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HIGHLIGHTS

e A unifying relationship between the
electroactive surface area and electro-
chemical behavior across various gold
nanostructure-modified electrodes was
discovered.

o The nanostructure itself is the dominant
determinant of both anti-fouling per-
formance and electrochemical
properties.

e Distinct growth mode of pine-needle-
shaped GNS under the pulsed-wave
deposition was observed compared to
that fabricated by constant potential
deposition.
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ABSTRACT

Background: Biofouling, caused by nonspecific adsorption of biomolecules, compromises electrochemical sensor
performance by blocking surface access and reducing sensitivity and reproducibility. Surface nanostructuring
offers an effective route to counteract this effect and improve sensor reliability in complex biological media.
However, their contributions to antifouling performance, caused by increases in electroactive surface area or the
complexity of structured morphologies, have not been systematically investigated.

Results: We report a tuneable electrodeposition-based strategy to engineer gold nanostructures (GNS) with
distinct geometries. Constant potential deposition (CPD) produced coral-shaped GNS, while pulsed-wave depo-
sition (PWD) generated pine-needle-shaped GNS through a distinct anisotropic growth mode. Morphologies were
confirmed by SEM, XPS, XRD, and water contact angle analysis. Electrochemical characterization (CV, SWV, EIS)
revealed enhanced redox behaviour and reduced impedance in all GNS-modified electrodes compared to the
unmodified gold-based screen-printed electrode (SPE). Pine-needle GNS demonstrated superior antifouling
performance, retaining 59 % redox signal in bovine serum albumin, compared to 43 % for coral-shaped GNS.
Crucially, by using a stepwise surface engineering approach with minimal variation in material composition, we
demonstrated that nanostructure geometry, not just surface area, is the dominant factor governing both
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antifouling behaviour and electrochemical performance. A unifying relationship between electroactive surface
area (ESA) and redox response was also observed across all GNS types.

Significance: This study highlights nanostructure shape as a key design parameter for enhancing sensor perfor-
mance in biological environments. The modular deposition approach provides a robust platform for fabricating
antifouling, high-sensitivity electrodes. These findings support future development of electrochemical sensors for
clinical diagnostics and point-of-care applications.

1. Introduction

Electrochemical sensors are among the most versatile sensing tech-
niques, offering significant value across diverse fields such as food safety
monitoring [1], environmental analysis [2], and medical diagnostics
[3-5]. Their widespread applicability stems from inherent advantages,
including high sensitivity, rapid analysis, ease of miniaturization, and
low cost. Among the electrochemical sensors, electrodes function as the
central sensing component, serving as the interface where bio-
recognition events occur and translating these interactions into
measurable redox signals via electrochemical processes [6,7] However,
when electrodes are exposed to biofluids, especially in complex clinical
samples such as plasma, urine, whole blood, or sweat, biofoulant mol-
ecules can adsorb onto the electrode surface through nonspecific bind-
ing or physical interactions. This leads to elevated background signals
and diminished sensor sensitivity, and reproducibility [8]. Despite
ongoing advances, the biofouling phenomenon remains one of the most
persistent and critical challenges hindering the reliable application of
electrochemical sensors in biological environments.

To ensure reliable detection in clinical settings, a range of antifouling
strategies has been developed to mitigate the effects of biofouling in
electrochemical sensors. These include surface modification with anti-
fouling molecules[9-11], coating or adsorption of polymeric membrane
[12], and the use of nanostructured materials [7,13-15]. Among these
approaches, the use of nanostructured materials to engineer electrode
surfaces has gained particular attention. This is not only due to their
improved antifouling capabilities but also their ability to significantly
increase the electroactive surface area (ESA), thereby enhancing the
overall sensitivity and performance of the sensors.

Gold nanomaterial-functionalized interfaces offer high biocompati-
bility, excellent electrical conductivity, and an increased ESA, enabling
greater probe loading and enhanced signal output. As a result, there is
growing interest in engineering diverse gold nanostructures (GNS) on
the electrode surfaces to improve both electrochemical performance and
antifouling properties [14,16,17]. Among the available fabrication
techniques, electrodeposition stands out as a reproducible and practical
method for developing nanostructured gold on electrode surfaces. This
approach allows for the fast and cheap creation of a wide variety of GNS
morphologies, including flowerlike gold microstructures [18], hierar-
chical gold microstructures [19-21], gold nanoplates [22], gold nano-
wires [16], dendrite GNSs [23,24] and gold nanoparticles [25,26].
Interestingly, electrochemical methods enable the recovery of gold from
complex feedstocks [27], paving the way for more sustainable extraction
processes.

Although nanostructuring of gold surfaces to increase the ESA can
significantly improve the sensing performance of electrochemical sen-
sors, it also provides a challenge: a larger ESA may provide more sites
not only for target analyte binding but also for nonspecific adsorption of
background proteins and other fouling agents. This elevated suscepti-
bility to biofouling can, in turn, compromise sensitivity and reduce the
overall reliability of the sensor in complex biological environments.
However, due to the size disparity between the analyte (a small mole-
cule) and biofoulants (typically large biomolecules), the relationship
between ESA and biofouling tendency is not straightforward and cannot
be easily predicted. Additionally, as various analytes have diverse
adsorption behaviors, this too adds complications to the issue of pre-
dicting the biofouling effect. Therefore, it is essential to systemically

investigate how the ESA influences both the electrochemical behaviour
and antifouling performance of GNS-functionalized electrodes.

Previously, researchers were mainly concerned with introducing
novel morphologies of gold surfaces via the electrodeposition [23,26,
28], or they focused on introducing Au electrode surfaces with high ESA
[14,17] in sensor design. Although both criteria are widely used as in-
dicators of antifouling performance, a gap remains in understanding
how ESA and morphology differentially influence biofouling behaviour
and, in particular, which parameter serves as the primary factor gov-
erning antifouling performance. In this study, we address this gap by
clarifying the relationship between ESA, nanoparticle morphology, and
their respective contributions to overall antifouling behaviour. On the
other side, such a study will help clarify whether the nanostructures
effectively hinder the diffusion of unwanted fouling proteins, while also
assessing the potential trade-off, namely, the risk that the same struc-
tural features may impede the access of target analytes.

