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ARTICLE INFO ABSTRACT

Keywords: In this work, we present a systematic approach for the optimization of a stable and reproducible platform for the
SPCE development of unlabelled immunosensors based on electrodeposited (ED) gold nanoparticles (AuNPs) on
Electrodeposition screen-printed carbon electrodes (SPCEs). The modification was performed in a [AuCl4]” solution sweeping the
;\r]rén;;nosensor potential between 1.1 V and - 0.1 V vs Ag/AgClsat. The influence of the gold concentration and number of ED

scans on surface morphology was investigated through Scanning Electron Microscopy (SEM), Energy dispersive
X-ray (EDX), and Cyclic Voltammetry (CV). The results were discussed by considering the average AuNPs
diameter determined for each modification and by comparing the features of the realized platforms to those of
commercial gold screen-printed electrodes (SPEs). The best performing platform in terms of electrochemical
behaviour, stability, and reproducibility was selected for the development of a label-free immunosensor. The
target analyte was neutrophil-associated lipocalin (NGAL), a 25 kDa protein that serves as a biomarker for Acute
Kidney Injury (AKI), one of the primary causes of in-hospital mortality globally. In contrast to creatinine, NGAL
allows for the early prediction of AKI-related clinical events, facilitating timely interventions, which could
significantly enhance outcomes in high-risk patients. To this aim, the electrode surface was first modified with a
self-assembled monolayer (SAM) of 3-mercaptopropionic acid (MPA) and then functionalized by immobilizing
the NGAL antibody via EDC/NHS coupling. The LOD (0.56 pg/mL) and the high sensitivity obtained (21.8 pA
mL/pg) were compatible with the diagnostic range required for AKI.

Acute kidney injury

used nanomaterials for sensor fabrication. Consequently, as highlighted
in recent review articles, AuNP-based biosensors have experienced
exponential growth over the past two decades [1,5]. This trend was

1. Introduction

Gold-modified platforms have gained significant attention in elec-

trochemical biosensors’ research, due to several key factors including
exceptional conductivity, electrocatalytic activity, high surface-to-
volume ratio and versatility [1,2]. Moreover, the strong affinity of
gold for thiols and other functional groups facilitates the formation of
highly stable and biocompatible platforms allowing immobilization of
biological molecules on the electrode surfaces [3,4]. These character-
istics position make gold nanoparticles (AuNPs) among the most widely

particularly prominent during the COVID-19 pandemic (2020-2022),
where AuNPs emerged as a highly versatile and reliable platform for
biosensing applications [6].

Throughout this time, another field that attracted much interest was
that of immunosensors [7-9]. Thanks to specific advantages such as
excellent electrical conductivity and a high surface area, immunosensors
are highly sensitive devices capable of detecting extremely low

* Corresponding author at: Department of Chemistry and Drug Technologies, Sapienza University of Rome, P.le Aldo Moro 5, 00185, Rome, Italy.

E-mail address: francesca.polli@uniromal.it (F. Polli).

https://doi.org/10.1016/j.electacta.2025.145787

Received 8 October 2024; Received in revised form 11 January 2025; Accepted 31 January 2025

Available online 1 February 2025

0013-4686/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-3878-6091
https://orcid.org/0000-0002-3878-6091
mailto:francesca.polli@uniroma1.it
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2025.145787
https://doi.org/10.1016/j.electacta.2025.145787
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2025.145787&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Polli et al.

concentrations of analytes. Specifically the use of novel and different
nanomaterials [10-13], bring to the nanosensors the advantage to
investigate very small changes occurring at the sensor surface. Some
examples can be found in recent works regarding labelled immuno-
sensors, such as those developed on a nitrogen and boron-doped gra-
phene quantum dots-platform specifically designed for the detection of
cardiac troponin I (CTnl) [14] or the one fabricated by using of
Ni/Cu-MOFs [15] for a tumor necrosis-factor-alpha (TNF-a) immuno-
sensor. Furthermore, their chemical stability and rapid response times
further enhance their suitability for point-of-care (POC) applications,
eliminating the need for additional amplification, particularly in clinical
settings where rapid screening can be crucial for reducing diagnosis time
and enabling timely treatment. Moreover, aspects like affordability,
portability, minimal sample volume, and low power consumption have
greatly contributed to the widespread adoption of these devices for a
wide range of other applications including environmental monitoring,
agriculture and food industry which confirmes their versatility as
valuable tools for real-time and on-site analysis.

