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Modulation of interfacial electron transfer has been proven to pave a new approach to in vivo electrochemical monitoring of brain
chemistry; however, designing and establishing highly efficient electrocatalytic scheme towards neurochemicals remain a long-
standing challenge. Here, we find that recently established single-atom catalyst (SAC) can be used for catalyzing the electro-
chemical process of physiologically relevant chemicals and thus offers a new avenue to in vivo electrochemical biosensing. To
prove this new concept, we used Co single-atom catalyst (Co-SAC), in which the atomic active sites are dispersed in ordered
porous N-doping carbon matrix at atomic level, as an example of SACs for analyzing glucose as the physiologically relevant
model chemicals. We found that Co-SAC catalyzes the electrochemical oxidation of hydrogen peroxide (H,0,) at a low potential
of ca. +0.05 V (vs. Ag/AgCl). This property was further used for developing an oxidase-based glucose biosensor that was used
subsequently as a selective detector of an online electrochemical system (OECS) for continuous monitoring of microdialysate
glucose in rat brain. The OECS with Co-SAC-based glucose biosensor as the online detector was well responsive to glucose
without interference from other electroactive species in brain microdialysate. This study essentially offers a new approach to in
vivo electrochemical analysis with SACs as electrocatalysts to modulate interfacial electron transfer.
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1 Introduction

Physiological and pathological processes in the central ner-
vous system (CNS) are basically encoded by neuromodula-
tors, neurotransmitters and other kinds of neurochemicals
among neurons [1]. Thus, development of analytical me-
chanisms and tools that can in vivo monitor neurochemicals
remain essential to investigating chemical nature underlying
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brain function. Electrochemistry has proven excellent cap-
ability of in vivo analysis in terms of its high spatiotemporal
resolution, and diverse signal readout such as potential,
current and resistance [2,3]. However, the chemical com-
plexity of the cerebral environment largely necessitates a
capability of the method in well differentiating the neuro-
chemicals of interest from others in the CNS.

To solve the problem mentioned above, some strategies
have been employed, which can generally fall into two ca-
tegories [2]. One is to use different electrochemical techni-
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ques, such as differential pulse voltammetry and fast-scan
cyclic voltammetry to differentiate the potentials for the re-
dox process of neurochemicals with similar electron transfer
rates. The other is to use selective recognition elements such
as enzymes and aptamers to fabricate biosensors for in vivo
recognition of neurochemicals. Over the past decade, we
have been demonstrating that modulating electron transfer
kinetics and ion transport behavior could pave a new and
effective avenue to in vivo monitoring of brain chemistry
[1,4-9]. For example, we found that the use of carbon na-
notubes (CNTs) greatly facilitated the oxidation of ascorbic
acid at a low potential that is well separated from those of
other neurochemicals. This finding eventually enabled in
vivo analysis of ascorbic acid under various physiological
and pathological processes with a high selectivity and re-
liability [10-12].

Since its first report in 2011, single-atom electrocatalysts
have received extensive attention because of their maximum
atom utilization, superior reactivity and selectivity [13].
They not only exhibit excellent performance in electro-
catalysis but also show high stability because their catalytic
active sites are mostly dominated by the surface atoms.
These active atoms are embedded in the supporting substrate
through covalent bonds or coordination bonds, and thus the
catalysts face fewer challenges in migration and agglom-
eration that normally occur in nanoparticle electrocatalysts
[14-18]. In this regard, single-atom electrocatalysts have
been widely used for electrocatalytic oxygen reduction, hy-
drogen evolution, CO, reduction, CO oxidation and so on
[19-24]. However, as far as we know, there is no report on
the use of single-atom electrocatalysts to develop an analy-
tical method for in vivo monitoring of brain chemistry.

In this study, we describe the first demonstration on the use
of single-atom electrocatalysts (SAC; e.g., Co-SAC) to de-
velop an analytical method for in vivo monitoring of neu-
rochemicals (i.e., glucose). We find that Co-SAC exhibits
good electrocatalytic activity toward the oxidation of H,0,.
This property is further employed to fabricate an oxidase-
based glucose biosensor and thereby an online electro-
chemical system to continuously monitor glucose in the
microdialysate of rat brain. This study essentially demon-
strates a new approach to in vivo electrochemical biosensing,
which is envisaged to be of great importance in under-
standing molecular basis underlying brain functions.

