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Abstract

Highly specific detection of tumor-associated biomarkers remains a challenge in the diagnosis
of prostate cancer (PCa). In this research, Maackia amurensis (MAA) was used as a recognition
element in the functionalization of an electrochemical impedance-spectroscopy biosensor
without a label for the detection of PCa-associated aberrant glycosylation prostate-specific
antigen (PSA). The lectin was immobilized on gold-interdigitated microelectrodes.
Furthermore, the biosensor’s impedance response was used to assess the establishment of a
complex binding between MAA and PSA-containing glycans. With a small sample volume,
the functionalized interdigitated impedimetric-based (IIB) biosensor exhibited high sensitivity,
rapid response, and repeatability. The increase in electron transfer resistance was proportional
to PSA glycoprotein concentration in a range of 100 ng/mL to 10 pg/mL, with a detection limit
of 3.574 pg/mL. In this study, the ability of MAA to preferentially recognize a2,3-linked sialic
acid in serum PSA was proven, suggesting a potential platform for the development of lectin-

based, miniaturized, and cost effective 1IB biosensors for future disease detection.
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biomarkers; prostate cancer.

1. Introduction

Technology enabled the detection of disease biomarkers with high accuracy, and
affordability at point-of-care locations is currently one of the main challenges in the biosensor
research field. Ideally, the use of biomarkers for cancer diagnosis is of great significance to
identify at-risk men as early as possible and, therefore, reduce the number of cancer-related
deaths. Moreover, detecting cancer biomarkers in biological fluids, such as blood, is thought
to be the best way to create non-invasive screening assays (Diaz-Fernandez et al., 2020; Kirwan
et al., 2015).

Prostate cancer (PCa) is the leading cause of cancer death in men worldwide, with a 55%
mortality rate recorded in less developed regions, including Africa, Asia, and Latin America
(Rawla, 2019). Prostate-specific antigen (PSA), a glycoprotein produced by the prostate, is the
most commonly used cancer biomarker. Since the early 1990s, screening for PSA levels in
blood serum has been the gold standard for diagnosing possible cancerous abnormalities of the
prostate. In men, the PSA level should be less than 4 ng/mL (cut-off point); otherwise, PCa
should be suspected, and further investigation via biopsy is required (Drake et al., 2015; Kirwan

et al.,, 2015). However, the efficacy of current approaches is controversial since numerous



factors, including prostatitis, irritation, and benign prostatic hyperplasia (BPH), can elevate the
serum PSA level. This leads to overdiagnosis and overtreatment due to the false-positive results
of PSA-based PCa screening (Gilgunn et al., 2013; Lilja et al., 2008). Therefore, finding novel
biomarkers with improved specificity is of vital importance.

Recent advances in glycomics have shed light on the diagnostic role of aberrant
glycosylation in oncological diseases, and it has been described as a hallmark of cancer.
Glycosylation is an important post-translational modification event in the human body that
involves the covalent attachment of carbohydrate moieties to proteins; it occurs in about half
of all serum proteins. Therefore, early detection of these altered glycoproteins with tumor-
specific glycan moieties may improve treatment outcomes (Belick and Katrl, 2016; Belicky
and Tkac, 2014; Scott and Munkley, 2019). There is enough evidence in the literature
highlighting the critical roles of sialic acids in cancer initiation, progression, and immune
evasion of the host (Pearce and Laubli, 2015), including breast (Hernandez-Arteaga et al.,
2019), ovarian (Berghuis et al., 2022), lung (Elgohary et al., 2018), and prostate cancers
(Pihikova et al., 2016b). Sialic acids are nine carbon alpha-keto acid sugars attached at the
termini of glycoprotein carbohydrate chains. N—acetylneuraminic acid (Neu5Ac) is the most
prevalent sialic acid in humans. Approximately 80% of NeuSAc-conjugated glycans are found
in glycoproteins, including PSA. PSA has a single N—glycosylation site attached to the amine
nitrogen of asparagine 69 (Asn-69) (Biill et al., 2014; Katuza et al., 2021). Note that the linking
site in the glycan composition of PSA changes during carcinogenesis (Gilgunn et al., 2013); in
keeping with this fact, the sialylation of PSA N—glycans have been extensively studied. In
accordance, Belicky et al. (Belicky et al., 2017) described a significant increase in a2,3-linked
sialic acid in PCa patients (Gleason scores: 5 and 7) compared with patients with BPH. These
observations are consistent with the findings of Ohyama et al. (Ohyama et al., 2004), who
reported an increase in a2,3-linked sialic acid in serum PSA from prostate cancer patients
compared with BPH. Furthermore, Silva et al. (Silva et al., 2016) discovered that the a2,3-
linked sialic acid was upregulated in prostate tumors, whereas healthy individuals expressed
predominant levels of a2,6-sialylated PSA. This indicates that determining specific glycans,
such as 02,3-linked sialic acid in glycosylated PSA, could be a valuable biomarker for
improving the specificity of prostate cancer diagnoses.

