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Abstract

The sensitivity of zinc (Zn(II)) detection using fast scan cyclic voltammetry (FSCV) with 

carbon fiber microelectrodes (CFMEs) is low compared to other neurochemicals. We 

have shown previously that Zn(II) plates to the surface of CFME’s and we speculate that 

it is because of the abundance of oxide functionality on the surface. Plating reduces 

sensitivity over time and causes significant disruption to detection stability. This limited 

sensitivity and stability hinders Zn(II) detection, especially in complex matrices like the 

brain. To address this, we developed plasma-treated gold fiber microelectrodes (AuMEs) 

which enable sensitive and stable Zn(II) detection with FSCV. Typically, gold fibers are 

treated using corrosive acids to clean the surface and this step is important for preparing 

the surface for electrochemistry. Likewise, because FSCV is an adsorption-based 

technique, it is also important for Zn(II) to adsorb and desorb to prevent irreversible plating. 

Because of these requirements, careful optimization of the electrode surface was 

necessary to render the surface for Zn(II) adsorption yet strike a balance between 

attraction to the surface vs. irreversible interactions. In this study, we employed oxygen 

plasma treatment to activate the gold fiber surface without inducing morphological 

changes. This treatment effectively removes the organic layer while functionalizing the 

surface with oxygen, enabling Zn(II) detection that is not possible on untreated gold 

surfaces. Our results demonstrate significantly improved Zn(II) detection sensitivity and 

stability on AuME compared to CFME’s. Overall, this work provides an advance in our 

understanding of Zn(II) electrochemistry and a new tool for improved metallotransmitter 

detection in the brain. 
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Introduction 

Fast-scan cyclic voltammetry (FSCV) is an electroanalytical technique that is used 

most often to detect electroactive neurotransmitters on subsecond timescales.1 

Traditionally, FSCV has been used to detect neurochemicals, most notably dopamine, 

with carbon-fiber microelectrodes (CFMEs)2–5. Over the last several years, FSCV 

detection has expanded beyond traditional carbon-fiber microelectrodes6–10 and has 

branched out to several other classes of neurochemicals including the purines11–15, 

serotonin5,16–18, histamine19, among many others20–25. Previously, our group developed a 

novel waveform which enabled subsecond detection of Zn(II) at CFME’s with FSCV26. 

Despite this expansion, we noted several disadvantages to detecting Zn(II) on carbon-

fiber including poor sensitivity and evidence of plating on the surface26. Here, we provide 

a novel approach to detecting Zn(II) with FSCV by using oxygen (O2)-plasma treated gold-

fiber microelectrodes (AuMEs). Gold is traditionally not an electrode material used with 

FSCV because dopamine does not adsorb as strongly to gold surfaces7,14, however, we 

highlight here that careful electrode-analyte interaction studies are needed in order to 

optimize detection conditions for the specific analyte of interest. 

Chemical and electrochemical cleaning of gold is typically done to improve 

electrochemical detection capabilities.27 Cleaning gold electrodes is used to remove the 

inherent organic layer on the surface to improve charge transfer resistance and produce 

low peak-current potential differences.28 Strong acids and oxidizing agents are often used 

to clean gold; however, if mishandled could lead to serious injury. Likewise, etching in 

strong acids can corrode the surface and without polishing steps, this can lead to 

decreased reactive surface area for electrochemistry.29 For FSCV, cylindrical electrodes 
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are typically used due to improved sensitivity compared to disk microelectrodes for in 

tissue measurements30; therefore, polishing steps aren’t possible to remove the potential 

corrosion due to acid etching. Because of this, cleaning steps which do not corrode the 

surface, thus eliminating the need for polishing, were necessary for us to expand to 

cylinder gold microelectrodes for biological detection of Zn(II). 

Alternative cleaning methods have been developed using high temperatures, and 

potential sweep methods in low concentrated acids.31,32 Although these methods offer 

excellent alternatives to cleaning the gold surface, the temperatures typically used 

(several hundred degrees C) can disrupt the integrity of the gold fiber leading to reduction 

in conductivity. Using lower concentrations of acid, for example nitric acid or hydrochloric 

acid mixed with hydrogen peroxide, is known to potentially contaminate the surface with 

carbon, chloride, and nitrogen which also can lead to loss in reactive area for 

electrochemistry.28 Zn(II) electrochemistry is a surface-dependent process which relies 

heavily on the chemistry of the electrode surface.33 Zn(II) is known to interact favorably 

with oxide functionality, leading to adsorption on the surface.26,34 In FSCV, the holding 

potential is used as a preconcentration step to promote adsorption to the surface1; 

therefore, it is important to insure the surface is favorable for this interaction. Because of 

