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ABSTRACT:

The potential damage of Alzheimer’s disease (AD) in brain function has attracted extensive
attentions. As the most common anion, CI-, has been indicated to play significant roles in brain
diseases, particularly in pathological process of AD. In this work, a label-free selective and accurate
electrochemical biosensor was first developed for real-time monitoring of CI- levels in mouse brain
model of AD and rat brain upon global cerebral ischemia. Silver nanoparticles (AgNPs) were
designed and synthesized as selective recognition element CI-, while 5’-MB-GGCGCGATTTT-SH-
3’ (SH-DNA-MB, MB = methylene blue), was selected as an inner reference molecule for a built-
in correction to avoid the effects from the complicated brain. The electrochemical biosensor showed
high accuracy and remarkable selectivity for determination of Cl- over other anions, metal ions,
amino acids, and other biomolecules. Furthermore, three dimensional nanostructures composing of
single-walled carbon nanotubes (SWNT) and Au nanoleaves were assembled on the carbon fiber
microelectrode (CFME) surface to enhance the response signal. Finally, the developed biosensor
with high analytical performance, as well as unique characteristic of CFME itself including easy to
inert in live brain and good biocompatibility, was successfully applied to in vivo determination of
ClI- levels in three brain regions: striatum, hippocampus, and cortex of live mouse and rat brains.
The comparison of average levels of CI- in normal striatum, hippocampus, and cortex of normal
mouse brains and those in the mouse model brains of AD was reported. In addition, the results in
the rat brains followed by cerebral ischemia demonstrated that the concentrations of Cl- decreased
by 19.8 + 0.5% (n = 5) in the striatum and 27.2 + 0.3% (n = 5) in hippocampus of rat brains after

cerebral ischemia for 30 min, but negligible change in CI- concentration was observed in cortex.

KEYWORDS: Chloride ion, Silver Nanoparticles, Electrochemical Biosensors, Alzheimer’s

disease, Cerebral ischemia
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INTRODUCTION

With aging of world population and increasing life expectancy, as one of progressive
neurodegenerative diseases, Alzhemier’s disease (AD) affects millions of people every year, and
has become a severe social and economic problem in modern societies. The AD brain is
characterized by the presence of intraneuronal neurofibrillary tangles constituted by the
hyperphosphorilated form of the cytoskeleton protein Tau and deposites of the amyloid beta (AB)
protein, also known as senile plagues.* As one of the anion channels, chloride ion (CI) channel
which plays the critical roles in the physiology of neurons related to AD have been extensively
studied.>*? It is widely believed that the inflammatory events mediated by microglial activation
contribute to several neurodegenerative processes, including AD. Activation of microglia by Ap
peptides results in an overall increase in chloride intracellular channel-1 (CLIC1) protein with
resultant increase in CLIC1 ion channel activity, suggesting the close relationship between CI- and
brain diseases. Furthermore, in amyloid-b (Ab)-stimulated microglial cells, blockade of CLIC1
reverts the increase in tumor necrosis factor and nitric oxide production and results in
neuroprotection of cocultured neurons. This effect could be of therapeutic efficacy in AD, where
microglial activation may contribute to neurodegeneration, but it could reduce Ab phagocytosis,
which could facilitate amyloid plaque removal.*> However, the clear mechanism is still unknown at
the present stage. Thus, it is pressing to firstly develop a selective and accurate tool for in vivo
determination of ClI- in live brain, and further for understanding the signal pathway of CI-plays in
the brain diseases, as well as for therapy.

To date, a large amount of methods have been reported for detection of CI-, such as turbidimetry,*
liquid chromatography,** fluorescence,>*° and electrochemical methods.?%-2° In contract to the other
methods, electrochemical strategy shows remarkable advantages in high temporal and spatial
resolution, easy miniaturization, as well as real-time and in vivo measurements in live animals.26-3
Although CI- ion-selective electrodes have been widely utilized for determination of CI- in biofluid
and environmental samples,"#0 it is still a great challenge to create an accurate biosensor applicable
for real-time detection of ClI- directly in live brain. Herein, a label-free electrochemical biosensor
was developed with inner reference element for in vivo monitoring of CI- levels in a mouse model
of AD, as well as in rat brain upon cerebral ischemia (Scheme 1). First of all, silver nanoparticle

