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A B S T R A C T

The detection of Cu2+ ion, one of the metal ions substantial in cerebral physiology, is critical in studying brain
activities and understanding brain functions. However, repetitive measurements of Cu2+ in the progress of
physiological and pathological events is still challenging, because lack of the platform for repetitive on-line
detection-regeneration cycle. Herein we report the design of a regenerated electrochemical biosensor combined
with the in vivo microdialysis system. In this biosensor, hyperbranched polyethyleneimine (hPEI) acts as a re-
generated recognition unit for Cu2+. Just by a simple rinse of ethylenediaminetetraacetic acid (EDTA) disodium
salt, the Cu2+ and Cu+ ions on the biosensor interface were chelated with EDTA disodium salt, thus achieving
the regeneration of the biosensor. In addition, 6-(ferrocenyl)hexanethiol (FcHT) serves as the inner reference
moiety to elevate the sensing accuracy over regeneration cycles. As a result, this ratiometric electrochemical
biosensor not only revealed high sensitivity and selectivity, but also exhibited excellent stability during multiple
regeneration processing. This biosensor was capable of determining Cu2+ with a linear range between 0.05 and
12 μM and low detection limit (LOD) of 13 nM. Then, the platform has been successfully applied in repetitive
Cu2+ analysis in rat brain under global cerebral ischemia/reperfusion events. The combination of results from 7
rats indicates global cerebral ischemia caused an obvious increase of the Cu2+ level, while reperfusion brought
this level back to normal.

1. Introduction

Copper (II) ion, one of the essential trace nutrient in living organ-
isms, plays a crucial role in physiological and pathological events
(Weiser and Wienrich, 1996; Luo et al., 2015). Currently, Cu2+ serves
as a critical cofactor, working with various metalloenzymes that pro-
duce cellular energy, decrease molecular oxygen, and activate signal
transduction (Fife et al., 1994; Field et al., 2002). The disequilibrium of
Cu+/Cu2+ can also generate reactive oxygen species (ROS), which is
implicated in multiple carious neurodegenerative diseases, such as
Alzheimer and Parkinson (Li et al., 1995; Bar-Or et al., 2001; Owens
et al., 2011). Additionally, accumulated evidences have revealed that
cerebral ischemia is one of the leading causes of mortality and neuro-
degenerative diseases in older population (Berenshtein et al., 1997;
Fang et al., 2013; Lai et al., 2016). It is, therefore, of considerable
significance to develop highly efficient approaches for cerebral Cu2+

assay in the progress of global cerebral ischemia/reperfusion events.

Up to now, many elegant Cu2+ determination strategies have been
brought forward (Deng et al., 2013; Xianyu et al., 2013; Lin et al., 2015;
Zhou et al., 2016), such as inductively coupled plasma mass spectro-
scopy (ICP-MS) (Becker et al., 2007), atomic emission spectrometry
(ICP-AES) (Liang et al., 2006) and atomic absorption spectrometry
(AAS) (Afzali et al., 2007). However, most of those methods are not
suitable for the real-time measurements and in vivo determination. Al-
ternatively, electrochemical methods have been considered as the
prospective technique, owing to their low-cost, simplicity, and potential
for real time and in situ detection (Rembiesa et al., 2015; Liu et al.,
2017; Nocchi et al., 2017; Gu et al., 2019; Tang et al., 2019). Several
practical electrochemical methods have been established on this pur-
pose, embedding with specific recognition elements for Cu2+ to gen-
erate corresponding electrochemical signals. Recently, Tian's group
constructed several elegant electrochemical biosensors for the direct
determination of Cu2+ in ischemia model rats with high selectivity
(Chai et al., 2013; Shao et al., 2013; Zhang et al., 2015). After that, a
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simple electrochemical biosensor for the selective detection of Cu2+ in
AD rats was successfully built by Yu and co-authors based on the dual
hydroxyl-functionalized poly (ionic liquid)-neurokinin B complex (Yu
et al., 2017). Nonetheless, these disposable electrochemical sensing
platforms are unable to achieve the repetitive detection of Cu2+ in one
rat under normal and pathological conditions. Therefore, the informa-
tion of dynamic change of cerebral Cu2+ level in the rats during these
pathological events can be hardly acquired. In this regard, it is still of
great necessity to design new regenerated electrochemical biosensors,
which can fulfil the requirements for repeatedly monitoring cerebral
Cu2+ level under physiological and pathological events.

