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Abstract

Staphylococcus aureus (S. aureus) is recognized as one of the most common causes of gastroenteritis worldwide. This patho-
gen is a major foodborne pathogen that can cause many different types of various infections, from minor skin infections to
lethal blood infectious diseases. Iron-regulated surface determinant protein A (IsdA) is an important protein on the S. aureus
surface. It is responsible for iron scavenging via interaction with hemoglobin, haptoglobin, and hemoglobin-haptoglobin
complexes. This study develops a portable aptasensor for IsdA and S. aureus detection using aptamer-modified gold nano-
particles (AuNPs) integrated into screen-printed carbon electrodes (SPCEs). The electrode system was made of three parts,
including a carbon counter electrode, an AuNPs/carbon working electrode, and a silver reference electrode. The aptamer
by Au-S bonding was conjugated on the electrode surface to create the aptasensor platform. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were utilized to investigate the binding interactions between the aptasensor
and the IsdA protein. CV studies showed a linear correlation between varying S. aureus concentrations within the range of
10' to 10° CFU/mL, resulting in a limit of detection (LOD) of 0.2 CFU/mL. The results demonstrated strong reproducibility,
selectivity, and sensitivity of the aptasensor for enhanced detection of IsdA, along with about 93% performance stability
after 30 days. The capability of the aptasensor to directly detect S. aureus via the IsdA surface protein binding was further
investigated in a food matrix. Overall, the aptasensor device showed the potential for rapid detection of S. aureus, serving
as a robust approach to developing real-time aptasensors to identify an extensive range of targets of foodborne pathogens
and beyond.
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Introduction

Staphylococcus aureus is a Gram-positive bacterium and,
as a foodborne pathogen, is critical in the food industry due
to its ubiquity, ability to produce heat-stable toxins, and the
rapid commencement of symptoms in affected individuals
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[1, 2]. Its prevalence in food processing and preparation
environments is a persistent threat to food safety [3, 4]. The
production of potent enterotoxins by S. aureus causes even
low levels of contamination [5, 6], and it will be a serious
concern as they can lead to severe cases of staphylococ-
cal food poisoning within hours of consumption [7]. The
economic impact on the food industry is significant, as out-
breaks of S. aureus-related foodborne illnesses can result in
product recalls, legal liabilities, and damage to brand reputa-
tion [8]. Therefore, developing accurate and rapid detection
methods is crucial to recognizing and mitigating S. aureus
contamination in food products and protecting public health
and the food industry’s interests.

Among the surface proteins of S. aureus, IsdA has gained
considerable attention due to its crucial role in the pathogen-
esis of the bacterium [9, 10]. IsdA is involved in host cell
adhesion, immune evasion, and iron acquisition, making it
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a key virulence factor [11, 12]. Understanding the charac-
teristics and functions of IsdA is essential for clarifying the
mechanisms of S. aureus pathogenicity and developing tar-
geted theragnostic systems [13]. Detection and identification
of S. aureus have traditionally depended on culture-based
methods, which are time-consuming and require skilled
personnel [14]. However, many rapid and sensitive diag-
nostic tools have recently been developed targeting IsdA
[15, 16]. Various techniques, including immunoassays [17],
nucleic acid-based methods [18], and mass spectrometry
[19], are used to detect IsdA as a specific biomarker of S.
aureus infection. With these limitations in mind, electro-
chemical methods have emerged as promising alternatives
for detecting S. aureus [19, 20]. Electrochemical techniques
offer several advantages, such as real-time monitoring, rapid
response, high sensitivity, and the potential for miniaturiza-
tion and portability [21, 22]. These features make electro-
chemical biosensors well-suited for point-of-care applica-
tions, allowing early diagnosis and timely intervention [23,
24].

Among diverse types of electrochemical sensors, SPCEs
have become popular as biosensing platforms in electro-
chemical studies [24, 25] in comparison to other detection
methods such as polymerase chain reaction (PCR) [26],
recombinase-aided amplification [27], and enzyme-linked
immunoassay (ELISA) [28]. While PCR is highly sensitive
and specific, it requires DNA extraction and amplification,
which can be time-consuming and may not always be suit-
able for rapid diagnostics. Conversely, ELISA is commonly
used for its simplicity but may lack real-time monitoring
capabilities [29, 30]. SPCE, as an electrochemical sensor,
provides a convincing alternative method due to its rapid
response time and portability. This electrode consists of
three parts (counter electrode, reference electrode, and
working electrode), which allow for precise and controlled
electrochemical measurements. Moreover, this method is
cost-effective and can be easily functionalized with specific
aptamers or biomolecules, enabling selective and accurate
identification of S. aureus. The discussed versatility makes
SPCE-based electrochemical sensors provide a promising
framework for rapid, on-site, and precise identification of S.
aureus, with applications ranging from clinical diagnostics
to food safety and environmental monitoring [31, 32].