Zn(II)’s known interaction with oxide groups, we investigated whether functionalizing the 

surface with oxygen would improve electrochemical detection of Zn(II) on gold. Overall, 

a method to treat gold by cleaning yet maintaining some oxygen functionality with limited 

corrosion was necessary to insure adequate Zn(II) detection.28 

Plasma etching is a well-established approach to functionalizing surfaces.11,11,35 

Previously, our lab developed methods to plasma treat carbon-fiber with argon, oxygen 
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and nitrogen.11,36 Likewise, other materials including graphene oxide37,38 and even gold 

nanowires have been functionalized with various plasma gases.39,35 Oxygen (O2) plasma 

of gold has demonstrated removal of the organic layer from template membranes allowing 

for self-assembled functionalization.40 O2 plasma is highly reactive and forms volatile 

species on the surface which results in both cleaning and oxidation. The formation of 

Au2O3 on the surface results from oxygen plasma; although this can be unstable at room 

temperature and could rapidly degrade to other AuO constituents.35   Here, we have 

developed a method to O2-plasma treat gold microelectrodes to both clean and 

functionalize the surface for enhanced Zn(II) interaction. We show that oxide 

functionalities are necessary for improved Zn(II) electrochemical detection while also 

demonstrating that gold is an improved alternative approach to measuring Zn(II) with 

FSCV. 

Methods

Reagents

Chemicals are purchased from Fisher Scientific (Fair, Lawn, NJ, USA) unless 

noted differently. 24 mM HEPES buffer, made by dissolving 5.719 g HEPES in ultra-

purified Milli-Q water (Millipore, Bilerica, MA) and adjusted to a pH of 7.4 for 

electrochemical characterization. Stock solutions of 10 mM Cu(NO3)2•xH2O and 

Zn(NO3)2 were dissolved in Milli-Q water and diluted in HEPES buffer daily for 

electrochemical characterization experiments. To do traditional cyclic voltammetry, 

solutions were made from 50 mM stock and diluted to 5 mM with 1M KCl for 

electrochemical characterization. 5 mM of Ru(NH3)6Cl3 and K3[Fe(CN)6]  were used in 

electrochemical characterization of electrode fibers. For brain tissue experiments, data 
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was collected in artificial cerebrospinal fluid (aCSF) consisting of 2.5 mM KCl, 1.2 mM 

NaH2PO4, 2.4 mM CaCl2 dihydrate, 1.2 mM MgCl2 hexahydrate, 126 mM NaCl, 11 mM 

D-glucose, 25 mM sodium bicarbonate, and 0.4 mM ascorbic acid. 

Gold Fiber Microelectrode Fabrication and Plasma Treatment

Cylindrical gold fiber microelectrodes (AuMEs) were made using a 25 m in 

diameter gold wire purchased from Goodfellow Cambridge Limited (Huntington, England). 

Untreated gold fibers were pulled through a pre-pulled glass capillary tube (1.2 mm x 0.68 

mm, A-M Systems, Sequim, WA) and the fiber was placed 100-150 m in length from the 

end of the glass seal under an optical microscope. The glass capillaries were pulled using 

a vertical micropipette puller (Narishige PE-22; Tokyo, Japan). Gold fibers were treated 

with either O2 plasma (Nordson march, Westlake, Ohio, USA) or air plasma (SPI Plasma 

Prep III, SPI Supplies, West Chester, PA) and then compared. Treatment times were 

varied, and the experimental parameters assessed were 100 W for 200 s with 250 SCCM 

(O2 plasma), 100 W for 300 s with 200 SCCM (O2 plasma), and 100 W for 300 s (SCCM 

not controllable for air plasma instrument). To plasma treat the entire fiber surface, gold 

fibers were threaded through a PDMS block to expose the ends of the fiber. This is a 

necessity to ensure full functionalization of the fiber surface. After plasma treatment, 

electrodes were fabricated using the plasma-treated fibers as described above. 

Electrodes were then sealed with air dry epoxy (J-B Weld 50112 ClearWeld Quick-Setting 

Epoxy- Clear) then dipped in acetone to clean the epoxy off the fiber and cured in air 

overnight. 