However, unlike most electrochemical biosensors —where the signal
typically arises from a redox centre within the biomolecule structur-
e—native immunoglobulins lack electroactive sites. Thus, except in case
of chemically labelled or conjugated antibodies, the electrochemical
response of label-free immunosensors reflects the entire platform rather
than that of the biomolecule itself [9,16,17]. In this context, the plat-
form’s stability and homogeneity play a crucial role; therefore, efforts
have been made to enhance immunosensors’ robustness, reproduc-
ibility, and sensitivity [1,9]. Nowadays, various approaches are
employed to develop gold-based platforms, including the drop-casting of
AuNPs [18] or the use of commercially available gold electrodes.
However, commercially available electrodes [19] are rarely used in
immunosensors development due to their high cost, and challenges such
as poor reproducibility and proprietary manufacturing processes
constraint. Furthermore, mass production of screen-printed electrodes
(SPEs) for laboratories requires the need for high-temperature curing
equipment and the gold ink impurities can affect sensor performance
[19,20], also reducing the protein stability [21]. In contrast, nano-
particle drop-casting is among the most employed techniques, valued for
its simplicity and ability to achieve efficient gold coverage [2]. How-
ever, several drawbacks have to be considered, including long synthesis
times, instability, centrifugation steps, and reproducibility issues related
to the formation of coffee-ring patterns onto the electrode surface [22].
To address these limitations, electrodeposition (ED) has emerged as a
method for directly shaping gold on the electrode surface, ensuring a
higher reproducibility and the ability to easily modify the surface
morphology by adjusting the electrochemical parameters [23-25].

Nevertheless, while electrodeposition has been extensively studied
for glassy carbon (GC) electrodes [23,26,27] through both theoretical
and experimental approaches, less attention has been given to
screen-printed carbon electrodes (SPCEs). Despite their widespread use
as biosensor platforms due to their potential for miniaturization and
versatility, comprehensive studies on the influence of scan numbers
[28], gold concentration and supporting electrolytes [29] on
morphology [30] in SPCEs are rarely outlined. Given the distinct fea-
tures and reactivity of GC and SPCE, findings from GC cannot be directly
applied to SPCE, which exhibits a different electrode morphology and
reactivity [24,31].

Therefore, the present study aims to optimize the gold modification
of SPCE surfaces and study its potential in immunosensing applications.
To this aim, the impact of scan number and gold concentration was
carefully evaluated using Scanning Electron Microscopy (SEM) and
Cyclic Voltammetry (CV). Size-distribution curves were obtained for
each of the five tested concentrations, and for the first time, how each
surface evolves from 2 to 25 scan. Additionally, the morphology and
Energy Dispersive X-ray (EDX) spectra were compared with those of a
commercially available gold electrode.