Aptamers, which are RNA or single-stranded DNA mol-
ecules, have emerged as novel biorecognition elements in
biosensors. Aptamers present numerous benefits compared
to conventional antibodies, featuring high affinity and
specificity, enhanced stability, and straightforward syn-
thesis [33-35]. IsdA-specific aptamers can be generated
through the Systematic Evolution of Ligands by Expo-
nential Enrichment (SELEX) [36, 37]. Nowadays, nano-
materials are widely used in different fields of science,
including sensing. Applying nanotechnology in electrode
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customization is efficacious in improving electrochemical
biosensors’ responses [38, 39]. AuNPs have been exten-
sively studied for their unique physicochemical properties,
featuring a large surface area, superior conductivity, and
biocompatibility. Such attributes render AuNPs ideal for
signal enhancement and surface attachment in biosensor
applications [40—42]. Functionalizing SPCEs with AuNPs
increases the surface area for analyte capturing, leading to
improved sensitivity and enhanced detection limits [43,
44].

Detecting S. aureus with the help of aptamers and elec-
trochemical methods has been reported in many publica-
tions in recent years. In 2022, El-Wekil et al. reported the
dual recognition aptasensor for sensing S. aureus based on a
binary hybrid of Au/Fe;0, in natural products such as apple
juice, conduit water, and milk. This molecularly imprinted
aptasensor demonstrated a detection limit of 1 CFU/mL
across a dynamic range of 10'=10” CFU/mL [45]. Simi-
larly, in 2022, Nguyen et al. developed a sandwich-type
electrochemical aptasensor employing SA37 and SA81
aptamer pairs on a screen-printed gold electrode, achiev-
ing S. aureus detection in buffer and tap water samples
spiked with the bacterium, with detection limits of 39 CFU/
mL for SA37 and 414 CFU/mL for SA81 within a range
of 1.0~10° CFU/mL [46]. In 2022, Tian et al. reported
an aptasensing technology for quantitative analysis of S.
aureus made from copper-based metal-organic framework
and utilizing Cu,O nanocrystals (ML-Cu,0@Cu-MOF),
which showed detection limits of 2.0 and 1.6 CFU/mL for
EIS and DPV methods, respectively, in a range from 10 to
108 CFU/mL [47]. Sohouli et al. published a paper in 2021
based on an electrochemical aptasensor modified with gold
and nitrogen-doped carbon nano-onions (NCNO) by using
SPCE to detect S. aureus, achieving a detection threshold of
3 CFU/mL within a 10-10% CFU/mL range [48]. Further-
more, in 2022, Zhou et al. described the development of an
electrochemical aptasensor modified with Fe;0,, capable of
detecting S. aureus with a remarkably low detection limit of
0.3 CFU/mL in a linear range of 1 ~10® CFU/mL in samples
of seawater spiked with S. aureus, through stepwise signal
amplification [49].

In this study, a portable and highly sensitive electro-
chemical biosensor was developed to detect the IsdA protein
as the target biomarker, along with a preliminary focus on
identifying S. aureus. This biosensor was engineered uti-
lizing SPCEs modified by AuNPs and functionalized with
aptamers specific to the IsdA protein. We hypothesized that
integrating SPCEs, AuNPs, and aptamers would result in a
robust biosensor device with enhanced sensitivity, selectiv-
ity, and rapidity for S. aureus detection. The resulting bio-
sensor enabled efficient monitoring and quantitative analysis
of IsdA in complex biological samples via electrochemical
techniques.
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Experimental
Materials and reagents

SPCEs enhanced with AuNPs (SPCE/AuNPs) were
acquired from Metrohm, USA. Bovine serum albumin
(BSA) and protein A (Protein A) were bought from
Thermo Fisher, USA. Chemicals such as hydrogen tet-
rachloroaurate (HAuCl,), sodium phosphate dibasic
(Na,HPO,), tris—HCI, methanol (CH;0OH), potassium
phosphate monobasic (KH,PO,), potassium ferricyanide
(K;5[Fe (CN)gl), potassium ferrocyanide (K4[Fe (CN)¢]),
and 2-mercaptoethanol (2-MCE), along with calcium
chloride (CaCl,), magnesium chloride (MgCl,), potassium
chloride (KC1), sodium chloride (NaCl), and sulfuric acid
(H,SO,) were all purchased from Sigma-Aldrich, USA.
The crosslinking agents n-hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) were sourced from Cytiva, USA. Addition-
ally, the IsdA-specific aptamer sequence (5'-gcg cac gcg
ugu gua gua cac acg auc gcg cgc aca auau-3'), formulated
in our lab, was synthesized by Integrated DNA Technolo-
gies, USA [50]. Culture media, including tryptic soy broth
(TSB) and tryptic soy agar (TSA), were acquired from
Becton, Dickinson and Company, located in Maryland,
USA. Furthermore, the IsdA protein was sourced from
CUSABIO, USA. Double distilled water (DDW) was uti-
lized to prepare all solutions.