Electrochemical Characterization
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Traditional voltammograms were collected using a CHI 620 potentiostat (CH 

Instruments, Bee Cave, TX, USA) with a three-electrode system. The working electrode 

was the cylindrical gold fiber microelectrode (AuME), the reference was a standard 

Ag/AgCl, and the counter electrode was a Pt wire. Square wave voltammetry (SWV) with 

a  starting potential of –1.6 V scanning to 0.4 V, with an amplitude increase of 0.025 and 

a frequency of 15 Hz. Traditional cyclic voltammetry (CV) was used for surface 

characterization. The potential waveform scanned from -0.5 V to 0.4 V at a scan rate of 

0.1 mV/s. Confirmation of a monoxide layer on the gold surface was done by scanning 

from -0.3 V to 1.5 V at 0.1 mV/s in 0.05 M H2SO4. Fast-scan cyclic voltammograms were 

collected using the WaveNeuro potentiostat with a 1Ω headstage (Pine Instruments, 

Durham, NC). The FSCV data was collected using a National Instruments PCle-6363 

interface board (Austin, TX) and HDCV software (UNC-Chapel Hill, Mark Wightman). 

Fast-scan cyclic voltammograms (CVs) were background subtracted to remove non-

faradaic current. The waveform consisted of a holding potential at -0.1 V, a switching 

potential of -1.6 V, with a ramp to 0.6 V and back to the holding potential. The waveform 

was applied at 400 V/s at a frequency of 10 Hz. Electrodes were tested on a flow cell 

system made from a six port HPLC actuator (Valco Instruments, Houston TX), similar to 

prior reports.13,41 Buffer was delivered at a flow rate of 1 mL/min using a syringe pump 

(Chemyx, Stafford, TX). All experiments were conducted in a faraday cage at room 

temperature.

Surface Characterization

Gold fibers were imaged using scanning electron microscopy (SEM) accompanied 

with an EDAX detector for energy dispersive spectroscopy (EDS) for elemental 
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characterization. All images were collected on a FEI XL30 SEM with an accelerating 

voltage of 5.00 kV at a working distance of 12.2 mm. X-ray photoelectron spectroscopy 

(XPS) was utilized to determine the elemental composition of gold fiber surfaces before 

and after air and O2 plasma treatment using a Thermo Scientific Nexsa X-ray 

photoelectron spectrometer with a hemispherical analyzer and monochromatic Al Kα 

source (Wayne State University, Detroit, MI). Fibers were mounted using conductive Cu 

tape. Data was collected using a baseline pressure of 1.7 × 10–7 mbar with a flood gun 

utilized for surface charge neutralization.

Brain Slice Experiments

All animal experiments were conducted in accordance with The Guide for the Care 

and Use of Laboratory Animals (“The Guide”) by the National Research Council and 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University 

of Cincinnati. Male Sprague Dawley rats, typically weighing 170–180 g (Charles River 

Laboratories, Wilmington, MA, USA), were housed in a vivarium and provided food and 

water ad libitum. Rats were anesthetized with isoflurane (Henry Shrein, Melville, NY, USA) 

and euthanized via decapitation. After the brain was retrieved, it was placed in ice-cold 

oxygenated (95% O2 and 5% CO2) aCSF for no more than 2 min. The brain was mounted 

using superglue onto a vibratome stage for slicing. Sagittal slices of the hippocampus, 

400 μm thick, were acquired using a VT1000S vibratome (Leica, Chicago, IL, USA) at a 

speed of 90 and a frequency of 3. The tissue slices were recovered in oxygenated aCSF 

for 1 h prior to picospritzing. For the picospritzing experiment, slices were placed in a 

Warner Instruments perfusion chamber set to 37 °C and perfused with oxygenated aCSF 

at a rate of 2 mL/min using a Watson-Marlow 204S peristaltic pump (Wilmington, MA, 
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USA). The AuME was implanted into the CA1 of the hippocampus and lowered 

approximately 75 μm using a micromanipulator (Narishige, Tokyo, Japan). The electrode 

was allowed to equilibrate for 20 min prior to exogenous delivery of Zn(II). A Parker 

Hannifin Picospritzer III (Hollis, NH, USA) was used to deliver 200 M Zn(II) 100 μm from 

the electrode by a pulled glass capillary with a 15–20 μm opening at the tip. The pressure 

was set to 10 psi, with 800 ms ejections. Zn(II) was delivered to a total of 3 slices.