To the best of our knowledge, this represents the most
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comprehensive study of electrodeposition on SPCEs available in the
literature by cyclic voltammetry [32,33], and the first one optimized for
immunosensing purposes. The optimized platform in terms of conduc-
tivity, reproducibility, and stability was then employed to build a
label-free immunosensor for the Neutrophil Gelatinase-Associated Lip-
ocalin (NGAL), a biomarker whose urinary levels are highly predictive of
acute kidney injury (AKI) [34-38]. In fact, conventional diagnostic
methods (i.e. serum creatinine and urine output), allows to identify AKI
only after significant kidney damage has already taken place, while the
NGAL protein is produced in response to kidney injury, reaches
detectable levels in blood and urine within hours of the damage, much
earlier than those of conventional biomarkers. Presently, NGAL detec-
tion is achieved through various methods [34]. Recently, the DNAse
I-based sensor was developed, featuring a linear range from 12.5 to 400
pg/mL and a sensitivity of approximately 6.25 pg/mL [39], which is far
below the NGAL cut-off (> 0.10 pg/mL) [34,37,40]. These types of
sensors employ a specific enzyme immobilized on a polydopamine
nanosphere/aptamer nanocomplex. However, their application is con-
strained by the need for specific reaction temperatures. In contrast,
while immunosensors are generally less sensitive, they are not limited by
temperature requirements. Neves et al. [41] for instance, reported a
sanwhich labelled-immunosensor with a limit of detection (LOD) of 96
pg/mL. Nevertheless, a narrow linear range of 0.15 to 2 ng/mL restricts
its applicability. Moreover, like most labelled immunoassays, requires
longer measurement times (around 125 mins) due to the additional steps
involved after NGAL binding. On the other hand, in Yukird’s study [42],
the antibody was immobilized on a graphene/polyaniline nano-
composite, achieving a LOD of 21.1 ng/mL and a linear range between
50 and 500 ng/mL. The quantity of antibody required for this immu-
noassay is, however, unusually high, limiting its application. A greater
sensitivity was achieved in the works of Phonklam [43] and Wang [44],
which maintained excellent performance using fabrication procedures
based on gold sputtering atop polypropylene and PET electrodes,
respectively. Despite the excellent analytical performance, compatible
with the determination of NGAL for AKI, the preparation of these elec-
trodes requires additional equipment beyond that used for measure-
ments. In this context, electrodeposition proves to be a valuable tool for
obtaining a versatile platform on commercial electrodes in a reproduc-
ible manner, avoiding the use of specific reagents and allowing cus-
tomization of both the procedure and the electrode surface by simply
adjusting the applied electrochemical parameters. Given the high cata-
lytic activity of gold particles, the first part of this study was dedicated to
developing a stable electrodeposition platform with high reproducibility
[45]. Subsequently, the surface was modified using a thiolic compound
with carboxylic moieties, which were activated through N-(3-Dimethy-
laminopropyl)-N’-ethylcarbodiimide = (EDC)/N—Hydroxysuccinimide
(NHS) chemistry to perform antibody (Ab) immobilization. Once the
surface was properly deactivated, the sensor was calibrated using NGAL
standards solutions. The minimal interference and the good agreement
with spiked urine samples demonstrate its potential use for the AKI
prediction.

2. Materials and methods
2.1. Materials

Sulfuric acid (H2SO4), Chloroauric acid colloidal gold solution
(HAuCly), 3-(N-morpholino)propanesulfonic acid (MES), potassium
chloride (KCI), 3-mercaptopropionic acid (3-MPA), urea, glutamic acid,
ascorbic acid, glycine, sodium phosphate monobasic (NaH;PQy4), bovine
serum albumin (BSA), sodium phosphate dibasic (NapHPOj4), potassium
chloride (KC), potassium ferricyanide trihydrate (Ks[Fe(CN)g]-3H20),
potassium ferrocyanide hexahydrate (K4[Fe(CN)g]-6H20), 2-(N-mor-
pholino)ethanesulfonic acid (MES), N-hydroxisuccinimide (NHS), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and
3-mercaptopropionic acid (3-MPA) were obtained from Sigma Aldrich
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(St. Louis, MO, USA). NGAL Monoclonal Antibody and NGAL protein
antibody were purchased from Abcam (Cambridge, UK) and were stored
at —20 °C in aliquots of respectively 10 pg/mL and 100 pg /mL in 10 mM
PBS buffer pH 7.4 to avoid repeated freeze and thaw cycles. All solutions
were prepared using Milli-Q water (18.2 MQ-cm, at 25 °C; TOC < 10 pg
L7}, Millipore, Bedford, MA, USA).

2.2. Electrochemical and surface characterization apparatus

The ED process was set up in a three-electrode electrochemical cell
by employing an SPCE electrode (d = 4 mm, A = 0.126 mm?) as a
working electrode (WE), a graphite lead as a counter electrode (CE) and
Ag/AgClg,; as a reference electrode (RE). The electrochemical method
was applied using an AUTOLAB PGSTAT 12 (Eco-Chemie) controlled by
the software GPES v4.9. After the ED was performed, the protocol was
transferred to a miniaturized setup composed of SPCE from Dropsens
(DRP-110), and the portable potentiostat SensitSmart from Palmsens,
controlled by the PSTrace 5.9 on a Windows PC.

