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ABSTRACT: A simple electrochemical method for designing gold
nanostructures was developed by programming deposition
potentials, enabling surface nanoengineering of screen-printed
electrodes. As a result of this method, we have observed three
distinct growth modes of gold nanostructures, which, depending
on their various morphologies, are Needle-shaped gold nanostruc-
tures (one dimensionally dominated mode), leaf-shaped gold
nanostructures (two-dimensionally dominated mode), and coral-
shaped gold nanostructures (three-dimensionally dominated
mode). All gold nanostructures exhibited an enhanced electro-
chemical response to the redox solution, improved reversibility, and reduced impedance, compared to the unmodified electrodes,
albeit to varying degrees. We demonstrated the superior antifouling performance of the coral-shaped gold nanostructures in a redox
solution containing bovine serum albumin, compared to other gold nanostructures. Finally, to assess another aspect of differences in
the electrochemical sensing behaviors, we constructed an aptamer sensor for progesterone detection, where the needle-shaped gold
nanostructures showed the highest signal gain using Electrochemical Impedance Spectroscopy, in comparison to that of leaf-shaped
and coral-shaped gold nanostructures. We envision that the proposed method will potentially enable the design or fabrication of
desirable gold nanostructures with increasingly complex or hierarchical structures, bearing promising applications in wide sensing
and biomedical applications.
KEYWORDS: gold nanostructures, electrochemical deposition, electrochemical sensing, biofouling, aptamer immobilization

1. INTRODUCTION
Screen-printed electrodes (SPEs) have been widely used in
biosensors,1,2 drug analysis,3 and diagnostic assays.4,5 Owing to
their portability, cost-effectiveness, and ease of electroanalysis,
SPEs are recognized as a promising approach for advanced
point-of-care diagnostics for rapid detection,6−8 as they can
provide sensitive results with easy-to-handle equipment in
short turnaround times. However, due to limitations in the
screen-printing process, SPEs have a few setbacks. Commer-
cially available SPEs often have a reduced electroactive surface
area (ESA) due to the inherent limitations of the screen-
printing process. Additionally, the presence of substrate layers
made of synthetic polymeric materials can introduce insulating
effects, hindering electron transfer and affecting the electrode’s
overall performance. These issues directly affect the adsorption
properties and reproducibility of SPEs in broad applications.9

Currently, it is still challenging to improve the electrode’s
electroanalytic performance via surface engineering, which is a
vital criterion in electrochemical analysis.
There is a growing interest in developing electrochemical

deposition methods as a cost-effective solution to address these
shortcomings. Indeed, electrochemical deposition enables the
formation of a variety of gold nanostructures (GNSs) at the

electrode surface, such as the flower-like gold microstructure,10

gold hierarchical microstructures,11−13 gold nanoplates,14

dendritic GNS,15,16 and gold nanoparticles.17−19 The diverse
morphologies of GNS can affect the electrode’s sensitivity20,21

and specificity,22,23 allowing researchers to use them in a wide
range of applications, such as well-known electrochemical
biosensors.17 Indeed, Kumar et al.25 reported the fabrication of
nanoporous gold modified electrodes at high voltage, where
such a significantly high ESA was obtained, resulting in
improved sensitivity. Additionally, Ritz et al.24 also investigated
the control of gold morphology to enhance aptamer
modification and sensor performance. However, most
researchers have primarily focused on increasing the surface
area by depositing different GNS to enhance electron transfer
between biomolecules and electrodes.
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Currently, there is still limited understanding about how the
GNS affects electrochemistry and sensor performance. To
address this issue, a systematic study of the impact of different
GNS on electrochemistry, biofouling, and sensor performance
is needed to bridge the gap between nanomaterials to their
performance. This approach could allow us to design optimal
GNS that improve conductivity, electron transfer, sensitivity,
and stability of the electrodes. Ultimately, a comprehensive
understanding of GNS in electrochemistry will provide a
strong foundation for effective SPE customization.
In this work, we propose a design strategy for electro-

chemical deposition to fabricate a well-defined GNS on SPEs,
as illustrated in Scheme 1. This strategy enables controlled
electrochemical sensing performance and provides a scalable
approach for surface nanoengineering. By controlling the
applied potential and deposition time within an electro-
chemical system,25,26 various GNS�including needle-shaped
GNS (N-GNS), leaf-shaped GNS (L-GNS), and coral-shaped
GNS (C-GNS)�were electrochemically fabricated. This
allows for a comprehensive understanding of designable GNS
at the SPE surface by studying the impact of their morphology
on the sensing performance and electrochemical properties.
The electrochemical design strategy proposed here offers a
valuable approach for nanotechnology and nanomaterials, with
potential applications in healthcare technology.27−30

2. EXPERIMENTAL SECTION
2.1. Chemicals and Apparatus. Bovine serum albumin (BSA),

6-mercapto-1-hexanol (MCH), tris(2-carboxyethyl) phosphine hydro-
c h l o r i d e (TCEP ) , m a g n e s i um c h l o r i d e (MgC l 2 ) ,
hexaammineruthenium(III) chloride ([Ru(NH3)6]Cl3), potassium
hexacyanoferrate(II) trihydrate (K4Fe(CN)6·3H2O), potassium ferri-
cyanide (K3Fe(CN)6), gold(III) chloride trihydrate (HAuCl4·3H2O),
sulfuric acid 98% (H2SO4), sodium chloride (NaCl), and disodium
phosphate (Na2HPO4) were all purchased from Sigma-Aldrich.
Potassium chloride (KCl) and potassium dihydrogen phosphate
(KH2PO4) were purchased from VWR. Deionized (DI) water was
produced by Milli-Q, Millipore, with a resistivity of 18.2 MΩ·cm. All
chemicals were used as received.
Gold screen printed electrodes (SPE, ItalSens IS-W1-2.C1.RS.50)