(AgNP) was designed and synthesized as a selective recognition element to detect ClI-, over potential
3
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interferences such as other anions, metal ions, amino acids, reactive oxygen and nitrogen species
(ROS/RNS), and other biological species. The oxidation peak potential of AgNPs shifted with
increasing concentration of ClI- because of chemical reaction between AgNPs and CI- to generate
AgCI precipitate, resulting in a wide linear range for Cl- determination from 1 mM to 300 mM
according to the Nernst equation. Meanwhile, methylene blue (MB)-labeled oligonucleotide (SH-
DNA-MB) with well-separated oxidation peak from AgNPs was optimized as an inner reference
element for providing a built-in correction to avoid the determination error due to the distinct
environments between in vitro and in vivo. Such a ClI- biosensor using potential difference between
oxidation peak potentials of AgNPs and SH-DNA-MB effectively improved the accuracy for CI-
measurement in complicated brain. Furthermore, three dimensional nanostructures composing of
carbon nanotubes and gold nanoleaves were assembled on carbon fiber microelectrode (CFME),
remarkably enhanced the current response. Eventually, the developed biosensor for CI- with high
analytical performance, as well as the unique properties of CFME including small size down to 10
um and good biocompatibility,?%-3¢ 4! was realized a direct and reliable determination of CI- in a
mouse model of AD and rat brain upon ischemia. We found that the concentration of Cl- decreased
clearly in hippocampus, but no obvious changes were obtained in cortex and striatum in the mouse
model of AD, compared to those in normal mouse brain. In addition, the concentrations of CI- also
obviously went down in hippocampus and striatum after cerebral ischemia for 30 min, while
negligible change was observed in cortex. To the best of our knowledge, these results have never
been reported.

: Wi!}-‘sulc\
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L

Scheme 1. The developed electrochemical biosensor for in vivo monitoring of CI- in a live mouse

brain.
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RESULTS AND DISCUSSION

First of all, AgNPs were synthesized according to previous literature.*> UV-Vis spectroscopy was
utilized to verify the formation of AgNPs from AgNO; solution (Figure S1, Supporting Information).
A typical absorption peak observed at 395 nm implied generation of AgNPs.*3 44 From transmission
electron microscopic (TEM) image shown in Figure 1A, we can see well-dispersed AgNPs were
clearly observed with uniform sphere nanostructure, and the histogram (Figure 1B) showed that the
average size of the AgNPs was 5.2 = 0.5 nm (n = 100). Furthermore, as shown in Figure 1C, the
clear lattice fringes with a distance of 0.24 nm is compatible with [111] planes of Ag, confirming
successful synthesis of AgNPs.*

On the other hand, single walled carbon nanotubes (SWNTSs) with averaged diameter of 20 nm
shown in Figure S2A (Supporting Information), were densely covered on bare CFME surface
through n-mt stacking. This electrode was denoted as CFME/SWNT. Then, three-dimensional Au
nanoleaves were further electrodeposited on CFME/SWNT surface, in 5 mM HAuCI, at an applied
potential of - 0.2 V, to obtain CFME/SWNT/Au electrode (Figure S2B, Supporting Information).
From a close observation for Au nanoleaves, we can see that the length of Au nanoleaves was ~ 2

um on average (Figure S2C, Supporting Information). From X-ray photoelectron spectroscopic

(A)

4 5 6 7

Diameter (nm)

Figure 1. (A) TEM image, (B) Diameter distribution, (C) HRTEM, and (D) EDX analysis of AgNPs.

(XPS) data, two peaks of Au 4fs;; at 87.7 eV, and Au 4f7;; at 84.0 eV were observed clearly in

Figure S3A (curves b-d, Supporting Information), while no peak was obtained from CFME/SWNT

5
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(curve a, Supporting Information). The results indicated that Au nanoleaves were composed of
ploycrystalline gold. Followed by that, SH-DNA-MB and 1,6-hexanedithiol (HDT) were
simultaneously assembled onto CFME/SWNT/Au electrode through Au-S bond. The as-prepared
electrode was denoted as CFME/SWNT/Au/MB+HDT hereafter. The modification processes were
tracked by XPS. As shown in Figure S3B (Supporting Information), a P 2ps, peak was observed at
134.3 eV, demonstrating that SH-DNA-MB was assembled on the CFME/SWNT/Au. Meanwhile,
two peaks of S 2pa» (163.6 eV) and S 2p1» (162.3 eV) were obtained in curve ¢ of Figure S3C
(Supporting Information), which were ascribed to unbound alkanethiols and self-assembled thiol
groups of MB and HDT on Au surface, respectively. After AgNPs were confined on
CFME/SWNT/Au/MB+HDT surface, the intensity of S 2ps» peak at 163.6 apparently decreased,
demonstrating the unbound thiols of HDT reacted with AgNPs. The assembly of AgNPs was further
evident by two peaks of Ag 3ds, at 374.6 eV and Ag 3ds/2 368.5 eV observed in curve d of Figure
S3D  (Supporting Information). The AgNPs-assembled electrode was denoted as
CFME/SWNT/Au/MB+HDT/AgNPs. The energy dispersive X-ray spectroscopy (EDX) analysis
(Figure 1D and Figure S2D, Supporting Information) also confirmed Ag element was uniformly