Aptasensor fabrication

The SPCE/AuNPs electrode was first activated by 20
UL solution containing 0.4 M EDC/0.1 M NHS (1:1v)
for 30 min and then washed with DDW [51, 52]. EDC
facilitates the activation of carboxyl groups on AuNPs by
generating a reactive O-acylisourea intermediate. This
intermediate, however, is inherently unstable in aqueous
environments, tending towards hydrolysis, which results
in the reformation of carboxyl groups and the liberation
of a urea by-product. To enhance the coupling efficiency
of the reaction, NHS is introduced. NHS interacts with
the EDC-activated carboxyl groups to create a more sta-
ble NHS-ester intermediate, which is significantly more
resistant to hydrolysis than its O-acylisourea counterpart,
thereby exhibiting increased reactivity towards primary
amines. Consequently, the NHS-ester modified carboxyl
groups on the AuNPs are primed to engage with primary
amine groups located on the aptamer, culminating in the
formation of durable amide bonds and the release of NHS.
This crucial step seamlessly attaches the biomolecule to
the AuNPs’ surface, ensuring effective bioconjugation

[53, 54]. To conjugate the aptamer onto the surface of the
AuNPs-modified electrodes, 5 pM of the aptamer solu-
tion was dropped on the SPCE/AuNPs and maintained
at the temperature (36 +2 °C) for 6 h. Then, binding
buffer (100 mM NaCl, 5 mM KCI, 2 mM MgCl,, 20 mM
Tris—HCI, and 1 mM CaCl,) was used to rinse the elec-
trode to remove any unbounded aptamer on the electrode
surface. Subsequently, to block any remaining active sites
on the modified electrode surface, 10 pL of 1 mM 2-MCE
solutions was injected on the surface and incubated for
1 h. The electrode was washed with DDW and dried at
room temperature [55]. The final electrode (aptasensor)
was kept at 4 °C until utilization. Scheme 1 shows a visual
representation of the aptasensor preparation steps.

Electrode characterization

Fluorescent characterization was done using the SP8 White
Light Laser Confocal System (Germany) by applying a
proper filter configuration. Analysis of the SPCE/AuNPs,
aptamer, and aptamer/IsdA bonding on the surface was done
by adding 20 uL fluorescence dye (6—carboxyfluorescein
(FAM)) to the aptasensor surface and maintained at room
temperature. In the next step, 20 uL. of FAM and 20 pL of
2 uM IsdA were added to the surface of the aptasensor and
incubated at room temperature. The samples were coated
with foil in a Petri dish to avoid any photoreaction due to
the FAM.

Scanning electron microscopy (SEM, Zeiss Dual Beam
FIB/SEM, Germany) was used to characterize the bare
SPCE/AuNPs’ surface to show the distribution of AuNPs
on the surface and their average size. The aptasensor sur-
face was also analyzed by SEM to observe the attachment
of the aptamer (5 uM) to the AuNPs on the surface of SPCE/
AuNPs.

Electrochemical characterization of the aptasensor

The electrochemical experiments were conducted using the
pStat-i 400 s potentiostat/galvanostat (Metrohm, USA) at a
pH of 7.3 across a potential span from — 0.1 to 0.9 V, with
a scan rate of 0.05 V/s for CV analysis. The response of the
aptasensor assay was elicited using a 5 mM probe solution
comprised of ferri-/ferrocyanide ([Fe (CN)¢] =34 in con-
junction with 0.1 M KCI [56]. KC1 helps to keep a constant
ionic power, improves the overall conductivity of the solu-
tion, facilitates transferring electrons between the redox spe-
cies in the solution and the working electrode efficiently, and
ensures better sensitivity and response in electrochemical
measurements [57]. 1 mM NaCl was used to wash bounded
IsdA protein on the aptasensor surface, followed by DDW
rinsing. All analytical measurements were repeated three
times, and an average curve was used.
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Scheme 1 Overview of the
aptasensor fabrication process
for IsdA protein and S. aureus
bacteria detection
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Aptasensor reproducibility analysis

The reproducibility of the aptasensor as the recognition ele-
ment is critically important for ensuring its reliability for
real biosensing applications. Reproducible results are essen-
tial for confirming the accuracy of the aptasensing measure-
ments. Consistent readings across multiple tests and condi-
tions validate the reliability of the aptasensor for detecting
specific targets, ensuring that data generated are dependable
and can be used for making informed decisions. This process
was done by fabricating five different aptasensors using the
same fabricating method and laboratory conditions previ-
ously described. CV curves were taken in a pH of 7.3 in a
5 mM probe solution ([Fe (CN),] ~3740.1 M KCI) to detect
2 uM IsdA.

Aptasensor stability analysis

The stability analysis determines the long-term usability,
reliability, and performance of the aptasensor in real-world
applications, ensuring that the aptasensor can consistently
detect its target with high accuracy and specificity over time
under various storage and operational conditions. This is
essential for practical applications, such as food safety and
environmental monitoring, where dependable and durable
sensors are needed. Furthermore, understanding the stability
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of the aptasensor helps optimize storage conditions, extend
shelf life, and reduce costs, making the technology more
accessible and commercially viable. To determine the sta-
bility of the aptasensor, a freshly fabricated aptasensor was
stored at 4 °C for a duration of 30 days. CV measurements
were done on the first day, 2nd day, 8th day, 16th day, 25th
day, and 30th day of the storage period to detect 2 uM IsdA.
The CV measurements were taken in contact with a 5 mM
probe solution at a pH of 7.3. After every analysis, the
aptasensor was washed with 1 mM NaCl and DDW, dried at
room temperature, and stored in the fridge for the next test.