were purchased from Palmsens (Netherlands) as the working
electrodes (WE). Two reference electrodes (RE) were used. The
first one, labeled as RE-1, was an Ag/AgCl reference electrode with a
porous Teflon tip (CHI111) from CH Instruments, Inc. (USA),
which was used inside the sulfuric solution. And RE-2 was an Ag/
AgCl refillable reference electrode with a diameter of 6.0 mm, and the
length of 70 mm was from redox.me (Sweden), which was specific for
their use in the PBS electrolyte. Platinum (Pt) wire (diameter 0.5 mm,
99.99%) used as the counter electrode was from Sigma-Aldrich.
A phosphate buffer saline (PBS) solution was prepared by

dissolving 80 g of NaCl, 2.0 g of KCl, 14.4 g of Na2HPO4, and 2.4
g of KH2PO4 in 10.0 L of deionized water with a final pH of 7.4. The
stock sulfuric acid (98%) was diluted to different concentrations (50.0
mM, 0.5 M, and 1.0 M of H2SO4) by adding the DI water. 10.0 mM

of HAuCl4 solution was prepared by dissolving 473.0 mg of HAuCl4·
3H2O in 120.0 mL of 1.0 M H2SO4.
The electrochemical deposition was performed with a Palmsens

EmStat4 potentiostat. Aside from SPE’s internal microelectrode
working electrode, other electrodes were connected externally.
Although the SPE had working electrode, counter electrode, and
reference electrode components, its reference electrode was destroyed
in the 1.0 M H2SO4. To avoid the interference of the reference
electrode performance, we chose to use the conventional one in our
study, ensuring that our deposition process and testing are controlled.
Thus, a Pt wire was used as the counter electrode and an Ag/AgCl
electrode (RE-1) as the reference electrode, while the working
electrode performance of SPE was the key for our observation in this
work. All potentials mentioned in this publication are quoted with
respect to the Ag/AgCl reference potential.
2.2. Electrochemical Deposition of Gold Nanostructures for

the Surface Nanoengineering of SPE. All SPEs were subjected to
electrochemical polishing. After they were immersed in 50.0 mL of 0.5
M H2SO4, cyclic voltammetry (CV) was performed for 3 cycles, in
the potential range of 0−1.4 V with the scan rate of 0.1 V·s−1. After
the polishing step was done, the SPEs were rinsed and then immersed
in 40.0 mL of 10.0 mM HAuCl4 solution. The gold deposition was
carried out using chronoamperometry. Throughout the experiments,
the deposition potential was set either on 0, −0.3, or −0.7 V.
Deposition times of 60, 120, 240, and 400 s were initially tested. After
deposition, a chronoamperometric step at −1.2 V was applied for 10 s
to reduce gold oxides.
2.3. Physical Characterization of GNS-Based SPEs. Scanning

electron microscopy (SEM) was conducted via a Thermo Scientific
FE-SEM Apreo S instrument for surface imaging of SPEs. X-ray
photoelectron spectroscopy (XPS) analysis was performed with a
ThermoFisher ESCAlab 250 imaging X-ray photoelectron spectrom-
eter (Al Kα (1486.68 eV), 500 μm spot size, 50 eV pass energy, 0.1
eV step size). The crystallographic orientation of the deposited layers
was assessed by X-ray diffraction (XRD) performed in an empyrean
XRD instrument from Malvern Panalytical, equipped with a Cu Kα
source (λ = 1.5418 Å), in the 2θ window from 30° to 120°, with a
scan step of 0.05°. Attension theta optical tensiometer (Biolin
Scientific, Japan) was used for contact angle measurement conducted
with the DI water droplets (5.0 μL).
2.4. Calculation of the Electrochemical Surface Area. The

electroactive surface areas (ESA) of SPEs were calculated using the
gold oxide reduction peak current obtained in 50 mM H2SO4, where
the potential ranged from 0 to 1.4 V, with a scan rate of 0.1 V·s−1.
ESA was determined by integrating the current peak, with a charge
density of 386 μC·cm−2,31 which corresponds to a full monolayer of
gold oxide (N = 3).
2.5. Characterization of Electrochemical Measurement and

Biofouling Behavior. CV and square wave voltammetry (SWV)
were utilized to study the electrochemical performance of SPEs in 3.0
mM [Ru(NH3)6]3+ and 3.0 mM [Fe(CN)6]4−. Both scan rates for
SWV and CV were 100 mV·s−1 in the potential range from −0.6 to
0.2 mV for [Ru(NH3)6]3+ and from −0.4 to 0.8 V for [Fe(CN)6]4−.
For biofouling experiments by using outer sphere redox (OSR),

SPEs were immersed in the biofouling solution prepared with 40.0 mg
mL−1 of BSA in 3.0 mM [Ru(NH3)6]3+. Electrochemical measure-
ment of CV and SWV was tested under different incubation times,
such as 0, 0.5, 16, and 40 h. The protein concentration in plasma/

Scheme 1. Schematic Illustration of the Fabrication of Varying Gold Nanostructures upon the SPE Surfacea

a(i) Loading the HAuCl4 solution at the working electrode surface and (ii) controlling the electrodeposition voltage at 0, −0.3, and −0.7 V to
design the gold nanostructures upon the working electrode of SPE.
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serum is approximately 60−80 mg·mL−1, of which about 50−60% are
albumins, corresponding to used 40 mg·mL−1 concentration.
For biofouling experiments by using inner sphere redox (ISR), the

SPEs were immersed in the biofouling solution prepared with 2.0 mg·
mL−1 of BSA in 3.0 mM [Fe(CN)6]4−), so as to measure their CV
and SWV at the incubation time of 0, 0.5, 15, and 40 h. To mitigate
biofouling effects, diluted samples are frequently employed.
Consequently, we employed 2.0 mg mL−1 concentration for
[Fe(CN)6]4−.
Each sample was scanned by CV and SWV for 3 cycles and three

times (N = 3), where CV displayed the biofouling performance, and
the peak current of SWV was used to quantify the signal reduction
ratio for these SPEs before and after biofouling.
2.6. Fabrication of the Aptamer Sensors. All modified

aptamers used in this study were purchased from Metabion
(Germany). Aptamer sequences were chosen for Progesterone (P4)
and modified with a six-carbon thiol linker on the 5′ ends and a redox
marker of methylene blue (MB), on the 3′end. The P4-specific
aptamer sequence with an MB-label was 5′-SH-(CH2)6-GCA TCA
CAC ACC GAT ACT CAC CCG CCT GAT TAA CAT TAG CCC
ACC GCC CAC CCC CGC TGC -MB-3′, the dissociation constant
(Kd) values of which were 17 nM.32,33