Conventionally, analysis of glycoprotein glycans has been represented by mass
spectrometry in conjunction with high-performance liquid chromatography or capillary
electrophoresis (Alley et al., 2013; Vermassen et al., 2012). These approaches have high

sensitivity and reproducibility, but they require prior liberation of the attached glycans from



their core proteins and are usually fluorescently labelled. For these reasons, the advanced
spectrometric methods are time-consuming, extremely sophisticated, and costly, requiring
highly skilled operators. Significantly, a series of promising methods for glycan analyses based
on lectin-binding capacity, e.g., enzyme-linked immunosorbent assay (ELISA) and
microarray-based technology, have been introduced (Hirabayashi et al., 2013; Shimomura et
al., 2015). In general, lectins are natural proteins with carbohydrate-binding sites that can
specifically bind both free glycans and glycans attached to glycoconjugates (Lam and Ng,
2011), such as PSA glycoproteins. Although both methods provide a useful approach for lectin-
based diagnostic applications, low sensitivity of assays, narrow detection range, and the need
to apply labels are the main drawbacks that need to be addressed.

In this sense, Rahman et al. (Rahman et al., 2021) proposed a key consideration regarding
the efficiency of biosensor technology in a recent review, which discusses in depth the concept,
strategy, and technical advancement of glycosylated biomarker sensors. The electrochemical
detection method, specifically the electrochemical impedance spectroscopy (EIS)-based
sensing, was reported as a strategy well-suited for lectin—glycan analysis for PCa diagnosis in
a label-free fashion. Phikova et al. (Pihikova et al., 2016a) developed an immunosensor-based
screen-printed electrode (SPE) to detect PSA glycans using Maackia amurensis lectin in a
sandwich format. The impedimetric assessment was employed, and the sensor recorded a
detection limit down to 100 ag/mL. Esther et al. (Sanchez-tirado et al., 2018) developed another
lectin-SPE immunosensor in combination with magnetic multi-walled carbon nanotubes for
impedimetric detection of PCa glycoprotein. A detection limit of 16 pg/mL was achieved.
Despite the well-established SPE and EIS-based electrochemical platform advantage, the use
of interdigitated electrode (IDE) as a sensing transducer for PCa detection is not yet well
explored in the literature.

IDE consists of two interlocking interdigitated fingers, with each section having a series
of parallel comb-like electrode structures connected and separated by insulators. In the
electrical aspect, IDE is an interesting device architecture, with a small amplitude sinusoidal
excitation signal. The high sensitivity levels required for many applications can be achieved
using low-cost IDE with submicron electrode width and gap dimensions, thus eliminating the
need for expensive conventional macro-electrode technologies. Furthermore, the use of
interdigitated electrode arrays is not limited to capacitive and resistive sensors but can also be
extended to impedimetric sensors (Dalila R et al., 2022). Notably, most early reports focused
on basic fabrication procedures of IDE due to their ease of miniaturization, batch fabrication,

and automation (Kuphal et al., 2012; Tang et al., 2011), while recent publications are



increasingly concerned about applications of this technology as a low-cost point-of-care (POC)
diagnostic with operation simplicity, reliability, and portability (Sharma et al., 2022; Supraja
etal., 2021).