Aptasensor selectivity analysis

This characteristic is fundamental for the accuracy and reli-
ability of the aptasensor in practical environments, where
the presence of closely related compounds could lead to
false results. In this work, we tested the selectivity of the
aptasensor in the presence of BSA and protein A. Differ-
ential pulse voltammetry (DPV) and CV were used for the
selectivity analysis of the aptasensor due to its enhanced
sensitivity, better resolution, and lower background current.
DPYV improves the signal-to-noise ratio by applying a series
of pulses on top of a linear potential sweep, allowing for
the detection of smaller current changes due to redox reac-
tions of the analyte. This heightened sensitivity makes DPV
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suitable for detecting even low concentrations of analytes
[58, 59]. Consequently, DPVs of aptasensor were taken in
a 5 mM probe solution with a pH of 7.3 without any agent.
The sensor was washed, and DPV and CV measurements
were taken for the unbound aptasensor and after BSA and
protein A (5 uM) binding in the presence of 5 mM probe
solution at pH 7.3. IsdA protein binding to the aptasensor
surface in the presence of BSA and protein A was analyzed
via DPV and CV measurements using 5 uM IsdA in the
probe solution (pH 7.3). After that, the sensor was washed
with 1 mM NaCl and DDW.

Aptasensor regeneration analysis

To evaluate the reusability of the aptasensor and ensure
consistent performance across multiple cycles of analyte
detection, a regeneration analysis was carried out to assess
the consistency of the aptasensor after several applications.
For this purpose, a single aptasensor device was used during
the study. First, the aptasensor response to IsdA detection
in 5 mM probe solution and pH 7.3 was recorded. Then, the
aptasensor was washed with 1 mM NaCl and DDW, and
CV curves were measured in a 5 mM probe solution of pH
7.3 without IsdA. The process was repeated with the same
aptasensor five times sequentially in the following steps.

S. aureus culture preparation

The preparation of S. aureus cultures for detection analysis
was conducted in the Clinical Infectious Disease Control
(CIDC) research lab at the University of Tennessee at Chat-
tanooga. A lab strain of S. aureus (traceable to ATCC strain
25,923) was procured from the UTC Microbiology culture
collection and sustained within the CIDC research labora-
tory at UTC on either TSA slants or in TSB. The study also
required 0.85% sterile saline and TSB for subsequent serial
dilutions of the S. aureus.

TSA was used to grow the S. aureus cultures and plate
them for initial enumeration via a viable plate count in
the creation of a calibration curve relating optical density
at 600 nM (OD600) to colony forming units per milliliter
(CFU/mL). TSA and TSB were made according to the man-
ufacturer’s instructions and autoclaved for 20 min before
pouring into sterile Petri dishes or used for the detection
analysis at 15 psi. The TSA slants were made by transferring
aliquots of the boiled and mixed liquid TSA to test tubes
in an autoclave prior to sterilization (Primus Sterilizer Co
LLC, USA). The TSA plates were stacked and dehydrated
for 72 h at room temperature before being utilized. For dilu-
tions, sterile saline (0.85% NaCl) was formulated by dis-
solving 8.5 g of NaCl in 1 L of DDW before sterilization in
the autoclave.

Food matrix sample preparation

Milk was selected as the food matrix to test the capacity of
the aptasensor to detect S. aureus in real samples. To main-
tain the electrochemical environment, the probe solution was
added to the milk sample, followed by 1 CFU S. aureus
to simulate a contamination scenario. The sample was not
incubated and was immediately processed for analysis to
assess the presence of S. aureus via EIS and CV (poten-
tial range from—0.1 V to 1 V and scan rate of 0.05 V/s)
measurements.

S. aureus calibration test method

To produce six different concentrations of S. aureus, the S.
aureus was grown on a TSA plate for approximately 48 h
at 37 °C, and an overnight culture of S. aureus in TSB was
made. After 48 h, one isolated colony of S. aureus was
taken from the TSA plate using a sterilized inoculating loop
and added to 10 mL of sterile TSB. This liquid culture was
mixed by vortexing for 15 s to warrant thorough mixing
of the S. aureus cells within the media. S. aureus and TSB
mixture was then shaken at 180 rpm for 16 h at 37 °C. At the
16th hour, 1 mL of the mixture was pipetted into a cuvette,
and an absorbance reading was measured at 600 nM using
a Fisher Scientific Spectro Master 415 spectrophotometer.
Using a previously constructed calibration curve relating
OD600 of this strain of S. aureus to CFU/mL, the culture
was diluted with sterile TSB to an absorbance of 0.437 to
estimate the number of cells in the overnight culture as
1.029 x 10® cells. One hundred microliters of the overnight
culture was then transferred from this tube into a sterile test
tube with 9.9 mL of sterile 0.85% NaCl saline. This mixture
was vortexed for 15 s, and then 1 mL of the mixture was
relocated to a tube consisting of 9 mL of sterile 0.85% NaCl
saline. This was repeated four additional times, with each
tube being vortexed for 15 s and immediately placed in an
ice bath to avoid further growth of the bacteria. The serial
dilution was implemented to have six vials of S. aureus with
different concentrations. The estimated number of cells in
the dilutions was determined using the calibration curve.