The aptamer solutions were prepared in PBS(a) solution (10 mM
of NaH2PO4, K2HPO4, 1.0 M NaCl and 2.0 mM MgCl2, pH = 6.6−
7.2). Additionally, PBS(a) was used as the electrolyte for electro-
chemical analysis with or without P4 analyte binding. Before
immobilizing the aptamer onto the SPE surface, 9.0 μL of 10.0 mM
TCEP (the reducing agent) was added to reduce the disulfide bonds
in 3.0 μL of 100 μM aptamer solution and left in the dark for 1 h to
incubate. This activated aptamer solution was then diluted with a
PBS(a) solution to a 1.0 μM concentration.
A 20.0 μL amount of activated aptamer was drop-casted on the

working electrode surface of SPE for a 16 h incubation (overnight)
under wet conditions (4 °C) inside a plastic dish. To passivate the
surface and remove any nonspecifically adsorbed aptamer, the SPEs
were placed in 10.0 mM MCH for 2h. After being rinsed with DI
water, all SPEs were immersed in DI water before electrochemical
measurements.
2.7. Measurements and Analysis of the Aptamer Sensor. CV

is an electrochemical method that is often used for electrochemical
characterization. To this end, CV experiments for the fabricated

aptamer sensor were performed in the potential range of −0.4 to −0.1
V with a scan rate of 100 mV·s−1. SWV is utilized as a reliable method
to record the CV is an electrochemical method often used for
electrochemical characterization. To this end, CV experiments for the
fabricated aptamer sensor were performed in the potential range of
−0.4 V to −0.1 V with a scan rate of 100 mV·s−1. SWV is utilized as a
reliable method to record the redox peaks because it eliminates the
background current to a significant degree. The current was measured
in a potential range of −0.4 to −0.1 V with an SWV amplitude of 50
mV and a frequency of 100 Hz.
2.8. Sensing Performance Characterization by P4 binding.

A stock solution of P4 (27.0 mM) was prepared in ethanol. It was
further diluted to a P4 4.0 μM solution in PBS(a). 40.0 μL of P4 4.0
μM was drop-casted on an SPE surface and left for a 1.0 h incubation
at room temperature. After removing the supernatant, the SPE was
immersed in [Fe(CN)6]3−/[Fe(CN)6]4− 3.0 mM in PBS(a) for
electrochemical impedance spectroscopy (EIS) analysis. The EIS of
each SPE was measured before and after P4 binding. where the Edc
were 0.2404 V for unmodified SPE, 0.2001 V for N-GNS SPE, 0.1951
V for L-GNS SPE, and 0.2051 V for C-GNS(120s) SPE.
Additionally, to establish the SPE relationship between scan rates

and peak current intensity, different scan rates from 0.05 to 0.6 V·s−1

were tested via CV.

3. RESULTS AND DISCUSSION
3.1. Surface Characterization of GNS-SPEs. We

investigated how variations in GNS-SPE morphology influ-
enced the electrochemical performance, biofouling, aptamer
immobilization, and impedance of aptasensors. As a first step,
different types of electrochemically synthesized GNS were
classified. The redox potential-driven reaction of chloroauric
acid (HAuCl4) initiates at the innermost surface of the SPE,
leading to the formation of gold crystals. As the deposition
time increases, these crystals further grow toward the
outermost surface of the nanostructures.34−36

Previous research suggests that the electric field influences
the ion distribution, which in turn affects growth behavior.25,27

Here, we applied different deposition potentials (0, −0.3, and
−0.7 V) and deposition times (10, 60, 120, 180, 400 s) to grow

Figure 1. (A) SEM image of gold nanostructured SPE (unmodified, i) surfaces prepared at applied potentials of 0 V (ii), −0.3 V (iii), −0.7 V (iv)
for 400 s. (B) Water contact angle degree on different GNS-based SPE. (C) X-ray photoelectron spectroscopy (XPS) spectra showing the Au 4f
band of different GNS-based SPE. (D) X-ray diffraction (XRD) pattern of GNS-based SPE. (E) Estimation of the electrochemical surface area
(ESA) of different GNS based SPE by CV running in 50.0 mM H2SO4.
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the desired GNS at the SPE surface and to control the
electrochemical deposition process. Considering that the gold
deposits did not exhibit single-crystal characteristics, it was not
practical to describe the individual size of each gold
nanostructure (GNS). Therefore, we focused on characterizing
the GNS collectively to evaluate their overall effects in this
study. To examine the impact of electrochemical deposition
conditions on the GNS structure, we characterized the surface
morphology of prepared GNS-SPE by SEM Figure 1A-i shows
the unmodified SPE.37−39 Our results demonstrate that this
method enables the controlled fabrication of GNS by adjusting
the deposition potential. Specifically: (1) a deposition potential
at 0 V vs Ag/AgCl resulted in the needle-shaped GNS (N-
GNS), (2) a deposition potential at −0.3 V vs Ag/AgCl
resulted in a leaf-shaped GNS (L-GNS), and (3) a deposition
potential to −0.7 V vs Ag/AgCl resulted in coral-shaped GNS
(C-GNS), as shown in Figure 1A (ii-iv). A broader range of
SEM magnifications is presented in Figure S1A−C.
Higher negative potentials corresponded to an increased

current density during the deposition process (Table S1). We
assumed that the lower current density observed at 0 V vs Ag/
AgCl slowed the gold deposition process, leading to
predominantly one-dimensional (1D) growth mode, as
illustrated in Figure S1D-i. At −0.3 V vs Ag/AgCl, the GNS
growth behavior transitioned from 1D to two-dimensional
(2D) growth (Figure S1D-ii). Since the gold deposition
process is dependent on the current density, the process
accelerated significantly at −0.7 V. Due to the ultrahigh current
density at this potential, gold growth behavior became highly
random and was dominated by a 3D growth mode, as shown in
Figure S1D-iii. Significantly, the electrochemical design
strategy proposed here provides a convenient and simple
method for controlling the growth modes of GNS, enabling the
successful fabrication of three distinct GNS morphologies, i.e.,
as N-GNS, L-GNS, and C-GNS. Importantly, the deposition
time did not appear to influence the GNS shape, as
demonstrated in Figure S2.
The water contact angles (WCA, θ) of the prepared GNS-