distributed on the electrode surface.

J (uA cm?)

-0.4-02 0.0 0.2 0.4 0.6
E (V vs. Ag/AgCl)

Figure 2. DPVs obtained at (a) CFME, (b) CFME/SWNT, (c) CFME/SWNT/Au, (d)
CFME/SWNT/Au/MB+HDT, and () CFME/SWNT/Au/MB+HDT/AgNPs electrodes in 0.1 M
PBS (pH 7.4).

Then, electrochemical characterization was carried out using differential pulse voltammetry
(DPV). As displayed in Figure 2A, only one anodic peak located at - 0.25 V vs. Ag/AgCl was
obtained at CFME/SWNT/Au/MB+HDT in 0.1 M PBS solution (pH 7.4) (curve d), while no anodic
peak was observed at bare CFME (curve a), CFME/SWNT (curve b), and CFME/SWNT/Au (curve

c). Thus, such an anodic peak was attributed to oxidation of MB on the electrode surface.*® After

6
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AgNPs were assembled on the electrode surface of CFME/SWNT/Au/MB+HDT (curve e), another
narrow anodic peak was clearly obtained at ~ 0.27 V which was well-separated from that of MB
was obtained. Furthermore, both anodic peak currents of MB and AgNPs showed a good linear
relationship with increasing scan rates in the range of 60-420 mV s, indicating the oxidation of MB
and AgNPs are surface-controlled processes (Figure S4, Supporting Information). This peak
observed at 0.27 V was ascribed to oxidation of AgNPs on CFME/SWNT/Au/MB+HDT electrode
surface as expressed by Reaction (1). When CI- was added into the solution, a subsequent chemical
Reaction (2) follows Reaction (1). This whole process is summarized as Reaction (3).#” On the basis
of Nernst equation, the relationship between Eag+ag and Cl- concentration can be expressed by
Equation (1). According to Equation (1), it can be seen that the Eag+ag value is linearly dependent
on the logarithm of CI- concentration, and decreases with increasing concentration of ClI-. Such
relationship between Eag+ag and CI- concentration establishes the theoretical basis for CI-

determination.

Ag(s) — Ag'(ag)+e (Reaction 1)
Ag*+Cl- — AgClI (Reaction 2)
Ag (s) +Cl (aqg) — AgCI(s) +e (Reaction 3)
Epging = EXQC,,AQ —0.0591lge (Equation 1)

Next, DPVs of CFME/SWNT/Au/MB+HDT/AgNPs electrode were recorded in 0.1 M PBS (pH
7.4) with different concentrations of CI. As demonstrated in Figure 3A, oxidative peak potential of
AgNPs (Ep(AQg)) at 0.27 V was Cl- concentration-dependent, shifting negatively with increasing
concentrations of Cl. However, oxidative peak potential of MB (Ep(MB)) located at - 0.25 V
remained almost constant with the changes of CI- concentration, resulting in accurate determination
of CI- concentration with inner reference. The separation between E,(Ag) and Ex(MB) (AE, = Ex(AQ)
- Ep(MB)) exhibited a good linearity with the logarithm of CI- concentration in the range from 1
mM to 300 mM with a detection limit of 10 uM. The calibration plot of AE,against Cl- concentration
showed a gradient of - 58.3 mV decade™ (Figure 3B). This gradient is close to the theoretically value
calculated from Equation (1). The current signals for MB and Ag obtained at
CFME/SWNT/Au/MB+HDT/AgNPs were estimated to be 2-fold greater than that obtained at

Au/MB+HDT/AgNPs due to the large surface area of nanocomposites of SWNT and Au nanoleaves

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

(Figure S5, Supporting Information).32 34 48

71
04 02 00 02 04 0'35.4 -20 -16 -1.2 -0.8 -04
E (V vs. Ag/AgCl) lga,, (M)

Figure 3. (A) DPVs obtained at CFME/SWNT/Au/MB+HDT/AgNPs electrode in 0.1 M PBS (pH
7.4) with different concentrations of ClI- (they are 1, 5, 10, 20, 40, 60, 80, 100, 150, 200, 250, 300
mM from 1 to 12, respectively). (B) The linear relationship of AE, against the logarithm of CI-
concentrations in the range of 1 to 300 mM. Each point represents the mean + standard deviation

(SD) of five independent experiments.