2 Experimental

2.1 General materials and reagents

SBA-15 was purchased from JCNANO Technology Co., Ltd.
(China). Cobalt(Il) chloride hexahydrate (CoCl,-6H,0),
2,2'-bipyridine, cobalt(Il) nitrate hexahydrate, 2-methylimi-
dazole and sodium hydroxide were obtained from Sinopharm
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Chemical (China). Co-SAC was synthesized as reported
previously [25]. Ascorbic acid (AA), uric acid (UA), dopa-
mine (DA), dihydroxy-phenyl acetic acid (DOPAC), bovine
serum albumin (BSA), D-(+)-glucose, glutaraldehyde and
glucose oxidase were purchased from Sigma-Aldrich and
used without further purification. Artificial cerebrospinal
fluid (aCSF, pH 7.4) consists of NaCl (126 mM), KCI
(2.4 mM), KH,PO, (0.5 mM), MgCl, (0.85 mM), NaHCO;
(27.5 mM), Na,SO, (0.5 mM), and CaCl, (1.1 mM). All
other chemicals were of at least analytical grade. All solu-
tions were prepared with deionized water (Milli-Q, Milli-
pore, USA).

2.2 Instrument and measurements

All in vitro electrochemical experiments and online elec-
trochemical measurements were conducted in a three-elec-
trode cell at room temperature using a computer-controlled
potentiostat (CHI 660e, China), similar to our previous work
[26]. A 10 pL of Co-SAC dispersion solution (1 mg/mL) was
drop-cast onto glassy carbon (GC) electrodes to obtain Co-
SAC-modified electrodes. After being air-dried, 5 uL of
employing glucose oxidase (GOx) solution (10 mg/mL),
2 uL of BSA (1 wt%) and 1 pL of glutaraldehyde solution
(1 wt%) were mixed thoroughly and dropped on the Co-SAC
layer to form GOx/Co-SAC-modified GC electrodes. The
electrodes were dried and further coated with 1 pL. Nafion
(0.5% in ethanol). The resulting electrodes were dried at
room temperature for about 30 min before measurements.
Transmission electron microscopy (TEM) and aberration
corrected high-angle annular dark-field scanning transmis-
sion electron microscope (AC HAADF-STEM) images were
recorded on a JEOL-2100F FETEM (Japan) with electron
acceleration energy of 200 kV.

2.3 In vivo microdialysis and online electrochemical
measurements

Adult male rats (350400 g) purchased from the Experi-
mental Animal Center of Peking University were served as
subjects. The rats were housed on a light-dark schedule
(12/12 h) with food and water ad libitum. All the animal
experiments were conducted according to the Institutional
Animal Care and Use Committee of National Center for
Nanoscience and Technology of China. Surgery for in vivo
microdialysis was performed as reported previously [27-29].
Briefly, microdialysis guide cannulas were carefully im-
planted in the striatum (anteroposterior (AP)=0 mm, med-
iolateral (L)=3 mm from bregma, dorsoventral (¥)=3.5 mm
from dura) using standard stereotaxic procedures. The mi-
crodialysate was continuously sampled and directly detected
in an electrochemical flow cell with a microinjection pump
(CMA 100, CMA Microdialysis AB, Sweden) perfusing
aCSF at a flow rate of 3 pL/min.
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3 Results and discussion

The surface structure and morphology of Co-SAC was in-
vestigated by TEM and AC HAADF-STEM. As confirmed
by Figure 1(a, b), Co-SAC maintains the ordered porous
structure of SBA-15. At the sub-angstrom resolution, Co
atoms can be identified as the brighter spots dispersed over
the darker surface of the N-doped carbon substrate. Element
mapping of Co-SAC demonstrates the homogeneous dis-
tributions of Co and N atoms throughout the carbonaceous
matrix (Figure 1(d)). This is in accordance with our previous
observation of the atomic form of Co anchored in solid
substrates by X-ray absorption fine structure measurements
[25]. Each Co atom coordinates to four N atoms with no
Co—Co bond forming, and the valence of Co is between co’
and Co”" [25].

Cyclic voltammetry (CV) was performed with Co-SAC-
modified, N-doped carbon substrate-modified and bare GC
electrodes to assess their electrocatalytic activities toward
H,0,. As shown in Figure 2(a), at the Co-SAC-modified GC
electrode, well-defined anodic and cathodic peaks were re-
corded at +0.05 and —0.02 V (vs. Ag/AgCl), and the peak
currents increase with increasing the concentration of H,O,,
indicating that the peaks were ascribed to the oxidation and
reduction of H,0,, respectively. In comparison, N-doped
carbon substrate-modified GC electrode exhibits lower ac-
tivity in catalyzing the electro-reduction of H,O, due to a
100 mV negative shift of its onset potential and retarded
current increase as an indication of slower electron transfer
kinetics (cathodic peak at —0.27 V, Figure 2(b)). Oxidative
peak of H,O, was also missing without the presence of Co
atoms (Figure 2(b)) and at GC electrode (Figure 2(c)). It
should be mentioned that oxygen was also reducible at the
Co-SAC-modified GC electrode, reflected by a small
cathodic peak at ca. —0.02 V in air-saturated solution (Figure
2(d)), which might be the reason why the cathodic peak
current is larger than the anodic one. In order to further
ensure that the peak current was contributed to H,0,, we
added catalase into aCSF containing 4 mM H,0, to selec-
tively catalyze H,0, into O, and H,O. As can be seen in
Figure 2(e), both the anodic and cathodic currents decrease,
again suggesting that Co-SAC is the excellent electrocatalyst
in activation of H,0O, in both directions. Unlike the anodic
peak, the cathodic peak still exists due to the reduction of
oxygen.

