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A Facile Strategy for Two-Step Fabrication of
Gold Nanoelectrode for in Vivo Dopamine Detection
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Abstract: In vivo monitoring neurochemicals with microelectrode is invasive and the damage to brain tissue may inevitably
cause disturbance signals physiologically to the measurement. It is of great importance to reduce the electrode size and to decrease
the damage. This study demonstrates a novel nanoelectrode preparation methodology for in vivo monitoring dopamine (DA) fluctu-
ation in the living brain of rats with high dependability. The fabrication process of the gold nanoelectrode involving a few minutes
consists of only two steps: 1) growing gold nanoseeds on surface of tip of glassy capillary by ion sputtering; 2) wet depositing a con-
tinuous conductive gold film composed of gold nanoparticles by dipping the capillary with gold nanoseeds into a freshly mixed
chloroauric acid and hydroxylamine hydrochloride for one minute. The tip size of the well-prepared gold nanoelectrode was 300 ~
400 nanometers. The gold nanoelectrode was able to detect DA and showed a good linearity with the concentration of DA ranging

from 1.0 to 56.0 wmol- L' with a limit of detection as low as 0.14 pmol-L" (S/N=3). Benefiting from the excellent electrochemical

performance, the gold nanoelectrode was successfully employed for catecholamine release in striatum of living rat brain.
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In vivo monitoring dynamic changes of neuro-
transmitters have become more and more crucial to
understand and uncover central nervous system be-
havior and function!. Microelectrode could track the
dynamics of neurochemicals with a high spatiotem-
poral resolution®*. However, traditional method of
microelectrode inserting into brain is invasive, and as
aresult, it might cause a small damage on brain tissuel®.
Some microelectrodes possess the size of several to
hundreds of micrometers. Once the brain tissue was
ruined, the obtained neurochemical signals might be
disturbed and could not reflect the real physiological
and pathological processes.

Reducing size of microelectrode is a candidate
to minimize the damage to brain and thus nanoelec-
trode is of great significance for in wivo detection
considering minimization the disturbance to brain tis-

sue to the most extent. For instance, Jiang et al. fabri-
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cated a microelectrode with a 2 wm tip to detect hy-
drogen peroxide!, in which the cell still possessed vi-
ability after the electrode insertion since the electrode
was small enough. Besides the minimal damages to
cell and in vivo tissue, the smaller the microelectrode
is, the more precisely the microelectrode can be posi-
tioned into a narrow biological space. We ever pre-
sented the fabrication of addressable carbon-deposit-
ed microelectrode arrays with each carbon microelec-
trode to be 3 ~ 4 wm and observed vesicle release
from the single PC 12 cell which could distinguish
subcellular spatial difference during the exocytosis
process®. Li et al. made a nanotip electrode to detect
individual vesicles containing catecholamine inside
living PC 12®, Mirkin’s group® and Huang’s group!”
have established carbon based nanoelectrode loading
platinum to quantitatively measure the amounts of

active and reactive oxygen/nitrogen species in
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phagolysosomes of single cell. In order to expand the
applications of nanoelectrodes in cell and living ani-
mals, developing more methods to fabricate nano-
electrode based various materials is necessary. Re-
cently, gold electrodes have attracted increasing in-
terests because of their chemical inertness and resis-
tance in different environmental conditions, high
overall conductivity, relatively low-cost and conve-
niently subsequent modifications!"""?). Thus, recent
developments in gold microelectrode fabrications and
surface modifications have been reinvigorated. De-
veloping easy-to-use and high-efficiency methods for
fabrication versatile gold electrodes are highly de-
sired!".

Dopamine (DA) is one of the most considerable
catecholamine neurotransmitters, playing a major
part in function of central nervous system for instance
memory and learning. Disordered levels of DA in the
central nervous system have been involved in some
neurodegenerative diseases including Alzheimer’s
diseases Parkinson’s disease and schizophrenia™'".
Observing the real-time kinetics change of DA in situ
is paramount to uncovering these functionalities and
extending our understanding of brain function and
dysfunction. In our early study, we found that the
gold based electrode exhibited a special long-term
stability at the time of detecting DA against chemical
fouling higher than carbon based electrodes™. In ad-
dition, Zhu et al. designed a glass-sealed gold nano-
electrode for cerebral DA detection!™. Lately, we re-
ported a facile wet deposition technique and a novel
ultrasonic-aided process to build nanostructured
gold-ring microelectrodes for electrochemical moni-
toring of catecholamine release from rats brain and