Statistics

Data was analyzed using GraphPrism V 9.0 (GraphPad Soft2ware Inc., La Jolla. CA, 

USA). All data were considered significant at the 95% confidence level (p<0.05). Reported 

values are the mean ± the standard error of the mean (SEM), with n representing the 

number of electrodes or slices for each reported average. 
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Results and Discussion
Detection of Zn(II) on Various Plasma-Treated Gold Surfaces

Figure 1: Plasma treatment with oxygen positively impacts the detection of Zn(II) at AuMEs. Measurements 
were made using 5 mM Zn(II) in 1M KCl. (A) No observable reduction peak at untreated gold fibers. (B) 
Minimal reduction current is observed on air plasma treated fibers at -1.3 V. (C) A clear reduction peak at -
1.4 V is observed for Zn(II) at oxygen plasma treated gold fibers (treatment was for 200 s). (D) Longer 
treatments times with oxygen plasma (300 s) resulted in less observable current for Zn(II) reduction. (E) 
Comparison of treatments shows an overall 442-fold (~170.5 nA after treatment vs. 0.385 nA before 
treatment) increase for the detection of Zn(II) with 200 s of oxygen plasma treatment. (n = 6)

Plasma-treatment is necessary for adequate detection of Zn(II). Here, we tested 

the extent to which we could measure Zn(II) reduction (5 mM) on an untreated AuME 

(Figure 1A, n=6) with square wave voltammetry and observed no detectable reduction 

current. We speculate that this is due to the inherent organic layer that is on the surface 

of the gold fibers during the fabrication process, hindering available sites for Zn(II) 

electrochemistry28. To improve detection, we evaluated the extent to which both air and 
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O2 plasma influenced Zn(II) detection. Plasma was chosen as the approach for improving 

detection because (1) it eliminated the need to use strong, and possibly dangerous, acids, 

(2) avoided unnecessary corrosion on the surface which we could not be polished away 

(cylindrical electrode), and (3) because plasma can easily functionalize surfaces. Air and 

O2 plasma were compared to test whether higher oxygen content on the surface was 

necessary for improved detection.

Oxygen plasma-treated electrodes significantly improved Zn(II) detection 

compared to air plasma-treated AuMEs. Square wave voltammetry, SWV, was utilized to 

assess peak placement and observed reduction current for plasma-treated electrodes. 

Gold fibers were first plasma-treated (see experimental methods for details) followed by 

electrode fabrication for testing. On average, we observed 3.5 ± 0.6 nA for 5 mM Zn(II) at 

air-plasma treated AuMEs, which is only a 9.1 -fold improvement compared to bare, 

untreated electrodes (Figure 1B, E, n = 6). The broad peak and low current for such a 

large concentration indicates that low, micromolar concentrations would be infeasible for 

quantitation in tissue if used with FSCV. We speculated that this is because air plasma is 

primarily composed of nitrogen, leading to less oxygen functionality on the surface. 

Despite this observation, this result shows that cleaning is necessary for Zn(II) detection. 

Next, we compared the extent to which the O2 plasma treatment influenced Zn(II) 

detection. We compared a treatment consisting of a 200 s treatment with 250 SCCM and 

100W to 300 s with 200 SCCM and 100 W (Figure 1C and D, n = 6). On average, we 

measured -170.5 ± 26.9 nA for 5 mM Zn(II) and this was significantly different compared 

to 300s on air and oxygen plasma. The reduction peak was much more defined at these 

surfaces and was at approximately -1.2 V. The smaller peaks that are present after the 
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sharp peak shows that we have a heterogenous fiber of gold, this does not impede the 

detection of Zn(II) with SWV. With traditional electrochemical techniques that are used 

for metal detection, simultaneous detection of Cu(II) and Zn(II) has shown high sensitivity 

as well as simultaneous detection without interference.42–45 However, these various 

electrodes are organic based and cannot be compared to our novel treatment of a gold 

electrode. Therefore, from our observations of Cu(II) being the interfering analyte to Zn(II) 

on CFME coupled with FSCV we tested 5 mM of Cu(II) using SWV. We discovered that 

Cu(II) does not need an oxide layer for detection and is more robust than 5mM of Zn(II), 

especially on AuMEs plasma treated for 200s (Fig S1, n=6). Previously, cleaning has 

shown elemental changes to the gold surface using X-ray Photoelectron 

Spectroscopy(XPS) 28. At 200-s, we observed an approximate 442-fold increase in 

current compared to untreated bare gold fibers (Figure 1E). For a 300 s treatment time, 

we observed an average reduction current of -31.6 ± 18.4 nA (n = 6). The peak slightly 

shifted in potential to approximately – 1.15 V. The peak that is shown after the quantified 

Zn(II) peak does not grow with increasing concentration (tested 10mM of Zn(II), data not 

shown), indicating that it is not inherent to Zn speciation on the surface. Longer treatment 

times lead to significantly less reduction current observed (One-way ANOVA, p = 0.071 

Figure 1E). We hypothesized that longer treatment times could be disrupting the integrity 

of the fiber, thus impacting the ability of the material to serve as an adequate 

electrochemical sensor. Next, fibers were surveyed using scanning electron microscopy 

(SEM) to visually assess the impact of plasma treatment on the morphology of the fiber. 