Herein, this work aims to investigate how variations in the geometry
of GNS influence both electrochemical sensing performance and resis-
tance to biofouling. Morphology of the crystals and rate of growth can be
significantly affected by the electrochemical conditions, such as the
current density, electrode potential, and the presence of impurities,
leading to different crystal shapes and sizes [29]. To simplify the
experimental design, two approaches of constant potential deposition
(CPD) and pulsed-wave deposition (PWD) were used to fabricate the
distinct gold nanostructures. As illustrated in Scheme 1, we have
demonstrated the electrochemical design of two complex and hierar-
chical GNS morphologies, namely coral-shaped GNS and
pine-needle-shaped GNS. Although simply adjusting the applied poten-
tial or deposition time can modulate the geometry of gold, they can also
change the ESA of each sample, resulting in the diversity of ESA among
the tested electrodes. Thus, to normalize the data analysis for all of the
electrodes, we choose the ESA as an indicator for each electrode,
regardless of their deposition time and applied potentials. Except for
that, we mainly focused on the impact of these distinct electrodeposition
strategies on electrochemistry and antifouling performance, because the
different strategies enabled precise control over GNS growth and
resulted in well-defined structures on the electrode surface. Our findings
indicate that tailoring electrode surface morphology can significantly
reduce biofouling while preserving high electrochemical performance,
eliminating the need for additional antifouling coatings. Furthermore,
the resulting nanostructured electrodes demonstrated improved preci-
sion, sensitivity, and quantitative reliability, supporting their potential
for integration into point-of-care diagnostic platforms.

2. Experimental
2.1. Chemicals and apparatus

Gold (III) chloride trihydrate (HAuCl4-3H20), hexaamminer-
uthenium(III) chloride ([Ru(NH3)g]Cl3), potassium hexacyanoferrate(II)
trihydrate (K4Fe(CN)g-3H20), potassium ferricyanide (KsFe(CN)g), sul-
furic acid 98 % (H2S0O4), sodium chloride (NaCl), disodium phosphate
(NagHPO4) and bovine serum albumin (BSA), were purchased from
Sigma Aldrich. Potassium chloride (KCl) and potassium dihydrogen
phosphate (KH,PO4) were acquired from VWR. Deionized (DI) water
was produced by Milli-Q, Millipore, with the resistivity 18.2 MQecm
(Billerica MA). All chemicals were used as received without any further
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purification.

Platinum (Pt) wire (diameter 0.5 mm, 99.99 %) and gold-coated
silicon wafer (GSW, 99.999 % Au, layer thickness of 100 nm) were
purchased from Sigma Aldrich as well, serving as a counter electrode
and working electrode, respectively. Two Ag/AgCl reference electrodes
were used in this study, to be used in different buffers (aqueous solution
and H,S04 solution). The first, labelled as RE-1, was a porous Teflon-tip
Ag/AgCl reference electrode (CHI111) acquired from CH Instruments,
Inc. (USA). It was specifically employed for the electrodeposition pro-
cess in sulfuric acid solution. The second electrode, labelled RE-2, was a
refillable Ag/AgCl reference electrode (6.0 mm diameter, 70 mm length)
obtained from redox.me (Sweden). This electrode was used for detection
in phosphate buffer saline (PBS) solution.

The PBS solution was prepared by dissolving 80 g NaCl, 2.0 g KCI,
14.4 g NagHPOy, and 2.4 g KHyPO4 in 10.0 L of DI water with a final pH
of 7.4. The purchased sulfuric acid was diluted to different concentra-
tions (H2SO4 50.0 mM, 0.5 M, and 1.0 M) in DI water. 10.0 mM of
HAuCly solution was freshly prepared by dissolving 473.0 mg of
HAuCl4-3H20 in 120.0 mL of 1.0 M HSO4. For biofouling testing, the
preparation of solutions was conducted with precision to meet experi-
mental requirements. A 3.0 mM [Ru(NH3)2+] solution was freshly pre-
pared as the outer sphere redox (OSR) probe solution by dissolving [Ru
(NH3)6]Cl3 in PBS, into which BSA was added at a concentration of 40.0
mgemL L. Similarly, the inner sphere redox (ISR) probe solution was
prepared by dissolving K4Fe(CN)g-3H20 in PBS to achieve a 3.0 mM [Fe
(CN)g’] solution, followed by the addition of BSA at a concentration of
2.0 mgemL L. These carefully prepared solutions ensured the reliability
of biofouling tests under controlled conditions.

2.2. Gold electrode (GE) fabrication

Firstly, gold-coated silicon wafer was hand-cut into smaller seg-
ments, measuring around 1.0 cm?. And it was then contacted to Cu slabs
with a conductive copper tape (with resistance through adhesive <1 Q,
3 M Electrical Markets Division, UK). Secondly, following our previous
fabrication method [30,31], the inert polytetrafluoroethylene (PTFE)
film tape (Irpola, Finland) was punched with a hole with a 2.0 mm
diameter, which was placed on top of the gold-coated silicon wafer to
define the working area of the electrode of 2.0 mm. Lastly, the
remainder of the electrode was covered and sealed with polytetra-
fluoroethylene (PTFE) tape, so as to isolate the copper from the elec-
trolyte. The image of the fabricated electrode was presented in Fig. S1,
and the geometric surface area of the electrode was defined by exposing
a 2.0 mm diameter hole. All the fabricated GEs were washed with iso-
propanol for three times followed by rinsing with DI water three times.
After drying, each GE was checked by the ohmmeter to confirm its
resistance was <1 Q.

2.3. Electrochemical deposition of varying GNS

All the GEs were immersed in 40.0 mL of HAuCl4 10.0 mM solution.
The electrochemical deposition was performed using a Palmsens
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EmStat4 potentiostat in a three-electrode configuration with an Ag/AgCl
reference electrode (RE-1), a Pt counter electrode (Pt wire), and the
fabricated GE. For the electrochemical deposition process, two methods
were used (as shown in Fig. S2): 1) CPD and 2) PWD. In CPD, a fixed
potential (e.g., CPD@0V, CPD@-0.3V, CPD@-0.7V, CPD@-1.0V,
CPD@-2.0V, CPD@-3.0V, CPD@-4.0V, CPD@-5.0V, and CPD@-6.0V)
was applied in the deposition times of 120 s or 400 s. In PWD, a square
waveform was used, where the t for —0.7V (PWD@-0.7V) or —1.2V
(PW@-1.2V) was 2 ms, and the t for +1.2 V was 1 ms, under a running
time of 120 s and 400 s. After CPD or PWD, a chronoamperometric step
at —1.2 V was finally applied for 10 s to reduce gold oxides on each GE.

2.4. Characterization of ESA

The ESA of GEs was quantified electrochemically using cyclic vol-
tammetry (CV). These values were calculated based on the charge of the
reduction peaks in CVs obtained in 50.0 mL of H3SO4 (50.0 mM) solu-
tion. The potential window was set from 0 V to 1.4 V, with a scan rate of
100 mVes ™. ESA was determined by integrating the current peak of the
gold oxide reduction, using a charge density of 386 pGecm™2 [32],
corresponding to a complete monolayer of gold oxide. Several samples
were prepared (N > 3), where each sample was run for three cycles of
CV.