In the present work, we designed a regenerated electrochemical
biosensor combined with the in vivo microdialysis system. On the basis
of stepwise chemical reaction (Scheme 1A), hPEI was first covalently
modified onto the glassy carbon (GC) electrode (electrode 1) as a re-
generated recognition unit for Cu2+. Additional 6-(ferrocenyl) hex-
anethiol (FcHT)-decorated electrode (electrode 2) was employed as a
built-in reference moiety to elevate the sensing accuracy over re-
generation cycles. The two electrodes are to construct a ratiometric
electrochemical biosensor. Typically, the ratiometric strategy that in-
volves the inner correction element and recognition unit into one
electrode was limited by the total active electrode surface, and the two
sections tend to disturb each other, causing the distortion of the output
signals. Herein, two independent electrodes are separately cooperated
into one detector (Scheme 1B, working electrode), which effectively
avoided mutual interference, thus providing a more precise platform for
Cu2+ sensing. As a result, this platform was successfully validated for
repetitively on-line measurement of Cu2+ in living rat brains under the
progress of global cerebral ischemia/reperfusion injury. With high ro-
bustness, reproducibility, and stability, this designed strategy is ex-
pected to offer a reliable analytical platform for repetitively on-line
analysis in living systems.

2. Materials and methods

2.1. Materials and regents

Polyethylenimine (branched, hPEI, MW ~250000), 6-(ferrocenyl)
hexanethiol (FcHT), 6-mercapto-1-hexanol (MCH, 97%), N-hydro-
xysuccinimide (NHS, 98%), 3-(3-dimethylaminopropyl)-1-ethylcarbo-
diimide hydrochloride (EDC, crystalline), uric acid (UA, 99%), and
dopamine hydrochloride (DA, 99%) were purchased from Sigma-
Aldrich (USA). L-asorbic acid (AA, 99.7%), HAuCl4·4H2O (99.9%) and
all the amino acids (99%) including histidine (His), leucine (Leu),
threonine (Thr), isoleucine (Ile), lysine (Lys), Cys, glutamate (Glu),
valine (Val), methionine (Met), glycine (Gly), tyrosine (Tyr), trypto-
phan (Trp), phenylalanine (Phe), serine (Ser), arginine (Arg), were
purchased from Sinopharm Chemical Reagent (China). L-cysteine (Cys,
99%), 3-mercaptopropionic acid (MPA, 99%), ethylenediaminete-
traacetic acid disodium salt (EDTA disodium salt, 99%) was purchased
from Admas-beta (China). Artificial cerebrospinal fluid (aCSF) was
prepared by mixing NaCl (144mM), KCl (2.7 mM), NaH2PO4

(1.75 mM), MgCl2 (1 mM), NaHCO3 (2.5 mM), and CaCl2 (1.75 mM)
solutions, then the pH value was adjusted to 7.4 with NaOH. Solution of
Ag+ was prepared from its nitride salt, the other solutions of metal ions
were all prepared from their chloride salts with double distilled water.
All the chemicals used for the experiments were of analytical grade and
were used without further purification. All aqueous solutions were
prepared with double distilled water.

2.2. Apparatus and measurements

The microstructure and morphology of the Au-NPs assembled on the
glassy carbon (GC) surface were investigated by atomic force micro-
scopy (AFM, Dimension icon PT, Bruker). X-ray photoelectron

Scheme 1. (A) The preparation procedures for the present electrochemical biosensor; electrode 1, electrode 2: (a) activated GC, activated GC; (b) GC/Cys, GC/Cys;
(c) GC/Cys/Au, GC/Cys/Au; (d) GC/Cys/Au/MPA, GC/Cys/Au/FcHT; (e) GC/Cys/Au/MPA/hPEI, GC/Cys/Au/FcHT; (B) Schematic illustration of the present in vivo
platform for on-line regeneration of the above biosensor to repetitive measurements of cerebral Cu2+, flowrate: 2 μL/min. The insert graph in the right of the scheme
is the dual GC used for modification in A and then serves as working electrode in electrochemical detector in B.
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spectroscopy (XPS) was conducted using Thermo Scientific ESCALAB
250Xi equipped with an electron flood gun and a scanning ion gun,
using the AlK a radiation (1486.6 eV) as the excitation source.
Electrochemical measurements were performed on an electrochemical
analyzer (CHI 760e, Chenhua, China) in aCSF solution with a conven-
tional three-electrode configuration. The working electrode is modified
dual GC electrodes or single GC electrode as working electrode, the
counter electrode is a Pt wire, and the reference electrode is an Ag/AgCl
electrode (saturated with KCl). Differential pulse voltammetry (DPV)
was conducted from 0.35 V to −0.10 V (for GC/Cys/Au/MPA/hPEI
electrode) and from 0.55 V to 0 V (for GC/Cys/Au/FcHT electrode) with
potential step of 4mV, pulse width of 0.06 s, pulse period of 0.5 s and
pulse amplitude of 50mV. Electrochemical impedance spectroscopic
measurements were carried out on a PGSTAT30/FRA system (Autolab,
The Netherlands) in 0.1M KCl containing 5mM K3Fe(CN)6/K4Fe(CN)6,
and the experimental conditions were as follows: open-circuit potential,
0.2 V; alternative voltage, 5 mV; frequency range, 0.1− 105 Hz. The
equivalent circuit was obtained by the software NOVA 1.9. The real
electrode surface was calculated through integration of the cathodic
peak of the cyclic voltammetry (CV) from GC/Cys/Au electrodes in
0.5 M H2SO4 solution. Scan range: − 0.5–1.5 V, scan rate: 100mV/s.
The analysis of variance for cerebral Cu2+ in vivo was done by the
software SPSS 22.0.