2.3. FESEM characterization

High-Resolution Field Emission Scanning Electron Microscopy (HR
FESEM, Zeiss Auriga Microscopy, Jena, Germany) was used to scan the
SPCE surface. The samples were prepared according to the protocol
outlined in the following section. Size-distribution curves were obtained
using ImageJ analysis software, version 1.37.

2.4. Electrode modification

Prior to use, the unmodified SPCE was thoroughly rinsed with Milli-
Q water and subsequently dried under a pure nitrogen flow twice, in
order to eliminate any impurities that may have been adsorbed onto the
surface. Gold ED was carried out in a 10 mM [AuCl,] solution with 0.1
M NaNOs as electrolyte, previously deaerated with Ny for 20 mins by
applying a potential window ranging from 1.1 to 0.1 V vs Ag/AgClgy
[46], at a scan rate of 50 mV/s. Specifically, different concentrations of
[AuCl4]” precursor were tested (from 0.25 to 15 mM), as well as a
different number of CV cycles (from 5 to 25). The electrodes were then
electrochemically activated in 0.5 M H2SOa at 50 mV/s, and washed in
water several times until the pH turned neutral [45]. Next, the elec-
trodes were incubated in a 2 mM MPA solution for different times, in the
dark, to avoid thiolate formation by UV radiation. Any excess potentially
physisorbed on the surface was removed by washing the surface with
ethanol. As soon as the surface was dry, the electrodes were left to react
for 15 mins with a freshly prepared solution of 0.1 mM EDC and 0.5 mM
NHS, to activate the MPA carboxylic groups.

The surface was then rinsed with MES buffer pH 5.4 and left to dry at
room temperature for about 30 mins. Afterwards, the electrodes were
incubated in 15 pL of 10 pg/mL Abygar for 30 mins to allow the
nucleophile attack of Ab’s amino residues. Next, the electrodes were
rinsed with 10 mM MES buffer, pH 5.4 and left to stabilize overnight at 4
°C with covered by 100 pL of 10 mM PBS buffer 7.4. This step was
carried out in a custom-built humidity chamber to ensure a wet
envoironment that prevents protein denaturation. Prior to antigen in-
cubation, the surface was blocked with 0.1 mg/mL BSA for 20 mins to
deactivate any active sites potentially exposed by the antibody mole-
cules, thus avoiding nonspecific interactions and enhancing antigen-
binding selectivity. The surface was then gently rinsed with 10 mM
PBS (pH 7.4) and incubated with 15 pL of the prepared NGAL solution.
Finally, the surface was gently rinsed with PBS, and incubated with 15
pL of a given NGAL solution.

2.5. NGAL calibration with standards

The modified electrodes - Ab/MPA/AuNP/SPCE - were incubated
with different concentrations of NGAL for 30 mins, and then rinsed with
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PBS, pH 7.4. Once the surface was dry the electrode was tested in a
solution of 1.1 mM [Fe(CN)g] 3/ 4', 0.1 M KCl, using the Differential Pulse
Voltammetry (DPV) technique.

2.6. Interferent species

Selectivity tests were performed by incubating the Ab/MPA/AuNP/
SPCE modified electrodes in 15 pL of NGAL standard solutions con-
taining several substances normally present in high concentration in
serum samples, namely: 1.0 mM glutamic acid, 4 mM glycine, 0.1 mM
ascorbic acid, and 4 mM urea.

2.7. Analysis of real samples

The sensor’s accuracy was validated by testing the modified elec-
trodes in real matrixes. To this aim, fresh urine samples were centrifuged
at 5000 rpm for 10 mins. Spiked urine samples were prepared by adding
a known amount of NGAL to the collected supernatant. The signal was
correlated to the NGAL concentration obtained with the calibration
curve, and the Recovery values were calculated with eq. (1)

Recovery = 100x(Cops — Cena) / Cspiked 1
3. Results and discussion

3.1. Overview of the electrodeposition process by cyclic voltammetry
(AuNPs/SPCE)

Aiming to optimize the AuNPs ED process, different concentrations
of [AuCly] precursor were initially tested, as well as the total number of
CVs. According to the literature, the following overall deposition reac-
tion takes place (1):

[AuCly] ~ + 3e — —» Au + 4Cl” E® = 1.00 V/SHE (1a)