2.5. Characterization of electrochemical performance and biofouling
behaviour

Electrochemical performance of each GE was measured in 3.0 mM
[Ru(NHg)gﬂ and 3.0 mM of [Fe(CN)g’] (50.0 mL). The three-electrode
system was composed of a Pt wire, an Ag/AgCl reference electrode (RE-
2), and a GE as the working electrode. For all the measurements, the
scan rates of SWV (step size of 0.01 V, amplitude of 0.05 V and frequency
of 40.0 Hz) and CV (3 cycles) were 100 mVes ! in the potential range
from —0.6 to 0.2 V and repeated for three cycles. The same cell
configuration, electrochemical methods, and values were used for
biofouling studies.

Our previous studies indicate that biofouling affects the redox ki-
netics of outer and inner sphere probes on carbon surfaces drastically
differently [30,31]. Here, we investigated probes classically considered
as outer-sphere probes. However, Ru(NHs)3* is a true clean outer-sphere
probe, while Fe(CN)g™ is often considered outer-sphere, but it is more
surface-sensitive, similar to the inner-sphere performance. Another
noteworthy point is that since the isoelectric point of BSA is around pH
5, at pH 7.4 in PBS, the protein carries a net negative charge. Once
adsorbed on the electrode, it could repel Fe(CN)¢~ while having little
effect on, or even attracting the Ru(NH3)2*. Thus, for biofouling testing,
40.0 mgomL’1 of BSA was dispersed in the 3.0 mM [Ru(NH3)2+], while
2.0 mgomL’1 of BSA was dispersed in 3.0 mM of [Fe(CN)é’]. Before
each measurement, GE were immersed in the biofouling solution from 0
h to 40 h. Each sample was scanned by CV and SWV three times, and at
least three or four GEs were prepared under each condition.
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Scheme 1. Two electrochemical deposition strategies to design varying gold nanostructures on the gold electrode.
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2.6. Surface characterization of SEM, XPS, XRD, and WCA

Scanning electron microscopy (SEM) was conducted via a Thermo
Scientific FE-SEM Apreo S for surface imaging of GEs. X-ray photo-
electron spectroscopy (XPS) analysis was performed with a Thermo-
Fisher ESCAlab 250 imaging X-ray photoelectron spectrometer (Al Ko
(1486.68 eV), 500 pm spot size, 50 eV pass energy, 0.1 eV step size).
Crystallographic orientation of the deposited layers was assessed by X-
ray diffraction (XRD) performed in Empyrean XRD from Malvern Pan-
alytical, equipped with a Cu Ka source (A = 1.5418 A), in the 20 window
from 30° to 120°, using a scan step of 0.05°. Attension Theta Optical
Tensiometer (Biolin Scientific, Japan) were used for water contact angle
(WCA) measurements via the DI water droplets (5.0 pL).

3. Results and discussions
3.1. Relationship between ESA of GE and electrochemical performance

Electrochemical deposition strategies enable the formation of
various surface morphologies on electrodes, which in turn influence
differences in the ESA. Before examining the specific morphological
features induced by the CPD and PWD, this section aims to first assess
how an increase in the microscopic surface area impacts the overall
electrochemical performance.

The ESA of varying GNSs was characterized using CV in a 50 mM
H,S04 solution, scanned from O to 1.4 V at a rate of 100 mVes !
(Fig. S3). As typically observed, the CV curves exhibited a distinct gold
oxidation peak at 1.34 V, which is characteristic of the Au (111) crys-
tallographic plane [33,34]. Fig. S4 summarizes the calculated ESA of GE
and GNS-modified electrodes, derived from the H,SO4 reduction peak at
0.88 V in the CV curves. To allow direct comparison, deposition times of
120 s (Fig. S4A) and 400 s (Fig. S4B) were selected for both the CPD and
PWD methods. Particularly, the ESA of the unmodified GE was measured
to be 0.11 + 0.02 mm?, as a reference throughout the study.

At a deposition time of 120 s, ESA increased with more negative CPD
deposition potentials (from —0.7 to —3.0V), ranging from 4.03 + 0.88
mm? to 8.36 + 1.06 mm?. However, applying even more negative po-
tentials (—3.0 to —6.0 V) using the CPD method did not result in further
significant ESA enhancement. Similarly, at the deposition time of 400 s
(Fig. S4B), the ESA increased as the CPD deposition potential was low-
ered from —0.3 to —2.0 V. Beyond —2.0 V (up to —4.0 V), the ESA
plateaued, averaging around 29.5 mm? These results suggest that
deposition voltage primarily influences the growth morphology of GNS,
while deposition time determines the quantity of deposited material.

In addition to CPD, the PWD strategy was also employed to enhance
the ESA of electrodes, as shown in Figure S3 (D and E). A comparison of
ESA values at two deposition times is presented for PWD (red columns,
Fig. S4A and S4B). At a deposition time of 120s, when the potential was
lowered from —0.7 V to —1.2 V, the ESA increased from 2.68 + 0.56
mm? to 3.84 + 0.85 mm?. In the longer deposition time of 400 s, the ESA
rose more noticeably, from 6.80 + 0.86 mm? at —0.7 V, to 15.90 + 1.02
mm? at —1.2 V. These results suggest that, compared to the GE, the CPD
method indicated more pronounced changes than the PWD method.

As we noted, the diversity of the ESA was caused by the adjustment of
the various deposition conditions. To normalize the data analysis in this
investigation, we mainly focused on the indicator of ESA for each elec-
trode, rather than on their deposition conditions. Because the process
time was kept the same for CPD and PWD. However, the effective
deposition time differs because of the pulsed nature of PWD, which re-
duces the actual running time to about 66 %. In addition, during PWD,
the applied positive potential (+1.2 V) introduces an etching effect. For
this reason, it is not straightforward to determine the exact deposition
time that would result in equal amounts of deposited material in both
processes. Instead, we compared the trends based on the ESA. Indeed,
for the same process time, the ESA is higher with CPD than with PWD,
which is expected since in CPD the electrode remains at a strongly
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negative potential for longer durations.

An OSR probe of [Ru(NH3)2+] and an ISR probe of [Fe(CN)é_], were
used to investigate how ESA influences electrochemical behaviours.
Fig. 1 displayed the relationship of various ESAs and their electro-
chemical responses, where the black data points were from these elec-
trodes fabricated by CPD and the red data points were from those of
PWD, respectively.

Generally, we observed the relationship between ESA and the cor-
responding electrochemical response of the OSR probe [RU(NH:;)ng]
(Fig. 1A), regardless of their different deposition conditions. The
maximum redox intensity was observed for an ESA of 2.68 + 0.56 mm?
(which was observed for PWD@-0.7V in this study, see Fig. S4A). The
results show that as the ESA increased from GE to more complex GNS-
modified electrodes, the electrochemical response correspondingly is
enhanced. However, excessive deposition of GNS and an overly large
ESA may lead to increased capacitive currents, which in turn reduce the
redox signal intensity.

