in each brain area were different upon ischemia
(Figure 3d). Simultaneous measurements of LFP (Figure 3 f)
during ischemia showed a large suppression of discharge,
proving the ischemic state of neurons. Specifically, the
extracellular [Ca®'] changed at ca. 1.11-1.24 min in the
superficial cortical areas (M1, SIBF) and then at ca. 2.44—
2.71 min in the hippocampus (CA1, DG) after ischemia, while
the changes in the deep areas (LD, CPu, RT) response was
much later after ca. 4.44-4.75 min. Meanwhile, the decreasing
rate of [Ca?'] in superficial brain areas (M1, SIBF, CA1, DG)
was 0.25-0.31 mMmin~!, which was faster than that of 0.10—
0.11 mMmin™" in deep brain areas (LD, CPu, RT Figure 3d).
At the end of ischemia for 20 min, the extracellular [Ca®'] was
finally decreased to 0.15-0.21 mM in superficial brain regions
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(M1, S1BF, CA1, DG), much lower than that of 0.43-0.63 mM
in deep brain regions (LD, CPu, RT). These data indicated
that the sensitivity of each brain area toward ischemia was
different. Since the blood vessel density in the superficial
brain area was lower than that in the deep layer, it was
reasonable that hypoxia and Ca®" influx firstly occur in the
superficial layer. Then, the duration of ischemia was extended
to 45 and 90 min. It was observed that extracellular [Ca®'] was
decreased to 50-60% and further to 27-45% (vs. 20 min
ischemia) at the end of ischemia for 45 and 90 min,
respectively. These in vivo data indicated that the decrease
in extracellular [Ca’"] became more severe with the pro-
longed ischemia time. The above data were collected by the
same microarray after implanted for 5 days (Figure 3c¢).

Next, the arterial embolism was removed for reperfusion
using the same electrode. Benefiting from the high reversi-
bility of METH-E microarray, the fluctuation of Ca®"
concentration was accurately and continuously monitored.
Specifically, taking 20 min I/R as an example, the extracellular
[Ca®'] in deep brain regions of LD, CPu and RT was
recovered after ca. 0.71-0.79 min of reperfusion (Figure 4d),
and increased to ca. 97 % of the baseline value. While in the
superficial brain regions of M1, S1BF, CAl, and DG it was
slowly recovered after ca. 3.05-3.25 min of reperfusion and
eventually reached ca. 92% of the baseline value. For
reperfusion after 45- and 90-min ischemia, the extracellular
[Ca®"] of each brain area was still recovered more than 70 %
of the initial value. Since the middle artery was located closer
to the deep brain area, [Ca*] was recovered first. It was worth
noting that TTC staining of mice brain slices after 20 min I/R
showed that the infarct area was less than ca. 2% (Figure 3¢e),
proving the good activity of each brain area. When the
ischemia time was further extended to 45 and 90 min, despite
Ca®" recovery was >83% after reperfusion, a large area of
infarction (>35%) was observed in TTC staining experi-
ments (Figure 3e). The LFP signal after reperfusion further
proved that neuronal discharge was hardly recovered after
prolonged ischemia. Our previous research had shown that
more ROS was produced after reperfusion.'” Ca’>* was
transferred into cells upon ischemia, which generated a large
amount of ROS in mitochondria.'¥ Although, as shown
above, extracellular Ca®>" was almost recovered after reper-
fusion, the produced ROS in live cells changed the intra-
cellular ATP content, which eventually led to mitochondrial
Ca”* overload and neurons death.!'”!