Inspired by these shining points, we designed a lectin-based interdigitated impedimetric-
based (IIB) biosensor as a sensing platform for detecting PSA glycoprotein in PCa application.
Maackia amurensis (MAA), a lectin with an affinity toward a2,3-linked sialic acid, is used as
a molecular recognition element for highly specific detection of glycosylated PSA biomarkers.
The proposed IIB biosensor possesses numerous advantages, such as high sensitivity and
selectivity, low volume sample, reusability, repeatability, and low detection limit. The sensor
is also efficient detecting cancer biomarkers in serum at the picomolar level. Furthermore, a
simple method that functions effectively without complex equipment or user expertise is
introduced. All these advantages make the IIB biosensor impeccable for label-free testing of

PCa in its early stages.

2. Material and methods

2.1. Assay procedures and apparatus

To investigate the charge transfer resistance (Rct), electrochemical impedance
spectroscopy measurements were performed using a dielectric analyzer (Novocontrol
Technologies, Germany). The cyclic voltametric (CV) variations were analyzed using an
electrochemical potentiostat PGSTAT 204 (Metrohm Autolab) and the Nova Software 1.10
(Ecochemie, The Netherlands). DropSens (Metrohm Malaysia Sd. Bhd.) provided
interdigitated microelectrodes (IDE, DRP-G-IDE222), which were utilized in all experiments.
The device consists of IDE as working electrodes, an auxiliary electrode, and a reference
electrode, all of which were fabricated on a glass substrate using gold (Au). The EIS
measurements were recorded at frequencies of 0.1-100 kHz while a 200-mV alternating current
voltage was applied in a newly produced electrolyte comprising 5 mM potassium
hexacyanoferrate (III), 5 mM potassium hexacyanoferrate (II), and 10 mM phosphate-buffered
saline (PBS) pH 7.4. The output signal was the change in Rct compared to the reference surface
(e.g., biosensor surface after lectin immobilization). All experiments were performed at room

temperature.



2.2. IDE sensing surface modifications

Electrodes were carefully cleaned using acetone, isopropanol, and deionized water
(DIW), accompanied by air drying. The gold electrode surface was utilized in threating 11-
mercaptoundecanoic acid (MUA) to form a congregated monolayer. The technique was derived
from previous reported work (Ibau et al., 2020) with minor adjustments. Thus, 30 uL of 5 mM
11-MUA was maintained at a particular temperature for 12 hours at 4°C on the detecting
surface before being rinsed with PBS pH 7.4. The combined N-hydroxysuccinimide (EDC) /
1-ethyl-3-(3-(dimethylamino) propyl) carbodiimide (NHS) solution (4:1) was then maintained
at a particular temperature for 60 minutes at 4°C on the altered sensor surface. This step was
applied to initiate the carboxyl-terminated 11-MUA on the gold surface electrode in
preparation for additional lectin immobilization.

Prior to application, MAA lectin (Fisher Scientific, UK) was diluted in PBS with a pH
value of 7.4 to reach a concentration of 1.0 pg/mL. During the immobilization procedure, the
prepared MAA lectin was incubated for 1 hour at 4°C on the altered sensing surface and washed
with PBS. The electrode was then incubated in 200 mM ethanolamine for 1 hour at 4°C before
being washed with PBS. Nonspecific binding was inhibited by the application of this blocking
agent. The target PSA glycosylation (SinoBiological, Beijing, China) was utilized to incubate
the modified electrode for 1 hour at 4°C. Different target concentrations ranging from 10 pg/mL
to 100 ng/mL was employed with amounts of 20 puL for every detection phase. Working
detection was carried out from the lowest to highest target concentrations. Fig. 1 depicts the

lectin—PSA sensing using IIB biosensor.