ISR probe reactions occur in close proximity to the electrode’s sur-
face. They are sensitive to the electrode’s surface chemistry and strongly
affected by specific interactions between the electrode surface and the
redox species. Thus, Fig. 1B presents the electrochemical response of the
ISR probe as a function of ESA from all tested samples fabricated by both
CPD and PWD from this study, with the maximum intensity observed at
6.27 + 1.20 mm? (as observed for CPD@-1.0V in Fig. S4A). However,
the increase in ESA had a less pronounced impact on the electrochemical
response of the ISR probe compared to that of the OSR probe.

Importantly, the two gold deposition methods of both CPD and PWD,
exhibited no significant differences in the overall tendency of ESA-
dependent responses for both OSR and ISR probes, as shown in Fig. 1.
Our observations directly indicate that the electrochemical performance
of the electrode followed a similar trend, primarily governed by the final
value of ESA, regardless of the deposition strategy (e.g., CPD and PWD).
Therefore, even if ESA played an important role in the electrochemical
performance to some extent, merely a controlled increase of ESA seemed
insufficient for any further improved electrochemical performance.
Now, our study shifted from solely focusing on ESA values to investi-
gating how morphological characteristics of GNS can have a meaningful
impact on electrochemical performance.

3.2. Electrochemical modulation of the GNS geometry

To gain insight on the role of GNS morphological differences in
electrochemical performance, we employed two distinct electro-
chemical deposition strategies, CPD and PWD, to produce geometrically
different GNS structures. GNS morphology can be electrochemically
modulated by simply programming the applied potential.

First, the original morphology of the unmodified GE was character-
ized in Fig. S5, featuring plated gold films. And Fig. S6 presents the CV
and SWV curves for the unmodified GE.

Then, controlled gold deposition, using CPD and PWD strategies was
carried out. The resulting morphologies of the modified GE surfaces
were investigated (Fig. 2). Among these CPD samples, the morphology
of deposited GNSs varied with the applied potentials [14,28,33].
Consistent with our previous study on screen-printed gold electrodes
[7]1, we observed that lower CPD deposition potentials (0, —0.3, and
—0.7V) yielded three distinct GNS morphologies: needle-shaped
(Fig. 2A), leaf-shaped (Fig. 2B), and coral-shaped GNS (Fig. 2C),
respectively. Fig. S7 provides SEM images at additional magnifications
for each of these conditions.

In Fig. S6C, we further compared the effect of deposition time and
potential under the CPD process on the redox response of [Ru(NHg)gf]
(1.0 mM). Among them, we observed GNS deposited at CPD@-0.7V for
400 s, allowing for the highest redox intensity. This suggests that lower
CPD deposition potential (0 V to —0.7 V) may be insufficient for efficient
gold deposition on GE.

To expand on these observations and develop more broadly
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Fig. 1. Square wave voltammetry peak current response of the electrochemically active surface fabricated by constant potential deposition (CPD, Black dots)) and
pulsed-wave deposition (PWD, Red dots). A) Measurements in 3.0 mM of [Ru(NH3)e 3+] and B) measurements in 3.0 mM of [Fe(CN)¢~]. The gold nanostructure
deposition conditions relevant to the electrochemically active surface are detailed in Fig. S3 and Table S1. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 2. Scanning electron microscopy image of as-prepared gold nanostructures on gold substrates fabricated using different deposition methods, A) CPD@0V, B)

CPD@-0.3V, C) CPD@-0.7V, D) CPD@-1.0V, E) PWD@-0.7V, and F) PWD@-1.2V.

applicable GNS morphologies, we further examined gold deposition via
CPD using higher negative CPD deposition potentials (from —1.0 to
—3.0 V). As the CPD deposition potentials became more negative,
however, the resulting structures showed no significant morphological
changes. The SEM images in Fig. S8 reveal that the gold deposits exhibit
a porous structure. Similar structures have been demonstrated with Cu
and Sn deposits [35]. The formation of the porous structure can be
attributed to gas bubbles that evolve at various substrate locations,
acting as dynamic negative templates during metal deposition and
resulting in foam-like structures. Pore size increases with distance from
the substrate due to hydrogen bubble coalescence. The morphologies
formed under the CPD deposition potentials between —1.0 and —3.0 V
were not only similar to one another but also closely resembled the
coral-shaped GNS formed at —0.7 V (Fig. 2C and D). The minimal dif-
ference in GNS size and the lack of pronounced microscale shape vari-
ation suggest that CPD has limited capacity to modulate the GNS growth
at more negative deposition potentials. Thus, further studies were
focused on the CPD@-0.7V sample, as a reference.

We further employed PWD method to explore alternative GNS
morphologies. At a PWD deposition potential of —0.7 V, we observed the
formation of pine-needles-shaped GNS (Fig. 2E). Unlike CPD, the PWD

process (Fig. S2B) integrates both electrodeposition and electro-etching,
a combination that likely promotes dendritic gold growth [14,28]. The
SEM images (Fig. S9A) reveal that the central rods of the
pine-needle-shaped GNS are ~10 pm in length, surrounded by uniformly
distributed compact leaf-like structures that grow outward to encase
each rod. These features are characteristic of the pine-needle-shaped
GNS morphology.

At a more negative PWD deposition potential of —1.2 V, the second
type of pine-needle-shaped GNS was formed (Fig. 2F). As shown in the
SEM image (Fig. S9B), this potential enhances the development of gold
branches, resulting in more densely packed, leek-like structures. The
central rods in this PWD@-1.2V are ~5.0 pm in length. These obser-
vations indicate that as the PWD potential becomes more negative, the
growth of pine-needle-shaped GNSs becomes increasingly stochastic.

Compared to the coral-shaped GNS fabricated by CPD (Fig. 2C and
D), these PWD-designed GNS (Fig. 2E and F) exhibit pronounced dif-
ferences in both micrometric and nanometric features. The distinct
structural characteristics modulated by PWD allow for controlled nano-
engineering of gold deposition outcomes, such as the collapse length of
the central rod and the density of the branching structures [33]. Overall,
the PWD strategy promotes the growth of gold dendritic branches, with
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branch density increasing at more negative PWD deposition potentials.
Notably, the PWD@-1.2V displays a rougher and more porous surface
morphology on the GE, which is attributed to its smaller structural di-
mensions and the formation of denser branches compared to those of the
initial PWD@-0.7V [33].

Based on the initial electrochemical and morphological studies,
further studies were conducted with CPD@-0.7V, PWD@-0.7V and
PWD@-1.2V, where the first two (CPD@-0.7V and PWD@-0.7V) share
the same deposition potential and the first and last (CPD@-0.7V and
PWD@-1.2V) share comparable ESA. The main focus is on samples
deposited for 400 s. For comparison, we included data for GNS-modified
electrodes deposited for 120 s, which yielded insufficient ESA and
porosity, in the supplementary material of Fig. S4A.