Surface Characterization  

Page 12 of 28Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na
ly
st
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

by
 U

N
IV

ER
SI

TY
 O

F 
C

IN
C

IN
N

A
TI

 o
n 

8/
8/

20
24

 2
:4

9:
54

 P
M

. 

View Article Online
DOI: 10.1039/D4AN00307A

https://doi.org/10.1039/D4AN00307A


Figure 2: SEM images of gold fibers before and after treatment. (A) An example of an untreated gold fiber. 
(B) A representative example of a gold fiber treated with air plasma. Surface pitting is visible. (C) An 
example image of a fiber treated with oxygen plasma for 200 s. (D) An example image of a fiber treated 
with 300 s of oxygen plasma showing pitting. Scale bars are shown on each image. Red box highlights the 
noted pitting observed.

Longer O2 plasma treatments influence the gold fiber morphology (Figure 2). SEM images 

of bare gold fibers, air, and oxygen-plasma treated fibers (both 200 and 300 s treatments) 

were taken and compared (Figure 2). Bare fibers and air-treated fibers showed visible 

impurities on the surface (2A,B) which were decreased or absent from O2-treated fibers 

(2C,D). To validate that impurities are on the surface and that plasma treatment was 

functionalizing the surface with oxygen, EDAX and XPS were employed to observe 

elemental composition of the surface. Comparison of bare to the optimal oxygen plasma 

treatment demonstrates that O2 plasma treatment decreases surface carbon and 

increases oxygen functionalization (n=3, Fig. S2). XPS analysis demonstrated a decrease 

from 76.5% surface functionalization with adventitious carbon to 70.0%, while oxygen 
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functionalization increased from 18.1% to 24.1% (Figure S3). Analysis of the oxygen peak 

at 530-535 eV demonstrates changes in the form of oxygen functionalization present; 

plasma treatment substantially increases C=O content on the fiber surface, suggesting 

that Zn(II) may preferentially interact at these functionalities (Figure S4). We show that 

we have a heterogeneous fiber from plasma treatment similar to previously published 

literature28.  Despite this observation, observed impurities do not appear to significantly 

impact Zn(II) detection. We additionally observe marginal impacts on surface structure 

from extended plasma treatment. Scattered pitting is evident on fibers treated with air 

plasma for 300 s (2B). Similarly, longer exposures to O2 plasma (300 s) showed an 

increase in physical surface defects compared to the optimal 200s treatment time (Figure 

2C, D). We speculate that extensive plasma exposure eroded the gold fiber surface, 

resulting in the decreased current observed for Zn(II). However, it is important to note that 

while present, changes in surface morphology were minimal, particularly for the optimally 

treated fibers (Figure S5). Overall, plasma treatment of gold does induce noticeable 

changes to the fiber surface yet does not corrode it like typical acid treatments. 

Electrochemical Characterization
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Figure 3: Plasma treatments influence surface-sensitive redox probes and the observed oxygen on the 
surface. (A) Comparison CV of bare and oxygen plasma treated AuME in 0.05 M H2SO4 showing oxide 
monolayer on plasma treated fibers with oxidation peak at 1.2 V and the reduction peak at 1.0 V. (B) 
Example CV for 5 mM Ru(NH3)6Cl3 dissolved in 1M KCl at a scan rate of 0.1 V/s CV for untreated and 
oxygen plasma AuMEs. (C) Example CV for 5mM K3[Fe(CN)6] aqueous solution at a scan rate of 0.1 V/s 
for untreated and oxygen plasma treated AuMEs