Results and discussion
Aptasensor characterization

Fluorescent and SEM imaging techniques are essential tech-
niques utilized for aptasensor characterization. A fluorescent
microscope illuminates the sample with a specific wave-
length of light, causing fluorescently labeled components to
emit light at a different wavelength, which is then detected
to form an image [60]. Figure 1A, part I, functioned as the
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Fig. 1 Fluorescence (A) and SEM images (B) of (I) bare SPCE/AuNPs, (II) aptasensor, and (III) aptasensor in presence of 2 uM IsdA

negative control, confirming the absence of fluorescently
tagged components. In Fig. 1A, part II, FAM was applied
to the aptasensor. The observed luminous, amorphous fluo-
rescence signals substantiated the successful immobiliza-
tion of fluorescently tagged aptamers on the substrate, while
the detection of bright green spots suggested residual free
dye on the substrate, attributable to the absence of a post-
incubation rinse. Moreover, Fig. 1A, part I11, illustrated the
fluorescence quenching upon the target molecule (IsdA)
binding to the aptamer, indicating efficient energy transfer
from the excited FAM to IsdA, reflecting optimal aptamer
immobilization and robust binding affinity with IsdA [42].
SEM imaging operates by scanning a focused beam of
electrons across a sample, where the electrons interact with
the atoms in the sample to produce various signals that can
be detected to form a high-resolution image [61]. Figure 1B,
part I, shows the morphology of the bare SPCE/AuNPs by
SEM without any modification on the surface. The uniform
distribution and homogeneity of the AuNPs, approximately
25 nm in size, set against the darker matrix of the printed
carbon electrode. This arrangement facilitated the effective
immobilization of the aptamer on the surface of the SPCE/
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AuNPs to create a more sensitive aptasensor. In Fig. 1B, part
II, increased surface coverage on the nanoparticles compared
to the unmodified surfaces observed in part I, proves that
an additional molecular layer (aptamers) has been attached.
This is further supported by changes in texture and con-
trast on the gold nanoparticles; after the addition of aptam-
ers, the nanoparticles exhibit a less smooth, more granular
appearance, which is indicative of aptamer binding to the
metallic surface. The uniformity in the appearance of these
changes across multiple nanoparticles implies a systematic
modification rather than random contamination, reinforcing
the conclusion that aptamers are consistently bound across
the surface. These visual indicators in the SEM image pro-
vide qualitative evidence of successful aptamer immobiliza-
tion, which is facilitated by the strong affinity between thiol
groups in the aptamers and the gold surface. This affinity
leads to the formation of stable covalent bonds via gold-thi-
olate interactions, ensuring robust and oriented attachment
of the aptamer molecules. This immobilization is crucial for
enhancing the sensor’s performance, as it ensures that the
aptamers maintain their structural integrity and functional
orientation, thus optimizing their interaction with target
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molecules. Robust attachment of aptamers to the AuNPs
facilitates rapid and efficient target capture, which is essen-
tial for the real-time detection capabilities of the aptasensor
[62, 63].

The choice of EDC/NHS chemistry was driven by its
effectiveness in creating stable amide bonds between the
carboxyl groups on the activated electrode surface and the
amine groups present on the aptamer [64, 65]. This cova-
lent bonding ensures a strong and stable attachment of the
aptamer [66], minimizing the risk of desorption under assay
conditions and thus enhancing the sensitivity and specific-
ity of the aptasensor [67]. The EDC/NHS approach pro-
vides several advantages, including a controlled orienta-
tion of the aptamer on the sensor surface, which is critical
for maintaining the binding affinity and specificity of the

Fig.2 a CVsand b EISs of dif-
ferent electrodes in contact with
5 mM ([Fe (CN)s] ~¥=%0.1 M
KCl) in pH of 7.3, where curve
(A) is the bare SPEC/AuNPs,
curve (B) is aptasensor, and
curve (C) shows the aptasensor
and IsdA (2 uM) interaction
response
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aptamer towards the target IsdA protein of S. aureus. The
use of EDC/NHS chemistry in our design facilitates a denser
and more uniform aptamer coating, contributing to a larger
active surface area for target interaction and improved per-
formance [64].