3.3. Surface characterization of deposited GNS

Based on our previous study [7], the chemical state (XPS), crystal
structure (XRD) or wettability (water contact angle) are not significantly
different across diverse types of GNS morphologies. Therefore, we pri-
marily characterized the surface of the GNS deposited at CPD@-0.7V as
a representative example for comparison with the unmodified GE.

XPS was used to analyse the oxidation states of the gold on both
unmodified GE and GNS based surfaces. The results indicate that the
chemical states of Au species were identical in GE and GNS, with no
additional Au-related peaks detected by XPS, suggesting similar atomic
environments for gold in both samples (Fig. 3A). Table S2 presents the
XPS core level spectrum, showing characteristic peaks at binding en-
ergies of 84 and 87.7 eV, corresponding to the chemical states of Au 4{7/
2 and Au 4f5/2, respectively [36]. This confirms that the electrode
surfaces are composed predominantly of metallic gold. Increased surface
roughness or porosity can expose a greater relative proportion of
non-gold elements (e.g., contaminants or residual reagents) or influence
the sampling depth and signal attenuation in XPS analysis, potentially
contributing to the lower apparent Au percentage, from 59.22 % in GE to
47.87 % in GNS.

XRD patterns of GE and deposited GNS are shown in Fig. 3B. The
highly crystalline GE exhibits three characteristic diffraction peaks:
those at 38.2° and 82.5° correspond to the Au (111) and (222) crystal
orientations, respectively. In addition, a strong peak at 69.1° and a
slightly less intense peak at 69.3° are attributed to Si(400) crystalline
facets, originating from the silicon wafer substrate (full scale in Fig. S10)
[37,38]. For the deposited GNS, additional XRD peaks appear alongside
these existing reflections. New peaks observed at 44.4°, 64.7°, and 77.6°
correspond to the Au(200), Au(220), and Au(311) crystalline planes,
respectively [14,39].

As presented in Fig. 3C, the WCA (0) of the unmodified GE was 83.9
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+ 0.1°. Following GNS formation, the WCA increased to 144.7 + 0.02°,
demonstrating a marked enhancement in surface hydrophobicity as a
result of the deposition process [17]. Pronounced hydrophobicity is a
property known to correlate with antifouling performance [40]. Thus,
hydrophobicity can partly account for the differing biofouling perfor-
mance observed between the flat surface and the GNS structures. Within
the GNS structures themselves, however, other factors, such as
thin-layer effects, altered mass transport, and local electrostatic envi-
ronments, are more likely to play dominant roles.

Overall, the surface characteristics of the electrochemically depos-
ited GNS demonstrated substantial alterations compared to those of the
unmodified GE.

3.4. Electrochemical performance of GNS based GEs

Based on the preliminary testing, we focused primarily on fabricating
GNSs under the more negative deposition potentials of —0.7 or —1.2'V,
by using both CPD and PWD methods. Table 1 summarizes the elec-
trochemical performance using [Ru(NH3)2+] and [Fe(CN)é_] as redox
probes, on the following electrode types: i) GE, ii) CPD@-0.7V, iii)
PWD@-0.7V and iv) PWD@-1.2V.

The AE,, values obtained from CV were compared across all tested
electrodes, as AE, serves as an indicator of the electron transfer kinetics.
By using [Ru(NH3)2+], this OSR probe reaction exhibited the following
electron transfer kinetics on each electrode type: GE (4E, = 77 £ 6 mV),
CPD@-0.7V (AE, = 54 + 3 mV), PWD@-0.7V (4E, = 50 + 4 mV) and
PWD@-1.2V (4E, = 50 £ 5 mV). In addition, the I,,/I;, ratios were
calculated to be 0.87 + 0.04 for GE, 0.80 =+ 0.04 for GNS (CPD@-0.7V),
0.90 + 0.05 for PWD@-0.7V, and 0.87 £ 0.13 for PWD@-1.2V,
respectively. Based on the AE, values below 100 mV, the I,,/I,. ratios
close to 1 (0.8-0.9), the electrochemical reaction of [Ru(NH3)g+] can be
considered reversible on GNS-modified electrodes.

Interestingly, GE exhibited an irreversible behaviour by using the ISR
probe of [Fe(CN)g1. Although the I,a/I; value was close to 1 (0.94 +
0.13), the AE, was significantly higher than 100 mV (4E, = 224 + 11
mV). In contrast to the sluggish kinetics observed on GE, the GNS-
modified electrodes showed enhanced electrochemical performance,
attributed to their increased roughness [41] and porosity [42]. The AE,
of GNS-modified electrodes CPD@-0.7V, PWD@-0.7V and PWD@-1.2V
were narrower, 57 + 8, 63 £+ 5, and 62 + 5 mV, respectively. However,
despite AE,, values below 100 mV, the higher I,/ value (ranging from
1.25 + 0.04 to 1.62 + 0.12) suggests that the reaction is non-ideal on
these surfaces. This behaviour is consistent with previous studies
showing that porous and rough electrodes can exhibit non-ideal Ia/Ipc
ratios due to capacitive contributions and adsorption effects, even when
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Fig. 3. Surface characterization of unmodified gold electrode (GE) and gold nanostructure (GNS) modified electrode (CPD@-0.7V(400s)). A) XPS spectra, B) XRD
patterns recorded from 30° to 90° using Cu Ko X-ray (1.54 10\), C) Water contact angle measurement. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Table 1
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Electrochemical performance of unmodified gold electrode (GE) and gold nanostructure modified electrodes (CPD@-0.7V, PWD@-0.7V and PWD@-1.2V) with and
without the presence of bovine serum albumin (BSA). Biofouling is measured after 0.5 h exposure.

Electrodes Biofouling 3.0 mM [Ru(NH3)2*] 3.0 mM [Fe(CN)g"]
AE,/mV Ipa/pA Ina/Ipe AE,/mV Ipa/pA Ina/Ipe
GE/Unmodified No BSA 77 £ 6 115+ 1.2 0.87 + 0.04 224 £11 9.3+1.8 0.94 + 0.13
BSA 74 +3 109 +1.1 0.91 + 0.00 - - -
CPD@-0.7V No BSA 54+ 3 18.6 + 0.2 0.80 + 0.04 57 +8 23.4 £ 43 1.62 + 0.12
BSA 60 +5 28.7 £ 0.2 1.02 + 0.02 96 + 10 25.7 £ 2.9 1.44 + 0.05
PWD@-0.7V No BSA 50 + 4 20.9 +2.3 0.90 + 0.05 63 +5 253+ 1.8 1.25 + 0.04
BSA 60 + 10 21.7 £3.3 0.95 + 0.02 136 + 29 24.4 £2.4 1.38 &+ 0.08
PWD@-1.2V No BSA 50+5 21.7 £ 3.5 0.87 £ 0.13 62+5 36.8 £ 3.6 1.51 + 0.07
BSA 57 +3 35.8 £ 6.9 0.98 + 0.07 115 + 42 35.7 £ 3.9 1.48 + 0.16

*Deposition time at GE was 400s for all the gold deposited electrodes; the BSA concentrations used for biofouling are 40 mgemL " and 2.0 mgemL~'for 3.0 mM [Ru

(NH3)2"1 and 3.0 mM [Fe(CN)¢ ], respectively.