Figure 1

2.3.  Surface characterization and binding analysis

Scanning electron microscopy (SEM) in combination with energy-dispersive X-ray
spectroscopy (EDS) (JSM-6010LV JEOL, Japan) with a resolution range of 4 nm was used to
characterize the gold interdigitated electrodes. A profiler surface analysis (WT-250 Series,
Hawk 3D Nano-Profiler, Korea) was used for surface topography analysis. This non-
destructive optical measurement system is attached with HAWK 3D Surface Analysis to
measure the three-dimensional (3D) vision of the electrodes. X-ray photoelectron spectroscopy
(XSAM-H, Kratos, UK) was used to characterize the elemental composition and chemical state
of the samples. An atomic force microscope (AFM) in ambient tapping mode (SPA400 Seiko

Instrument Inc., Japan) and a VCA 300 water surface analysis system (AST Products, Inc.,



Billerica, MA) were conducted to characterize the consecutively prepared samples, i.e., bare
and EDC/NHS functionalized, respectively. To study the hydrophobicity and hydrophilicity of
the electrode surface, a constant drop of DIW with size 6.50 uL was dispensed to each samples
surface (horizontal position) on a motorized stage by means of a motorized syringe.
Subsequently, the images of the droplet were captured using a high-resolution VCA 3000S’s
camera. VCA Optima software was used to determine tangent lines for the basis of contact
angle measurements. Furthermore, the gold standard method, ELISA, was performed to justify
the impedimetric results obtained using the developed biosensor for lectin and target protein

specific binding.

3. Results and discussion

3.1.  Electrode surface characterization

Surface morphologies of the bare gold-interdigitated microelectrode was characterized
using SEM/EDS. Fig. 2A shows the device topology as imaged at magnifications of x35 and
electron energy of 15 kV. It can be observed that the device comprised two weaved comb-like
electrodes which emerge from wide busbars. Each finger of the electrodes is approximately 10
um width and interdigitated gaps at 9 um. The active sensing area which was covered by the
fingers is about 3.4 mm x 3.4 mm. The EDS characterization data reveals the elemental
composition of the gold (Au) in the electrodes.

Then, the surface topography was observed using a 3D-nanoprofiler as presented in Fig.
2B. The glass substrate and Au finger electrode surface can be seen significantly by the color
variation of each layer. The blue color indicates the glass surface while the yellow-orange color
indicates the Au interdigitated electrode. The average height of the electrode from the base
level is approximately 71.2 pm, with the uniform length and gap of each finger’s electrodes.
The surface modification effects of thiolation chemistry on the Au electrode surface were

topographically studied using contact angle measurements and an atomic force microscope.

Figure 2

Fig. 3A shows the AFM-based characterization results for the bare and modified
electrode surfaces. Our investigations revealed that the surface exhibited differing
morphologies and heights at the microscale level. Specifically, while the cleaned gold surface

had a homogeneous morphology [Fig. 3A (i)], an increase in height and significant changes in



surface roughness were observed after chemical modifications using EDC/NHS on the self-
assembled Au-electrode surface monolayer [Fig. 3A (i1)], including a decrease in the mean
surface roughness (Ra) and maximum roughness (Rmax) from 1.23 and 9.37 to 0.98 and 5.66,
respectively, confirming the successful modification of 11-MUA/EDC/NHS on the electrode’s
surface.

Notably, the roughness of a surface is significant because it plays a crucial role in
inducing wettability. Therefore, surface wettability is another physicochemical parameter to
estimate the hydrophilicity or hydrophobicity of a material’s surface, commonly characterized
by the contact angle formed by a liquid droplet. For example, the shape of a liquid droplet
deposited on a solid substrate can form a three-phase contact line when the liquid is in contact
with both a vapor phase and a solid phase (West, 2018). In such cases, the contact angle values
that reflect the surface’s chemical and physical constitutions: functional groups, chemical
modifications, or topological features can be determined based on the tangent of the liquid—
vapor contact line making an angle (6) with the horizontal surface (Ubuo et al., 2021; West,
2018). Hence, considering these parameters, the patterns at which such wetting occurs have
been represented by the Wenzel and Cassie—Baxter models, i.e., the homogeneous composite
wetting state and the heterogeneous composite wetting state (Swain and Lipowsky, 1998; West,
2018), respectively.