SPE surfaces were measured to investigate the wettability
properties, as shown in Figures 1B and S3. The unmodified
SPE had a relatively hydrophilic interface (θ = 71 ± 3°), while
all GNS-SPEs had a highly hydrophobic surface. The WCAs of
N-GNS, L-GNS, and C-GNS were measured to be θ = (138 ±
1)°, θ = (136 ± 2)°, and θ = (135.1 ± 0.4)°, respectively. We
further compared the WCA of C-GNS(400 s) to C-GNS(120
s) with θ = (137 ± 1)°, to confirm that there was no noticeable
difference in WCA between GNS. These results indicate that
surface nanoengineering transformed the SPEs from hydro-
philic to hydrophobic. The deposition of GNS was responsible
for this change.40,41

XPS measurements were conducted on GNS-SPE surfaces
to analyze the chemical state of the gold atoms. Figure 1C
displays the XPS pattern of a high-resolution narrow scan for
Au 4f for the unmodified SPE, which was deconvoluted into
two spin−orbit splitting components. The XPS peaks at 83.5
and 87.1 eV correspond to the binding energies of Au 4f7/2
and Au 4f5/2, respectively.16,42 Both peaks exhibited slight
negative shifts compared to the standard values of bulk Au
metal.43,44 However, this observation strongly supports the
identification of deposited GNS as zerovalent gold.45 As shown
in Figure 1C, the binding energies of the GNS-SPEs were
further observed at 83.8 eV for Au 4f7/2 and 87.5 eV for Au
4f5/2 (see Table S2). Compared with unmodified SPE,

electrochemical deposition of GNS reduced the negative shifts
in the gold XPS binding energies.
The gold atomic content was estimated by using XPS. The

unmodified SPE had a low gold atomic content of 2.3%.
However, gold deposition significantly increases this to 19.5%
for N-GNS, 28.6% for L-GNS, and 45.0% for C-GNS (Table
S2). As expected, a higher deposition current resulted in a
greater gold atomic content. Furthermore, the gold atomic
content of C-GNS(120 s) was further determined to be 32.5%,
indicating that the deposition time influenced the gold atomic
content during the deposition process. These results suggest
that the GNS shape is primarily controlled by the electro-
chemical deposition potential, while deposition time controls
the amount of gold deposited on the SPE surface.
The crystalline structure of electrochemically deposited Au

in N-GNS, L-GNS, and C-GNS was analyzed by using XRD.
Figure 1D shows five characteristic diffraction peaks at 38.1°,
44.4°, 64.5°, 77.7°, and 81.6°, corresponding to the (111),
(200), (220), (311), and (222) planes of face-centered cubic
Au.46 These findings confirm that the growth behavior of GNS
electrodeposits is dependent on the externally applied
potential, while the intrinsic crystal structure remains
unaffected during electrochemical deposition.
3.2. Electrochemical Properties of GNSs. Higher

negative potentials were associated with increased current
density involved in the deposition process (Table S1). As a
part of preliminary testing, the GNS-based SPEs prepared with
different deposition times were characterized by their electro-
chemical response versus a solution of 1.0 mM [Ru(NH3)6]3+.
For comparison, the SWV peak intensities of unmodified SPE
and GNS-SPEs with different deposition times are shown in
Figure S4.
The lower the deposition potential, the longer the

deposition time required to reach the maximum peak intensity.
For example, (i) at a deposition potential of 0 V vs Ag/AgCl,
the maximum SWV peak current was observed at 400 s, (ii) at
−0.3 V vs Ag/AgCl, the maximum SWV peak current was
reached at 180 s and did not show further improvement up to
400 s of deposition time, (iii) at −0.7 V vs Ag/AgCl, the
maximum SWV peak current occurred around 120 s but
decreased with longer deposition times. Therefore, we selected
C-GNS(120 s) prepared at 120s under −0.7 V as the reference
for comparisons with N-GNS and L-GNS.
The prepared GNS exists in 1D, 2D, and 3D configurations,

resulting in different coverages of the SPE surface and particle
distribution. This variation can be characterized by quantifying
the ESA of the deposited SPEs through the gold oxidation/
reduction cycles in CV scans.26,31 Based on the CV data
presented in Figure S5A, the ESAs of GNS were determined
(as shown in Figure 1E). The unmodified SPEs exhibited a
geometrical area of 3.14 mm2, corresponding to their design
size. However, its ESA was estimated to be around 0.035 ±
0.010 mm2, with a narrow distribution. This discrepancy is due
to the partial passivation of the SPE surface caused by the
deposition of gold nanoparticles during the screen-printing
fabrication process (Figure 1A). In contrast, as shown in
Figure 1E, the ESA values for N-GNS, L-GNS, and C-GNS
were determined to be approximately 2.5 ± 0.3, 3.9 ± 0.6, and
23 ± 1 mm2, respectively. These results show that the ESA of
the GNS on the SPE was significantly improved in the
following order: C-GNS> L-GNS > N-GNS.
The ESA of C-GNS was further quantified under more

deposition times (60, 120, 240, and 400 s, see Figure S5B). C-
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GNS(120 s) exhibited an ESA of 7.73 ± 0.4 mm2, which was
close to that of N-GNS(400 s) and L-GNS(400 s). Meanwhile,
C-GNS(120s) showed a similar intensity in the SWV response
to 1.0 mM [Ru(NH3)6]3+ as that of N-GNS(400 s) and L-
GNS(400 s). We further analyzed the peak currents (Ipa)
obtained from SWV for various GNS-SPEs as a function of
each electrode’s ESA. This relationship was mapped in Figure
S6A and Figure S6B, using both the OSR and ISR probes to
assess how electron transfer behavior correlates with the ESA
of each GNS-SPE. N-GNS, L-GNS, and C-GNS(120s) show
similar behavior in this regard.
To investigate the main role of nanostructured features of

GNS on antifouling, electrochemical properties, and electro-
chemical sensing performance, and to minimize the influence
of ESA in the electrochemical performance evaluation, we
primarily selected the C-GNS(120 s) prepared at 120 s under
−0.7 V as a comparison for N-GNS and L-GNS.