AE,, values suggest fast electron transfer [43].

3.5. Electrochemical kinetics of GE and GNS under different scan rates

Based on the previous results, we proceeded to further investigate
the electrochemical behaviour of the electrodes by employing a diffus-
ible redox mediator (3.0 mM [Fe(CN)g’]/ [Fe(CN)g’]). Scan rate is a
critical parameter for distinguishing between diffusion-controlled and
thin-layer electrochemistry, where mass transfer is confined [44].
Varying the scan rate allowed us to study electron transfer kinetics by
observing changes in peak intensities. Fig. 4A shows the CV curves of the
unmodified GE and GNS-modified electrodes (fabricated at CPD@-0.7V,
PWD@-0.7V, and PWD@-1.2V) as the scan rate was increased from 50
to 600 mVes L.

To determine the mechanism governing the electrochemical reaction
on each electrode, we plotted the logarithm of peak current (log I,)
versus the logarithm of scan rate (log v) for all electrodes (Fig. 4B).
Specifically, we analysed the slope of the log I, vs. log v, which indicates
the dominant control mechanism. A slope of 0.5 or less reflects diffusion
control, where reactants are transported from the bulk solution to the
electrode surface. Slopes above 1.0 indicate adsorption control, domi-
nated by surface-confined species, while values between 0.5 and 1.0
suggest a mixed regime involving both diffusion and adsorption pro-
cesses. This oxidation (reduction) slope for unmodified GE was calcu-
lated to be 0.34 + 0.09 (0.33 + 0.05), indicating that the electron
transfer mechanism was predominantly governed by a diffusion-

A)

i) GE

80 300

ii) CPD@-0.7V

controlled process. In contrast, the slopes for the various GNS-
modified electrodes were as follows: 0.79 + 0.01 (0.66 + 0.01) for
CPD@-0.7V, 0.63 + 0.01 (0.51 + 0.01) for PWD@-0.7V and 0.74 +
0.00 (0.63 £ 0.01) for PWD@-1.2V. These values indicate that the redox
reactions on the GNS-modified electrodes were governed by a combi-
nation of diffusion and adsorption or thin-layer diffusion-controlled
processes.

Indeed, the voltammetric detection of ferrocyanide is a diffusion-
limited reaction [14], because it drives a redox reaction with rapid
electron transfer compared with the diffusion of species toward the
surface. However, the surface roughness and the porosity of GNS will
confine the diffusion process [45], which is the cause of deviations from
purely diffusion-controlled behaviour. Therefore, thin-layer electro-
chemistry also contributed to the overall electron transfer mechanism
[44], alongside classical diffusion processes. Pure-thin-layer behavior is
the phenomenon where the analyte is confined within the nano-
structure. As from the calculated slopes of log I, vs log v in Fig. 4, it also
demonstrated that the pine-needle shaped GNS exhibited a more sig-
nificant deviation of slope at PWD@-1.2V(Slope of log I, vs log v = 0.74
+ 0.00) than that of PWD@-0.7V(Slope of log I, vs log v = 0.63 & 0.01).

These thin-layer electrochemical effects, arising from analyte
confinement within the porous GNS architecture, may also mitigate the
impact of surface biofouling. Because a significant fraction of electro-
active species resides within nanocavities less exposed to adsorbed
foulants, the overall electrochemical response becomes less sensitive to
surface blockage, offering a mechanistic explanation for the reduced

iii) PWD@-0.7V iv) PWD@-1.2V
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Fig. 4. (A) Cyclic voltammograms of 3.0 mM of [Fe(CN)2~1/[Fe(CN)¢ ] at scan rates ranging from 0.05 to 0.60 Ves ™. (B) Linear relationship between the logarithm
of peak current and the logarithm of scan rate. Unmodified gold electrode (i. GE) and gold nanostructure modified electrodes (ii. CPD@-0.7V, iii. PWD@-0.7V and
iv. PWD@-1.2V). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fouling effects observed. Previous research provides further evidence
that structure and mass transport are critical in antifouling [15].
Because large-scale surface roughness leads to thin layer electrochem-
istry when analyte is trapped in pores. Additionally, the anomalous
Randles-Sevéik response [46] observed for these GNS-modified elec-
trodes, maybe attributed to a thin-film liquid layer effect.

3.6. Bio-fouling performance of GNS using the OSR probe

Biofouling typically occurs on the electrode surface when it is
exposed to biological media. The adsorption of protein from these media
can lead to the formation of passivating multilayers on the sensing
surface, ultimately resulting in unexpectedly low sensitivity. Therefore,
it is important to investigate how different forms of GNS influence
biofouling, in order to address the challenge of achieving higher ESAs
while minimizing protein adsorption. The formation of nanoporous
structures can restrict the diffusion of unwanted fouling proteins,
although this same property may also hinder the access of target ana-
lytes [14].

In this study, BSA serves as a simplified model of the complex
biofouling environment; however, such model systems are valuable for
providing fundamental insights into the underlying phenomena. More-
over, the development of theoretical descriptions and computational
models requires well-defined and controlled systems, which are neces-
sarily simpler than realistic biological media. Therefore, the use of
simplified systems should be prioritized as a crucial step toward estab-
lishing a mechanistic understanding that can later be extended to more
complex environments. Thus, we compared the surface electron ex-
change rates of the electrodes using OSR and ISR probes in the absence
and presence of BSA, a common biofouling agent. Biofouling has a
markedly different impact on the redox kinetics of OSR and ISR probes
at electrode surfaces [31]. The results of the biofouling studies on
GNS-modified electrodes are shown in Fig. 5. Respective results for
GNS-modified electrodes with 120 s deposition time are shown in
Fig. S11A.