In this regard, the water contact angle measurements were conducted to further validate
the Au-electrode surface’s chemical modifications. Fig. 3B shows an initial contact angle of
44° + 2° for the cleaned gold surface, reflecting the Wenzel state. This hydrophilic film
behavior can be explained by the fact that since the water was in contact with a homogeneous
surface of same composition (Ubuo et al., 2021; West, 2018), it filled the rough surface,
forming a fully wet contact. Conversely, adding an 11-MUA/EDC/NHS layer made the surface
hydrophobic by increasing the contact angle to 61° + 2°. Hence, we propose that the
hydrophobicity of the surface increased due to the formation of a succinimide ester (Yan et al.,
2015), which is efficiently used to covalently couple amine-containing biomolecules via amide
linkages, comparable with previous works (Lim et al., 2014; Nam et al., 2008), suggesting that
the crosslinking method using EDC/NHS can induce the formation of an amide bond by
activating carboxylic acid groups. Investigation also revealed that the chemical modification
process induces a rougher surface that substantially alters the material’s wettability (Ubuo et
al., 2021). However, the results do not comply with the Wenzel equation, which states that any
increase in the Wenzel roughness should serve to decrease the contact angle when 6 is less than

90° (Zeng, 2018). This mode of wetting is, thus, analogous to the one based on the Cassie—



Baxter model, which involves chemical and physical surface heterogeneities (West, 2018), i.e.,

the surface coverage of the ester and carboxylic moieties.

Figure 3

X-ray photoelectron spectroscopy (XPS) analysis was performed to gain an in-depth
understanding of the elemental composition of the surface functionalization results. Fig. 4A—
D, respectively, display the high-resolution spectra scans for the XPS bands C 1s, O 1s, N s,
and S 2p for carbon, oxygen, nitrogen, and sulfur atoms. Characterization was performed on
bare Au, and then the results were compared with the sample obtained by the activation of the
self-assembled monolayer (SAM) of 11-MUA on the Au surface using EDC/NHS. The XPS
profile of the bare Au surface shows C 1Is (Fig. 4A) and O 1s (Fig. 4B) peaks, as a result of
hydrocarbon (C-H) impurities and the formation of hydroxyl (—OH) species during the
cleaning process, respectively. Indeed, all binding energies (BEs) were referenced to the C 1s

peak observed at 284.8 eV for bare Au.

Figure 4

In the high-resolution C 1s profile obtained after the activation of 11-MUA with
EDC/NHS (Fig. 4A), core peaks appeared at 286.5 and 289.0 eV, indicating the presence of
C—CON and —COOH bonds of the NHS ester (Ko and Ma, 2009), respectively. This
observation qualitatively clarifies that the carboxyl groups were involved in cross-linking, and
supports the hypothesis made based on the measured contact angle. Whilst the peak at 286.1
eV was assigned to carbon-bound sulfur (C-S) (Mendoza et al., 2007), the O 1s spectra for the
sample activated using EDC/NHS showed two peaks attributable to amide/carbonyl (N—
C=0/C=0) and C—O-N components of the NHS ester at BE values of 533.7 and 534.4 eV
(Delamarche et al., 1996), respectively (Fig. 4B). Another validation of the amide peak was
obtained from the peak at the BE of 402.3 eV in the N 1s spectrum of functionalized Au
(Bocking et al., 2006) (Fig. 4C). The sharp peak at 400 eV corresponds to the tertiary amines
group (-NH3") (Niedermaier et al., 2012). Furthermore, the signal at 161.9 eV (Fig. 4D) can
be assigned to Au-bonded sulfur atoms (Au-S) owing to SAM formation, whereas the
component at 163.7 eV is characteristic of unbound thiol groups (—SH) or weakly interacting

sulfur atoms (Castner et al., 1996). Another peak appeared at 168 eV, indicating that the SAM



thiol group had oxidized. This shows that 11-MUA/EDC/NHS successfully bonded to the Au

surface, which was not observed before the functionalization.