Oxygen was further confirmed to be present on the fiber surface by verification using 

traditional cyclic voltammetry. Au oxide layers form on the surface after oxygen plasma 

treatment27 and here, we demonstrate that our plasma treatment generated an Au oxide 

layer (Figure 3A, n=4).  Previous work showed a mixture of gold oxide monolayer species 

on the surface with X-ray photoelectron spectroscopy (XPS) after treatment of gold fibers 

in various conditions28, which our XPS data further supports (Figure S3, S4). Cyclic 

voltammograms (CVs) were collected in 0.05 M of H2SO4. Here, characteristic Au 

oxidation and reduction peaks (at 1.2 V and 1.0 V, respectively) are present on the O2-

plasma treated surface indicating a surface oxide monolayer. To further explore this, we 

examined the extent to which two redox couples interacted with the surface: one which is 

surface insensitive Ru(NH3)6Cl3 (Ruhex) and one that is surface sensitive 

K3[Fe(CN)6]  (Ferro/Ferri) (Figure 3B and C). The Ep indicates the relative electron 

transfer and was used as a measure of electrode performance. The ΔEp for 5 mM of 

Ferro/Ferri was 0.33 V on a bare gold electrode compared to 0.2 V on the plasma-treated 

electrode. The change in ΔEp was significantly different (unpaired t-test, p = 0.012 , n = 

4) indicating that our plasma treatment is significantly improving Ferro/Ferri interaction at 

the surface, through the addition of the oxide monolayer. The shift in CV of the oxygen 

plasma-tread electrode could be due to the morphological changes of the surface that are 

observed with SEM after treatment (Figure 2C). Since we have a heterogenous fiber, 

controlling the amount of oxygen on the surface can be difficult, this could be due to the 
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formation of a heterogenous gold oxide layer (Figure 3C). In contrast, 5 mM Ruhex 

demonstrated no change in ΔEp for the bare and plasma-treated electrode (unpaired t-

test, p = 0.323, n = 3) due to its insensitivity to the chemical functionality of the electrode 

surface. Despite no change in electron transfer, we observe larger currents at our plasma 

treated surface indicating a larger surface area for electrochemistry (possibly from the 

increase in voids on the surface). Comparing the untreated, or bare, to the optimal oxygen 

plasma treated AuMEs we provide evidence that suggests we are functionalizing the 

surface with oxygen. 

Fast Scan Cyclic Voltammetry (FSCV)

 
Figure 4: Zn(II) detection is possible and stable on an oxygen plasma treated AuME with FSCV. (A) 
Waveform used for the detection of Zn(II). (B) False color plot showing the redox profile of 20 µM Zn(II). 
Voltage is on the y-axis, time is on the x-axis, and the current is shown in the false color plot. (C) “Open” 
CV for 20 µM Zn(II) with a reduction peak at-1.2 V and an associated oxidation peak at -0.73 V. (D) 24 
repeated injections of 20 µM Zn(II) demonstrates detection stability. Reduction current for Zn(II) was 
normalized to the first injection and plotted as a function of injection number (n = 6).

Fast scan cyclic voltammetry (FSCV) is an electrochemical technique that employs higher 

scan rates, typically 400 V/s, to study electroactive neurochemicals in the brain12,17,46,47 

and other tissues41,48. The typical waveform for FSCV is collected at 10 Hz, which enables 
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100 ms temporal resolution. When using higher scan rates, large capacitive currents are 

generated but are removed using background subtraction (Figure S6). Therefore, all CVs 

shown for FSCV have been background subtracted. Due to background subtraction and 

the use of microelectrodes with high surface area, lower limits of detection are capable 

compared to traditional CV. Our prior work demonstrated that Zn(II) could be detected 

using FSCV26 yet needs a sweep to a positive potential to aid in stripping of any plated 

Zn(s) on the surface. Here, we further demonstrate that Zn(II) can be measured with 

FSCV on a AuME. The waveform used is depicted in Figure 4A. The observed reduction 

peak for Zn(II) with SWV was -1.2 V; therefore, to accommodate for the shift in potentials 

observed at fast scan rates, we scanned to -1.6 V. Due to the potential window of gold7, 

we are limited compared to carbon-based microelectrodes that have a potential threshold 

of -2.0 V to 2.0 V. Despite this, gold has a substantial reduction potential range that can 

be utilized for the reduction of Zn(II) with a limit of -2.0 V. Because we are not scanning 

to high oxidizing potentials, we can eliminate the potential for water oxidation. For FSCV, 

we observe the reduction peak for Zn(II) at -1.2 V (Figure 4C). An oxidation peak is 

observed at -0.5 V. An example false color plot is shown in Figure 4B. Because of this, 

we chose to scan to 0.6 V to clearly observe both peaks for Zn(II). A negative holding 

potential helps to facilitate adsorption on the surface. For all characterization with FSCV, 

20 M Zn(II) was used because it is the physiological concentration of Zn(II) in the 

extracellular space in the brain under normal conditions20. 