2.3. Fabrication of the present electrochemical biosensor

The fabrication process is specifically depicted in Scheme 1A. Dual
GC (3mm diameter, CHI Company, China) electrodes were used for
both off-line and on-line electrochemical experiments. Prior to surface
fabrication, the GC electrodes were polished with 0.05 µm alumina
powder and followed by sonication in acetone, HNO3 (1:1, v/v), KOH
(50%, w/w) and distilled water each for 5min. The cleaned GC elec-
trode were first electrochemically activated by cyclic voltammetry
(CVs) scanning from − 1.0–1.0 V at a scan rate of 100mV/s in 0.5 M
H2SO4 until a stable voltammogram was obtained. Cys was then as-
sembled onto the electrodes surface by employing EDC and NHS as
catalysts to form amide between the group of –COOH at electrode
surface and the –NH2 moiety of Cys. The obtained electrodes functio-
nalized by Cys on the surface with mercapto groups were referred as
GC/Cys. After that, GC/Cys electrodes were immersed into the solution
of as-prepared Au nanoparticles (Au-NPs, 2.33 nM) for 3 h in order to
form Au-S bond, and the electrodes were referred as GC/Cys/Au. Here
Au-NPs was prepared by the Classical Citrate Synthesis Method
(Enustun and Turkevich, 1963) and the concentration was calculated to
be 2.33 nM according to the previous report (Wang et al., 2011). Then,
to prepare electrode 1, GC/Cys/Au electrode was soaked in MPA for 1 h
to attach MPA through Au-S bond. This electrode containing –COOH
groups at the electrode surface was referred to GC/Cys/Au/MPA. Next,
hPEI was assembled onto the GC/Cys/Au/MPA surface using EDC and
NHS as catalysts to form amide between –COOH groups of the MPA and
the –NH2 moiety of the hPEI. The final prepared electrode was denoted
as GC/Cys/Au/MPA/hPEI electrode (electrode 1). To prepare electrode
2, the other obtained GC/Cys/Au electrode was immersed in 1mM
FcTH and followed in 1mM MCH for 1 h each to attach the respect
groups on the GC/Cys/Au electrode through Au-S bond. The final
prepared electrode was denoted as GC/Cys/Au/FcHT electrode (elec-
trode 2).

To confirm amplify effect of Au-NPs, GC/hPEI and Au/MPA/hPEI
were prepared. GC/hPEI was prepared by assembly of hPEI onto the
GC-COOH surface using EDC and NHS. To compare the accuracy of
above biosensor, hPEI and FcHT were involved into one electrode to
prepare GC/Cys/Au/FcHT+hPEI biosensor and GC/Cys/Au/MPA/hPEI
+FcHT biosensor. Briefly, GC/Cys/Au/FcHT+hPEI electrode was ob-
tained by stepwise linking MPA and hPEI onto GC/Cys/Au electrode as
the above method. GC/Cys/Au/MPA/hPEI+ FcHT electrode was con-
structed by modifying modify FcHT molecules onto GC /Cys/Au/MPA/

hPEI electrode.

2.4. On-line microdialysis-electrochemical detector system

Scheme 1B shows a diagram for the on-line microdialysis-electro-
chemical detector system built in the lab. Microdialysis probes with
minute dead volume were prepared according to the previous report.
(Stamford, 1992; Zhang et al., 2013). A Pump 11 Elite programmable
syringe pump (Harvard Apparatus, Holliston, USA) with a 1.0mL gas-
tight syringe delivered the blank aCSF solution into the microdialysis
probe at a flowrate of 2 μL/min. An 8-port nanovolume valve equipped
with two 20 μL sample loops (VICI Instruments.180 BCE, Houston,
USA) was placed between the probe and electrochemical detector for
the introduction of EDTA disodium salt solution. Between the detection
intervals, the EDTA disodium salt solution was perfused into the de-
tector, which took 10min to achieve the on-line regeneration of the
Cu2+ biosensor. To minimize Taylor−Aris dispersion and other sources
of dispersion, short length of 75 µm i.d. capillary tubing were used to
connect each part. Connections were made with MicroTight Unions
(IDEX Health & Science, Oak Harbor, USA) and 250 µm i.d. PTFE tubing
(Thermo Fisher Scientific, Waltham, USA).