It is worth mentioning herein that this is the first ob-
servation of such an electrocatalytic property toward the
transformations of H,O, with non-noble metal and carbon
materials. Although Co ions host in porphyrins can electro-
catalyze the reduction of H,0, at —0.3 'V, it shows no activity
toward the reversed oxidation reaction, as reported pre-
viously [30]. The commonly used Pt electrode catalyzes the
electro-oxidation of H,0O, at higher potential, typically above
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Figure 1 (a) TEM image of Co-SAC; (b) AC HAADF-STEM image of
Co-SAC with Co atoms identified in red circles; (c) illustration of the
structure of Co-SAC, C (grey), N (blue) and Co (red); (d) EDX mapping of
Co-SAC (color online).
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Figure 2 Typical cyclic voltammograms (CVs) obtained with (a) Co-
SAC-modified GC electrode in air-saturated aCSF (pH 7.4) containing 0, 2,
4, and 6 mM H,0,, (b) N-doped carbon substrate-modified and (c) bare GC
electrodes in air-saturated aCSF (pH 7.4) in the absence (black curve) and
presence of 2 mM H,0, (red curve), (d) Co-SAC-modified GC electrode in
aCSF (pH 7.4) saturated with N, (black curve), ambient air (red curve), or
O, (blue curve), (¢) Co-SAC-modified GC electrode in air-saturated aCSF
(pH 7.4) containing 4 mM H,O0, in the absence (red curve) and presence of
0.5 mg/mL catalase (black curve). Scan rate, 100 mV/s. (f) Amperometric
response recorded at the Co-SAC-modified GC electrode toward successive
additions of 10, 10, 20, 20 and 50 uM H,0, into air-saturated aCSF (pH
7.4). Inset: plot of the current intensity as a function of H,0, concentration.
Potential, +0.20 V (vs. Ag/AgCl) (color online).

+0.4 V [31]. The high electrocatalytic performance might be
ascribed to the unique structure of Co-SAC, which is dif-
ferent with the Co particle. As reported previously, the va-
lence of Co atom in Co-SAC is between 0 and +2 and the
binding energy of OH species to the single Co site in SAC is
smaller than that of OH species to Co particle [25,32]. These
properties of Co atom in Co-SAC might be the reason of the
high electrocatalytic performance observed here because the
metal-OH remains critical for the oxidation of H,0O, [33].
In order to avoid the interference of oxygen, we used the
electrocatalytic oxidation process to investigate the perfor-
mance of Co-SAC-modified GC electrode in electrochemical
sensing of H,0,. Figure 2(f) shows the amperometric re-
sponse of the Co-SAC-modified GC electrode poised at
+0.20 V toward the successive addition of H,0,. Staircase
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current elevation upon H,0, titration produces a linear re-
lationship between the current intensity and the concentra-
tion of H,O, up to 110 uM with a sensitivity of 35.1 nA/uM.
This is comparable with those of Pd-based and Pt-based
H,0,-oxidizing sensors, but the latter sensors were typically
operated at higher potentials (i.e., +0.6 V) (Table 1).

Stepping forward, we established a cascade scheme on
working electrode of a glucose biosensor, by GOx as the
biorecognition unit and Co-SAC as the electrocatalyst for
H,0, produced by enzymatic glucose oxidation. The bio-
sensor was then polarized at +0.20 V to detect glucose
without the interference from other electroactive species
coexisting in the brain. Similar amperometric responses to-
ward glucose titration were obtained with the as-prepared
glucose sensor, delivering current signals linearly at glucose
concentration in the range of 5.0 uM—1 mM with a sensi-
tivity of 1.02 nA/uM (Figure 3(a)). Temporal resolution and
sensing stability of the GOx/Co-SAC-based glucose bio-
sensor were also evaluated. It can be seen from Figure 3(b)
that the biosensor generates a fast current increase upon the
addition of glucose, and then the current level for glucose
remains unchanged in the presence of 0.50 mM glucose for
more than 1 h, indicating the applicability of the biosensor in
continuous measurements of glucose. The good stability of
the Co-SAC-based biosensor may be related to the structure
of Co-SAC, in which each atom of Co is anchored on the
substrate by four N atoms to prevent aggregation at longer
timescale and thus maintain high catalytic activity.