3.2.  Analytical performance of the IIB biosensor

The electrocatalytic response of each modified step was monitored using the CV
technique in the presence of 10 mM potassium ferrocyanide and 10 mM potassium chloride to
characterize the behavior of the fabricated biosensor. Ferrocyanide ion [Fe(CN)s]>* has been
used as an effective redox probe for examining the redox properties toward the electrode
surface because of its reversibility and rapid electrochemical reactions (Azmi et al., 2018). As
illustrated in Fig. SA, a well-defined redox peak of [Fe(CN)s]*>7* was obtained at the bare gold
interdigitated electrode. The peak current was successively reduced to 110 nA following the
surface modification processes utilizing 11-MUA/EDC/NHS. These reductions are attributed
to resistive layer formation on the modified surface electrode, which led to a reduction in peak
oxidation currents. With incubation of the MAA lectin and after the blocking with
ethanolamine to the nonspecific sites of the electrode, the peak current decreased obviously to
43 nA. This is primarily due to the possibility that protein biomolecules could prevent the redox
probe's ability to transfer electrons. These findings supported the EIS finding, indicating that
the proposed IIB biosensor was created successfully.

The EIS method was used for interfacial investigation of the stepwise modification
process by using the interdigitated microelectrodes as detectors. Measurements of the
variations in charge transfer resistance (Rct) and total impedance (Z) versus frequency as a
result of the lectin-glycan PSA binding were used to develop a detection strategy. The change
in the Ret values corresponded to the charge transfer process between the [Fe(CN)s]* 7 redox
species and the modified interfacial layer on the electrode surface (Fig. 5B). Depending on the
electrode voltage, a faradaic current is produced by the species' charge transfer. As a result, the
interfacial impedance was sensitive to the presence of compounds that were immobilized or

adsorbed.

Figure 5

The physical blocking effects of the proteins binding complex interfere with the kinetics
of the redox reagent close to the electrodes when lectin-glycan binding takes place. This
phenomenon suppresses the charge transfer process by the redox reaction of the reagent. The

IIB biosensor's changed impedance is primarily responsible for the reduced charge transfer (or



equivalently increased Rct). To calculate the concentration of the target molecules, the change
in Rct is quantitatively monitored. As more glycan reacts with immobilized lectin, the physical
blocking effect of the lectin-glycan binding complex further increases, and therefore results in
a very specific and highly sensitive magnitude of the Rct values.

The electrochemical data was fitted using Randles equivalent circuit shown in the inset
of Fig. 5C. The circuit includes of the resistance of electrolyte solution (Rs) in series with the
parallel of a constant phase element (Q) and the Warburg impedance (Zw) that was in series
combination with the measured Rct. As seen in Fig. 5C, successful immobilization is indicated
by a rise in Rct from 0.4 MQ for the unaltered device to 0.7 MQ following lectin and
ethanolamine-blocking creation. This is because the impedance considerably increased after
the lectin was attached since the development of the probe's monolayer prevented current flow.
These findings corroborate the results of the CVs and were well reflected in the Ret. After that,
the lectin-glycan PSA binding on the Au electrode surface was investigated using the MAA-
based IIB in the 10 pg/mL to 100 ng/mL concentration range. The increasing Rct values were
obtained for increasing PSA proteins onto the surface-bound lectin. The varying lectin-glycan
conformation is responsible for this change in Faradaic-based impedimetric measurement.

The sensitivity measurement of the developed IIB biosensor is verified using the
impedance vs. concentration relation given by the linear regression equation of the plotsis y =
1.47log 10 x + 0.41. This can be express as y = mlog 1o x + ¢, where m is the slope and c is
the y-intercept of the line. Thus, the corresponding y-intercept value resulted from linear
regression on the logarithms is found to be 0.41. For the logarithmic x-axis (concentration in
ng/mL), the y-intercept is the point where the graph of the function crosses the y-axis when
logio x equals 0. Given the log 10 1 is 0, therefore the value of y where the line crosses the x =
1 axis gives us the y-intercept. This prove that the y-intercept is 0.41 when the x-axis is 10°
(log 101 = 0) as shown in inset of Fig. 5D. The error bars in Fig. 5D illustrate that every
measurement was carried out three times, and different electrodes were found to give similar
responses within 5% of each other. The sensor showed a sensitivity of 1.47 MQ/logio [PSA]
(ng/mL) with a correlation coefficient of 0.9918 demonstrating the reliability of the biosensor.
In addition, the limit of detection (LOD) was estimated based on the equation of LOD = 3 o,
where o is the standard deviation of the linear coefficient. The LOD value for the IIB biosensor
was 3.574 pg/mL, which is lower than the established clinical cut-off value (4 ng/mL) for serum

PSA in PCa patients.