s 18 However, the problems in these progresses

cell
are either that sophisticated instrument of laser puller
is essential or that it is not suitable for preparing nano-
electrode, since the fragile nanotip capillary would be
broken during the ultrasonication with high energy.
The previous study provides a new method to
fabricate a gold nanoelectrode with high reliability
for application of in vivo detection of catecholamine

in the living brain. lon sputtering is a common strate-

gy to coating gold or platinum nanoparticles on sur-
face of substrate and to enhance the conductivity of
samples™ which can be utilized to sputtering gold
nanoparticles on surface of capillary nanotip. As
shown in Scheme 1, this method only contains two
steps, growing gold nanoseeds on tip surface of
glassy capillary by ion sputtering, and followed by
wet depositing a continuous conductive gold film on
the surface of capillary. This strategy avoids haz-
ardous chemical solution piranha solution to hydrox-
ylate surface of glass. In addition, the mild condition
without assistance of ultrasonic wave endows the for-
mation of a well conductive gold film from the nan-
otip to the whole capillary. The fabrication process of
the gold nanoelectrode involved a few minutes and
the well prepared gold nanoelectrode was successful-
ly employed for catecholamine release in striatum of
living rat brain during stimulation of high concentra-
tion of K.

1 Experimental
1.1 Materials

Potassium nitrate (KNO;), monopotassium phos-
phate (NaH,PO,), sodium hydroxide (NaOH), L-cys-
teine, glucose, potassium chloride (KCl), hydrochlo-
ric acid (HCIl), sodium chloride (NaCl), ethanol
(C,HsOH) and transparent nail enamel were pur-
chased from Beijing Chemical Reagent Company.
Dopamine hydrochloride (DA), chloroauric acid tetra-
hydrate (HAuCl,-4H,0), magnesium chloride (MgCl,),

Scheme 1. Schematic illustration showing the fabrication pro-
gress of gold nanoelectrode and monitoring DA

fluctuation in striatum of rat brain.
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calcium chloride (CaCly), ferrocenemethanol (FcCH,OH),
hydroxylamine hydrochloride (NH,OH -HCI), HEPES,
platinum wire and silver wire were obtained from
Sigma-Aldrich. All reagents were used without further
purification. The high concentration of K" solution
consisted of KC1 (70 mmol -L"), NaCl (78 mmol - L),
glucose (10 mmol- L"), CaCl, (2 mmol-L"), MgCl, (1
mmol- L"), HEPES (10 mmol-L") and Milli-Q water,
and pH was adjusted to 7.4, All aqueous solutions
were prepared using double distilled water made by a
Milli-Q instrument. Glass capillaries (diameter of 0.86
mm inside and 1.5 mm outside,) were purchased
from Sutter Instrument Company of USA.
1.2 Preparation of Nanoelectrodes

Glass capillaries with tips to be about 100 nm
were pulled by an apparatus of Model P-97 puller
(Sutter Instrument Company, USA) with the parame-
ters of HEAT 560, PULL 55, VEL 95, TIME 200, P
200. The gold seeds were coated at surfaces of pulled
capillaries by E-1045 Ion Sputter Instrument (Hi-
tachi, Japan) for 1 minute. Subsequently, the capillar-
ies coated with gold seeds were immersed in a freshly
mixed solution of 0.1wt% HAuCl, -4H,0O and 0.04
mol-L"' NH,OH - HCI] with volume ratio of 10:1 for 1
minute, in which HAuCl, acted as an oxidant and
NH,OH - HCI played a role of reductant. In this solu-
tion, a lot of gold nanoparticles were grown from the
gold nanoseeds and finally forming the conductive
gold film. Next, copper wire was twined on gold film.
Finally, nail enamel was used to seal the as-prepared
electrode remaining 1 ~ 2 mm to detect DA in vivo.
1.3 Instruments and Apparatus