As demonstrated above, the developed potentiometric biosensor exhibited remarkable analytical
performance such as high sensitivity and accuracy for determination of CI-. However, it is still a
great challenge for selective detection in the complicated brain system. The selectivity of the present
CFME/SWNT/Au/MB+HDT/AgNPs was evaluated by determination of (AE’-AEp))/AE values
in 0.1 M PBS (pH 7.4) originating from other potential interferences, in which AE represents AE,
value after addition of 100 mM CI- according to the real level of ClI- in brain,*® and AE,) is AE,
value after addition of others interferences. The concentrations of interferences were almost
determined by the real concentrations reported in rat brain.32 33 36.50-54 The interferences from anions
(F,S04%, COs%, OH", Ac, NOgs, HPO.*, CIOy, Br, I') were firstly considered, particularly for Br
and I, because they can also react with Ag to form the precipitation, and then trigger the shift of
En(Ag), resulting in the potential interferences towards Cl- determination. In fact, E,(Ag) is
theoretically related to solubility product (Ksp) of Ag complex. Thus, different Ks, values obtained
for complexes of AgCI (1.8<101%), AgBr (5.0x10*%), and Agl (8.3%101") would make Ep(Ag) shift
to different potential with the same concentration. As shown in curve a of Figure S6A-C (Supporting
Information), in the blank PBS solution, E,(Ag) was observed at 0.27 V. However, E,(Ag) values
shifted to 0.22 V for AgCl, 0.09 V for AgBr, and - 0.10 V for Agl, after 1 mM CI-, Br-, and |- were

added into the blank PBS (Curve b of Figure S6A-C, Supporting Information), respectively. The

ACS Paragon Plus Environment

Page 8 of 22



Page 9 of 22

©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

Ep(MB) remained constant. These results demonstrated that the determined peak potential for CI-
cannot be interfered by Br-and I even if three anions ClI-, Br, and I were coexisted in solution with
same concentration, as confirmed by Figure S6D (Supporting Information). Three well-separated
anodic peaks were observed at 0.22 V, 0.09 V, and -0.10 V vs. Ag/AgCI, which were attributed to
the oxidation peaks of AgCl, AgBr, and Agl, respectively (Curve b of Figure S6D, Supporting
Information), and almost no potential shift (< 5%, n = 5) was obtained (as shown in Figure 4A)
upon addition of others anions, indicating no interference was obtained for all potential anions

against ClI- determination.
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Figure 4. Selectivity and competition tests of (A) anions against CI-, from left to right: (1) CI, (2)
S04, (3) COs%, (4) OH-, (5) Ac, (6) F, (7) HPO.Z, (8) ClO4-, (9) NOs, (10) Br, and (11) I (1 mM
for 6, 10 and 11, 10 uM for others), (B) amino acids against ClI-, from left to right: (1) CI, (2) Glu,
(3) Gly, (4) Lys, (5) Arg, (6) Try, (7) Val, (8) Thr, (9) Iso, (10) His, and (11) Cys (5 uM for 2 to 11),
(C) cations against CI-, from left to right: (1) CI, (2) K*, (3) Na*, (4) Ca?*, (5) Mg?*, (6) Cu?*, (7)
Fe?*, (8) Fe®*, (9) Zn?*, (10) Cd?*, (11) Ni?*, (12) Cr®*, and (13) Co®* (50 mM for 2, 100 mM for 3,
1 mM for4to5,5 uM for 6 to 13), (D) ROS/RNS and other biomolecules against CI, from left to
right: (1) CI-, (2) AA, (3) UA, (4) ATP, (5) Lac, (6) Glucose, (7) Oz, (8) 02, (9) H20,, (10) OH,
(11) CIO, (12) ONOO-, and (13) NO (300 uM for 2, 1 mM for 6, other species are 5 uM). Error bar
represents the means £SD values from five independent experiments.

