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Abstract: A series of gold (Au) nanostructures, having different morphologies, were fabricated
for amperometric selective detection of carbon monoxide (CO), a biologically important signaling
molecule. Au layers were electrodeposited from a precursor solution of 7 mM HAuCl4 with a
constant deposition charge (0.04 C) at various deposition potentials. The obtained Au nanostructures
became rougher and spikier as the deposition potential lowered from 0.45 V to 0.05 V (vs. Ag/AgCl).
As prepared Au layers showed different hydrophobicity: The sharper morphology, the greater
hydrophobicity. The Au deposit formed at 0.05 V had the sharpest shape and the greatest surface
hydrophobicity. The sensitivity of an Au deposit for amperometric CO sensing was enhanced as
the Au surface exhibits higher hydrophobicity. In fact, CO selectivity over common electroactive
biological interferents (L-ascorbic acid, 4-acetamidophenol, 4-aminobutyric acid and nitrite) was
improved eminently once the Au deposit became more hydrophobic. The most hydrophobic Au
was also confirmed to sense CO exclusively without responding to nitric oxide, another similar gas
signaling molecule, in contrast to a hydrophobic platinum (Pt) counterpart. This study presents a
feasible strategy to enhance the sensitivity and selectivity for amperometric CO sensing via the fine
control of Au electrode nanostructures.

Keywords: gold; electrodeposition; surface hydrophobicity; carbon monoxide; amperometric sensing

1. Introduction

Carbon monoxide (CO) is generally considered to be a toxic pollutant, but its endoge-
nous production at low levels is essential for mammals due to its important physiological
roles as a signaling molecule mediating vasodilation, platelet aggregation, neurotransmis-
sion, and neuromodulation [1,2]. Thus, diverse methods for the measurement of CO have
been developed for environmental and biological applications. The usually used methods
for CO measurements are gas chromatography [3], mass spectrometry [4], luminescence [5],
fluorescence [6], colorimetry [7], and electrochemical sensors [8]. Although each of these
techniques has its own strengths and weaknesses, electrochemical methods are advanta-
geous particularly for the real-time direct measurement of CO in a confined space. In fact,
electrochemical sensors can monitor CO levels quantitatively with fast response time and
high sensitivity/selectivity [9,10].

In electrochemical CO sensors operating in amperometric mode, CO oxidation cur-
rent is generally measured as a signal proportional to CO concentration while a constant
potential (to cause CO oxidation) is applied to a working electrode of the sensor. Thus, any
co-present species, which can undergo electrode reaction at the selected working electrode
potential, intrude into the measured current. Common electroactive biological interferents
are nitrite, acetaminophen, ascorbic acid, etc. To improve the sensor selectivity to CO over
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these interferents, polymer membranes such as Nafion/chitosan [11] and polytetrafluo-
roethylene [12] are usually employed on the working electrode surface. However, the
additional introduction of membranes makes negative aspects of the sensors (e.g., more
complicated fabrication process and slower response time due to the hindered CO transport
through the membrane).

The synthesis of metallic nanostructures has been studied by many researchers because
these materials are applicable to various fields such as sensors [13,14], electrocatalysis [15],
heterogeneous catalysis [16], and fuel cells [17]. The surface properties of these nanostruc-
tures can be changed with the variation of the types/compositions of metals, dimensions,
and shapes [18,19]. Among the assorted techniques used for synthesizing metal nanos-
tructures (e.g., vapor deposition, wet synthesis, template supported synthesis, etc. [19,20]),
electrodeposition is the most straightforward method to build nanostructures directly on
the electrode surface with the morphology control [21–23]. Electrodeposited nanostructures
having various shapes such as nano-trees [22], dendrites [24], and spikes [25] have been
prepared with the regulation of the composition/concentration of a precursor solution and
charge/potential applied for the deposition, etc.

The wettability of a solid surface is significantly reduced by making the surface
rougher [26]. Thus, nanostructured surfaces have different wettability relying on the actual
morphology. For instance, the superhydrophobic properties of flowerlike Au structures [27]
and Pd nanoflakes [23] synthesized with electrodeposition have been reported. Since most
common biological interferents are polar or ionic species, hydrophobically a nanostructured
electrode surface is anticipated to exhibit a selectivity to nonpolar/neutral species. In
fact, we previously prepared greatly hydrophobic sharp-pointed Pt nanostructures via
electrodeposition and applied them for membrane-free amperometric sensing of nitric oxide
(NO), another physiologically important signaling gas molecule [22]. In this current study,
various Au nanostructures with different morphologies and hydrophobicity are fabricated
by simply changing the applied potential via electrodeposition method. Furthermore,
as-prepared Au nanostructures are investigated regarding their feasibility as amperometric
CO sensors (e.g., sensitivity and selectivity to CO) depending on the morphology and
hydrophobicity for the first time.