All electrochemical tests were performed on an
electrochemical workstation (CHI 1030C, Shanghai,
China). Three-electrode system was applied with the
as-prepared gold nanoelecrtrode as the working elec-
trode, Ag/AgCl wire as the reference electrode and
platinum wire as the counter electrode. In the in vivo
experiment, in order to reduce the sizes of counter
electrode and reference electrode to the most extent,
a 100 wm diameter platinum wire was used as the
counter electrode and the micro reference electrode

was prepared by depositing AgCl on a 100 wm diam-

eter silver wire. During the preparation of nanoelec-
trodes, an optical microscope equipped with scale
(IX73, Olympus, Japan) was used to observe tips of
capillaries. Field emission scanning electron micro-
scopic (FE-SEM) images were obtained by a Hitachi
SU-8010 microscope.
1.4 Animal Experiments

Adult male Sprague-Dawley (SD) rats were pur-
chased from Beijing Vital River Laboratory Animal
Technology Co., Ltd., weighing 300 + 50 g. The SD
rats were entertainment on a 12:12 h light-dark
schedule with water and food ad libitum. Animal ex-
periments were performed during the light cycle as
convention. Briefly, after being anesthetized with
10wt% chloral hydrate via intraperitoneal injection
(345 mg -kg', ip), the rats were placed on a stereo-
taxic frame with the incisor bar located 5 mm above
the interaural line. The skulls of rats were drilled suit-
able holes through for inserting electrodes. The gold
nanoelectrode was implanted into striatum (£ = 3 mm
from bregma, AP =0 mm, V = 4.5 mm from dura)
through a standard stereo positioning process moni-
toring the levels of DA. Infusion solutions were de-
livered by medical micro injection syringe. Silver
wire was polarized at constant 0.6 V in 0.1 mol -L"
HCI for 30 minutes to fabricate micro reference elec-
trode™. The prepared Ag/AgCl microsized reference
electrode was located in the dura of brain. Stainless
platinum wire was employed as the counter electrode
by implanting into subcutaneous tissue on the brain.
Additional chloral hydrates were injected if it has
been a long time during the surgery, and a heating
panel was used to maintain the body temperature of
the rats at 37 °C. Constant potential of 0.3 V versus
Ag/AgCl was employed to the electrochemical record-
ing channel for in vivo measurements of catecholam-
ine in living rat brain.
2 Results and Discussion
2.1 FE-SEM Images of Gold Nanoelectrod-

€S

To characterize the morphology of gold nano-
seeds on tip of capillary and the finally well prepared
nanoelectrodes, SEM was performed carefully. Fig. 1A
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displays the SEM image and optical image of freshly
pulled glassy capillary, which is smooth and transpar-
ent. Compared with the pure capillary, SEM image
and optical image of ion sputtering treated capillary
(Fig. 1B) clearly shows the presence of gold nanoseeds
on the capillary and capillary color turning to light
gray, which demonstrates that gold nanoseeds were
sputtered on glassy capillary successfully. After the
wet chemical deposition, Fig. 1C and Fig. 1D show
morphologies of the as-prepared nanoelectrodes with
gold nanoparticles in random orientations, which val-
idate that gold nanoparticles were generated on sur-
face of capillary by wet chemical deposition process.
The complete cover of gold nanoparticles on the tip
of the nanoelectrode may benefit the good conductiv-
ity and the later electrochemical measurements.
Compared with the bare capillary with no gold seeds,
the gold nanoparticles could hardly deposit on the
surface of capillary (data not shown). We speculate
that this phenomenon might be due to tight gold
seeds that could induce the formation of gold
nanoparticles. The tip of well prepared nanoelectrode

is approximately 380 nm, which could be used as a

nanoelectrode for in vivo analysis.

Furthermore, the influence of wet chemical de-
position time on size of electrode tip was studied.
The gold seeds deposited capillaries were dipped in
freshly mixed HAuCl,-4H,0O and NH,OH - HCI solu-
tion for various time, including 1 min, 2 min, 5 min
and 10 min, and the corresponding SEM images are
illustrated in Fig. 2A-D, in which the resultant diame-
ters of each capillary tip are about 381 nm, 1.58 pwm,
2.59 pm and 5.73 pm, respectively. The present find-
ings revealed that the size of AuNPs coated capillary
tip was increased with the wet increasing of chemical
deposition time.