To prevent the formation of bigger aggregates often reported when
using KCl (results not shown), NaNOs was preferred as the supporting
electrolyte [26]. In such electrolytes, [47] the detailed mechanism of
reaction (1) consists of an initial chemical reaction followed by two
charge transfer steps [27,30,47-49]:

[AuCl,] "< [AuCly]T + 2 C1™ @)
[AuCly]" + 2e— = [AuCly]™ 3)
[AuCl]” +e = Au+2Cl™ “@

In Fig. 1A, the first scan reveals a considerable overpotential for the
metal deposition with respect to the following scans, suggesting that the
stripping process is not fully completed. This indicates once the first gold
particles are formed on the electrode surface, the subsequent growth
occurs primarily at these residual gold sites rather than on the graphite
[50]. Moving to the second scan, the peak potential of the reduction of
Au®* to Au® shifts from 0.35 (1st scan) to 0.55 V vs Ag|AgClgar. (AVst _
ond =200 mV). During the backward scan, a current crossover can be
detected at 0.230 V vs Ag|AgClsat, beyond which the backward cathodic
current is higher than the forward one [51]. These potential shifts are
consistent with the fact that AuNPs deposition on a gold layer is a more
thermodynamically favorable process than AuNPs nucleation on bare
graphite [26]. A higher overpotential and a larger shift between the first
and the second scan has been reported in the case of gold nucleation on
GC electrodes with peak potential shifts around AV;st _ snd =400 mV.
These findings support the hypothesis that SPCEs provide a more reac-
tive surface for gold nucleation due to their greater surface irregularity
compared to those of GC [52]. As reported in Fig. 1B, the shift pro-
gressively moves towards more positive potentials until the end of the
process.

To provide a clearer understanding of the changes occurring at the
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Fig. 1. (A) Potential shift of the Au®* reduction peak among the 1st (dotted line) and 2nd (solid) CVs on SPCE (black lines) and GC (gray lines) surfaces. (B)
Sequential CVs performed between 1.1 and —0.1 V (vs Ag/AgClg,) in a 10 mM [AuCly]” deposition bath [51]. The CVs were performed in a N, saturated solution at

50 mV/s, (E sep = 0.002 V).

electrode surface with increasing cycles, SEM was performed along the
entire process after 2, 5, 15, 25, and 30 scans. As shown in Fig. 2, a more
pronounced gold nucleation is clearly observed in the presence of
graphite irregularities when progressing from the 2nd to the 5th scan.
This process is accompanied by a slight increase in the average particles
diameter and in particular those of the smaller nuclei, resulting in a
more uniform particles’ distribution.

Gold continues to cover the remaining uncovered graphite sites until
the end of the 25th scan, at which the surface appears fully coated with
particles. By the 30th scan, the particles begin to grow perpendicularly
to the electrode surface, forming multiple layers with empty spaces
running through. Based on these observations, a 25-scan procedure was
implemented to achieve a uniform monolayer of gold particles across the
electrode surface.

3.2. Gold concentration influence on surface morphology

SEM measurements, presented in Fig. 3, illustrate the surface mor-
phologies obtained using various concentrations of gold precursor. In
agreement with previous studies, higher concentrations of [AuCls]
induce a transition in the nucleation process from a progressive to an
instantaneous mode, thereby enhancing the efficiency of ED and
significantly affecting the resulting particle diameters [53]. Specifically,

precursor concentrations of 0.25 mM, 2.5 mM, 5 mM, and 10 mM result
in nanoparticles of 25 nm, 50 nm, 150 nm, and 300 nm, respectively.
While higher concentrations lead to a broader particle size distribution,
the deposition bath with 2.5 mM [AuCl4]™ exhibits an unusual narrow
particle size distribution. Moreover, to expand the understanding of the
surface morphology changes, SEM were reported over the following
scans at each of the precursor concentrations (Fig. S1a-d).
Considering the CVs of a given gold precursor concentration, a shift
towards more negative potentials can be observed in the peak potential
(Fig. 4A). Two factors can be related to this phenomenon: i) a slower
precursor diffusion [54] towards the electrode surface attributable to
the decrease in concentration gradient between bulk and electrode
surface when the [AuCl4]™ concentration becomes too high; ii) a less
effective catalysis of the following nucleation cycles, due to the bigger
AuNPs sizes obtained under higher concentrations [55]. To analyze the
different platforms one cannot compare the electroactive areas (A.)) and
real surface areas (Area)) because in the first case, the high CV’s capac-
itive current impeded a rigorous calculation; whereas in the second case,
the overall electrode material is not considered a traditional poly-
crystalline gold electrode, which is the main condition when the
one-to-one adsorption of oxygen method is applied [56]. Therefore, a
comparative analysis was done by assessing the integrated areas of the
AuO reduction peaks (Aayo) obtained with CV at 100 mV/s in 0.5 M