In addition, the interferences included metal (K*, Na*, Ca?*, Mg?*, Cu?*, Fe?*, Fe**, Zn?*, Cd?*,

Ni2*, Cr3*, Co%*), amino acids (Cys, Glu, Gly, His, Lys, Iso, Arg, Try, Val, Thr), ROS/RNS (O, 10,
9
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H.0,, *OH, ClO-, and ONOO"), and other biological species (ascorbic acid (AA), dopamine (DA),
adenosine triphosphate (ATP), glucose, uric acid (UA), lactic acid (Lac)), were also tested. As
shown in Figure 4B-D, slight potential shift (< 5.0%, n = 5) was obtained upon the addition of metal
ions, amino acids, ROS/RNS, and other biological species. Moreover, negligible changes (< 4.2%,
n = 5) were observed for competition test. These results demonstrated the present
CFME/SWNT/Au/MB+HDT/AgNPs possessed high selectivity for determination of CI- over other
anions, metal ions, amino acids, ROS/RNS and other biological species, which can fulfill the
requirement for selectivity of in vivo analysis.

Furthermore, reproducibility of the present sensor was tested for further application in animal
brains. Five different CFME/SWNT/Au/MB+HDT/AgNPs electrodes were tested in 0.1 M PBS (pH
7.4) containing CI- with the concentrations ranging from 1 to 300 mM. The relative standard
deviation (RSD) was smaller than 3.5% (n = 5) (Figure S7, Supporting Information), demonstrating
good reproducibility of the developed electrode. More importantly, the anodic peak potentials of
AgNPs and MB shifted no exceeded 0.8% even after consecutive potential scanning for 100 cycles,
revealing a high scanning stability (Figure S8A, Supporting Information). In addition, negligible
change (< 4.1%, n = 5) in DPV responses obtained at CFME/SWNT/Au/MB+HDT/AgNPs before
(curve a) and after being stored at 4°C for 15 days (curve b of Figure S8B, Supporting Information)
indicated that the present biosensor for Cl- possessed long-term stability. Such excellent stability
was relatively important for further application in the complicated brain environment.

As demonstrated above, the developed electrochemical biosensor for Cl- demonstrated
remarkable analytical performance including high selectivity and accuracy, long-term stability, as
well as good reproducibility. Combined with microelectrode technique, the present biosensor was
utilized for in vivo monitoring of CI- levels (APPswe/PS1dE9 transgenic mouse of AD was
employed as a mouse model of AD; adult male Wistar rat was employed for cerebral ischemia
experiments). As shown in Figure 5A, two separated oxidation peaks were clearly observed at - 0.25
V and 0.15 V at CFME/SWNT/Au/MB+HDT/AgNPs in the hippocampus of normal mouse brain.
The basal level of CI- in the normal mouse brains were estimated to be 56 =4 mM (n = 5) in striatum,
57 £3 mM (n = 5) in cortex, and 100 =5 mM (n = 5), in hippocampus, respectively. However, in
the mouse brain model of AD, as given in curve b shown in Figure 5A (and enlarged Figure 5B),

oxidation peak of AgNPs shifted positively, corresponding to the decrease of CI- concentration down
10
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to 64 £3 mM (n = 5) in hippocampus. However, the levels of CI- in striatum and cortex showed no
obvious changes. This newly developed methods was further compared with the traditional
Volhard’s method® for determination CI- in hippocampus microdialysates of normal mouse brain
and the mouse brain model of AD (Table S1, Supporting Information). According to the statistic
calculation by a t test (P = 0.05, n = 3), the concentrations of Cl-determined by the present method
coincided well with those by Volhard’s method (t=1.16 for normal mouse, t = 0.31 for mouse brain
model of AD, which were smaller than the standard t value of 2.78 (P = 0.05, n = 3), which
confirmed the accuracy of the present sensor for CI- determination. However, the standard Volhard’s
method can only be used in determination of ClI- in microdialysates because it needs to titrate AGQNO3
and NH4Fe(S0.), into sample, which is unavailable to in vivo determination in brain. Superior to
standard Volhard’s method, the present developed biosensor can not only determine the CI™ levels

in microdialysates, but also can directly monitor CI-in live brain.