2.5. Animal experiments

All experiments involving animals were conducted with the ap-
proval of the Animal Ethics Committee in Central South University
(Ethical approval number: 2017sydw029T), following previous reports
(Iwasaki et al., 1989; Yanpallewar et al., 2004). Briefly, Male Spra-
gue−Dawley rats (250−320 g, 6–8 weeks) Department of Laboratory
Animals in Central South University, Changsha, China) were anesthe-
tized by chloral hydrate (0.1 g/mL, initial dose of 300mg/kg (i.p.) with
additional doses of 50mg/kg (i.p.) as required to maintain anesthesia),
and then wrapped in a homeothermic blanket (69000 Series Tem-
perature Controller, WRD Life Science, Shenzhen, China) to stabilize
the body temperature at 37°C. The rat was fixed in a stereotaxic frame
(WRD Life Science, Shenzhen, China) with the incisor bar set at 5mm
above the interaural line. The microdialysis probe (homemade in the
lab, detailed in the supplementary experiment) was then implanted into
the striatum (2.5 mm anterior of bregma, 2.5mm lateral of midline, and
7.0 mm below dura). Two skull screws were employed to hold the probe
in place by dental cement, and the scalp incision was closed with su-
tures. When the rats were still anesthetized, the surgeries of global
cerebral ischemia/reperfusion was performed. In the opened wound
through midline cervical incision, both common carotid arteries were
exposed and separated from surrounding connective tissue, with special
care not to break the sympathetic nerves or the vagus running close by.
Global ischemia (60min) and reperfusion (60min) were carried out by
first interdicting both carotid arteries by two hemostatic clips for
ischemia and then removing the clips for reperfusion. Throughout the
surgery, the rat was kept wrapped in a homeothermic blanket under
anesthesia. Throughout the operation, the microdialysis probes were
positioned in the striatum of rats and were perfused with a CSF solution
at 2 μL/min.

2.6. Repetitive on-line measurements of Cu2+ in vivo

After the tip of the probe was implanted into the striatum area,
online analysis of the microdialysate was performed. The first DPV
detection of Cu2+ from normal rat was conducted when the micro-
dialysate was delivered for 60min for equilibration. Then, a loop of
10mM EDTA disodium salt was loaded and injected into the detector.
The Cu2+ on the electrode surface were removed and the electrodes
were recycled for the next detection. Afterwards, global ischemia
(60min) was carried out and the second DPV detection was operated.
After the electrodes was again recycled by EDTA disodium salt, re-
perfusion (60min) was carried out and the third DPV detection was
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achieved.

3. Results and discussion

3.1. Characterization of the prepared biosensor

The process for fabrication of the biosensor illustrated in Scheme 1A
was depicted as above in the Materials and Methods. Firstly, the step-
wise modification of the present biosensor was tracked by XPS. As de-
monstrated in Fig. 1A, B (curve b), obvious N1s peak at 400.4 eV and
S2s peak for sulfydryl at 162.7 eV were obtained at GC/Cys electrode,
while only S2p peak for residual SO4

2- at 169.0 eV was obtained from
bare GC (curve a), indicating the successful modification of Cys on GC
electrode. After the modification of Au-NPs, clear Au 4 f7/2 and Au 4 f5/2
peaks at 84.4 eV and 88.0 eV (Fig. 1C, curve c) were observed, sug-
gesting the existence of Au-NPs on the GC surface. Next, for fabrication
of GC/Cys/Au/MPA/hPEI electrode, MPA was then modified on the Au
surface to further covalently linking hPEI. As demonstrated in Fig. 1A, B
(curve d), the intensity of N1s peak and S2s peak were

slightly strengthened due to the successful immobilization of MPA
molecules on the GC/Cys/Au surface through Au−S bond. After em-
bellished with hPEI, the intensity of N1s peak was multiplied because of
the abundant amino groups in hPEI (Fig. 1A, curve e). For GC/Cys/Au/
FcHT electrode, two new peaks at 708.8 and 720.6 eV for Fe2p3/2 and
Fe2p1/2 in Fig. 1D (curve f) were observed, indicating the FcHT was
favourably connected to GC/Cys/Au surface through Au−S bond.

The assembly of Au-NPs on the GC surface was also confirmed by
the AFM image. As demonstrated in Fig. 1E, Au-NPs monolayer were
clearly assembled on the GC surface. Furthermore, the monolayer was
homogeneous, complete, and well ordered. Fig. 1F, G exhibited Au-NPs
monolayer with ragged edges, on account that the solution for the
electrode modification was uneven. Some monodispersed Au-NPs were
observed on the bare GC area, with an average size of ∼6 nm (Fig. 1H,
curve a, b). And the average thickness of Au-NPs monolayer is ∼6 nm

(Fig. 1H, curve c, d), indicating that Au-NPs were clearly assembled on
the GC surface without obvious changes in shape or size. Fig. S1 showed
the CV of GC/Cys/Au electrode in 0.5 M H2SO4. A rise in anodic current
at 0.24 V indicates oxide formation. Oxide reduction started at around
0.24 V in the cathodic scan. Above are the typical electrochemical
performances of Au in acidic solution.