CV and EIS measurements

Within the theoretical framework, variations in the voltam-
metric peak current observed in CV curves throughout the
electrode modification process are attributed to alterations in
charge transfer resistance. Figure 2 displays the CV and EIS
curves corresponding to the steps in the electrode modifica-
tion process. The CV and EIS profiles for the unmodified
SPCE/AuNPs in the [Fe (CN)¢] ~~*in 0.1 M KCl solution
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(curve a) served as a baseline for comparing the CV and EIS
responses across the different stages of immobilization. The
attachment of the aptamer to the SPCE/AuNPs electrode led
to a noticeable reduction in current and an elevation in resist-
ance (curve b) during the oxidation and reduction of [Fe
(CNygl —¥=4 signifying a decrease in electron transfer from
the SPCE/AuNPs surface to the [Fe (CN)g4] —3/=4 solution.
Adding 2 uM IsdA to the aptasensor surface (curve c) fur-
ther reduces the current in CV and increases the resistance
in EIS, indicating an obstructive effect of IsdA to electron
transfer at the electrode surface, a phenomenon that arises
from the formation of the IsdA-aptamer complex. There-
fore, the extent of variation in the electron transfer resist-
ance at the electrode/solution interface during [Fe (CN)¢]
~¥=4 oxidation/reduction acts as the underlying mechanism
for detection. These observations indicate that the presence
of aptamers restricts the electron flow on the electrode sur-
face, consequently reducing the overall efficiency of electron
transfer in the system, which proves that aptamer and protein
active sites have not been compromised [68, 69].

At the molecular or atomic level, the inhibitory effect of
IsdA-aptamer complex formation on electron transfer can
be attributed to several key factors. When the IsdA protein
binds to the aptamer at the relevant binding sites, it forms
a complex through non-covalent interactions [16, 70]. This
complexation disrupts the electrochemical process. The
physical presence of the IsdA-aptamer complex blocks the
electrode’s active sites where the redox reaction is supposed
to occur, effectively shielding the electrode surface from the
analyte or redox species. Moreover, binding of IsdA to the
aptamer can lead to conformational changes in the aptamer’s
structure, which may alter its orientation on the electrode,
making it less conducive for electron transfer. Additionally,
the complexation may cause electronic interactions that
modify the energy levels of the redox species, impeding their
ability to participate in electron transfer reactions. Electron
transfer kinetics can also be hindered as the complex for-
mation introduces kinetic barriers requiring dissociation or

Table 1 Comparison of different aptasensors in detecting S. aureus

structural rearrangements before electron transfer can occur
[71,72].

Analysis of aptasensor application, reproducibility,
stability, selectivity, and regeneration

The preparation and detection times of the aptasensor show
its advantages/applicability. The preparation process of the
aptasensor, which includes sensor activation, incubation
for covalent bond formation, and aptamer immobilization,
spans ~7.5 h, which is equal to or less than other reported
studies in Table 1. This ensures the aptasensor is primed
for optimal performance and specificity towards the IsdA
protein of S. aureus. The aptasensor demonstrates a rapid
detection time of ~ 1 min using direct S. aureus with no sam-
ple preparation, highlighting its efficiency and rapid nature.
This rapid detection time shows the potential for real-time
applications and its suitability for scenarios requiring quick
pathogen monitoring and assessment.

Figure 3 shows that the CV data from five indepen-
dently fabricated electrodes were remarkably consistent,
demonstrating minimal variation in their electrochemical
responses. This uniformity shows the reproducibility of
aptasensors and the reliability of our fabrication process.
As shown in Fig. 4, stability response signals retained 93%
of their initial strength for 2 uM IsdA detection after a stor-
age period of 30 days at 4 °C, proving the aptasensor per-
formance stability over an extended period. Such a finding
is important to determine the potential of the aptasensor for
extended use. The DPV and CV curves of the aptasensor’s
selectivity analysis (Fig. 5) showed a stronger response in
detecting IsdA in comparison to the BSA and protein A. The
aptamer and IsdA showed a stronger binding affinity, gen-
erating a stable complex that hinders access to electrons on
the sensor surface. As a consequence, the current response is
reduced, leading to a lower peak in the DPV and CV analy-
sis. The BSA and protein A curves show a weaker binding
with the aptamer, potentially resulting from non-specific

Biosensor Method Linear range LOD Ref
Pair-based aptamer CA 1.0~10° CFU/mL SA37=39 CFU/mL [46]

(SA37, SA81) SA81=414 CFU/mL

Aptamer/Au/NCNO EIS 10-10% CFU/mL 3 CFU/mL [48]
Aptamer/ML-Cu,0@Cu-MOF EIS 10-10% CFU/mL 2.0 CFU/mL [47]

DPV 1.6 CFU/mL

Aptamer/Au/Fe;0, DPV 10-107 CFU/mL 1 CFU/mL [45]
Aptamer/Fe;0, FSCV 1~10% CFU/mL 0.3 CFU/mL [49]
Aptamer/SPCE/AuNPs Cv 10-10% CFU/mL 0.2 CFU/mL Current study
Dual-mode ratiometric aptasensor/AuNPs DPV/ECL 5-10% CFU/mL 0.1 CFU/mL [35]
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Fig.3 Reproducibility CVs of
five different aptasensors with
the same fabrication process in
the presence of 2 uM IsdA in
contact with 5 mM ([Fe (CN);]
~3=40.1 M KCI) in pH of 7.3