(A) (B) 10
10 L
8
— 8 —
§ & E 6
1 k1
S . S 4
2 4 2
04 02 00 02 04 008 04z 016 020
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Figure 5. (A) DPV responses obtained at CFME/SWNT/Au/MB+HDT/AgNPs electrodes for
determination of ClI-in the hippocampus of (a) normal mouse brain and (b) a mouse brain model of

AD. (B) The enlarged view of labelled area in Figure 5(A).

We also applied the developed electrochemical biosensor for real-time monitoring of CI- levels
in three brain regions at different times following by global cerebral ischemia (Figure 6). The results
indicated that the concentration of Cl- decreased by 19.8 + 0.5% (n = 5) in the striatum and 27.2 +
0.3% (n = 5) in the hippocampus within 30 min. This phenomenon might be explained by the
activation of CI/HCOs exchanger or Na*/K*/CI- co-transporter (NKCC1).%¢ 57 On one hand, the
occurrence of cerebral ischemia would trigger the accumulation of extracellular y-aminobutyric acid
(GABA) in striatum and hippocampus, resulting in influx of CI- and efflux of HCOs™ through

GABA-gated CI- channel.5® On the other hand, the cerebral ischemia would lead to increase NKCC1

11
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protein expression in striatum and hippocampus, consequently makes CI- concentration in
cerebrospinal fluid decrease.>” However, negligible change in CI- concentration was observed in the
cortex region upon cerebral ischemia. Such distinction may be explained by weak cerebral ischemia
in cortex through compensation from vertebral artery. Because the cerebral ischemia surgery in our
investigation was performed just by carotid artery ligation. Once cerebral ischemia occurred, rich
vascular networks formed by superficial branch would help the blood flow of vertebral artery
supplied to cortex sufficiently through collateral circulation, resulting in Cl- concentration hardly
affected by cerebral ischemia through carotid artery ligation.¥% In contrast, hippocampus and
striatum contain many terminal arteries, and then the blood flow cannot be supplied through
vertebral artery.5% 61 Therefore, obvious cerebral ischemia triggered obvious decrease of CI-

concentration.

120

E Hippocampus
B Striatum
N cortex

C,, (mM)

0
Normal 5 10 15
Time (min)

30

Figure 6. The levels CI- determined in three regions of rat brains before and after global cerebral

ischemia with different time. Bars represent the means £SD values from five different animals.

CONCLUSION

In summary, we developed an accurate and selective electrochemical biosensor for determination
of CI- levels in live brains, in which AgNPs were designed as selective recognition element for CI-
and SH-DNA-MB was synthesized as inner reference element. The developed biosensor showed
high accuracy and remarkable selectivity for CI- determination against other anions, metal ions,
amino acids, ROS/RNS, and other biological species. The good reproducibility and long-termed
stability of the present biosensor made it very powerful for further application in three regions:
striatum, hippocampus, and cortex of live mouse and rat brains. The basal level of CI- in the normal

mouse brains were estimated to be 56 5 mM (n = 5) in striatum, 57 =3 mM (n = 5) in cortex, and

12
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100 £5 mM (n = 5) in hippocampus on average, respectively. However, in the mouse brain model
of AD, the CI- concentration decreased to 64 =3 mM (n = 5) in hippocampus, the levels of CI- in
striatum and cortex showed no obvious changes. Meanwhile, the concentrations of Cl- decreased by
19.8 + 0.5% (n = 5) in the striatum and 27.2 + 0.3% (n = 5) in hippocampus of rat brains after
cerebral ischemia for 30 min, but negligible change in CI- concentration was observed in cortex.
The information should be very valuable for understanding the roles that CI- plays in the
physiological and pathological processes of brain, as well as for developing the therapeuric drugs
for brain diseases. More importantly, this work can be extended to design and construct high-
performance biosensors for other anions, and may encourage new directions in brain chemistry

research.
METHODS

Chemicals. Silver nitrate (AgNO3) was obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Sodium borohydride (NaBH4), 1,6-hexanedithiol (HDT), trisodium citrate
(TSC), chloroauric acid trihydrate (HAuCl4-3H20), ascorbic acid (AA), dopamine (DA), adenosine
triphosphate (ATP), glucose, uric acid (UA), lactic acid (Lact), H,02, KO, S-nitroso-N-acetyl-
DLpenicillamine (SNAP), 4,4’-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS), and all amino
acids were purchased from Sigma-Aldrich (USA). Oligonucleotide, 5’-MB-GGCGCGATTTT-SH-
3’ (SH-DNA-MB), was synthesized by TaKaRa Biotechnology Co. Ltd. (Dalian, China). SWNTSs
(<2 nm in diameter and 0.5-50 um in length) were purchased from Shenzhen Nanotech Co. Ltd.
(Shenzhen, China) and used without further purification. All other chemicals and reagents were

analytical grade, and directly used without further purification.