2.2 Electrochemical Characterization and
the DA Sensing of the Fabricated

Gold Nanoelectrode

To investigate the gold film successfully formed
on the electrode, the gold nanoelectrode was coupled
with a platinum wire as the counter electrode and a
micro Ag/AgCl wire as the reference electrode, while
saturated KNO; salt bridge was used to avoid induc-
ing chloride ion into the testing solution. The cyclic
voltammogram of gold nanoelectrode in 0.5 mol - L™

|/ /]

500 nm

Fig. 1 SEM images and optical images of capillary (A) and capillary with gold nanoseeds (B). (C, D) Capillaries coated with gold

nanopaticles after wet chemical deposition treatment.
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Fig. 2 SEM images of microelectrodes with various time of wet chemical deposition. (A) 1min; (B) 2 min; (C) 5 min; (D) 10 min.

H,SO, is shown in Fig. 3A. There were not only three
typical oxidation peaks at 1.195 V, 1.392 V and 1.6
V, but also one obvious reduction peak at around 0.9
V, confirming that the gold film was successfully
formed on the capillary tip"® 4, Furthermore, no ap-
parent changes in CV curves were observed by re-
peating for 3 cycles, demonstrating the high stability
of the gold nanoelectrode in H,SO,. In addition, as
shown in Fig. 3B, the steady-state electrochemical
behavior of the nanoelectrode was tested in 0.2 mol-L"
KNO; containing 1 mmol -L' FcCH,OH. Along the
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scan rates increasing from 10 to 500 mV -s*, the CV
curves were kinetically quasi-reversible and appeared
the as expected typical sigmoidal shape at a low scan
rate, demonstrating radial-type and fast diffusion of
FcCH,OH on the electrode. Furthermore, the cyclic
voltammograms confirmed that the limiting currents
were mostly independent of scan rate, indicating a ki-
netically quasi-reversible process.

Before in vivo monitoring DA, in vitro experi-
ments were performed, and the results are shown in

Fig. 4. Cycle voltammograms of gold nanoelectrode
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Fig. 3 (A) Cyclic voltammetric curve of gold nanoelectrode in 0.5 mol- L' H,SO,. (B) Steady-state voltammetric responses of the

gold nanoelectrode at various scan rates in 0.2 mol-L" KNO; containing 1 mmol-L"' FcCH,OH.
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Fig. 4 Cycle voltammetric responses of gold nanoelectrode on detection of DA in PBS (pH=7.4) (black line) and 100 pmol-L"' DA

solution (red line). (B) Amperometric /- curve of gold nanoelectrode for the sequential addition of DA measured at 0.3 V

(vs. Ag/AgCl). Inset: Fitting plot of DA current versus concentration.

show that there were no redox peaks in PBS, while in
the presence of 100 wmol L' DA, the oxidation of DA
at the gold nanoelectrode occurred at around 0.15 V
with the overall sigmoidal shape DA voltammetric
behavior, illustrating a fast radial-type diffusion
model to the electrode®*. Based on the cyclic voltam-
mograms, the amperometric /-t curves of gold nano-
electrode for the sequential addition of DA were
measured with the potential poised at 0.3 V in Fig. 4B.
The steady-state currents increased proportionally
with increasing DA concentrations ranging from 1.0
to 56.0 wmol - L* (I(nA)= 0.046x[DA](pwmol - L") +
0.017) with a correlation coefficient of 0.9989, and
the detection limit was calculated to be as low as 0.14
pwmol-L" (S/N=3) for DA detection in vitro. Thus, the
gold microelectrode could act as an electrochemical
sensor for the detection of DA.
2.3 In Vivo Amperometric Detection of Ca-
techolamine Release from Rat Brain
To detect DA and other catecholamine in vivo,
the selectivity of the gold nanoelectrode is important
considering many electroactive species coexisting
with DA in rat brain. For instance, ascorbic acid
(AA) with much higher concentration than DA might
provide a main interference encountered in the mea-
surement of DA™, Previous study reported that the
L-cysteine self-assembled gold electrode could resist
the interference in the presence of AA since the elec-
tronegative carboxylic group could selectively ex-
clude the negative AA and attract the positive DA™Y,