3.3.  Detection specificity in undiluted human serum

The immobilized MMA electrodes were incubated with a non-PSA biomarker as shown
in Fig. 6A in order to evaluate and validate the specificity of the biosensor response. The results
showed that there was no significant change in impedance, which demonstrates the absence of
unspecific adsorptions even on the surface electrode. Furthermore, the feasibility of the
developed sensors for clinical applications was tested in an undiluted human serum (HS) spiked
with glycosylated PSA concentrations of 1 ng/mL and 10 ng/mL. The setup evaluated the
interaction between surface bound MAA lectin and a2,3-linked sialic acid in glycosylated PSA
while discriminating other inherent proteins in the serum, which demonstrates the high
specificity of the sensors. In addition, a gold standard ELISA analysis was performed in
validating the results obtained by the IIB biosensor (Fig. 6B). The optical results revealed that
color change from a clear solution to a blue solution occurred for the wells containing undiluted
HS spiked with glycosylated PSA in the concentrations of 1 ng/mL and 10 ng/mL, while no

color changes were observed for the undiluted HS samples.

Figure 6

The results show the significant potential of the IIB biosensor in the direct assessment of
undiluted HS, thus enabling reliable quantitative analyses of real serum samples with high
sensitivity as compared with the standard ELISA technique. Furthermore, this simple
impedimetric method functions efficiently without signal amplification and response within an
hour in a single incubation step. Therefore, the IIB biosensor developed in this study is suitable

for early and specific PCa detection.



4. Conclusion

Sialylated glycoproteins are a rapidly expanding field of study that probably play crucial
roles in the development of PCa. This study presented a simple fabrication method of MAA-
based interdigitated impedimetric biosensor for sensitive and specific detection of a2,3-linked
sialic acid PCa biomarkers. The biosensor displayed high selectivity, a broad detection range
of 10 pg/mL to 100 ng/mL, and high sensitivity of 1.47 MQ/logio [PSA] (ng/mL) in a label-
free manner. The detection limits can reach as low as 3.574 pg/mL (LOD = 3 o) within an hour
from 20 pL of target samples. The IIB biosensors are more user-friendly and capable of testing
undiluted human serum spiked with glycosylated PSA directly than the traditional ELISA
method, which opens up a wider range of potential applications for point-of-care PCa
biomarkers detection in clinical settings. Future biofluids of PCa patients, specifically serum

samples from hospitals, will be organized with great effort.
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Figure captions

Figure 1. Schematic representation of a lectin-based interdigitated impedimetric-based (IIB)
biosensor as a sensing platform for detecting PSA glycan.

Figure 2. Bare Au-IDE. (A) SEM image of the working electrodes surface area (number of
pairs (bands) = 52, band width = 10 um, and band gap = 9 um) with the Au elements
characterized using EDS. (B) 3D images show the uniformity of the fabricated interdigitated
electrodes on the glass substrate.

Figure 3. Schematic showing (A) AFM images and (B) water contact angle measurements for
the (i) bare Au electrode and (ii) up-to-EDC/NHS-modified electrode, respectively.

Figure 4. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of (A) C 1s, (B) O
Is, (C) N 1s, and (D) S 2p for bare Au and functionalized Au surfaces.

Figure 5. (A) Changes in cyclic voltammogram peaks in response to a) bare Au-IDE, b) 11-
MUA/EDC/NHS surface modification, and c) lectin/ethanolamine immobilization. (B) When
the target binds to the receptor, the redox reaction of [Fe(CN)s]*"* with the working electrode
is hindered. (C) Analytical detection of IIB biosensor in the presence of different
concentrations of PSA target (inset figure shows the Randles equivalent circuit). (D) Linear
calibration curve for the measured Rct in response to the target PSA in the concentration range
of 10 pg/mL — 100 ng/mL.

Figure 6. (A) Specificity study of developed lectin based IIB biosensor towards undiluted
human serum spiked with PSA in concentration of 1 ng/mL and 10 ng/mL, respectively. (B)
Validation using ELISA assay.
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