Fig.4 CVs of aptasensor’s
stability in detecting 2 pM IsdA
during 30 days in contact with
5 mM ([Fe (CN)s] “¥7%0.1 M
KCl)inpH of 7.3
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Fig.5 DPV (A) and CV (B)
selectivity analysis of the A
aptasensor using BSA (5 uM),
protein A (5 uM), and IsdA

(5 uM) in the presence of 5 mM
([Fe (CN)¢] ~4,0.1 M KCI)
atpH 7.3

— Apt
= Apt+BSA
- Apt+BSA+Protein A

—— Apt+BSA+Protein A+lsdA

Current (pA)

-0.4 -0.2

B 100

50

Current (pA)
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interactions. Non-specific binding is commonly observed
between aptamers and non-targets [73, 74].

CV data presented in Fig. 6 indicates that the aptasensor
retains its functionality after multiple washing steps. The
persistence of the peak currents through several cycles of
washing and binding to IsdA suggests a stable attachment
of the aptamer to the sensor surface. It is also notable that
the peak currents do not exhibit significant degradation in
intensity after each washing, implying that the binding of
IsdA to the aptamer does not deteriorate the performance of
the aptasensor. The ability of the aptasensor to maintain con-
sistent electrochemical signals after repeated exposure to the
analyte and subsequent washings is a strong indicator of its

@ Springer
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reusability. This characteristic is particularly important for
practical applications where the durability of the aptasensor
and its regeneration ability are key factors for cost-effective
and sustainable monitoring.

Food matrix analysis

The results from the CV and EIS analyses of the capability
of the aptasensor to detect S. aureus in the milk are presented
in Fig. 7. Figure 7 (I) shows the CV curves for the aptasensor
without S. aureus (curve A) and the presence of S. aureus
in milk (curve B). The CV curve of the unbound aptasen-
sor shows well-defined redox peaks. The peak currents are



Development and characterization of a portable electrochemical aptasensor for IsdA protein...

4629

A 80

60

Current (pA)

0

Current (pA)

-0.2 0.6 1
Potential (v)
washed 1 ~— \Washed 2 washed 3 Washed 4
Washed 5 Washed 1+IsdA = \Washed 2+IsdA Washed 3+IsdA
Washed 4+IsdA Washed S5+IsdA
-140
B 70 C 50

Current (pA)

as
40
35
30
S
20
15
10
<
5
0

washed 1+IsdA washed 2+IsdA washed 3+IsdA washed 4+IsdA washed S+isdA

Fig.6 Regeneration characteristics of the aptasensor: A CV curves
after washing the aptasensor+IsdA (I) with 1 mM NaCl and DDW
in contact with 5 mM ([Fe (CN),] ~¥~4,0.1 M KCI) in pH of 7.3 and

higher, indicating efficient electron transfer between the
electrode surface and the electrolyte. Upon interaction with
the milk sample contacting S. aureus, the CV curve shows a
noticeable decrease in peak currents. This decrease is attrib-
uted to the binding of S. aureus to the aptasensor, which
hinders electron transfer and reduces the overall current.
The reduction in peak current is indicative of the successful
capture and detection of S. aureus by the aptasensor to the
milk matrix. The significant change in the CV profile shows
that the aptasensor effectively interacts with the bacteria,
leading to measurable electrochemical changes. This con-
firms the aptasensor’s sensitivity and specificity towards S.
aureus detection in food samples such as milk. Figure 7 (II)
shows the EIS measurements of the aptasensor without S.

(IT) CV curves of aptasensor after adding IsdA (2 uM) in contact with
5 mM ([Fe (CN)¢].™=%,0.1 M KCl) in pH of 7.3, B bar chart of (I),
and C bar chart of (II)

aureus (curve A) and with S. aureus in milk (curve B). The
plots display the imaginary component of impedance (-Z)
against the real component of impedance (Z). The Nyquist
plot for the bare aptasensor exhibits a large semicircular arc,
indicating high charge transfer resistance (R_ct). The large
diameter of the semicircle suggests that the aptasensor sur-
face has a high electron transfer resistance when not bound
to any target. The presence of S. aureus in milk causes a
significant reduction in the semicircular arc’s diameter. This
reduction in R_ct implies that the binding of S. aureus to the
aptasensor decreases the electron transfer resistance, likely
due to the formation of a conductive biofilm or changes in
the surface charge distribution upon binding. The EIS data
further supports the CV findings, demonstrating that the
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Fig.7 CV (I) and EIS (II)
curves of the aptasensor in milk
samples containing 1 CFU S. 60
aureus in the presence of 5 mM
([Fe (CN)¢] =4, 0.1 M KCI)
atpH 7.3
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presence of S. aureus contaminated milk on the aptasensor
surface significantly alters the electrochemical properties of
the sensor. The decrease in impedance upon S. aureus bind-
ing indicates a successful interaction between the aptasensor
and the bacteria, confirming the sensor’s capability to detect
low CFUs of S. aureus in milk. The combined results from
CV and EIS analyses demonstrate the effectiveness of the
designed aptasensor in detecting S. aureus in milk samples.
These findings indicate the potential of the aptasensor for
rapid and accurate detection of S. aureus in complex food
samples.