3.3. Electrochemical Behavior of GNS-SPEs. The
surface geometric structures of GNS-SPEs primarily influence
their electrochemical behavior. To evaluate their electro-
chemical performance, we first measured the electron transfer
kinetics by using a diffusible redox mediator through CV at
various scan rates, as shown in Figure 2A.
Electrode can exhibit a reversible redox reaction with fast

one-electron transfer kinetics for the equimolar electroactive
couple ([Fe(CN)6]3−/[Fe(CN)6]4−). The oxidation−reduc-
tion CV peak parameters (shown in Table 1) indicated
significant improvements for the modified SPEs. For the
various GNS-SPEs (N-GNS, L-GNS, and C-GNS(120 s)), the
ΔEp values were all below 80 mV, demonstrating fast electron
transfer. In contrast, the ΔEp of the unmodified SPE was
measured to be 340 ± 16 mV (greater than 100 mV),
suggesting a sluggish electron transfer.

Figure 2. (A) Cyclic voltammograms of 3.0 mM [Fe(CN)6]3−/[Fe(CN)6]4− with different scan rates from 0.05 to 0.60 V·s−1. (B) Linear
relationship between the logarithm of peak current and the logarithm of scan rate. (C) Nyquist plot of EIS for different GNS-based SPEs.

Table 1. Oxidation Potential (Epa/mV), Peak Separation (ΔEp/mV), Oxidation Current (Ipa/μA), Ratio of Oxidation and
Reduction Current (Ipa/Ipc), Heterogeneous Electron-Transfer Rate Constant (k0/cm·s−1), and Pseudocapacitance (Cdl/μF·
mm−2) of Different SPEs for 3.0 mM of [Fe(CN)6]3−/ [Fe(CN)6]4− in PBS (N > 3)a

samples Epa/mV ΔEp/mV Ipa/μA Ipa/Ipc k0/cm·s−1 Cdl/μF·mm−2

unmodified SPE 363 ± 13 340 ± 16 18 ± 1 1.0 ± 0.1 (0.242 ± 0.005) × 10−3 58 ± 2
N-GNS(400 s) 262 ± 1 77 ± 3 42 ± 1 1.1 ± 0.0 (0.349 ± 0.004) × 10−3 131 ± 2
L-GNS(400 s) 265 ± 5 81 ± 13 43 ± 1 1.1 ± 0.0 (0.347 ± 0.006) × 10−3 132 ± 5
C-GNS(400 s) 261 ± 3 62 ± 3 69 ± 2 1.4 ± 0.0 (0.394 ± 0.004) × 10−3 190 ± 5
C-GNS(120 s) 261 ± 3 65 ± 5 46 ± 1 1.2 ± 0.0 (0.361 ± 0.005) × 10−3 137 ± 2

aAll the SPE with the working electrode area of 3.14 mm2.
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Additionally, we calculated the heterogeneous electron-
transfer rate constant (k0, cm·s−1) based on the scan rates to
evaluate the electrochemical reaction kinetics.47 Table 1
presents the average k0 values for all SPEs, clearly
demonstrating that the electrodeposition of GNS improves
electrochemical kinetics. The GNS-SPEs exhibited slightly k0

higher values (0.349 × 10−3−0.394 × 10−3 cm·s−1) compared
to the unmodified SPE (k0 = 0.242 × 10−3 cm·s−1). Notably,
the different morphologies of GNS-SPEs showed similar k0

values.
The oxidation/reduction ratio (Ipa/Ipc) (see Figure 2A)

serves as a qualitative indicator of redox reaction character-
istics, assessing reversibility. The unmodified SPE had an Ipa/
Ipc ratio of 1.0 ± 0.1, indicating a reversible reaction, while the
Ipa/Ipc ratios of GNS-SPEs ranged from 1.1 to 1.4, indicating
quasi-reversible reactions.

In electrochemistry, the scan rate is a key factor in
distinguishing diffusion-controlled electrochemistry from
thin-layer electrochemistry with confined mass transfer.48 To
determine whether the process was controlled by diffusion or
adsorption, we analyzed the relationship between the logarithm
of peak current (log Ip) and the logarithm of scan rate (log v)
for all SPEs (Figures 2B, S7, and Table S3). A slope of ≤0.5
indicates a diffusion-controlled process, while a slope of ≥1.0
suggests an adsorption-controlled reaction.49

The observed slope value for all GNS-SPEs was close to 0.5,
confirming that the redox reaction on their surfaces was
predominantly diffusion-controlled.47 Based on the Randles−
Ševcǐḱ equation,50 the slopes of log Ipc vs log v (log Ipa vs log v)
were measured as follows: 0.58 ± 0.01 (0.61 ± 0.01) for N-
GNS, 0.62 ± 0.02 (0.67 ± 0.03) for L-GNS and 0.58 ± 0.01
(0.56 ± 0.02) for C-GNS(120s). The slope deviation from 0.5
suggests the presence of thin-film effects, slow kinetics, or a

Figure 3. Electrochemical characterization and biofouling performance of different GNS based SPEs. (A) CV of nanostructured SPE measured in
3.0 mM [Ru(NH3)6]3+ without and with 40.0 mg·mL−1 BSA, at 0 h (without BSA), 0.5 h (with BSA) and 16 h (with BSA), (B) their SWV peak
current intensity reduction of 3.0 mM [Ru(NH3)6]3+ caused by biofouling in 40.0 mg·mL−1 of BSA solution at 0, 0.5, 16, and 40 h. (C) CV of
nanostructured SPE measured in 3.0 mM [Fe(CN)6]4− without and with 2.0 mg·mL−1 BSA, at 0 h (without BSA), 5 min (with BSA), and 10 min
(with BSA), and (D) their SWV peak current intensity reduction of in 3.0 mM [Fe(CN)6]4− caused by biofouling in 2.0 mg·mL−1 BSA solution at
0, 0.5, 16, and 40 h.
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combination of diffusion and surface interactions among GNS-
SPEs. However, the differences between the various GNS-SPEs
were minor.
In contrast, the unmodified SPE exhibited a slope of 0.36 ±