2. Materials and Methods
2.1. Chemicals and Materials

Gold(III) chloride trihydrate (HAuCl4·3H2O), lead(II) acetate trihydrate
(Pb(CH3COO)2·3H2O), potassium tetrachloroplatinate(II) (K2PtCl4), sulfuric acid (H2SO4),
sodium nitrite (NaNO2), 4-acetamidophenol (AP), L-ascorbic acid (AA), and nafion perflu-
orinated resin solution were from Sigma-Aldrich (St. Louis, MO, USA). 4-Aminobutyric
acid (GABA) was from Alfa Aesar (Heysham, England). Phosphate-buffered saline (PBS,
pH 7.4 ± 0.1 at 25 ◦C) was from Welgene Inc. (Korea). Argon (Ar), nitric oxide (NO), and
carbon monoxide (CO) gases were from Dong-A Gas Co. (Korea). All aqueous solutions
were prepared with deionized water (resistivity ≥ 18 MΩ·cm), and all chemical compounds
were analytical grade and used without further purification.

2.2. Electrodeposition of Au Structures

As substrates for electrodeposition, Au disk electrodes (Bioanalytical Systems, Inc.,
West Lafayette, IN, USA, 2 mm in diameter) were used. An Ag/AgCl (CH Instruments,
Inc., Austin, TX, USA) and an Au wire (Sigma-Aldrich, St. Louis, MO, USA, 1 mm in
diameter) was used as the reference and counter electrode, respectively.

Before the electrodeposition of Au nanostructures, Au disk substrate electrodes were
wet-polished on a polishing cloth with 0.3-µm alumina powder. To remove the alumina
slurry, the electrodes were sonicated in deionized water for 10 min. A deposition solu-
tion was an aqueous solution containing 7 mM HAuCl4 and 0.1 mM Pb(CH3COO)2 that
was purged using Ar gas for 10 min before deposition. Au nanostructured layers were
electrodeposited on the Au disk electrodes in the prepared solution with amperometry up
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to the deposition charge of 0.04 C at various applied potentials: 0.05, 0.15, 0.20, 0.25 and
0.45 V (vs. Ag/AgCl). A CHI 900B bipotentiostat (CH Instruments, Inc., Austin, TX, USA)
was used for electrodeposition.

2.3. Physical and Electrochemical Characterization

The physical characterization of electrodeposited Au surfaces was performed us-
ing field emission scanning electron microscopy (FE-SEM, Jeol JSM-6700F, Tokyo, Japan)
equipped with an energy dispersive X-ray spectrometer (EDS). The water contact angles
were measured by ImageJ (Image Processing and Analysis in Java) with a droplet of 1 µL
deionized water on the electrodeposited Au electrode.

All electrochemical processes were conducted using the same electrodes and potentio-
stat described in the electrodeposition procedure. Linear sweep voltammetry (LSV) was
performed in PBS solution (pH 7.4) containing 50 µM CO, NO or AA. For the amperometric
measurements, the electrodes were polarized in a PBS solution (pH 7.4) at −0.05 V (vs.
Ag/AgCl) until steady-state currents maintained. Then, current responses of the elec-
trodes were observed while an aliquot of saturated CO (0.9 mM) or NO (1.91 mM) stock
solutions was successively injected to a gas-tight cell containing deaerated PBS solution
being magnetically stirred. The CO and NO stock solutions were prepared by bubbling
CO and NO gases individually in deaerated PBS solutions [12,22]. The electrode current
responses to common biological interfering species (e.g., nitrite, AP, GABA, and AA) were
also measured. To measure the real surface areas (RSAs) of electrodeposited Au electrodes,
cyclic voltammetry (CV) was performed in 0.05 M H2SO4 aqueous solution with a scan rate
of 100 mV·s−1. The electrode RSA was estimated from the integrated area of Au oxide layer
reduction peak in the obtained CV curve using a conversion factor (386 µC·cm−2) [28].