Fig. 2. SEM experiments showing the evolution of the SPCE surface throughout the entire electrodeposition process in a 10 mM [AuCl,4]", 0.1 M NaNOj solution after
(A) 2 (B) 5, (C) 15, (D) 25 and (E) 30 scans. SEM were collected at two different magnifications (10 K x with a 50 K x inset).
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Fig. 3. SEM of electrodeposited AuNPs on SPCE electrode after 2 and 25 scans prepared using [AuCl4]” of 0.25 mM, 2.5 mM, 5 mM and 10 mM at two different
magnifications. Size-distribution curves were placed above each modification. The profiles were obtained by analysing each SEM with ImageJ software.

0.6
0.4
0.2
0.0
-0.2

A

I(mA)

-0.4
-0.6

-0.8

04 -02 00 02 04 06 08 1.0
E/(V vs Ag|AgCI _,,)

0.5

Current (mA)

0.4

0.3

0.2

0.1

Integral Area (mC)

B
——15mM

10mM

0.0

0 5 10
[Au] /(mM)

15

0.0

0.4 0.8 1.2 1.6

E (Vvs Ag|AgCl ;)

Fig. 4. (A) Comparison among the 25th scan of ED processes obtained with different precursor concentrations (0.25; 2.5; 5; 10 and 15 mM) using 0.1 M NaNO3 as
supporting electrolyte. The CVs were performed by sweeping the voltammetry between 1.1 to —0.1 V vs Ag|AgCl g, at 50 mV/s with an Ege,= 0.002 V. (B) CVs
performed at 100 mV/s in a freshly preparet 0.5 M H,SOj4 solution after modifying the SPCE with different [AuCly]™ . (C) Integration peak at 0.9 V vs Ag|AgClg,.

behavior exhibiting saturation between 10 and 15 mM.

H2S04, for each precursor concentration (Fig. 4B, C). Above 10 mM, the
Aayo did not increase much (Aay015mm/Aauo1omm=1.09), representing
the starting point of the plateaux, i.e., the maximum reachable coverage.
The 2.5 and 10 mM [AuCl4]” concentrations were chosen as references of
the lower (0-5 mM) and higher concentration (5-15 mM) ranges,
respectively, to evaluate their performance in the subsequent

construction of label-free sensing platforms.

Interestingly, the 2.5 mM platform exhibited increased reactivity
when exposed to a ferrocyanide redox probe. The obtained voltammo-
gram is compatible with the production of prussian blue (PB) on Au
[110] crystal facet [57], which is responsible for effectively catalysing
the PB formation, decreasing the energy required for the process and
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providing unusual sharp peaks in respect those obtained in the case of
polycrystalline gold substrates (Figure S2). Notably, the etching vol-
tammogram obtained for the 2.5 mM precursor concentration, exhibits
several characteristics that aligns to those reported in the literature for
the Au[110] crystal facet in H2SOs, including [58-60]: i) the presence of
two closely spaced oxidation peaks at E > 1.05 V, specifically at 1.1 V
and 1.3 V; ii) the occurrence of a second reduction peak at 0.80 V, in
addition to the classic gold reduction peak at 0.90 V, which is consis-
tently absent in the etching of Au[111] and Au[100] single-crystal
electrodes in H2SOa solutions [61-65]. These results, together with the
observed PB voltammogram, support the hypothesis that this modifi-
cation promotes the preferential formation of the Au[110] facet.

Such reactive modifications could be an advantage in the case of
enzymes are not auspicious for the fabrication of immunosensors
because they interfere with the probe solution. Therefore, the 10 mM
precursor concentration was chosen for the following steps, which also
represents a good compromise to achieve a high reproducibility
(Fig. 4C) with the minimum amount of the gold precursor.