To further analyze the relationship between ROS and
Ca’" overload and neuronal death, GSH, the scavenger of
ROS, was injected into the mice with 400 and 800 mgkg™
before MCAO surgery. In the 400 mgkg ™' mice group upon
ischemia for 20, 45, and 90 min, the decreasing rate of [Ca’']
was effectively reduced to 53-71% of the control group in
M1, S1BF, CA1, DG, LD, CPu, and RT areas. Moreover, GSH
also significantly increased the recovery rate of extracellular
Ca®" during reperfusion after ischemia (Figure 3d). After 20,
45, and 90 I/R, the [Ca*'] recovery rate of each brain area was
increased to 132-145%, 156-168 %, and 185-193 % of the
control group, respectively. The subsequent TTC staining
experiments showed that after ischemia for 90 min, the
infarction area (Figure 3¢) for 400 mgkg™' GSH administra-
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Figure 3. a) Photograph and diagram of the METH-E microarray. The active tip of each electrode was exposed to 300 um, and the rest was evenly
covered with parylene insulating layer. Both internal reference (Inner Re) and electrophysiological electrodes were integrated with microelectrode
array. b) METH-E multi-fiber array inserted into 7 brain regions (M1, S1BF, CA1 DG, LD, CPu, and RT). Black spot represents the position that an
electrode implanted. c) Flow chart of in vivo monitoring of I/R processes. d) Heat maps for extracellular [Ca*'] changes obtained at METH-E
microarray in 7 brain regions for 20 min (left), 45 min (middle), and 90 min (right) upon ischemia and then reperfusion. e) TTC-stained brain
tissues and statistics of infarct areas after 20, 45, and 90 min I/R (n=38, S. D.). f) Local field potential (LFP) curves and power spectra obtained at
METH-E microarray in hippocampus CA1 for 20 min (left), 45 min (middle), and 90 min (right) upon I/R processes.
tion group was 73.4+7.4% (n =8, S.D., the same below forin  recovery rate of Ca®" after reperfusion was increased to 214-
vivo experiments), which was smaller than that of the control =~ 240%. Even after ischemia for 90 min, the area of cerebral
group (81.5+9.3%, Figure 3d). With an increasing dose of infarction in the 800 mgkg™' GSH administration group was
GSH to 800 mgkg ™', the decreasing rate of Ca®" after cerebral ~ only 31.3 + 4.9 %. Meanwhile, the LFP signal also confirmed
ischemia in the brain was reduced to 34-45%, and the that the discharge energy of neurons after reperfusion
Angew. Chem. Int. Ed. 2021, 6o, 2—11 © 2021 Wiley-VCH GmbH www.angewandte.org [ 1]]]
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Figure 4. a) Diagram of METH-E and electrophysiological electrode implantation location and autologous blood injection location. b),c) Extracel-
lular [Ca®" ] changes obtained from the 5 pL group (green curve) and 10 plL group (blue curve) in CA1 area when autologous blood was injected
into the mouse caudate nucleus (Day 1) and the control group of subsequent 3-5 days recovery period. d),e) Local field potential (LFP) obtained
from the 5 pL group (green curves) and 10 pL group (blue curves) in CA1 area of mice in the control group at Day 1 (d) and Day 3-5 (e). f)—

i) Potentiometric curves recorded at METH-E in the hippocampus of mice (f), statistics (1=8, S.D.) of extracellular [Ca’'] changes (g), and local
field potential curves with power spectra (h,i) obtained from the 5 uL group (h) and 10 pL group (i) in CA1 area upon the treatment of torasemide,

flunarizine, and GSH.

recovered more significantly with increasing dose of GSH
(Figure 3d), which was the direct evidence of the restoration
of neuronal vitality. In summary, it was found for the first time
that GSH effectively reduced Ca*" disorder during I/R and
further protected the neuronal activity. Previous reports have
suggested that initial Ca*" influx through glutamate receptors
after ischemia.l'® Our results suggested that the generated
ROS upon ischemia and reperfusion may be one of the critical
factors for the massive influx of extracellular Ca**, which
eventually resulted in neuron death after I/R processes.
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Cerebral hemorrhage is a common subtype of stroke. It
often occurs in the basal ganglia and further affects the
hippocampus.'”! Therefore, the developed microelectrode
was adjusted to continuously monitor extracellular [Ca*'] in
the hippocampus of mice after basal ganglia hemorrhage. To
simulate different degrees of spontaneous intracerebral
hemorrhage (SICH), two doses of autologous blood (5 and
10 uL) were injected into the striatum of mice brain (Fig-
ure 4a), which were denoted as the 5 pL and 10 pL groups,
respectively. The concentration of Ca®>" in CA1l area was
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gradually decreased from initial 1.30£0.15mM to 0.63 £
0.12 mM and 0.55 £ 0.11 mM for the 5 pL and 10 pL groups,
respectively (Figure 4b).