3. Results and Discussion
3.1. Au Nanostructures Depending on the Deposition Potentials

For the electrodeposition of Au layers on flat Au disk substrates, the same precursor
solution (7 mM HAuCl4 with a seeding material of 0.1 mM Pb(CH3COO)2 in water) and
the constant deposition charge (0.04 C) were employed. The variation of only the electrode
potential applied for the deposition successfully changed the actual morphology of the
deposited Au nanostructures. A much sharper morphology was formed as the deposition
potential was lowered from 0.45 V to 0.05 V (Figure 1a–e). The Au deposit prepared at
0.05 V showed a very sharp pine tree-like structure and grew the highest in height from
the substrate as shown in Figure 1a. In the Au structure with a deposition potential of
0.15 V, less sharp shapes grew to a lower height than that with 0.05 V (Figure 1b). Both
of the Au structures deposited at 0.20 and 0.25 V had similarly grown shapes of some
spiky nanostructures on dense and relatively smooth bottom layers. In more detail, the
deposit obtained at 0.20 V appeared to have a rougher bottom layer and a larger number
of small spikes than that formed at 0.25 V (Figure 1c,d). The one prepared at 0.45 V had
the smoothest morphology with evenly distributed round shaped nanostructures with
nearly no upward grown ones. The more positive deposition potential was applied, the
less sharp morphology was obtained presumably due to a slower cathodic deposition
rate [29]. As can be seen in Figure S1, the more positive deposition potential required the
longer time to reach the same deposition charge of 0.04 C, indicating the slower deposition
rate. Under the condition of a slow electrodeposition, Au precursor ions have a chance to
access within the inner pores of the pre-deposited Au layer and then are reduced within
those pores, producing densely packed nanostructures. In the case of the least positive
deposition potential allowing the faster deposition speed, Au precursor ions are mainly
reduced at the outermost parts of the pre-deposited Au layer, producing sharp spiky
structures. Meanwhile, the Au layer deposited from a solution containing only HAuCl4
had a much less sharp morphology (Figure S2). Thus, Pb(CH3COO)2 was necessary to
produce a sharply nanostructured Au deposit. Pb2+ ions from Pb(CH3COO)2 are thought
to play a role in directing the Au deposit growth pattern as previously reported [30].
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Figure 1. (a–e) SEM images of the Au nanostructures electrodeposited with various applied potentials of (a) 0.05 V, (b) 0.15 V,
(c) 0.20 V, (d) 0.25 V and (e) 0.45 V vs. Ag/AgCl. (f) Static water contact angles and roughness factors of the Au surfaces as a
function of the deposition potential (n = 5).

Static water contact angles of the Au nanostructures deposited with different depo-
sition potentials were investigated (Figure S3). The tendency of the water contact angle
values is shown in Figure 1f as a function of the deposition potential. The Au deposit with a
deposition potential of 0.05 V exhibited a contact angle of 153◦, indicating a superhydropho-
bic property of the surface [31]. The contact angles of the Au surfaces decreased gradually
down to ~90◦ as the deposition potential became more positive from 0.05 V to 0.45 V. This
clearly presents that the surface with a sharper morphology exhibits more hydrophobic
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property, as previously reported for electrodeposited Pt nanostructures [21,22]. In fact,
the Au deposit formed at the most negative potential had the sharpest morphology and
accordingly the greatest hydrophobicity.

3.2. Electrochemical Characterization of Au Nanostructures

In order to find an optimum applied potential for amperometric CO sensing, LSV
was carried out for the oxidation of CO. In addition, the electrochemical reactions of NO
(a similar electroactive gasotransmitter) and AA were investigated with LSV, because Au
nanomaterials have also been reported to be good electrocatalysts for AA oxidation [32–34].
As presented in Figure 2, the oxidations of CO, NO and AA were observed at the various Au
deposits within the experimental potential scan range. In Figure 2a, it is noticed that the Au
electrodeposited at 0.05 V exhibits the least positive onset potential for CO oxidation, and
CO oxidation occurred at more positive potential as the Au deposition potential became
more positive. This tendency was the same for NO and AA oxidation while CO oxidation
behavior was most significantly dependent of the deposited Au morphology. It implies that
the sharp hydrophobic structure of Au is the most beneficial for CO oxidation. The LSV
curves of NO and AA depending on Au deposits are possibly attributed to the difference of
electrochemical surface area (ESA) of Au rather than the morphology effect. In fact, the Au
layer deposited at less positive potential exhibited larger ESA (vide infra). Correspondingly,
the roughness factors of the deposits were also increased as the deposition potential became
less positive (Figure 1f).
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Figure 2. Background−corrected linear sweep voltammetry (LSV) curves of the Au electrodes
deposited at various deposition potentials (0.05 V to 0.45 V) obtained in deaerated PBS solution
(pH 7.4) containing 50 µM (a) CO, (b) NO and (c) AA with a scan rate of 10 mV·s−1. The dashed
lines represent current zero lines.
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According to the LSV results shown in Figure 2, −0.05 V (vs. Ag/AgCl), where both
NO reduction and AA oxidation were relatively negligible, was chosen as an electrode
applied potential to monitor amperometric response to CO. Anodic currents induced by
CO oxidation occurring at the Au electrodes applied with −0.05 V (vs. Ag/AgCl) were
monitored while an aliquot of CO stock solution (0.9 mM) was added into a PBS solution
successively to increase the CO concentration. Typical dynamic current response curves and
corresponding calibration curves are shown in Figure 3a,b. All the Au electrodes exhibited
the anodic currents increased in a good linear proportion to the increased CO concentration
levels (R2 > 0.99) within a tested concentration range (0~18.2 µM). In consistent with
the LSV results, the actual degree in the increased current responding to the same CO
concentration increment was different depending on the type of Au deposit. The greater
current response was observed for the sharper morphology and therefore the Au deposit
formed at 0.05 V showed the highest current sensitivity to CO (SI,CO).
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To rule out the effect caused by the different areas among the electrodes, the measured
current was normalized to the ESA of each electrode, which was estimated using a conver-
sion factor of 386 µC·cm−2 for Au oxide monolayer reduction [28]. The measured mean
ESAs (±st. dev., n = 5) were 0.620 (±0.015), 0.294 (±0.046), 0.193 (±0.017), 0.109 (±0.015),
and 0.086 (±0.005) cm2 for the Au structures formed with deposition potentials of 0.05,
0.15, 0.20, 0.25, and 0.45 V, respectively. As confirmed in the SEM images (Figure 1), Au
deposit formed at more positive potential had smoother morphology. Accordingly, the ESA
of the Au deposit decreased with increasing deposition potential because the roughness of
the electrode diminished. Even after the normalization to the corresponding electrode ESA,
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the resulting current density sensitivity (SJ,CO) showed a tendency consistent with SI,CO.
The sharper morphology the Au deposit has, the higher SJ,CO it shows (Figure 3c,d). In
fact, the both SI,CO and SJ,CO of the Au deposits were decreased as the deposition potential
became more positive. It is inferred that the different hydrophobicity of an Au deposit
caused by the distinct nanostructure clearly affect the CO oxidation. As the hydrophobicity
of the Au electrodes increased, CO oxidation was more effectively facilitated and therefore
the sensitivity was increased.