Different reactive oxygen and nitrogen species (ROS/RNS) were produced as follows: SNAP (1
mM) was dissolved in 0.1 M phosphate buffer (pH 7.4) to produced nitric oxide (NO). Peroxynitrite
(ONOO") solution was provided by KNO, (0.6 M) and H202 (0.7 M) in hydrochloric acid (0.6 M)
at 0°C and was stored at - 20°C. KO- was performed to generate O," in the DMSO. Singlet oxygen
(*O2) was generated based on the reaction of H,O, and NaCIO (H20.: NaClO = 1:1). *OH was
generated from the Fenton reaction of ferrous ammonium sulfate with H,O, (Fe?*: H,O,=1: 6).
All aqueous solutions were prepared with ultrapure water (18.2 MQ cm?), supplied by a millipore

M-Q purification system.
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Synthesis of AgNPs. Silver nanoparticles (AgNPs) were synthesized as previously reported.*?
Briefly, AgNO3 (0.0102 g) and TSC (0.0141 g) were firstly dissolved in deionized water (200 ml)
under vigorous stirring in dark environment and the solution was kept in an ice bath. Then, NaBH4
aqueous solution (0.1 M) was quickly added and the mixed solution was further stirred for 1 h into
a yellow suspension. Finally, the prepared silver nanoparticles solution was subjected to
centrifugation for 10 min at 10000 r/min, then the obtained upper solution was stored in a

refrigerator at 4°C for further use.

Instruments and Methods. 2 ml of AgNPs solution was placed in 3 ml quartz cuvette and
ultraviolet and visible (UV-Vis) absorption spectra were recorded from 200 nm to 800 nm using an
UH5300 UV-Vis spectrophotometer (Hitachi, Japan). TEM images were recorded on a JEM-2100F
(JEOL, Japan) transmission electron microscope, TEM samples were prepared by placing a 2 uL
AgNPs solution onto a copper grid (3 mm) coated with carbon film and dried with filter paper to

remove excess liquid, then evaporate to dry in air. XPS characterization was performed on a PHI-

5000 ESCA system (Perkin Elmer) with a monochromatic MgaK source (1253.6 eV, photon energy).

HRTEM images and energy dispersive EDX were taken using a field emission gun Hitachi S-4800
(Japan) scanning electron microscope (SEM) operated at 4.0 kV. Electrochemical experiments were
performed on an electrochemical workstation (CHI 660D, Chenhua Co. Ltd., Shanghai, China) with
a three-electrode system with a commercial Ag/AgCI electrode as reference electrode connected
with KNOs salt bridge, a platinum wire as the counter electrode. The electrochemical parameters of
DPVs were selected as follows: potential step, 0.004 V; modulation amplitude, 50 mV; pulse width,

0.05 s; pulse period, 0.4 s. All measurements were carried out at 25°C.

Preparation and Modification of Electrodes. Firstly, a dried glass capillary (1.5 mm in diameter,
100 mm in length) was pulled on microelectrode puller. Then, a single carbon fiber (5 um in
diameter, Tokai Carbon Co., Tokai, Japan) was attached to a copper wire through silver conducting
paste. After the adhesive dried, carbon fiber attached copper wire was carefully threaded into the
capillary with carbon fiber exposed to the fine open end of the capillary and Cu wire exposed to the

other end of the capillary. Finally, the capillary was sealed with epoxy resin with a syringe and dried
14
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in oven at 90°C for 6 h. Prior to modification, the exposed carbon fiber was cut to a length of 0.5
mm under a microscopy. To remove possible contamination from CFME before surface
modification, the prepared CFME were sequentially sonicated in acetone, 3.0 M HNO3, 1.0 M KOH,
and distilled water each for 2 min, and dried in oven.