CV in 0.1m PBS (pH 7.4) containing 1mM K3[Fe(CN)6] was re-
corded as another characterization method to further characterize the
interfacial variations of the fabricated electrode at each immobilization
step. As depicted in Fig. S2A, well-defined redox peaks of [Fe(CN)6]3−/

4− were observed at the stepwise fabrication electrodes. Prior to
modification, the bare GC (curve a) was electrochemically activated in
an acidic solution, thus an improved sensitivity of activated GC (curve
b) was achieved. The following binding of Cys lead to an obvious de-
crease in the output current (curve c) because Cys molecules hindered
the access of the redox probe to the electrode surface (Xian et al., 2004;
Devi et al., 2013). Further immobilization of Au-NPs contributed to the
enhancement of charging current (curve d), while the modification
MPA molecules generated a falling current (curve e). This can be ex-
plained by the fact that the Au-NPs provide large surface area and ex-
cellent conductivity to promote the electron transfer, and the MPA
molecules exert opposite effects (Shervedani and Pourbeyram, 2011).
After successive modification with hPEI, the peak current increased
slightly (curve f), while the peak current decreased with coordination
interaction of Cu2+ (curve g). This phenomenon may be attributed to
the complex facilitate electron transfer between the abundant branched
amino group in hPEI and Fe3+ (Hirst et al., 2013). As a result, after
adding Cu2+, few active amino site is free to trap Fe3+. To sensitively
indicate the successful fabrication of the above biosensor, electro-
chemical impedance spectroscopy (EIS) was further employed based on
the change of charge-transfer resistance (ΔRct), since it was easier to
define Rct than its redox peak currents and had little interference to the
modified film. The result was shown as Nyquist plots containing a
semicircular portion (Fig. S2B). The diameter of this portion was

Fig. 1. XPS spectra of (A) N1s, (B) S2s (Au-S) and S2p (SO4
2-), (C) Au4f7/2 and Au4f5/2, and (D) Fe2p3/2 and Fe2p1/2 for a) bare GC; b) GC/Cys; c) GC/Cys/Au; d) GC/

Cys/Au/MPA; e) GC/Cys/Au/MPA/hPEI; f) GC/Cys/Au/FcHT; (E) AFM topographic image of Au-NPs assembled onto the GC/Cys surface; (F) AFM topographic
image with edges for GC/Cys/Au surface; (G) AFM image of Au-NPs monolayer with ragged edges, (H) Height profiles along the line shown in G.
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equivalent to the Rct and could be calculated by fitting the data using an
appropriate Randles circuit (inset of Fig. S2B). The Rct values were as
follows: bare GC (259.1Ω, curve a), activated GC (82.1Ω, curve b), GC/
Cys (107.6Ω, curve c), GC/Cys/Au (28.9Ω, curve d), GC/Cys/Au/MPA
(61.4Ω, curve e), GC/Cys/Au/MPA/hPEI (151.1Ω, curve f), GC/Cys/
Au/MPA/hPEI-Cu2+ (221.6Ω, curve g) electrodes, respectively. These
outcomes, along with the redox peak currents above indicate that the
stepwise fabrication strategy to construct the present biosensor was
successful.

3.2. Electrochemical behaviour of the biosensor

DPV was employed in the electrochemical monitoring of Cu2+ be-
cause of its high sensitivity. Fig. 2A showed the DPV responses in aCSF
containing 4 μM Cu2+ for electrode 1, electrode 2 in stepwised mod-
ification process (curves a: bare GC, bare GC; curves b: activated GC,
activated GC; curves c: GC/Cys, GC/Cys; curves d: GC/Cys/Au, GC/
Cys/Au; curves e: GC/Cys/Au/MPA, GC/Cys/Au/FcHT; f) GC/Cys/Au/
MPA/hPEI, GC/Cys/Au/FcHT). For electrode 1, a clear cathodic peak
located at 100mV vs Ag/AgCl was observed at the GC/Cys/Au/MPA/
hPEI biosensor, while no obvious signals were obtained at other mod-
ified electrodes. This cathodic peak was ascribed to the electrochemical
reduction of Cu2+ to Cu+. For electrode 2, another cathodic peak lo-
cated at 360mV vs Ag/AgCl was only observed at GC/Cys/Au/FcHT
electrode, which is attributed to the reduction of FcHT. Consequently,
the quantification of Cu2+ in this ratiometric biosensor can be achieved
based on the current ratios between the above two peaks. Such a result
was also adequate to attest that the good response of the biosensor
towards Cu2+ owing to the effective combination of hPEI with Cu2+

through coordination interaction. And the coordination reaction could
be achieved in 20min (Fig. S3).

The peak current signals between GC/Cys/Au/MPA/hPEI, GC/hPEI
and Au/MPA/hPEI towards 4 μM Cu2+ were used to compare their
sensitivity regardless of the effect of surface area (Fig. S4). Obviously,
the sensitivity obtained at GC/Cys/Au/MPA/hPEI electrode is ∼2.5
fold greater than that at the Au/MPA/hPEI electrode, while the GC/
hPEI electrode revealed negligible current response towards 4 μM
Cu2+. The assembly of Au-NPs possessed several features that improve
the sensitivity of the GC/Cys/Au/MPA/hPEI eletrode: (1) the assembly
of Au-NPs significant increased conductivity of the electrode (data of
ESI); (2) Au-NPs exert good catalysis effect for the biosensor detection
of Cu2+; (3) the anisotropy of the assembled Au-NPs endows the bio-
sensor an increased surface area to load more recognition unit hPEI