Stability of detection is important to enable successive recording of Zn(II) release 

in the brain. In our stability test, we repeatedly injected 20 µM Zn(II) (Figure 4D). The 

reduction current was normalized to the first injection and plotted as a function of injection 
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number. After 24 injections of 20 µM Zn(II) we observed an overall decrease of 20 ± 1.2% 

with an associated RSD of 17.5% (Figure 4D, n = 6). Here, we show that we obtain similar 

loss of current over time at plasma treated AuMEs to CFME’s at an extended sawhorse 

waveform. However, the reduction current on AuMEs is higher for 20M Zn(II) showing 

improved detection ability. Our prior work demonstrated that we had to scan to high 

potentials (1.45 V) and hold for 3 ms to strip the plated Zn(II) off the surface.26 Here, we 

demonstrate that this step isn’t necessary on AuMEs which shortens the waveform 

needed for detection. 

Zn(II) Interaction on Gold Microelectrodes

 Figure 5: Log-log plot of current vs scan rate demonstrates that Zn(II) is both adsorption and diffusion 
controlled on the surface with an associated R2= 0.8568 and m=0.7340 ( n = 6)

Zn(II) interacts by a combination of diffusion and adsorption at the surface of O2-plasma 

treated AuMEs. Analyzing the current changes as a function of scan rate can reveal the 

dominating interaction at the surface. The slope of the log of current vs. the log of scan 

rate plot reveals the dominating interaction, with slopes closer to 0.5 indicative of 

diffusion-limited processes and slopes closer to 1.0 indicative of adsorption-limited. The 

slope was 0.734 indicating that a combination of diffusion and adsorption limited 

processes are occurring (Figure 5). 

Sensitivity, Limit of Detection, and Interference
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A significant improvement in detection sensitivity is observed on gold compared to carbon 

microelectrodes for Zn(II). Previously, we reported a sensitivity of 0.203 nA/µM for Zn(II) 

with FSCV and carbon-fiber microelectrodes26. Here, we report a sensitivity of 5.16 ± 0.66 

nA/µM for Zn(II) on AuMEs, substantially improving sensitivity from our prior work (Figure 

6; n = 4-10). The “open” CV shows the reduction peak for 2.5 μM of Zn(II) and its 

reoxidation; notably, at low concentrations, large switching error is apparent at +0.6 V 

(Figure 6A). Linearity is maintained from 2.5 µM to 40 μM. Current begins to taper at 80 

µM but does not flatten even at 640 μM (Figure S7). We hypothesize this is due to the 

addition of a more uniform oxide layer, lending a higher amount of adsorption sites, 

ultimately widening where saturation at the electrode surface occurs. Alternatively, this 

could indicate more contribution of diffusion-limited processes at gold surfaces, leading 

to less saturation at the surface. This is supported by previously published work on 

dopamine (DA) detection using a gold electrode that showed a greater linear range 

compared to that of DA on CFME49. Detection of concentrations down to 100 nM was 

attempted; however, at nanomolar concentrations, current was highly variable, even 

within a single electrode. The limit of detection (LOD) was calculated as 3σ of the noise 

(0.18 ±0.67 nA) and is reported at 310 ± 29 nM. Noise was determined as the current 

from a set background-subtracted point at -1.2 V, 2s prior to injection of the lowest analyte 

concentration. This LOD is important to determine since it has not been previously 

reported for Zn(II) on microelectrodes in biological buffers for FSCV. The limit of 

quantification (LOQ), 10σ of the noise, is 1.2 ± 0.1 μM; this is in alignment with our linear 

working range. This work shows that oxygen plasma treated AuMEs can increase our 

sensitivity for detection in tissue and hopefully move to endogenous measurements of 
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Zn(II) within tissue on a selective electrode to compete with interfering analytes reported 

to be free signaling in the brain, such as. Cu(II). 

As FSCV relies on direct electrochemical detection rather than a recognition element, 

analytes with overlapping reduction and oxidation potentials can interfere with selective 

detection of the target analyte. We tested four potential interferents: Cu(II), which overlaps 

with Zn(II) reduction; and three electroactive monoamines: dopamine (DA), 

norepinephrine (NE), and serotonin (5-HT), which are commonly monitored with FSCV, 

colocalized with Zn(II), and have oxidation peaks appearing below +0.6 V, potentially 

enabling codetection with Zn(II) (Figure S8, n = 3). A bolus of 20 μM Zn(II) and Cu(II) and 

1μM DA, NE, and 5-HT were individually applied at the Zn(II) waveform previously 

described. Clear reduction and oxidation peaks were observable for Zn(II) at -1.2 V and -