In order to validate the GOx/Co-SAC-based biosensor for
continuously monitoring the dynamics of glucose in vivo, it
was integrated in an online electrochemical system (OECS),
whose sensitivity and selectivity were systematically in-
vestigated in vitro. Figure 4(a) depicts the typical ampero-
metric responses obtained with the GOx/Co-SAC-based
OECS toward glucose with aCSF as the perfusion solution.
The system was well responsive toward the perfusion of
glucose when the biosensor was polarized at a constant po-
tential of +0.20 V (vs. Ag/AgCl). In the subsequent test,
common coexisting electroactive species were perfused into
the system at their respective physiological levels (0.1 uM
UA, 5uM AA, 0.1 uM DA, and 0.1 uM DOPAC). No ob-
vious current responses were yielded with these interferents,

Table 1 Comparison of our Co-SAC/GC sensor with other H,O,-
oxidizing sensors

Electrode design v ss.nii;i/(rgsﬂ) Se(:gzi;i}:ﬁ/t{i)es Refs.
Pt-NPs/CNT/GC 0.6 3.9 [34]
Pd-NPs/GC 0.6 40.3 [35]
MnO,/Na-montmorillonite/GC 0.65 2.2 [36]
MnO,/Nafion/GC 0.8 353 [37]
Co-SAC/GC 0.2 35.1 This work
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Figure 3 (a) Amperometric response of the GOx/Co-SAC-based bio-
sensor toward successive additions of different concentrations of glucose.
Inset: plot of the current response as a function of glucose concentration.
(b) Amperometric response of the biosensor toward titration of 0.50 mM
glucose in aCSF (pH 7.4). The electrode was polarized at +0.20 V (vs. Ag/
AgCl) (color online).
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Figure 4 (a) Typical amperometric responses obtained with OECS using
GOx/Co-SAC-based biosensor as the detector toward continuous perfusion
of glucose at different concentrations of 100 uM, 200 uM, 500 uM, and
1 mM into the system. (b) Typical amperometric responses obtained with
the OECS toward perfusion of UA (0.1 uM), AA (5 uM), DA (0.1 uM),
DAOPAC (0.1 uM) and glucose (200 uM) in aCSF (pH 7.4). The biosensor
was polarized at +0.20 V. Flow rate, 3 pL/min.

until 200 uM glucose was added and gave rise to a relatively
large current response. These results suggest that the GOx/
Co-SAC-based OECS may be applied for selective mea-
surement of glucose in rat brain.

The GOx/Co-SAC-based OECS was finally validated for
in vivo monitoring of glucose in the microdialysate con-
tinuously sampled from rat striatum (Figure 5(a)). As shown
in Figure 5(b), current intensity delivered by the OECS in-
creases upon contact with the microdialysate continuously
sampled out and reaches a plateau that corresponds to the
basal level of glucose estimated to be ca. 120 uM. The
change of the microdialysate glucose level was evoked by
the intraperitoneal injection of insulin (5 U), resulting in a
large current decrease due to promoted consumption of blood
glucose in the brain. These results are consistent with the
previous reports [29,38]. Taken together, the GOx/Co-SAC-
based OECS was demonstrated to be able to track the dy-
namics of glucose in the brain.

4 Conclusions

In summary, we have demonstrated that Co-SAC exhibits
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Figure 5 (a) Schematic of OECS with the GOx/Co-SAC-based biosensor
for continuous monitoring of glucose in the brain of rats. (b) Typical am-
perometric responses of the OECS toward the microdialysate sampled from
rat striatum under normal state and after intraperitoneal injection of 5 U
insulin. The biosensor was polarized at +0.20 V. Flow rate, 3 uL/min (color
online).

excellent electrocatalytic property to the oxidation of H,0,
and can be used for developing enzymatic biosensors with
oxidases as biorecognition elements. The prepared GOx/Co-
SAC-based OECS shows sensitive, selective and stable
amperometric response to glucose in brain microdialysate.
We envisage that Co-SAC used here could also be applied in
designing other oxidase-based biosensors for in vivo bio-
sensing of neurochemicals such as lactate and glutamate in
the CNS. Therefore, this study essentially indicates that SAC
opens a new avenue to modulating the electron transfer of
electroactive species, offering a new approach to in vivo
analysis of brain chemistry with high accuracy.
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