(Mahshid et al., 2017).
The redox reactions of Cu2+ on the GC/Cys/Au/MPA/hPEI elec-

trode obtained at different scan rates in aCSF with 4 μM Cu2+ (pH 7.4)
were demonstrated in Fig. S5A. Both anodic and cathodic peak currents
(Ipa and Ipc) varied linearly with potential scan rate (ν) in the range of
10− 400mV/s (Fig. S5B), suggesting the redox reaction is the surface-
confined process. The peak width at half peak height (ΔEp,1/2) was
calculated to be 76.5 ± 4.3mV (mean± SD, n=3) versus Ag|AgCl at
the scan rate of 100mV/s. According to Laviron's equation (Laviron,
1979), the kinetics of heterogeneous electrontransfer rate constant (ket)
was estimated to be 2.08 ± 0.06 s−1.

To assess the sensitivity of the designed electrochemical biosensor,
DPV responses at this biosensor towards standard Cu2+ with different
concentrations were measured. As illustrated in Fig. 2B, the reduction
peak located at 100mV increased with the increasing of Cu2+ con-
centrations, while the reduction peak located at 360mV stayed almost
constant, resulting in the ratiometric measurement of Cu2+. The cur-
rent density of this reduction peak (JpR) stayed almost constant, while
the current density of the reduction peak at 100mV (Jp) increased with
the increasing concentrations of Cu2+. The current densities ratio be-
tween the two peaks was used to quantify of Cu2+, in which the current
density at 100mV for Cu2+ was denoted as Jp, and IpR represented the
current density of FcHT at 360mV. This ratio (Jp/JpR) exhibited a good
linearity with the concentration of Cu2+ ranging from 0.05 μM to
12 μM, with a sensitivity of 153.4 mA/(cm−2·M). The detection limit
(LOD) was 13 nM estimated from 3σ of the baseline signals. This LOD
value is equal to or superior to that of previously reported Cu2+ de-
tection platforms, which indicates that the present electrochemical
biosensor holds great promising for Cu2+ assay in a biological system
(Chai et al., 2013; Shao et al., 2013; Yuan et al., 2014; Hu et al., 2015;
Luo et al., 2015; Zhang et al., 2015; Sun et al., 2016; Ma et al., 2017; Yu
et al., 2017; Wu et al., 2018). A table has been summarized to more
clearly compare our method with other published strategies (Table S1).

Meanwhile, in order to check the accuracy of the biosensor that
involves the inner correction element and recognition unit into one
electrode, GC/Cys/Au/FcHT+hPEI electrode and GC/Cys/Au/MPA/
hPEI+ FcHT electrode were prepared. As demonstrated in Fig. S6, for
GC/Cys/Au/FcHT+hPEI electrode (curve a), the peak current density
of FcHT remained stable, while the signal of Cu2+ decreased drasti-
cally. For GC/Cys/Au/MPA/hPEI+ FcHT electrode (curve c), the signal
of Cu2+ kept pace with the present biosensor (curve b), while the
current response of FcHT dropped dramatically. A reasonable ex-
planation might be that the limited active biding sites of Au-NPs dis-
turbed the modified molecule number of FcHT and hPEI, leading to

Fig. 2. Electrochemical behaviour of the present biosensor: (A) DPV responses in aCSF containing 4 μM Cu2+ for electrode 1, electrode 2 in stepwised modification
process, a) bare GC (purple), bare GC (gray); b) activated GC (purple), activated GC (gray); c) GC/Cys (purple), GC/Cys (gray); d) GC/Cys/Au (purple), GC/Cys/Au
(gray); e) GC/Cys/Au/MPA (purple), GC/Cys/Au/FcHT (black); f) GC/Cys/Au/MPA/hPEI (red), GC/Cys/Au/FcHT (black); (B) Representative DPV responses of the
present biosensor (electrode 1: GC/Cys/Au/MPA/hPEI, electrode 2: GC/Cys/Au/FcHT) in aCSF containing Cu2+ (from a to p) of 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12 μM; (C) Linear plot of Jp/JpR results versus Cu2+ concentrations. The error bars represent the standard deviations (SD, n=3).
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abnormal output signals of FcHT and Cu2+. The present method se-
parately established two independent electrodes, which effectively
avoided mutual interference, thus providing a more precise platform for
Cu2+ sensing.