0.01 (0.28 ± 0.01), which is significantly lower than 0.5, likely
due to slow kinetics.
Moreover, the pseudocapacitance (Cdl) of the electrical

double layer for each SPE was calculated from the CVs
recorded in the same redox system,51,52 as shown in Table 1.
The Cdl of for the unmodified SPE was 58 ± 2 μF·mm−2,
whereas it was measured as 131 ± 2 μF·mm−2 for N-GNS, 132
± 2 μF·mm−2 for L-GNS, 190 ± 5 μF·mm−2 for C-GNS(400
s), and 137 ± 2 μF·mm−2 for C-GNS(120 s).
EIS is a powerful technique for characterizing the electron

transfer and mass transfer properties of an electrode.53 The
Nyquist plot of EIS for the prepared GNS-SPEs is shown in
Figure 2C. The semicircles in the plots, which indicate electron
transfer kinetics,48,54 decrease in size following electrode
modification compared to the unmodified SPE, demonstrating
improved electrochemical reactivity of the designed GNS-
SPEs.
The equivalent circuit was used to fit the impedance plot for

parameter calculations, with the charge transfer resistance (Rct)
measured as follows: 7555 ± 775 Ω·cm2 for the unmodified
one, 116 ± 4 Ω·cm2 for N-GNS, 118 ± 2 Ω·cm2 for L-GNS,
114 ± 2 Ω·cm2 for C-GNS(120 s), and 112 ± 3 Ω·cm2 for C-
GNS(400 s) (Figures 2C and S7). Significantly, these varying
GNS-based SPE presented 65-fold lower than the unmodified
one with regard to the charge transfer resistance. All GNS-
SPEs showed similar EIS behavior in the same redox system,
further indicating their similar ESA of gold deposition
Overall, the GNS-SPEs enhanced the electron transfer

kinetics compared with the unmodified SPE, with only minor
differences among them.
3.4. Biofouling Performance of Varying GNS-Based

SPEs Using the OSR Probe. Since both biofouling and the
immobilization of the biorecognition element rely on
adsorption, we aimed to compare these processes to
understand their similarities and differences on various GNS.
We used BSA as a representative model foulant protein.55

When adsorbed on the SPE surface, proteins hinder electron
transfer at the electrode interface. This disruption is observed
in CV experiments, where fouling is indicated by two main
changes: an increase in peak separation (ΔEp) and a decrease
in peak current (Ip) for an electroactive molecule in solution.
To evaluate the antifouling performance of our GNS-SPEs,

we investigated their electron transfer behavior in the presence
and absence of BSA at various time points. In this section, we
first used an ionic OSR probe ([Ru(NH3)6]3+) to evaluate
biofouling effects. Since OSR reactions occur without specific
interactions with the electrode, they serve as a reliable
indicator of the electrode’s electronic properties, with or
without BSA-induced fouling.56

[Ru(NH3)6]3+ demonstrated nearly ideal electron transfer
kinetics on these different GNS-SPEs as well as the unmodified
SPE (Figure 3A), where the CVs obtained at pH 7 have a
typical diffusion-controlled peak shape for a reversible redox
probe. Table S4 summarizes the electron transfer kinetics of
the measured probes. The ΔEp values serve as indicators of the
electron transfer kinetics with shifts potentially associated with
protein adsorption.
Before biofouling, the ΔEp values of [Ru(NH3)6]3+ were

measured as 82 ± 3 mV for unmodified SPE, 59 ± 3 mV for N-

GNS, 62 ± 3 mV for L-GNS, and 45 ± 5 mV for C-GNS(120
s), as shown in Table S4. These results indicate that the GNS-
deposited SPEs exhibit lower ΔEp, suggesting slightly faster
electron transfer kinetics compared with the unmodified one.
Notably, the C-GNS(120 s) electrode presented more ideal
electron transfer kinetics for [Ru(NH3)6]3+ compared with that
of N-GNS and L-GNS.
After 0.5 h of biofouling in 40.0 mg·mL−1 BSA, the ΔEp

values of [Ru(NH3)6]3+ were increased slightly to 89 ± 3 mV
(unmodified SPE), 64 ± 3 mV (N-GNS), 65 ± 0 mV (L-
GNS) and 65 ± 0 mV (C-GNS(120 s)), as detailed in Table
S4. Importantly, for the OSR probes, there were no statistically
significant changes in the ΔEp values after 0.5 and 16 h of
biofouling.
To quantify the biofouling resistance of these prepared

GNS-SPEs, we measured the time-dependent changes in the
redox intensity of 3.0 mM [Ru(NH3)6]3+ during the BSA
fouling, where the redox intensity percentage ratio was
calculated by using the redox signal intensity of SWV measured
with and without any BSA.
In the initial biofouling period of 0−0.5 h from Figure 3B,

the current intensities affected by the biofouling effect were
calculated to be approximately 0.75−0.74 mV for the
unmodified one, 0.94−0.91 mV for N-GNS 0.91−0.88 mV
for L-GNS and 1.0−1.0 mV for C-GNS(120 s) compared to
original current prior to fouling. In short periods of protein
exposure, fouling has little effect on [Ru(NH3)6]3+ detection
on the GNS-SPE surfaces.
With prolonged BSA exposure (16−40 h), the current

intensity decreased to 0.68−0.69 for the unmodified SPE,
0.66−0.62 for N-GNS SPE, 0.73−0.71 for L-GNS SPE, and
0.88−0.85 for C-GNS(120 s) SPE. Among the tested
electrodes, C-GNS(120 s) exhibited the best antifouling
performance compared to L-GNS and N-GNS.
Additionally, the biofouling performance of C-GNS(400 s)

was evaluated (Figure S8A) in comparison to C-GNS(120 s).
The redox intensity percentage increased from 1.03 to 1.9 after
40 h of biofouling. This suggests that the OSR probe may have
penetrated the complexed C-GNS surface, likely due to its
characteristic surface structure and high ESA.
3.5. Biofouling Performance of Varying GNS-Based