Thus, before in vivo assay, our gold nanoelectrode
was dipped in N,-saturated 1 mmol L' L-cysteine so-
lution for 1 h. The L-cysteine modified gold nano-
electrode was poised at 0.3 V to in vivo detect the
evoked catecholamine release, with an Ag/AgCl wire
reference and a platinum wire counter electrode. Fig. 5
shows the typical current response acquired by the
gold nanoelectrode in the left striatum of living brain
during high concentration K" injection. As can be
seen, the current appeared three distinct increases
while high concentration K" was injected into the rat
brain at 938 s, 1100 s and 1248 s. Specifically, neu-
rons containing a lot of vesicles would release cate-
cholamine neurochemicals with simulation of high

concentration K%, Generally, the current responses

-—

0.4 nA

800 900 1000 1100 1200 1300 1400
Time/s

Fig. 5 The L-cysteine modified gold nanoelectrode recorrd-
ing catecholamine release from rat striatum evoked by
high concentration K*at 0.3 V (vs. Ag/AgCl). The stim-
ulation was implemented at 938 s, 1100 s and 1248 s.
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should become lower with the increasing of injection brane-mimic phosphorylcholine polymer film coating en-
time, which agreed well with the previous report (22]. ables large improvements for in vivo electrochemical de-
But the third current response was larger than the for- tection[J]. Angewandte Chemie International Edition, 2017,

. . . 56(39): 11802-11806.
mers, which might be attributed to that the volume of (39)
o ) R [2] Zhou D M(J#ifi &), Greenber R. Electrochemistry in neu-
the third injection of stimulated K™ was more than the . . . o
] ] o ral stimulation by biomedical implant[J]. Journal of Elec-
former stimulation. Overall, these results indicated trochemistry(FL f£2%), 2011, 17(3): 249-262.
that the fabricated gold nanoelectrode in this study [3] Lin Y Q, Trouillon R, Svensson M I, et al. Carbon-ring mi-
could be used for reliable in wvivo electrochemical croelectrode arrays for electrochemical imaging of single
neurotransmitters detection. cell exocytosis: fabrication and characterization[J]. Analyti-
3 Conclusions cal Chemistry, 2012, 84(6): 2949-2954.
4] Lin C J(#k B {d), Chen L J(FR i 7T.), Du R G(#: %€ 19), et
A new method to prepare gold nanoelectrode [4] Lin C IO A D), Chen L I(FR ) DuR GUER ), e
based . 1 d devel ib al. Microelectrode studies on the pitting corrosion process
ased on growing gold nanoseeds was develope
' g' €8 o ' ] P y of stainless steel[J]. Journal of Electrochemistry( L £ 2#),
ion sputtering as the initiator material to induce se- 1998, 4(1): 12-17
quent gold nanoparticles-composed gold film grown [5] Wei Y L( L[ 5%), Shao C(F /), Feng H( #%). Study on
on capillary. Compared with the existing approaches the electrogeneration and properties of superoxide ion in
to fabricate nanoelectrodes, this approach had the ad- aprotic media by using carbon nanotubes powder micro-
vantages in terms of involving a few minutes, conve- electrode[J]. Journal of Electrochemistry(H {£.%#), 2007,
nience and avoiding hazardous chemicals. The gold 13(2): 207-211.
nanoelectrode exhibited perfect electrochemical [6] Biran R, Martin D C, Tresco P A. Neuronal cell loss ac-
.. . . ies the brain ti to chronically implant-
property to detect DA in vitro. The L-cysteine modi- compaies the brai Hssue Tesponse 1o chronically impian
. . o ed silicon microelectrode arrays[J]. Experimental Neurolo-
fied gold nanoelectrode with the improved selectivity
. . gy, 2005, 195(1): 115-126.
to DA was useful for reliable measurement of DA in [7] He R Q, Tang H F, Jiang D C, et al. Electrochemical visu-
complex biological system. Accordingly, an in vivo alization of intracellular hydrogen peroxide at single cells
electrochemical method has been successfully devel- [J]. Analytical Chemistry, 2016, 88(4): 2006-2009.
oped for real-time monitoring of DA in the living rat [8] Li X C, Majdi S, Dunevall J, et al. Quantitative measure-
brain. This Study not Only prepared a go]d nanoelec- ment of transmitters in individual vesicles in the cytoplasm
trode feasible for supervising DA release, but also of'single cells with nanotip electrodes[J]. Angewandte Che-
provided a methodology to fabricate other nanosized mie International Edition, 2015, 54(41): 11978-11982.
[91 LiY, Hu K K, YuY, et al. Direct electrochemical mea-

metal electrodes for in vivo analysis application.
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