3.3. Selectivity, stability, and reproducibility

The complexity of cerebral microdialysate presents a great chal-
lenge to the electrochemical biosensor for Cu2+ detection not only in
the sensitivity, but also more particularly in selectivity. The selectivity
of the present method was evaluated by monitoring the Jp/JpR values
of the biosensor to sense the potential interferences in the absence/
presence of Cu2+. The possible interferences for Cu2+ detection that
commonly coexist in cerebral systems were other metal ions (Cu+,
Ni2+, Ca2+, Mg2+, Co2+, Pb2+, Cd2+, Mn2+, Fe3+, Fe2+, Zn2+),
amino acids (His, Leu, Thr, Ile, Lys, Cys, Glu, Val, Met, Gly, Tyr, Trp,
Phe, Ser, Arg) and several typical biological species (DA, AA, UA, O2,
lactate, glucose, H2O2). Remarkably, as shown in Fig. 3A, B, C, no ob-
vious electrochemical responses were observed at 100mV with addi-
tions of these mentioned interferences, which can be evaluated from the
dramatic decrease in the Jp/JpR ratios compared with that of Cu2+

(Fig. 3D, E, F). Furthermore, for the competition test, all the above
potential interferences showed negligible effects on the current signal
for Cu2+ sensing (Fig. 3G, H, I), which was also revealed by the almost

unaltered Jp/JpR ratios (Fig. 3J, K, L). All these evidences indicate the
high selectivity of the present biosensor for Cu2+ determination against
other metal ions, amino acids and biological species in the cerebral
fluids, which is attributed to the strong coordination between hPEI and
Cu2+.

The stability of the modified molecule layers on GC electrodes was
also studied. As shown in Fig. S7A, no obvious signal decrease was
observed on these six biosensor for detection of 4 μM Cu2+ over 6 days.
Furthermore, in consideration of the existence of biosensor-to-biosensor
variance applied on different rats, the inter assay precision of six se-
parately fabricated biosensors was examined by their DPV responses in
aCSF solution with 4 μM Cu2+. As demonstrated in Fig. S7B, The RSD of
these six measurements was 6.83%, which demonstrates the stepwise
strategy for constructing Cu2+ electrochemical biosensor with good
precision and acceptable fabrication repeatability.

3.4. EDTA disodium salt-mediated on-line regeneration

On-line regeneration of the present biosensor has been investigated
before the in vivo experiments. First of all, 6 successive measurement
from one ratiometric biosensor without regeneration by EDTA disodium
salt contributed to consecutive signal decreasing (Fig. 4A, C). The RSD
of these determinations was 17.27%. Then, on-line regeneration of the
present biosensor combined with the in vivo microdialysis system has

Fig. 3. DPV responses of the present biosensor towards Cu2+ (4 μM) or different interference, (A) amino acid: His, Leu, Thr, Ile, Lys, Cys, Glu, Val, Met, Gly, Tyr, Trp,
Phe, Ser, Arg (2 μM for His, Glu, 10 μM for others); (B) other metal ions: Ni2+, Ca2+, Mg2+, Co2+, Pb2+, Cd2+, Mn2+, Fe3+, Fe2+, Zn2+ (1mM for Ca2+, Mg2+,
10 μM for others); (C) typical biological species: DA (10 μM), AA (100 μM), UA (10 μM), O2 (0.25mM), lactate (1 mM), glucose (1mM), H2O2 (1 μM). Selectivity
investigations of Jp/JpR results versus Cu2+ or (D) amino acid, (E) other metal ions, (F) typical biological species, (mean±SD, n=3). DPV responses of the present
biosensor towards Cu2+ (4 μM) containing different interference (G) amino acid, (H) other metal ions, (I) typical biological species, the concentrations are the same
with above. Competition tests of Jp/JpR results versus Cu2+ containing (J) amino acid, (K) other metal ions, (L) typical biological species. The error bars represent
the SD (SD, n= 3).
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been studied. The first DPV response of the ratiometric biosensor in
blank aCSF solution was recorded as the blank signal. Then, the second
DPV response was recorded as the original signal after the biosensor
was incubated with the aCSF solution containing 4 μM Cu2+ for 20min.
And then, a loop (20 μL) of 10mM EDTA disodium salt was loaded and
injected into the detector, which took 10min to finish the on-line re-
generation of the Cu2+ biosensor. In this process, Cu2+ and Cu+ ions
on the biosensor interface was removed by EDTA disodium salt,
forming the second DPV response as the blank signal of regeneration.
EDTA disodium salt exerts a higher affinity for binding Cu2+ and Cu+

ions than hPEI. With EDTA disodium salt passed on the biosensor, Cu2+

and Cu+ ions prefer binding to EDTA disodium salt and left from bio-
sensor surface (Juang and Yan, 2001; Maketon et al., 2008; Maketon
and Ogden, 2008). This process was denoted as one detection-re-
generation cycle, and the minimal interval for one cycle was 30min.
Afterwards, when the biosensor was incubated with the aCSF solution
containing 4 μM Cu2+, the Cu2+ was relinked with hPEI to rebuild the
biosensor, generating the corresponding DPV response as the re-
generation signal. This regeneration process was repeated 5 times for
one ratiometric biosensor (Fig. 4B, C). The relative standard deviation
(RSD) of these determinations was only 6.20%, indicating that this
ratiometric biosensor has a benign regeneration ability for Cu2+ mon-
itoring. Therefore, an explicit conclusion can be drawn that the re-
generation process is an indispensable procedure to insure stable sig-
nals for repetitive Cu2+ assay. The relative consistency of the original
signal and regeneration signals initially capacitate this prepared bio-
sensor to repeatedly detection of Cu2+ over regeneration cycles.