In these experiments by using the OSR probe, all the electrodes were
immersed in a 3.0 mM [Ru(NH3)2+] solution spiked with 40.0 mgoL_1
BSA for different durations: 0 h (measured immediately upon immer-
sion), 0.5 h and 12 h. As shown in Fig. 5A, similar electrochemical
behaviour was observed in the resulting CVs, with only minor changes in
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current intensity following BSA exposure for up to 12 h. The effect of
BSA fouling on electrochemical behaviour was primarily reflected in AE,
variations, as presented in Table 1. BSA fouling had minimal impact on
the [Ru(NH3)§+] kinetics for all tested electrodes. The AE,, values for
unmodified GE, CPD@-0.7V, and PWD@-0.7V and PWD@-1.2V after
0.5 h of BSA exposure remained within error margins of their respective
pre-fouling values. Additionally, upon exposure to BSA, the I,a/Ipc
values for the OSR probe remained similar: 0.91 + 0.00 for GE, 1.02 +
0.02 for GNS (at CPD@-0.7V), 0.95 + 0.02 for PWD@-0.7V, and 0.98 +
0.07 for PWD@-1.2V. Notably, both the AE; and I,a/Ic values remain
consistent with a reversible electrochemical process for the OSR.

To better quantify the biofouling effect on the electrodes, SWV sig-
nals were recorded for OSR testing (see Fig. S12). The peak intensity in
the absence of BSA was used as a reference to compare the electro-
chemical signals measured in the presence of BSA at various fouling
durations. The ratio of the SWV peak intensity with BSA to that without
BSA served as an indicator to evaluate the extent of biofouling for all
tested electrode types (Fig. S11C).

Regarding the deposition time of 400 s, the SWV peak current ratios
for CPD@-0.7V, PWD@-0.7V, and PWD@-1.2V increased notably, as
shown in Fig. 6A. By the final measured time point of 36 h, these ratios
had risen to approximately 1.86, 1.20, and 2.20, respectively. This
substantial increase (ratios >1) can be attributed to the enhanced
roughness and porosity, resulting in higher ESA, and denser GNS
structures, allowing OSR probes to penetrate and become retained
within the complex nanostructures. Beyond, from the raw data of SWV
of GNS-based electrode in Fig. S12, we clearly noted that the baseline of
the OSR probe signal was shifted to a lower value after long time
biofouling, which was the main cause for an enhanced OSR redox signal.
These findings support the same hypothesis presented in Section 3.2,
namely that PWD@-1.2V allow for creating greater ESA and porosity
than CPD@-0.7V and PWD@-0.7V.

3.7. Bio-fouling performance of GNS using the ISR probe

The biofouling effect on the ISR probe, [Fe(CN)g’], was investigated
using a solution spiked with 2.0 rngomL_1 BSA. [Fe(CN)g_] is often
considered outersphere, but it is more surface-sensitive. A significant
decrease in signal intensity was observed on GE immediately after im-
mersion in the BSA-containing redox solution, confirming the rapid
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Fig. 5. Cyclic voltammogram characterization of biofouling process under different incubation time for the unmodified gold electrode (i. GE), and gold nano-
structure-modified electrodes (ii. CPD@-0.7 V, iii. PWD@-0.7 V and iv. PWD@-1.2 V). A) Cyclic voltammograms in 3.0 mM [Ru(NH3)2"] with 40.0 mg e mL ! BSA,
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impact of BSA and the lack of antibiofouling properties. BSA adsorption
on the GE surface markedly hindered electron transfer, resulting in less
defined CV curve peaks, decreased peak current and increased AE,. To
further assess the impact of exposure duration, the electrodes were
incubated in the biofouling solution for 0.5 h and 24 h (Fig. 5B). After
0.5 h of incubation, the CV signal on GE became nearly flat, and AE,
could no longer be determined. Notably, the impact of BSA was partic-
ularly pronounced for [Fe(CN)g’], where AE;, became undetectable on
the unmodified surface, in contrast to the relatively smaller effect
observed with [Ru(NH3)2"] kinetics.

This enhanced antifouling behavior was first evident in the CV sig-
nals, which showed nearly identical peak shapes and intensities in both
the absence and immediate presence of BSA (0 h) (Fig. 5B). As shown in
Fig. 5B ii-iv, the CV peaks for ii) CPD@-0.7V, iii) PWD@-0.7V and iv)
PWD@-1.2V, remained nearly unchanged after 0.5 h of BSA exposure.
As displayed in Fig. S13, we noted that for these tested electrodes, the
BSA fouling impacted on the ISR probe signal was a rapid process with a
time resolution of minutes. While the electrodes of CPD@-0.7V and
PWD@-0.7V reached their balance within 5 min, the sample of
PWD@-1.2V took 30 min to reach a balance status. Particularly, the
unmodified GE became a balance ISR redox signal within a minute.
Indeed, the GNS-modified electrodes demonstrated improved anti-
fouling performance, as their CVs retained peak shapes comparable to
those recorded in BSA-free solutions, with no significant shifts in AE,
(Table 1). The corresponding AE,, values after BSA fouling were 96 + 10
mV (increased by 68.4 %) for CPD@-0.7V, 136 + 29 mV (increased by
115.9 %) for PWD@-0.7V, and 115 + 42 mV (increased by 85.5 %) for
PWD@-1.2V, as presented in Table 1. Although Faradaic current
weakening was observed for CPD@-0.7V and PWD@-0.7V after 24 h,
the PWD@-1.2V electrode demonstrated notably superior antifouling
performance, maintaining stable CV signals even after prolonged
exposure. This highlights the enhanced biofouling resistance of the
PWD@-1.2V electrode, likely due to its higher ESA and optimized pine-
needle morphology.

Similarly, the same approach was applied in the SWV studies using
the BSA-spiked ISR probe (see Fig. S14). In contrast to the OSR results,
SWV peak current ratios decreased over the 35 h BSA exposure period
for all tested electrode types (Fig. S11D), and from Fig. S14, we noted
that the decrease of the ISR redox signal was mainly caused by the
reduction of the peak signal during the biofouling process. Although the
SWYV peak current ratio for the unmodified GE dropped to approximately
0.17 after 35 h of BSA exposure, the SWV peak current ratios are
significantly better for these GNS-modified electrodes. As shown in
Fig. 6B, their values were estimated to be 0.43 (CPD@-0.7V), 0.45

(PWD@-0.7V), and 0.59 (PWD@-1.2V).