The sensitivity was defined as the slope of a calibration curve (Figure 3b,d) and
calculated from the following equation:

SI,CO =
I

CCO
and SJ,CO =

J
CCO

(1)

where SI,CO and SJ,CO are the current sensitivity (µA·µM−1) and current density sensi-
tivity (µA·cm−2·µM−1) to CO, respectively; I is the current (µA); J is the current density
(µA·cm−2); and CCO is the concentration of CO (µM).

The current and current density responses of these Au deposits to typical biological in-
terfering substances were also observed at the same applied potential of −0.05 V (Figure 4).
The electrode current signals were barely changed in response to the addition of 5 µM
AP, GABA and NO2

−. However, the injection of 5 µM AA induced the anodic current
increases for all the Au deposits indicating the catalytic activity of Au for AA oxidation as
previously reported [32–34]. To investigate the behaviors responding to AA in more detail,
the electrode currents were monitored with several increments of AA concentration. As
shown in Figure 5a, the measured current was linearly proportional to AA concentration
while the current sensitivity (SI,AA) was different depending on the Au deposits. The Au
layers exhibited higher SI,AA as the deposition potential decreased from 0.45 V to 0.05 V.
The current density sensitivity (SJ,AA) obtained after the normalization were quite similar
to one another among the various Au deposits in contrast to the case of SJ,CO. Figure 6
shows the tendency of SI,CO, SI,AA and ESA as a function of Au deposition potential. In
fact, SI,AA increased gradually with lowering the deposition potential throughout all the
different deposits that could be ascribed to the enlarged ESA. Likewise, SI,CO also increased
rather gradually as the deposition potential became less positive from 0.45 V to 0.10 V.
However, a further decrease in the deposition potential down to 0.05 V enhanced SI,CO
greatly, exceeding the pattern of SI,AA. Indeed, the Au layer deposited at 0.05 V eventually
became much more sensitive to CO than AA, while all the other Au deposits exhibited
similar levels of SI,CO and SI,AA. This observation reasonably suggests that the great hy-
drophobicity of Au deposit attained at 0.05 V provides the selectivity to CO over anionic
AA regardless of the high electroactivity of Au for AA oxidation. CO, a hydrophobic
neutral gas molecule, seemingly has better access to the inner part of the most hydrophobic
Au deposit and utilizes a larger surface area of Au for its oxidation.

The amperometric selectivity coefficients (log Kamp
CO, x) over the interfering species (x)

were calculated for various Au deposits as follows:

log Kamp
CO,x = log

(
SI,x

SI,CO

)
(2)

where SI,x is the current sensitivity to x species (AA, AP, GABA and NO2
−).