3.3. Surface comparison with commercial gold SPE

The surface morphology and composition of commercial poly-
crystalline gold screen-printed electrodes (SPEs) and electrodeposited
gold screen-printed carbon electrodes were characterized using SEM and
EDX spectroscopy. Specifically, Fig. 5A illustrates the presence of a
macroscopic polycrystalline gold layer on the surface of the commercial
gold SPEs. Although these substrates are less effective than AuNPs in
amplifying the electrochemical signal, they are particularly well-suited
for thiol functionalization, which is critical for biosensing applica-
tions. However, several regions on the SPE surface exhibit incomplete
gold coverage, where the underlying substrate is directly exposed. These
areas—highlighted in red—are prominent on the electrode surface and
indicate the presence of aluminum (Al) and silicon (Si), which reduces
the homogeneity of the surface, critical for preventing nonspecific ab-
sorption in complex matrices.

This drawback is not observed in the case of our platform (Fig. 5D-F),
where the surface is completely covered with gold. Additionally, two
key findings from the EDX analysis are remarkable: (i) a more extensive
nucleation and subsequent coalescence of nanoparticles occurs in
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regions where the carbon signal is more intense, such as at surface ir-
regularities (Fig. 5E); and (ii) The SPCE surface promotes gold nucle-
ation more efficiently than GC. These findings are consistent with the
potential shifts discussed in Section 3.1., highlighting that the electro-
deposition process is particularly effective for SPCEs, resulting in a
stable and reproducible surface for immunosensing applications.

3.4. SAM optimization and Ab immobilization on AuNPs/SPCE

After having optimised the modification procedure, the gold-covered
electrode was incubated in a solution of 2 mM MPA and tested over time
through EIS measurements using [Fe(CN)6]3'/ 4 as a redox probe, to
follow the SAM formation on the SPCE/AuNPs. The SAM blocking effect
of the resulting MPA/AuNP/SPCE on the [Fe(CN)g] 3/ 4'electrochemistry
increased progressively over the first 12 h of MPA incubation but sta-
bilized during the next 12 h (Fig. S3A). By comparing the R values
obtained from the Nyquist plot by fitting the circuit (Fig. S3B), we
observed that between the timeframe 12 - 24 h, the electrode resistance
did not increase much and so did the thiol coverage of the gold elec-
trode. For this reason, a 12 h incubation time was chosen as the optimal
condition for the complete SAM formation. After the SAM formation had
been optimized, the electrodes were treated with EDC/NHS and then
with the Abygar. The Ab immobilization was then assessed by EIS
spectroscopy (Fig. S4).

3.5. Sensor calibration and analytical performances

Sensor calibration was performed by treating the surface with
different concentrations of NGAL. The electrodes were tested using DPV
ina 1.1 mM [Fe(CN)g] 34 100 mM KCl solution producing the curves
shown in Fig. 6A. The Al obtained were plotted as function of the NGAL
concentration to construct a calibration curve (Fig. 6B) until saturation
occurred (Fig. S5). According to the literature, the obtained linear range
0.10 — 50 pg/mL and the sensitivity of 21.58 pA mL/pg make it suitable
for AKI diagnosis. Moreover, the reproducibility was assessed by testing
five independent electrodes; the graph shown in Fig. 6C reports the peak
intensity obtained for each immunosensor replicate. The RSD calculated
was around 4.5%, demonstrating the consistency of electrode prepara-
tion (Scheme 1).
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Fig. 5. Comparison of the SEM and EDX spectra obtained for a commercial gold SPE (A, B, C) and our gold-electrodeposited SPCE (D, E, F). The red arrows identify
the areas where the commercial electrode exhibits residual contamination with aluminum and silicon, which are absent in our platform. The red circles indicate

regions of more intense nucleation, particularly at surface irregularities.
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Furthermore, to better understand the sensor’s true capability of
working in complex environments, its performance was evaluated in the
presence of several common interfering species exceeding 10° -fold the
antigen concentration. The no significant signal variation demonstrates

a significant lack of Ag-Ab complex disruption and confirms the great
capability of the Ab/MPA/AuNP/SPCE immunosensor to work in real
matrices. Moreover, an excellent reproducibility was again obtained (<
2%). Therefore, as a proof of concept, the sensor was tested in real urine
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samples through recovery tests. The values ranges from 91 to 111 sug-
gesting its potential uses in pretreated samples (Table 1).