SPEs Using the ISR Probe. Compared with the OSR, the
ISR probe interacts more strongly with the electrode surface.
This may provide insight into BSA biofouling on different
electrode surfaces and its effects on electrochemical perform-
ance.57 Here, we also measured the responses of an ISR probe
([Fe(CN)6]4−) in the presence of BSA.
The initial CV responses of ([Fe(CN)6]4−) were similar in

prepared GNS-SPEs but different from those of the
unmodified one (Figure 3C).
As we deposited different gold nanostructures on the SPEs,

there may form different surface microenvironments for redox
interaction on the electrode. The varying interaction of the
redox species with the electrode surface can lead to multiple
peaks.58 From Figure S8B, we observed pronounced, strong
multiple peaks in CV, which were more prominent than in
other samples compared to others. This can be attributed to
the overdeposited, coral-shaped gold nanostructure that creates
a complex microenvironment, contributing to the emergence
of distinct multiple peaks. ΔEp of [Fe(CN)6]4− was observed
to be 309 ± 10 mV for the unmodified SPE, while for GNS-
SPEs it was 57 ± 3, 65 ± 5, and 65 ± 0 mV for N-GNS, L-
GNS, and C-GNS(120 s), respectively (see Table S4). This
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demonstrated the improved reversibility of [Fe(CN)6]4− on
the GNS-SPEs. Similar to Section 3.4, the electrochemical
signals of GNS SPEs were measured in 3.0 mM [Fe(CN)6]4−

with or without 2.0 mg·mL−1 BSA in a set time frame.
Figure 3C shows the impact of BSA exposure (0, 5, and 10

min) on the CV response for [Fe(CN)6]4−. The very different
responses observed across various SPEs indicated that GNS
morphologies were playing a critical role in electrochemical
interactions. Specifically, the unmodified SPE showed the
weakest antifouling performance since the CV response was
undetectable within 5 min, and the electrochemical signal
disappeared. ΔEp significantly increased in all GNS-SPEs,
especially after 10 min of BSA exposure. N-GNS SPE and L-
GNS SPE ΔEp values increased to 856 ± 41 mV (increased by
1401%) and 918 ± 36 mV (increased by 1312%), respectively.
Interestingly, the C-GNS(120 s) SPE with a lower ΔEp of 174
± 4 mV (increased by 168%) presented a better antifouling
performance. Compared to that of C-GNS(120 s), C-
GNS(400 s) with a long gold deposition time exhibited a
narrower ΔEp of 124 ± 14 mV (increased by 175%),
demonstrating an excellent antifouling under the presence of
BSA (Figure S8B).
As displayed in Figure 3D, we further assessed the

antifouling performance of each SPE under similar exposure
times (0, 0.5, 24, and 39 h). During biofouling at 0 and 0.5 h,
BSA significantly reduced peak current intensity. Specifically,
the peak current intensity reduced to 3−1% of the original
nonfouled signal for unmodified SPE, to 19−7% for N-GNS, to
25−15% for L-GNS, and to 40−31% for C-GNS. After
biofouling for 24 and 39 h, the redox peak current percentage
of each SPE was stabilized to be 1% for unmodified, 2% for N-
GNS, 4% for L-GNS, and 14% for C-GNS(120 s). This
demonstrates that the C-GNS SPE surface exhibits superior
antifouling performance compared to other tested samples.
Notably, the C-GNS(400 s) exhibited a redox peak current of
30% after prolonged biofouling, as shown in Figure S8B.
Although C-GNS deposited SPE can support the pene-

tration of redox probe from the SPEs’ surface to their inside,
owing to the complexed coral structure, the relatively large size

of BSA may be retained at the C-GNS surface, hindering access
to the internal surface of C-GNS for biofouling.52 We
demonstrated that the developed geometrical structures
enabled faster reaction kinetics and a lower current drop
when using the OSR and ISR probes under BSA fouling
conditions. The three-dimensional C-GNS structure provided
the most robust response preservation for both the OSR and
ISR probes under the fouling process.
3.6. Characterization of Aptamer Immobilization at

GNS-SPEs. Given that these GNS-SPES modifications are
more than mere surface roughening, we first evaluated the
conjugation of the aptamer onto the SPEs to assess the impact
of GNS on the electrochemical sensing performance of the
fabricated electrochemical-aptamer-based biosensors (E-AB).
Due to their diverse morphologies, GNS can influence the
immobilization efficiency of the aptamer on the SPE surface,
thereby affecting the overall electrochemical sensing perform-
ance.
For the fabrication of E-AB, we initially selected the P4

aptamer, labeled with a terminal redox probe (MB).32 The
primary role of MB was to assess the aptamer conjugation on
the SPE surface. By calculating the charge transfer density, we
estimated the amount of the MB bound to the electrode
surface, which is equivalent to the amount of aptamer.24

The redox signal of MB, in both CV and SWV scanning,
indicated successful aptamer conjugation, as shown in Figures
4A and S9.
To determine the amount of aptamer conjugation on each

SPE, we calculated the integration of the area under the CV
reduction peak. The outcome was the charge reduction of the
MB-aptamer when it was immobilized on the SPE surface. As
depicted in Figure S9A, the conjugation amount of
immobilized aptamer on each SPE was measured to be
0.0091 ± 0.00 pmol for the unmodified one, 0.46 ± 0.04 pmol
for N-GNS, 0.26 ± 0.03 pmol for L-GNS, and 0.37 ± 0.09
pmol for C-GNS (120 s).
To investigate the correlation between ESA and aptamer

conjugation, we further examined C-GNS (400 s), which had
the highest amount of conjugation, up to 0.65 ± 0.09 pmol.