In general, CO selectivity over all the tested interfering species was improved as the
Au deposit became more hydrophobic. Thus, the Au deposited at 0.05 V showed the most
negative log Kamp

CO,x values; in other words, the highest CO selectivity among the as-prepared
electrodes (Table 1). In fact, the Au electrodes produced at deposition potentials of 0.45 and
0.25 V were more sensitive to AA than CO (i.e., log Kamp

CO,AA > 0), indicating the inherent
high electroactivity of Au for AA oxidation. On the other hand, the Au deposits formed
at 0.20 V, 0.15 V and 0.05 V had negative values of log Kamp

CO,x which became more negative
with lowering deposition potential. The main finding of this study is that the selectivity to
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CO over interfering substances is possibly enhanced by reinforcing the hydrophobicity of
the Au electrode surface, which was easily acquired by controlling the deposition potentials
without additional modifications.
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Table 1. Selectivity coefficients (log Kamp
CO,x ) of the Au electrodes deposited with various deposition

potentials to CO over typical biological interferents (x).

x
Deposition Potential

0.05 V 0.15 V 0.20 V 0.25 V 0.45 V

AA −0.714 −0.294 −0.141 0.517 0.942
AP −3.944 −2.512 −2.511 −2.146 −1.602

GABA −3.768 −2.335 −1.968 −1.845 −1.757
NO2

− −3.665 −3.233 −2.513 −2.146 −1.601

Our group has previously reported that an electrodeposited Pt layer with a spiky
nanostructure and a great hydrophobicity showed enhanced sensitivity in amperometric
sensing of NO [22]. In current work, that Pt deposit was compared with the most hydropho-
bic Au deposit in terms of the CO sensing performance. The Pt layer was electrodeposited
in a precursor solution containing 5 mM K2PtCl4 and 0.1 M H2SO4 using coulometry at
−0.2 V (vs. Ag/AgCl) with a deposition charge of 0.08 C as described previously [22].
Figure S4 shows dynamic current response curves and the corresponding calibration curves
of the Au and Pt deposits to concentration changes of CO and NO (0~18.2 µM for CO,
0~0.53 µM for NO). A wider concentration range was selected for a calibration curve of CO
due to the higher physiological CO levels than NO [35]. Because of the similarities such
as size and polarity of these two electroactive gases, different potentials were applied for
selective amperometric sensing of each gas molecule. In fact, the optimized applied poten-
tials (Eapp) of Au and Pt deposits for CO sensing were −0.05 V and +0.4 V vs. Ag/AgCl,
respectively. As seen in Figure S4a, Au electrode at Eapp = −0.05 V showed anodic current
increase proportional to only CO concentration and barely responded to NO concentration
change, confirming the selectivity to CO over NO. In contrast, both the CO oxidation
current and NO reduction current were observed at Pt deposited electrode applied with the
same potential of −0.05 V (Figure 3b). In addition, the response time to CO oxidation was
very slow at Pt deposited electrode and rarely responds to low concentrations (0–3.58 µM),
causing poor linearity (R2 = 0.94) within a tested concentration range (0–18.2 µM). Au
electrode at Eapp = +0.4 V also responded almost exclusively to CO. However, the CO selec-
tivity over NO was slightly diminished from −3.04 to −1.06, because the sensitivity toward
CO increased a little but that for NO also increased compared to the case of Eapp = −0.05 V
(Figure S4c). The current of Pt electrode at Eapp = +0.4 V appeared to increase exclusively by
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CO oxidation, but the current at the moments of injecting a NO standard solution was very
unstable (Figure S4d). Only a very small potential change switches between the oxidation
and the reduction of NO on Pt deposit and therefore it seems to be hard to find a potential
not allowing redox reaction of NO. Besides, the selectivity of Pt electrode to CO over
NO was not as good as that of Au electrode at each respective optimized potential. The
log Kamp

CO,NO values were −3.04 and −1.28 for Au (Eapp = −0.05 V) and Pt (Eapp = +0.4 V)
electrodes, respectively.

The CO selectivity of Pt electrode over other biological interferents was also investi-
gated and compared with that of Au electrode in Table S1. Compared to Au deposit, Pt
showed less negative log Kamp

CO,x values regarding all the tested interferents, indicating its
lower CO selectivity. Conclusively, Au deposit having a very sharp morphology is feasible
to sense CO sensitively and selectively which is attributed to the great hydrophobicity of
deposited Au surface and the intrinsic nature of Au itself.

4. Conclusions

Diverse Au nanostructures were electrodeposited successfully by controlling the de-
position potential. Reducing the overpotential for Au precursor reduction induced the
smaller cathodic current or deposition rate, and therefore the less sharp morphology was
obtained. In fact, the actual structures of Au deposits were changed from sharp pine
tree-like shapes to a smooth round shape with increasing the deposition potential from
0.05 V to 0.45 V. Depending on their morphologies, the hydrophobicity of the Au struc-
tures was differed; the deposit with a sharper morphology showed a more hydrophobic
characteristic. As the Au surface became more hydrophobic, higher sensitivity to CO
oxidation was obtained even after the current normalization to ESA. CO selectivity over
common biological interferents (AA, AP, GABA and NO2