Compared to other works in the literature, our sensor can provide a
rapid and miniaturized platform with the required effectiveness for the
diagnostic range of AKI while optimizing the surface modification,
simplifying the fabrication procedure significantly, and reducing its
costs. Unlike other label-free immunosensors [43,44], it does not require
any additional or specific equipment, organic solvents, or gold-reducing
agents. In regard to the labelled ones, it minimizes the response time and
avoids the use of additional reagents, such as the highly costly labelled
antibodies. An interesting observation can be pointed out by comparing
the linear ranges of the two platforms. Despite the lower LOD achieved
by the sandwich immunoassay approach used by Neves, [35] our sensor
extended the linear range of the AuNPs/SPCE to the range 0.10 — 50
pg/mL. This can be due to a greater number of antibody binding sites
available for the antigen interaction. This hypothesis is consistent with
the presence of a greater amount of gold hosting the captured antibody
with respect to the single, spaced-out nuclei described by Neves [41].
Also, the extensive optimization step allowed the sensor to maintain its
effectiveness despite the lower amount of antibody used when compared
to other platforms such as the 3D-graphene-based immunosensor [66],
which uses antibody quantities in the range of 0.3 — 10 mg/mL. The
Yukrid’s work [42], in particular, shows comparable analytical param-
eters by immobilizing an antibody amount over 30 times higher.
Therefore, our gold-electrodeposited platform succeeds in optimizing
the antibody quantity while improving surface modification and
providing a reproducible, impurity-free surface. This establishes our
electrochemical immunosensor not only as a fast and miniaturized tool
for the detection of NGAL protein but also as a versatile approach that
can be easily adapted to other immunosensor applications.

4. Conclusions

Herein, we have discussed regarding the optimization of gold ED
process through CV technique in order to develop a stable and repro-
ducible surface for immunosensing applications. Several procedures
were set up by using different gold precursor concentrations in the same
potential range and a different number of scans. Specifically, the effect
of the [AuCl4]” concentration was evaluated between almost two orders
of magnitude (0.25 — 10 mM). Moreover, SEM experiments were per-
formed to carefully investigate the surface morphology and to assess the
nanoparticles’ size and shape along the concentration interval.
Accordingly, NPs ranging from 25, 50, 150, and 300 nm diameters were
deposited by employing 0.25, 2.5, 5.0, and 10 mM precursor concen-
trations respectively. The modification obtained with the 10 mM gold
precursor provided the most stable platform, exhibiting a reproducible
integral area of AuO reduction peak, good stability in the probe solution,
and a total gold coverage of SPCE surface. Furthermore, for comparison
purposes, the surface morphology of a commercial gold electrode was
investigated by EDX analysis, and the composition was compared to that
of our platform to conclude the substantial absence of contaminants in
the latter one. The optimized procedure was then employed in the
development of an immunosensor for NGAL detection, by modifying the
gold electrodeposited platform with a self-assembled monolayer of MPA
and subsequently crosslinking the exposed carboxylic moieties with the
NGAL antibody through EDC/NHS coupling. The electrodes were tested
to detect the NGAL protein and to assess its ability to predict acute
kidney injury. The substantial absence of interference with common
urine molecules and the ability to detect the NGAL in spiked urine
samples suggest the excellent capability of the sensor to work in real
matrices. Compared to previous works, our sensor provides a quick and
miniaturizable tool for NGAL detection, simplifying the fabrication
process and optimizing the amount of antibody on the surface.

Electrochimica Acta 518 (2025) 145787

Table 1

Recovery values and RSD reported after testing NGAL spiked urine samples.
Each sample has been tested in triplicate by performing a DPV measurement in a
1.1 mM [Fe(CN)e] >7%, 0.1 M KCl at 0.1 V/s, Estep= 0.002 V.

NGAL Concentration in Spiked Urine Samples ~ Recovery Ea % RSD
(pg/mL) (%) (%)

20 91.10 —0.098 5.95
50 110.5 0.095 4.76
2 93.00 0.007 3.13
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