Because the ESA and the gold morphology were the two key pa-
rameters, contributing to an enhanced antifouling performance. To
clarify this question, we summarized all antifouling performances of the
tested electrodes in Fig. 7. As we described in both sections 3.6 and 3.7,
the ratio of measured redox intensity with and without the existence of
the BSA was the indicator for the antifouling performance, which
showed the remaining redox signal after electrode fouling. Typically,
their antifouling performance were enhanced with the increase of their
ESA for both pine-needle-shaped GNS or coral-shaped GNS electrodes.
However, it is clearly observed that the pine-needle-shaped GNS has
their priority in contributing to the antifouling performance, compared
to that of the coral-shaped GNS. To minimize the impact of ESA on the
biofouling performance, we mainly compared similar ESAs for the
biofouling performance investigated in this study. At comparable ESAs
of 4.30 and 3.84, achieved through CPD@-0.7V(120s) and PWD@-1.2V
(120s), similar biofouling performance was observed. Meanwhile, their
SWYV peak current ratios were nearly identical, 0.36 and 0.35, respec-
tively. Additionally, we compared the biofouling performance of
CPD@-1.0V(120s) and PWD@-0.7V(400s), which had similar ESAs of
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Fig. 7. Antifouling performance comparison of the Pine-needle-shaped GNS,
Coral-shaped GNS and Flat gold surface. The measurements were performed
with BSA at 2.0 mg e mL ! and 3.0 mM [Fe(CN)Z~], and all electrodes were
incubated for up to 35h to assess biofouling. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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6.27 and 6.80 mmz, respectively. Notably, PWD@-0.7V(400s) showed a
better performance, with a higher SWV ratio of 0.45, compared to 0.35
for CPD@-0.7V(120s). This result suggests that the unique structure of
pine needle GNS (fabricated by PWD) itself contributed to the enhanced
antifouling performance (increased 22 %), beyond the influence of its
ultra-high ESA.

Furthermore, although a longer deposition time was critical for
achieving higher ESAs, these nanostructures, fabricated using the PWD
method, inherently demonstrated superior performance compared to
those prepared by the CPD method.

Of note, introducing a third probe with different electron-transfer
kinetics and inner-sphere interaction mechanisms (such as catechols)
would provide further insight beyond what is covered here, owing to
their strong surface sensitivity and propensity for adsorption. Therefore,
we deliberately limited our study to two well-established, classical redox
probes hexamine ruthenium chloride and potassium ferricyanide in the
present work. Because our aim is not to exhaustively catalogue all
possible charge and adsorption scenarios, but to demonstrate that probe
charge leads to qualitatively different trends under BSA adsorption and
porous electrode conditions. And we believe this is sufficiently evi-
denced by the two complementary systems studied.

To obtain direct evidence of the antifouling performance of these
surfaces, complementary analysis using QCM would be valuable.
Moreover, from an application perspective, not only the amount of
adsorbed proteins but also their orientation plays a critical role.
Therefore, additional characterization techniques, such as polarized
ATR-FTIR spectroscopy, are needed to elucidate protein adsorption
orientation and interfacial structure.

While numerous antifouling gold nanostructures, such as dendritic,
flowerlike, and nanoporous morphologies, have been reported, direct
comparison across studies is inherently difficult due to the lack of
standardized fabrication and testing protocols. Antifouling performance
is strongly influenced not only by morphology but also by factors such as
electrode geometry, the characteristics of the redox probe, and the
conditions used during fouling assays, all of which vary widely in the
literature. In this work, we therefore restricted our comparison to
structures produced under tightly controlled and directly comparable
conditions, altering only the deposition mode (PWD vs. CPD). This
approach enabled us to isolate the effect of morphology and electro-
active surface area on antifouling behaviour without confounding var-
iables. Future systematic studies employing harmonized fabrication and
evaluation conditions would be valuable for establishing a reliable
performance baseline across different gold nanostructures.

Our pine-needle-like structures demonstrated markedly strong
antifouling behaviour and preserved electrochemical activity even in the
presence of BSA. Their high electroactive surface area combined with
the highly branched, anisotropic features likely mitigates surface
blocking and enables analyte access despite partial protein adsorption.

While further investigations in more complex environments (e.g.,
fibrinogen, serum/plasma, saliva) are needed to validate the universal
antifouling performance of the needle-like structure, BSA serves as a
simplified model of the biofouling environment. Such model systems are
valuable for providing fundamental insights into the underlying phe-
nomena. Moreover, the development of theoretical descriptions and
computational models requires well-defined and controlled systems,
which are necessarily simpler than realistic biological media. Therefore,
the use of simplified systems should be prioritized as a crucial step to-
ward establishing a mechanistic understanding that can later be
extended to more complex environments.

4. Conclusions

The aim of this study was to test how the constructional differences
of GNS on electrodes surfaces impact antifouling and electrochemical
performance. Completely distinct types of GNSs were deposited elec-
trochemically by applying low potentials (0, —0.3, and —0.7 V), using
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the deposition modes of CPD. However, by applying higher deposition
potentials (over —1.0 V) under the CPD process, the resulting GNS
structures became increasingly identical. Thus, another deposition mode
of PWD was chosen for —1.2 V (as well as —0.7 V), to obtain their
distinct GNS, in terms of experimenting with higher PWD deposition
potentials. Compared to that of CPD method, PWD enabled gold deposits
to form pine-needle-shaped GNS. According to the surface and electro-
chemical characterization, it was observed that GNS deposition signifi-
cantly increased ESA and surface roughness.

As deposition model and voltages played a critical role in resulting in
arich and dense porous nanomaterial structure on the electrode surface,
we chose the ESA parameter as the indicator for every fabricated elec-
trode here. Interestingly, we demonstrated that all the fabricated elec-
trodes by using both CPD and PWD, followed the same tendency
between the ESA and their electrochemical responses. As such, the
electrochemical responses of the OSR probe indicated that the optimal
ESA observed in the GNS structures was 2.68 + 0.56 mm?. Transitioning
to ultra-high ESAs was associated with an increase in capacitive current,
which in turn led to a reduction in OSR intensity. For the ISR probe, the
intensity was observed to strongly depend on the ESA, although the
values became more convergent as the ESA approached 6.27 + 1.20
mm?.

However, over-deposition of GNS upon the GE also caused a slight
reduction of the electrochemical response to ISR probes. Over-deposited
PWD@-1.2V(400s) showed the highest antifouling performance, with
an ISR signal ratio of 0.59 + 0.16, compared to 0.43 £ 0.14 for GNS (at
CPD@-0.7V(400s)) and 0.45 + 0.04 for PWD@-0.7V(400s). Clearly, our
results demonstrated that pine-needle-shaped GNS effectively inhibited
the formation of a BSA fouling layer while simultaneously enhancing the
electrode’s electrochemical performance.

To conclude and summarize, the advancements in the design and
performance of GNS highlight the pivotal role of material science in
electrochemical biomedical sensing, paving the way for cost-effective
and easily fabricated sensors. This study provided a detailed analysis
of the antifouling performance and electrochemical properties of various
GNSs, identifying pine-needle-shaped GNS as a particularly promising
candidate for biomedical sensing in complex biofluids. The enhanced
electron transfer kinetics, combined with the porous structures of GNS,
and amplified electrochemical signals, created an effective size-
exclusion mechanism to prevent biofouling. These properties allowed
the modified electrodes to maintain high sensitivity even in biological
fluids with high concentrations of contaminating proteins. Overall, this
work lays a solid foundation for designing and fabricating GNS with
increasingly complex and hierarchical structures, offering significant
potential for applications in healthcare diagnostics, biomedical sensing,
and environmental monitoring.
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