Then, after the model mice rest for 2 days, we monitored
the effects of two drugs of torasemide and flunarizine on
extracellular Ca®" and LFP signals during SICH treatment for
3 days. On the first day after the torasemide was delivered,
the concentrations of Ca>" in CA1 area for the 5 uL and 10 pL
groups were increased to 0.94 +0.19 mM and 0.85 £ 0.18 mM,
respectively (Figure 4f), compared to 0.65+0.13 mM and
0.56£0.11 mM of the control groups with self-recovery
(Figure 4c). However, after the treatment on Day 3, the
concentrations of Ca*" in the 5 uL group and 10 pL group
were not restored to more than ca. 1.1 mM yet. Moreover, the
discharge of LFP was also inhibited in the consecutive
treatment of 3 days, and even worse than the control group
(Figure 4h,i). The results indicated that although the diuretic
torsemide restored the concentration of Ca’", the neuronal
firing activity was not improved, possibly due that the
dehydrating drug torasemide just relaxes blood vessels?!
and speeds up metabolism. Next, with the treatment of
another drug, flunarizine, the concentrations of Ca’" were
slowly increased in CA1 area of the 5 uL and 10 pL groups to
0.76 £ 0.15 mM and 0.71 & 0.14 mM, respectively, on the first
day. More interestingly, the concentrations of extracellular
Ca*" were significantly restored to 1.27 +£0.16 mM and 1.22 +
0.14 mM, respectively on Day 3 of treatment (Figure 4 f,g).
Meanwhile, the LFP signal almost returned to the basal line
on Day 3. The data showed that flunarizine not only blocked
the excessive influx of Ca®*,?! but also improved the balance
of Ca*" in neuronal activity.

We have demonstrated the essential regulatory effect of
ROS on Ca’" above. Thus, we then studied the impact of GSH
treatment on Ca’" and LFP after cerebral hemorrhage. After
continuous treatment of 50 mgkg™ GSH, the concentrations
of Ca’" in CAL1 area recovered slightly to 0.69 +0.12 mM and
0.62+0.11 mM of the 5 uL. and 10 pL groups on the first day,
respectively (Figure 4 f,g). Subsequently, they finally recov-
ered to 1.18 £0.16 mM and 1.10£0.18 mM on Day 3. Also,
the discharge state of LFP was significantly restored com-
pared to the control groups (Figure 4h,i). The results sug-
gested that the scavenger of ROS, GSH, can also play as
a potential drug for treating cerebral hemorrhage. According
to the above results, we believed that SICH patients should
not only pay attention to intracranial pressure® during drug
treatment but also the changes in Ca®" for protection of brain
activity. This high-performance multi-fiber microarray estab-
lished a reliable approach for in vivo screening drugs and
pharmacological research.

Conclusion

We have developed an anti-biological fouling multi-fiber
microarray for real-time monitoring of reversible changes of
extracellular Ca** and neuron activity in many regions of the
brain in both head-fixed and freely moving mice. The
sensitivity of this microfiber array has remained ca. 92%
responses of Ca’" after continuous measurements in the live
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brain for 60 days. On the other hand, three kinds of molecules
with different affinities toward Ca®" have been designed and
synthesized for selective and reversible recognition of Ca>". It
has been found that the low binding strength of Ca*" ligand-
METH is beneficial for the reversible capture and dissocia-
tion when Ca®" concentration fluctuates. Fortunately, it is
worth noting that METH still demonstrates high selectivity
for determination of Ca®>' against other metal ions, ROS,
amino acids. This is the first report that the developed
microelectrode array has demonstrated both remarkable
reversibility and good selectivity, which can be used to
continuously monitor the levels of Ca>" for 60 days in the live
brain without negligible signals loss. Using this powerful tool,
we have firstly found that extracellular concentration of Ca*"
is gradually decreased with decreasing rate from superficial to
deep brain areas during ischemia, and progressively recov-
ered with deceleration rate from deep to superficial brain
areas after reperfusion. This indicates that our microarray has
provided a useful and powerful tool for investigating complex
pathological processes involved large-scale network dynamics
across multiple brain regions. Moreover, it has been discov-
ered the influx of Ca®" is more effectively reduced as the dose
of GSH, a scavenger of ROS, is increased. Thus, GSH can be
used as an effective inhibitor to protect neuron activities.
Finally, it has been found that the Ca*' channel blocker
(flunarizine) not only gradually restores the concentration of
Ca’" in the treatment of cerebral hemorrhage but also
promotes the recovery of neurons. This further confirms the
direct connection between Ca*' influx and cerebral hemor-
rhage injury.

The number of electrodes in the array can be further
increased in the future and eventually realize large-scale
dynamically recording of neuronal signaling with chemical
expression across the whole brain. Also, the developed multi-
fiber microelectrode array can be combined with photometry
to simultaneously monitor intracellular and extracellular
chemical signals in the live brain of both head-fixed and
freely moving animals for understanding the physiological
and pathological processes and screening the drugs. There-
fore, our work has opened up a new way to studying the
neurons in the whole brain through real-time tracking and
accurate quantifying of the concentrations, distributions, and
changing speeds of chemical species in the brain. Moreover,
we have provided a methodology to construct long-range
stable, reversible, and selective molecular probes suitable for
investigating brain signals. These methods should bring new
insights for understanding the brain events, as well as for
treating brain diseases and developing artificial brains.
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