Analysis of aptasensor detection limit in S. aureus

In this study, we evaluated the performance of the aptasen-
sor for pathogen detection using live S. aureus samples at
different concentrations. CV analysis indicated that the
designed aptasensor demonstrated a reliable response for
living samples, as expected. Increasing the S. aureus con-
centration resulted in a decrease in the CV curves due

@ Springer

to the increasing aptasensor electrode surface area occu-
pied by the bacteria, which caused a reduction in electron
accessibility to the surface of the aptasensor (Fig. 8). The
binding between the aptamer and IsdA on the surface of
S. aureus is highly specific due to the bioaffinity of their
structures. Electrostatic interactions, hydrogen bonds, and
van der Waals forces contribute to this specificity, forming
strong bonds at the binding interface. Moreover, aptam-
ers may undergo conformational changes upon binding.
This alteration of the aptamer’s structure is essential for
achieving a tight bond with IsdA and a stable complex [48,
72]. If the S. aureus concentration increases, more binding
sites on the aptasensor will become occupied by bacteria,
leading to a lower peak in CV curves. However, there is
a point at which the available binding sites become satu-
rated, and further increases in cell concentration might not
significantly affect the signal, and the sensor will not be
sensitive towards the target anymore. On the other hand,
if S. aureus concentration decreases more than 10 CFU,
gradually the CV current peak will reach the peak current
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Fig.8 CVs of the aptasensor in detecting S. aureus in 6 different dilutions using 5 mM ([Fe (CN),] ~¥=*,0.1 M KCI) for analyzing LOD in pH of

7.3

of 5 mM ([Fe (CN)s] ~=,0.1 M KCI) without IsdA or S.
aureus [47, 48].

To identify the aptasensor LOD in detecting S. aureus, CV
analysis was conducted at a pH of 7.3, employing a poten-
tial window from —0.1 to 0.9 V and a scan rate of 0.05 V/s
to record peak currents across various S. aureus concentra-
tions. Figure 6 illustrates the relationship between peak current
intensity and S. aureus concentrations, revealing a strong linear
relationship within the range of 10 to 10° CFU/mL. Further-
more, the LOD and the limit of quantification (LOQ) were
determined using Eqgs. 1 and 2, respectively. The LOD repre-
sents the minimal concentration that can be reliably detected,
calculated from the standard deviation of blank measurements
(o) and the absolute slope (Isl) of the calibration plot. A lower
LOD signifies enhanced detection capabilities for minimal
concentrations of the analyte. Equation 2 calculates the LOQ,
indicating the minimal concentration at which the analyte can
not only be detected but also quantified with acceptable pre-
cision based on ¢ and Isl. A lower LOQ indicates superior
quantification accuracy at low analyte levels. This measure is
vital for applications necessitating both detection and precise
quantification of low analyte concentrations. The methodology
outlined here offers significant potential for sensitive detection
of S. aureus, showcasing the aptasensor’s capability for high-
sensitivity applications [75, 76].

30

LOD = —
Is| (D

100

LOQ = —
Q 5| 2)

The real innovation of our work lies in the specific com-
bination of the IsdA-binding aptamer and SPCE/AuNPs for
the detection of S. aureus and achieving an enhanced per-
formance with an LOD of 0.2 CFU and LOQ of 0.66. This
is a significant leap in the development of aptasensors for S.
aureus detection in the context of food safety. The achieved
LOD and LOQ represent an enhancement in sensitivity and
specificity, setting a new benchmark for S. aureus detection
approaches. This shows the potential of the aptasensor to
offer a rapid and straightforward alternative for the detection
of the pathogen while being portable.

Table 1 compares LOD for SPCE/AuNPs aptasensors fab-
ricated in this study with other aptasensors reported in the
literature. The results indicate the promising performance of
the SPCE/AuNPs aptasensor, demonstrating comparable or
better performance characteristics than the other biosensors
in the table.

Conclusion

In this study, we successfully developed a robust electro-
chemical aptasensor for detecting the IsdA surface protein
of S. aureus. The specificity of the aptasensor, coupled
with the combination of SPCE/AuNPs, provides a unique
approach for electrochemical signal enhancement, which
directly contributes to the enhanced detection performance.
The designed aptasensor involved immobilizing the aptamer
onto an SPCE modified with AuNPs. By employing CV,
electron transfer changes that occurred during the construc-
tion and application of the aptasensor were monitored. The
aptasensor provided a linear detection range spanning from
10 to 10° CFU, with a LOD of 0.2 CEU/mL for S. aureus.
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The aptasensor demonstrated reproducibility, regeneration
capabilities, selectivity, and long-term performance stability.
The performance of the aptasensor in food matrix sample
shows its potential as a valuable screening tool for the detec-
tion of S. aureus and its application in food safety moni-
toring as well as infectious disease monitoring. However,
more research validation is needed to support the widespread
application of aptasensor technology.
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