0.5 V, respectively (Figure S8A). Cu(II) was unstable at the modified AuMEs and no 

significant reduction peaks were observed, suggesting that Cu(II) is unlikely to be a 

significant interferent in a tissue matrix (Figure S8B). DA and 5-HT showed little to no 

oxidation at plasma-treated AuMEs (Figure S7C,E); DA is known to demonstrate limited 

sensitivity on AuMEs with FSCV49, while 5-HT has not been previously monitored on 

AuMEs. NE showed a significant oxidation at + 0.55 V, which did not overlap with either 

zinc peak and suggests codetection is feasible (Figure S8D). No reduction peaks were 

observed for the monoamines, as they were introduced in a reduced state.
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Figure 6: Concentration curve of 5 M- 640 M of Zn(II) with FSCV. (A) Example “open” CV of 2.5 M 
Zn(II), stars denotes reduction (*) and oxidation (*) peaks. (B) Concentration curve of Zn(II) with a slope of 
-5.164 nA/M and an R2

 value of 0.9379.

Detection of Exogenous Zn(II) in the Hippocampus 

Detection of Zn(II) in brain tissue is possible at plasma treated AuMEs and FSCV. We 

pressure ejected using a picospritzer 200 M of Zn(II) near our electrode to mimic 

transient firing in the CA1 of the hippocampus (Figure 7, n = 3). This region was chosen 

because it is highly innervated with Zn(II) containing glutamatergic cells50. Figure 7 shows 

an example false color plot and associated CV of exogenous Zn(II) detection in the tissue. 

The false color plot shows a 30 s time file of the exogenous application of Zn(II). The 

Zn(II) reduction peak is circled in red, and the injection time of exogenous application is 

noted by the black arrow (Figure 7A). The associated CV is an “open” CV to show the 

reduction peak more clearly (Figure 7B). The reduction peak for Zn(II) is at -1.4 V with an 

associated current of -350 nA, this shift  in potential is likely an artefact of the complex 

tissue matrix, similar to other analytes observed with FSCV in tissue12–14. Additionally, the 

extra peak observed on the back scan is non-faradaic and due to drift from pressure 

ejection near the electrode. The current events last on average 10 seconds implying 

reuptake of the applied Zn(II). This shows feasibility for endogenous measurements which 

will enable pharmacological exploration and establishing a mechanism for Zn(II) release 

and clearance in the brain in the future, with much higher sensitivity than traditional 

Page 21 of 28 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na
ly
st
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

by
 U

N
IV

ER
SI

TY
 O

F 
C

IN
C

IN
N

A
TI

 o
n 

8/
8/

20
24

 2
:4

9:
54

 P
M

. 

View Article Online
DOI: 10.1039/D4AN00307A

https://doi.org/10.1039/D4AN00307A


CFMEs. In this work, we demonstrate a more robust detection of Zn(II) by utilizing oxygen 

plasma treated AuMEs to prove oxygen species are necessary for the detection of Zn(II) 

with FSCV. 

Figure 7: Exogenous detection of 200M Zn(II). (A) False color plot showing injection of Zn(II) and 
duration of event. (B) “Open” CV of associated false color plot showing reduction of Zn(II) denoted by a 
red star. n = 3

Conclusion

In this work we have developed a new method of cleaning the organic layer from 

gold fibers as a safer alternative to the usual acid treatment practices and have used 

these plasma-treated surfaces for improved Zn(II) detection. Plasma treatment can cause 

nanopores on the surface, therefore consideration of treatment time is important. Surface 

characterization, using traditional cyclic voltammetry demonstrates fast electron transfer 

due to having oxygen on the surface which improves the adsorption of Zn(II). With FSCV, 

we discover that Zn(II) is a mixture of adsorption and diffusion controlled on the surface 

of AuME which is true for that of Zn(II) on CFMEs. Utilizing these oxygen plasma treated 

AuMEs, we show improved sensitivity for the detection of Zn(II) which enables a lower 

limit of detection. Stability of Zn(II) detection on AuMEs with FSCV is comparable to 

carbon fiber microelectrodes coupled with the extended sawhorse waveform(ESW). 

Using gold enables eliminating the need to scan to high potentials with FSCV to renew 

the surface. We also demonstrate the utility of these new electrodes to measure 

exogenously delivered Zn(II) in the hippocampus. In conclusion, we show an improved 
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method for the detection of Zn(II) that can lead to studying the mechanism of Zn(II) in 

selective areas of the brain that will enable future studies of the signaling role of Zn(II) in 

the brain. 
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