−) was also improved as the Au
deposit became more hydrophobic. This is possibly ascribed to that neutral gaseous CO
can utilize larger Au surface for the oxidation in the case of more hydrophobic Au layer. In
fact, the most hydrophobic Au formed with 0.05 V deposition showed better sensitivity
to CO than AA despite the high activity of Au for AA oxidation. In addition, the most
hydrophobic Au showed higher CO selectivity over NO and other biological interferents
compared with the most hydrophobic Pt. This study suggests that the wettability control
of the Au nanostructures can strengthen the sensitivity and selectivity in amperometric
CO measurements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/bios11090334/s1, Figure S1: Potentiostatic electrodeposition curves of the Au electrodes
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solution containing 7 mM HAuCl4 aqueous solution without Pb(CH3COO)2, Figure S3: Water
droplets on the various Au surfaces, Figure S4: Dynamic current response curves of Au and Pt
deposited electrodes to the concentration changes of CO and NO, Table S1: Selectivity coefficients of
the Au and Pt electrodes for CO over typical biological interferents.

Author Contributions: Conceptualization, Y.L. and C.L.; methodology, T.K., H.Y.M., S.S. and A.Y.;
investigation, T.K., H.Y.M. and S.S.; data curation, T.K., H.Y.M. and S.S.; writing—original draft
preparation, H.Y.M. and Y.L.; writing—review and editing, T.K. and Y.L.; supervision, Y.L.; project
administration, Y.L.; funding acquisition, Y.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by the National Research Foundation of Korea (NRF)
grant funded by the Ministry of Science, ICT and Future Planning (NRF-2020R1A2B5B01001984)
and by Basic Science Research Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education (NRF-2018R1A6A1A03025340).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/bios11090334/s1
https://www.mdpi.com/article/10.3390/bios11090334/s1


Biosensors 2021, 11, 334 11 of 12

References
1. Kajimura, M.; Fukuda, R.; Bateman, R.M.; Yamamoto, T.; Suematsu, M. Interactions of multiple gas-transducing systems:

Hallmarks and uncertainties of CO, NO, and H2S gas biology. Antioxid. Redox Signal. 2010, 13, 157–192. [CrossRef]
2. Ryter, S.W.; Choi, A.M. Carbon monoxide: Present and future indications for a medical gas. Korean J. Intern. Med. 2013, 28, 123.

[CrossRef]
3. Zhou, G.-F.; Ma, J.; Bai, S.; Wang, L.; Guo, Y. CO catalytic oxidation over Pd/CeO2 with different chemical states of Pd. Rare Met.

2020, 39, 800–805. [CrossRef]
4. Pathirana, S.; Van Der Veen, C.; Popa, M.; Röckmann, T. An analytical system for stable isotope analysis on carbon monoxide

using continuous-flow isotope-ratio mass spectrometry. Atmos. Meas. Tech. 2015, 8, 5315–5324. [CrossRef]
5. Wang, N.; Li, Z.; Liu, W.; Deng, T.; Yang, J.; Yang, R.; Li, J. Upconversion nanoprobes for in vitro and ex vivo measurement of

carbon monoxide. ACS Appl. Mater. Interfaces 2019, 11, 26684–26689. [CrossRef]
6. Zhang, C.; Xie, H.; Zhan, T.; Zhang, J.; Chen, B.; Qian, Z.; Zhang, G.; Zhang, W.; Zhou, J. A new mitochondrion targetable

fluorescent probe for carbon monoxide-specific detection and live cell imaging. Chem. Commun. 2019, 55, 9444–9447. [CrossRef]
7. Lin, C.; Xian, X.; Qin, X.; Wang, D.; Tsow, F.; Forzani, E.; Tao, N. High performance colorimetric carbon monoxide sensor for

continuous personal exposure monitoring. ACS Sens. 2018, 3, 327–333. [CrossRef]
8. Guan, Y.; Liu, F.; Wang, B.; Yang, X.; Liang, X.; Suo, H.; Sun, P.; Sun, Y.; Ma, J.; Zheng, J. Highly sensitive amperometric

Nafion-based CO sensor using Pt/C electrodes with different kinds of carbon materials. Sens. Actuators B Chem. 2017, 239,
696–703. [CrossRef]

9. Zhu, C.; Yang, G.; Li, H.; Du, D.; Lin, Y. Electrochemical sensors and biosensors based on nanomaterials and nanostructures. Anal.
Chem. 2015, 87, 230–249. [CrossRef]

10. Xu, T.; Scafa, N.; Xu, L.P.; Su, L.; Li, C.; Zhou, S.; Liu, Y.; Zhang, X. Electrochemical sensors for nitric oxide detection in biological
applications. Electroanalysis 2014, 26, 449–468. [CrossRef]

11. Seto, H.; Kondo, T.; Yuasa, M. Sensitive and selective electrochemical detection of carbon monoxide in saline at a Pt-
Ru/Nafion/MnO2-modified electrode. Anal. Sci. 2012, 28, 115. [CrossRef]