In addition, long-term stability of regeneration was investigated.
The present biosensor was repeated 3 detection-regeneration cycles
every day, stored in darkness for a week at 4°C. 89.4% of its original
signal was retained, illustrating the fabricated biosensor possesses re-
liable long-term stability over detection-regeneration cycles.

3.5. Repetitively on-line measurements of Cu2+ in rat brain in the progress
of global cerebral ischemia/reperfusion events

As demonstrated above, the developed electrochemical biosensor
for Cu2+ showed high sensitivity and selectivity, as well as good re-
generation ability, which provided a reliable platform for repetitively
on-line measurements of cerebral Cu2+. After continuous perfusion of
microdialyte from normal rat for 60min, the first DPV detection of
Cu2+ from normal rat was conducted (Fig. 5A, B, C, D, E, F, G). The
basal level of Cu2+ (1.65 ± 0.23 μM, mean±SEM, n= 6) from the
brain microdialysates was summarized in Table S2, which are close to
the reported values (Chai et al., 2013; Yu et al., 2017). Furthermore,
after global cerebral ischemia injury was performed for 60min, the

peak current remarkably increased. By then the concentration of Cu2+

was 5.14 ± 0.63 μM (mean± SEM, n= 6) (p < 0.01), 3.12 fold
greater than the basal level. The results are largely in agreement with
previous reports, but slightly lower than these reports, possibly due to
the ischemia model rats built by different ways (Ma et al., 1999; Shao
et al., 2013; Zhang et al., 2015). After removing the clips to reperfusion,
the Cu2+ concentration almost declined to the basal level
1.71 ± 0.21 μM (mean± SEM, n= 6) (p > 0.05) in 60min. The re-
sults of one-way ANOVA (normal-ischemia and normal-reperfusion)
indicate that there were no significant differences in Cu2+ levels of the
rats under normal and reperfusion condition, while 60min global cer-
ebral ischemia injury exerted a significant effect on the cerebral Cu2+

level. The intracellular level of Cu2+ plays a prominent role to mediate
the reactive oxygen-derived active species in tissue injury (Ambrosio
et al., 1987; Lesnefski, 1992). It has been reported that the release of
Cu2+ was the results of oxidative stress response of cells and tissues to
deal with injury following global cerebral ischemia event (> 35min)
(Chevion et al., 1993; Berenshtein et al., 1997). The potential source of
the released Cu2+ is the catabolism of copper-containing protein in-
cluding cytochrome oxidase, lysyl oxidase and diamine oxidase
(Berenshtein et al., 1997). Such catabolism is a normal consequence of
the dismantling of the respiratory apparatus during global cerebral
ischemia process (Eaton, 1996). Following 60min of reperfusion the
intracellular level of Cu2+ in rat brain decreased to basal level. The cell
and tissue are gradually recovered from the injury (Voogd et al., 1994).

4. Conclusion

In summary, we have fabricated an on-line regenerated electro-
chemical biosensor combined with the in vivo microdialysis, which
demonstrated high sensitivity, selectivity, and stability towards Cu2+

sensing over multiple regeneration cycles. This reliable platform have
been successfully applied in repetitive determination of cerebral Cu2+

ion levels in the progress of global cerebral ischemia/reperfusion
events. As a result, Cu2+ level increased obviously among global cer-
ebral ischemia injury, while returned to normal with reperfusion.
Therefore, the Cu2+ level could be regarded as an important indicator
of global cerebral ischemia, which may act as a potential biomarker to
diagnose early neurodegenerative diseases. The present study not only
provides a good strategy to construct regenerated and stable electro-
chemical biosensors based on macromolecule for specific determination
of metal ions, but also establishes a reliable on-line analytical platform
for in vivo monitoring important biomarkers repetitively. Meanwhile,
this work might pave the way for on-line monitoring the significant
species in the progress of physiological and pathological events, which
might boost the chance to understand the mechanism of these

Fig. 4. EDTA disodium salt-mediated on-line regeneration: (A) Repeated DPVs obtained at the prepared biosensor in aCSF solution containing 4 μM Cu2+, GC/Cys/
Au/MPA/hPEI electrode: red curve, GC/Cys/Au/FcHT electrode: black curve; (B) DPVs of 5 detection-regeneration cycles obtained at the prepared biosensor in the
on-line EDTA disodium salt -mediated regeneration process, GC/Cys/Au/MPA/hPEI electrode: blue curve for blank signal, red curves for original signal and re-
generation signal, green curves for blank signal of regeneration, GC/Cys/Au/FcHT electrode: black curve; (C) Summary of the Jp/JpR results from A and B.
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physiological and pathological processes. Nonetheless, the widespread
clinical application of the present on-line system to monitor Cu2+ in
human brain remains technical hurdles. The measurements are inter-
rupted by regeneration processes and the minimal interval between 2
measurements is 30min, which enables the present approach hardly
achieving real-time monitoring. Exploitation in biosensors with the
ability to realize continuous real-time determination of Cu2+ is ex-
tremely promising for elevating the potential of its clinical practice.
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