Figure 4. Electrochemical characterization of nanostructured SPE after MB-aptamer immobilization in 10 mM PBS (2.0 mM of MgCl2) (A) CV of
nanostructured SPE after aptamer immobilization, (B) EIS of nanostructured SPE with P4 aptamer immobilization and after P4 binding (2.0 μM of
P4 solution prepared in 10.0 mM PBS (2.0 mM of MgCl2, 1.0 M NaCl) after 30 min binding incubation.
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This was attributed to the ultrahigh ESA for C-GNS (400 s).
Consequently, we primarily compared the N-GNS, L-GNS,
and C-GNS (120 s) in Figure S9B, as all exhibited comparable
ESA. Among them, the N-GNS SPE, with the lowest ESA,
provided the highest aptamer conjugation amount. C-GNS
(120 s) showed higher aptamer immobilization than L-GNS,
likely due to its slightly higher ESA. This confirmed that the
GNS structures affect aptamer immobilization efficiency
beyond their impact on surface area.
Moreover, the calculated aptamer packing density, obtained

by dividing the aptamer amount on each electrode ESA,
exhibited a decreasing trend: N-GNS > L-GNS > C-GNS(120
s) as depicted in Figure S9C. While gold electrodeposits
contributed to higher ESA on SPEs and increased binding
surface area for aptamer conjugation, the aptamer packing
density on varying GNS-based SPE surfaces did not improve.
The unmodified SPE with the lowest ESA presented the
highest aptamer packing density. Meanwhile, C-GNS(400 s),
with ultrahigh ESA and aptamer conjugation amount, showed
the lowest aptamer packing density. This demonstrated a
strong relationship between aptamer packing density and ESA;
further investigation is needed to optimize their electro-
chemical sensing performance.
Additionally, the ΔEp of the MB-labeled aptamer was less

than 25 mV among all the aptamer-immobilized SPEs. This
indicated that the surface property of SPE had minimal impact
on the electrochemical properties of MB estimated from Figure
4A.59

3.7. Electrochemical Sensing Performance by EIS of
P4 Binding Testing. To minimize the impact of ESA on
sensing performance, we primarily compared the E-AB with
SPE surfaces designed by N-GNS, L-GNS, and C-GNS(120 s)
to investigate the critical parameters of GNS for sensor
performance. EIS, a powerful technique for analyzing
interfacial properties associated with biorecognition events
on electrode surfaces, was used as a key electroanalytical
method. This method offered high sensitivity and potential for
label-free detection. Herein, we adopted impedance methods
to explore the differences in their electrochemical sensing
performance.53,60−62 A single P4 concentration must be
sufficient to induce the aptamer sensing performance, in
pursuit of the maximum signal gain for our sensor
investigation.
Figure 4B displays the Nyquist plots of EIS spectra of

varying GNS-based SPEs with only P4 aptamer, recorded
under 3.0 mM of [Fe(CN)6]3−/[Fe(CN)6]4− in PBS(a) buffer
(pH = 7.4). Compared with the bare GNS-SPEs (Figure 2C),
the resistance of aptamer immobilization significantly
increased. To analyze their electrochemical sensing perform-
ance, we recorded the Nyquist plots for each SPE where the
aptamer completely captured the P4 targets after a 30 min
incubation with P4 solution. The EIS spectra of P4 binding
showed an increased resistance compared to that of only the
P4 aptamer, demonstrating a clear electrochemical sensing
response using the EIS method. To quantify the signal gain
caused by P4 binding, we calculated the resistance of Rct for
each SPE before and after P4 binding using the Zview software.
As shown in Figure S10, the calculated signal gain from EIS
was estimated to be 464 ± 333% for N-GNS, 307 ± 18% for L-
GNS, and 246 ± 146% for C-GNS(120 s), compared to 111 ±
54% for the unmodified one. This demonstrated that the N-
GNS enhanced the sensitivity of P4 measurement; the
resulting improvements were attributed to higher aptamer

immobilization, packing density, and signal strength compared
to other GNS-based SPEs.

4. CONCLUSIONS
We introduced a simple chronoamperometric methodology to
electrochemically design varying GNS at SPEs. We utilized
different deposition potentials to obtain morphologies of N-
GNS, L-GNS, and C-GNS. Based on their similar performance
in XRD, WCA, and XPS, we demonstrated that the applied
deposition potential significantly influenced the growth
behavior of these GNS. Specifically, N-GNS exhibited a 1D-
dominated growth mode, L-GNS a 2D growth mode, and C-
GNS a 3D growth mode. Additionally, the GNS-SPEs
exhibited a high surface area of ESA compared to the
unmodified SPE. In terms of their electrochemical properties,
the GNS-based SPEs presented faster electron transfer kinetics
and improved reversibility, leading to amplified electro-
chemical signals compared to the unmodified SPE. The
resistance of varying GNS was reduced in impedance spectra,
but showed no significant difference among them.
We investigated the antifouling capacity of varying GNS and

found that the C-GNS demonstrated excellent antifouling
properties, specifically due to their coral structure design with
increased heterogeneity in gold electrodeposits, effectively
preventing biofouling.
We built a sensor platform by functionalizing these GNS

surfaces with a specific bioprobe aptamer. This allowed us to
assess the aptamer immobilization efficiency and biosensing
performance. We found that varying GNS affected the aptamer
immobilization efficiency, with N-GNS exhibiting the highest
aptamer conjugation amount and packing density compared to
those of L-GNS and C-GNS(120 s). Impedance sensing
revealed no difference between the GNSs.
In summary, our electrochemical design strategy is a

relatively straightforward and rapid method to engineer the
surface of SPEs with a designable GNS, improving sensitivity
and sensing performance. Because each GNS, with its distinct
growth mode, can function independently or collaboratively,
we have the potential for creating complex three-dimensional
(3D) hierarchical microarchitectures at the SPE, which could
further enhance sensing performance. Meanwhile, the varying
GNS-based SPE also opens the door for utilization in other
types of sensors that leverage the functionalization of the SPE
surface for point-of-care use, providing highly sensitive
detection of DNA, protein, and small molecule binding events.
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