12. Park, S.S.; Kim, J.; Lee, Y. Improved electrochemical microsensor for the real-time simultaneous analysis of endogenous nitric
oxide and carbon monoxide generation. Anal. Chem. 2012, 84, 1792–1796. [CrossRef] [PubMed]

13. Katz, E.; Willner, I.; Wang, J. Electroanalytical and bioelectroanalytical systems based on metal and semiconductor nanoparticles.
Electroanal. Int. J. Devoted Fundam. Pract. Asp. Electroanal. 2004, 16, 19–44. [CrossRef]

14. Criscuolo, F.; Taurino, I.; Dam, V.A.; Catthoor, F.; Zevenbergen, M.; Carrara, S.; De Micheli, G. Fast procedures for the electrode-
position of platinum nanostructures on miniaturized electrodes for improved ion sensing. Sensors 2019, 19, 2260. [CrossRef]
[PubMed]

15. Fang, C.; Bi, T.; Ding, Q.; Cui, Z.; Yu, N.; Xu, X.; Geng, B. High-density Pd nanorod arrays on Au nanocrystals for high-performance
ethanol electrooxidation. ACS Appl. Mater. Interfaces 2019, 11, 20117–20124. [CrossRef]

16. Wittstock, A.; Zielasek, V.; Biener, J.; Friend, C.; Bäumer, M. Nanoporous gold catalysts for selective gas-phase oxidative coupling
of methanol at low temperature. Science 2010, 327, 319–322. [CrossRef]

17. Zhang, Y.; Yuan, X.-L.; Lyu, F.-L.; Wang, X.-C.; Jiang, X.-J.; Cao, M.-H.; Zhang, Q. Facile one-step synthesis of PdPb nanochains for
high-performance electrocatalytic ethanol oxidation. Rare Met. 2020, 39, 792–799. [CrossRef]

18. Shipway, A.N.; Katz, E.; Willner, I. Nanoparticle arrays on surfaces for electronic, optical, and sensor applications. ChemPhysChem
2000, 1, 18–52. [CrossRef]

19. Guo, S.; Wang, E. Functional micro/nanostructures: Simple synthesis and application in sensors, fuel cells, and gene delivery.
Acc. Chem. Res. 2011, 44, 491–500. [CrossRef] [PubMed]

20. Mieszawska, A.J.; Jalilian, R.; Sumanasekera, G.U.; Zamborini, F.P. The synthesis and fabrication of one-dimensional nanoscale
heterojunctions. Small 2007, 3, 722–756. [CrossRef] [PubMed]

21. Choi, S.; Kweon, S.; Kim, J. Electrodeposition of Pt nanostructures with reproducible SERS activity and superhydrophobicity.
Phys. Chem. Chem. Phys. 2015, 17, 23547–23553. [CrossRef]

22. Kim, S.; Ha, Y.; Kim, S.-j.; Lee, C.; Lee, Y. Selectivity enhancement of amperometric nitric oxide detection via shape-controlled
electrodeposition of platinum nanostructures. Analyst 2019, 144, 258–264. [CrossRef]

23. Jeong, H.; Kim, J. Electrodeposition of nanoflake Pd structures: Structure-dependent wettability and SERS activity. ACS Appl.
Mater. Interfaces 2015, 7, 7129–7135. [CrossRef]

24. Hau, N.Y.; Yang, P.; Liu, C.; Wang, J.; Lee, P.-H.; Feng, S.-P. Aminosilane-assisted electrodeposition of gold nanodendrites and
their catalytic properties. Sci. Rep. 2017, 7, 1–10. [CrossRef] [PubMed]

25. Elbourne, A.; Coyle, V.E.; Truong, V.K.; Sabri, Y.M.; Kandjani, A.E.; Bhargava, S.K.; Ivanova, E.P.; Crawford, R.J. Multi-directional
electrodeposited gold nanospikes for antibacterial surface applications. Nanoscale Adv. 2019, 1, 203–212. [CrossRef]

26. Lafuma, A.; Quéré, D. Superhydrophobic states. Nat. Mater. 2003, 2, 457–460. [CrossRef] [PubMed]
27. Wang, L.; Guo, S.; Hu, X.; Dong, S. Facile electrochemical approach to fabricate hierarchical flowerlike gold microstructures:

Electrodeposited superhydrophobic surface. Electrochem. Commun. 2008, 10, 95–99. [CrossRef]
28. Angerstein-Kozlowska, H.; Conway, B.; Hamelin, A.; Stoicoviciu, L. Elementary steps of electrochemical oxidation of single-

crystal planes of Au Part II. A chemical and structural basis of oxidation of the (111) plane. J. Electroanal. Chem. Interfacial
Electrochem. 1987, 228, 429–453. [CrossRef]

http://doi.org/10.1089/ars.2009.2657
http://doi.org/10.3904/kjim.2013.28.2.123
http://doi.org/10.1007/s12598-019-01347-7
http://doi.org/10.5194/amt-8-5315-2015
http://doi.org/10.1021/acsami.9b08549
http://doi.org/10.1039/C9CC03909K
http://doi.org/10.1021/acssensors.7b00722
http://doi.org/10.1016/j.snb.2016.08.034
http://doi.org/10.1021/ac5039863
http://doi.org/10.1002/elan.201300564
http://doi.org/10.2116/analsci.28.115
http://doi.org/10.1021/ac2031628
http://www.ncbi.nlm.nih.gov/pubmed/22263574
http://doi.org/10.1002/elan.200302930
http://doi.org/10.3390/s19102260
http://www.ncbi.nlm.nih.gov/pubmed/31100795
http://doi.org/10.1021/acsami.9b06182
http://doi.org/10.1126/science.1183591
http://doi.org/10.1007/s12598-020-01442-0
http://doi.org/10.1002/1439-7641(20000804)1:1&lt;18::AID-CPHC18&gt;3.0.CO;2-L
http://doi.org/10.1021/ar200001m
http://www.ncbi.nlm.nih.gov/pubmed/21612197
http://doi.org/10.1002/smll.200600727
http://www.ncbi.nlm.nih.gov/pubmed/17444570
http://doi.org/10.1039/C5CP04261E
http://doi.org/10.1039/C8AN01518J
http://doi.org/10.1021/acsami.5b02113
http://doi.org/10.1038/srep39839
http://www.ncbi.nlm.nih.gov/pubmed/28045064
http://doi.org/10.1039/C8NA00124C
http://doi.org/10.1038/nmat924
http://www.ncbi.nlm.nih.gov/pubmed/12819775
http://doi.org/10.1016/j.elecom.2007.11.002
http://doi.org/10.1016/0022-0728(87)80122-5


Biosensors 2021, 11, 334 12 of 12

29. Plowman, B.; Ippolito, S.J.; Bansal, V.; Sabri, Y.M.; O’Mullane, A.P.; Bhargava, S.K. Gold nanospikes formed through a simple
electrochemical route with high electrocatalytic and surface enhanced Raman scattering activity. Chem. Commun. 2009, 5039–5041.
[CrossRef]

30. Sabri, Y.; Ippolito, S.; O’Mullane, A.; Tardio, J.; Bansal, V.; Bhargava, S. Creating gold nanoprisms directly on quartz crystal
microbalance electrodes for mercury vapor sensing. Nanotechnology 2011, 22, 305501. [CrossRef]

31. Wang, S.; Jiang, L. Definition of superhydrophobic states. Adv. Mater. 2007, 19, 3423–3424. [CrossRef]
32. Song, J.; Xu, L.; Xing, R.; Li, Q.; Zhou, C.; Liu, D.; Song, H. Synthesis of Au/graphene oxide composites for selective and sensitive

electrochemical detection of ascorbic acid. Sci. Rep. 2014, 4, 1–7. [CrossRef] [PubMed]
33. Zhang, H.; Huang, F.; Xu, S.; Xia, Y.; Huang, W.; Li, Z. Fabrication of nanoflower-like dendritic Au and polyaniline composite

nanosheets at gas/liquid interface for electrocatalytic oxidation and sensing of ascorbic acid. Electrochem. Commun. 2013, 30,
46–50. [CrossRef]

34. Tian, X.; Cheng, C.; Yuan, H.; Du, J.; Xiao, D.; Xie, S.; Choi, M.M. Simultaneous determination of l-ascorbic acid, dopamine and
uric acid with gold nanoparticles–β-cyclodextrin–graphene-modified electrode by square wave voltammetry. Talanta 2012, 93,
79–85. [CrossRef]

35. Park, S.S.; Hong, M.; Ha, Y.; Sim, J.; Jhon, G.-J.; Lee, Y.; Suh, M. The real-time in vivo electrochemical measurement of nitric
oxide and carbon monoxide release upon direct epidural electrical stimulation of the rat neocortex. Analyst 2015, 140, 3415–3421.
[CrossRef] [PubMed]

http://doi.org/10.1039/b910830k
http://doi.org/10.1088/0957-4484/22/30/305501
http://doi.org/10.1002/adma.200700934
http://doi.org/10.1038/srep07515
http://www.ncbi.nlm.nih.gov/pubmed/25515430
http://doi.org/10.1016/j.elecom.2013.02.007
http://doi.org/10.1016/j.talanta.2012.01.047
http://doi.org/10.1039/C5AN00122F
http://www.ncbi.nlm.nih.gov/pubmed/25751504

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Electrodeposition of Au Structures 
	Physical and Electrochemical Characterization 

	Results and Discussion 
	Au Nanostructures Depending on the Deposition Potentials 
	Electrochemical Characterization of Au Nanostructures 

	Conclusions 
	References