Modification of CFME was carried out as follows. Firstly, the cleaned CFME was immersed into
DMF solution containing 2 mg mL™* SWNT for 5 min and dried under the infrared lamp, and the
electrode was denoted as CFME/SWNT. Then, the gold nanoleaves were deposited on the
CFME/SWNT electrode by applying a constant potential of - 0.2 V vs Ag/AgCI for 60 sina 5 mM
HAUCI, solution, and the electrodeposited electrode referred to CFME/SWNT/Au. Then, the
CFME/SWNT/Au electrode was immersed into ethanol solution containing 50 M SH-DNA-MB
and HDT for 2 h to obtain CFME/SWNT/Au/MB+HDT electrode. After that, the
CFME/SWNT/Au/MB+HDT was rinsed with ethanol and distilled water to remove the molecules
of physical adsorption. Finally, CFME/SWNT/Au/MB+HDT electrode was immerged into 200 L
of AgNPs solution for 12 h, and the resulting electrode was denoted as
CFME/SWNT/Au/MB+HDT/AgNPs. As a control, the corresponding electrode without SWNT
(denoted as CFME/Au/MB+HDT/AgNPs), and the Au electrode modified by MB and AgNPs
(denoted as Au/MB+HDT/AgNPs) was prepared to evaluate the amplification of three dimensional

nanostructure of SWNTs and AuNPs.

In Vivo Experiments. All procedures involving animals were conducted strictly with acceptable
ethical principles for animal research and were approved by the Animal Ethics Committees in East
China Normal University. Normal mice and APPswe/PS1dE9 transgenic mice of AD (20-30 g) were
supplied by Shanghai Biomodel Organism Science and Technology Development Co. Ltd.
(Shanghai, China) and employed as mouse brains model of AD. Prior to animal experiments, the
mouse were maintained in plastic cages with a 12 h light/dark cycle in a controlled free access to
food and water for 1 month at 25°C. The age at the time of recording was 6-7 months. The surgery
for mouse was performed as follows: firstly, an adult APPswe/PS1DE9 mice was anesthetized with
a dose of 30 mg/100 g (i.p.) chloral hydrate, and additional doses of 10 mg/100 g (i.p.) per hour to
maintain anesthesia. Then, the mouse was fixed in a stereotaxic frame (CMA Microdialysis, Kista,

Sweden) with the incisor bar set at 5 mm above the interaural line and appropriately set holes drilled
15
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through the skull. Meanwhile, a heating pad was under the mouse to keep its body temperature at
37°C. The prepared CFME/SWNT/Au/MB+HDT/AgNPs electrode was implanted into the cortex
(AP =2.0 mm, L =1.2 mm from the bregma, V = 1.5 mm from the surface of skull), the left striatum
(AP =0.5mm, L = 2.0 mm anterior to the bregma, and V = 3.0 mm from the surface of skull), the
dorsal hippocampus (AP = 2.3 mm, L = 2.1 mm from bregma, V =1.0 mm from the surface of the
skull), respectively. An Ag/AgCI reference electrode and a counter electrode were placed into 2 cm
plastic cannula with a home-made KNOj salt bridge, and then put it in a hole with a diameter of 0.5
mm drilled nearby the working electrode. DPV was employed for in vivo monitoring of CI-in mice

brains.

Cerebral Ischemia Models. Adult male Wistar rats (250-300 g) were purchased from SLAC
Laboratory Animal Co. (Shanghai, China), and were performed to cerebral ischemia models
according to previous report.3® 3! Briefly, the adult Wistar rat was first anesthetized and fixed on a
clean platform. Then, the bilateral common carotid arteries were separated via a ventral middle line
cervical incision, with special care not to damage the vagus or the sympathetic nerves running close
by. Subsequently, occultation in both common carotid arteries was carried out using two Yasargil
miniclips. Global ischemia duration was timed by first occluding both carotid arteries with

nontraumatic arterial clips for ischemia procedure, and lasted for about 30 min.

Statistics Analysis. For all experiments, the results are expressed as mean + SD values. P < 0.05
was considered as significantly different. The traditional Volhard’s method for determination ClI-
was used as a standard method to evaluate the accuracy of the present electrochemical sensor. The
t value was calculated according to Equation 2 and 3,

Xy — X .
tz‘ 1 2‘ M"2 (Equation 2)

S n1+n2

o [Si(n -1 +s5(n, 1)
V (,-1)+(n,-1)

(Equation 3)

in which s; and s represent the standard deviation of determined results by the present method and
Volhard’s method, respectively. Here ny and n; are the sample numbers of the present method and

\olhard’s method. If the t value is larger than standard t value, 2.78 (P = 0.05, n = 3), the result
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obtained from the present method was considered is not very consistent with that obtained from

Volhard’s method.
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