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ARTICLE INFO ABSTRACT

Keywords: D-dimer (DD) is a key marker of coagulation and fibrinolysis activation. Clinicians can make important decisions
IrTlmunosensor with the aid of quick analysis and quantification, ideally at the patient’s bedside. Electrochemical immuno-
Biomarker sensors are effective point-of-care technologies to address these issues. Here, we describe the development of a
D-dimer . . . . . e

. simple electrochemical immunosensor to detect DD. The immunosensor is constructed by electrodeposition of
Electrodeposition

lactose methoxide aniline silver nanoparticles (LMA-AgNPs) on a screen-printed carbon electrode (SPCE). The
LMA-AgNP and SPCE/LMA-AgNP were characterized by Fourier transform infrared (FTIR) spectroscopy, high-
resolution transmission electron microscopy (HR-TEM), scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS), and X-ray photoelectron spectroscopy (XPS). The electrochemical behavior of the
SPCE/LMA-AgNP was examined using electrochemical impedance spectroscopy (EIS), differential pulse vol-
tammetry (DPV), and cyclic voltammetry (CV). Then, Anti-D-Dimer antibody (Anti-DD) was immobilized on
SPCE/LMA-AgNP. Along with the analytical characterization of the SPCE/LMA-AgNP/Anti-DD immunosensor,
the linear range for DD, limit of detection (LOD), potential chemical interferences, and real sample applications
were also evaluated. The antigen/antibody interaction at various DD concentrations was monitored using DPV.
The SPCE/LMA-AgNP/Anti-DD shows a linear response in the DD concentration range of 0.01-1 pg/mL and a
LOD of 0.2 fg/mL. In addition, the SPCE/LMA-AgNP/Anti-DD showed excellent specificity and no response to
potential interfering substances, for instance urea, insulin, C-reactive protein (CRP), and serum amyloid A (SAA).
Eventually, the SPCE/LMA-AgNP/Anti-DD is applied in human serum, which shows good recovery values (97.2
%). The SPCE/LMA-AgNP/Anti-DD can be fabricated cheaply and easily for bedside clinical evaluation.

Silver nanoparticle

1. Introduction enabling immediate results in emergency medical vehicles.
Clinical labs employ a number of methods to measure DD levels,

D-dimer (DD) is a sensitive marker of coagulation and fibrinolysis including  immunoturbidimetry, latex agglutination, chem-

activation, making it particularly valuable as a biomarker for intravas-
cular thrombosis. Elevated blood levels of DD have been found to be
strongly associated with the incidence of cancer-related thrombosis,
pulmonary embolism (PE), disseminated intravascular coagulation
(DIC), deep vein thrombosis (DVT), venous thromboembolism (VTE),
and stroke. Patients with malignancies of the lung [1], breast [2], lower
gastrointestinal tract [3], pancreatic, stomach, kidney, prostate, and
brain are also at higher risk of dying if their DD levels are elevated.
Recently, DD has also been identified as a key biomarker for assessing
the prognosis of COVID-19 [4]. Therefore, rapid and portable DD tests
are welcomed by physicians since they could potentially save lives by
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iluminescence, immunofluorescence, and enzyme-linked immunosor-
bent assay (ELISA). DD is expressed in fibrinogen equivalent units (pg/
mL) [5-7]. These methods provide high-throughput analysis with
satisfactory accuracy and have become the standard for routine DD
testing. However, they still require response times in excess of several
minutes. Because they combine high sensitivity, selectivity, and quick
reaction times (within a few minutes), biosensors have become highly
effective tools for biomarker identification in this setting.

In the previous decades, various nanomaterials have been used in the
development of electrochemical sensors to improve their analytical
performance. The integration of nanoscale materials into the biosensor
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Scheme 1. Schematic illustration of the developed immunosensor platform step by step.

platform significantly enhances the sensitivity of the biosensor by
allowing the immobilization of a greater number of bioreceptors and, in
some cases, enabling the nanomaterials themselves to act as trans-
duction elements [8]. The most often utilized nanomaterials in the
creation of biosensors for DD detection are graphene [12], carbon
nanotubes [10,11], and gold nanoparticles [9]. Alternatively, because of
their remarkable physicochemical characteristics, silver nanoparticles
(AgNPs) have become one of the most well-known and extensively uti-
lized materials for the development of flexible electrochemical sensing
platforms [13]. The sensitivity and stability of the sensor platform are
closely related to the proper dispersion of the AgNPs and the prevention
of their aggregation within the network or matrices. Stabilization of
AgNPs is achieved by steric and electrostatic repulsion mechanisms
facilitated by stabilizing agents such as polymers or other matrix ma-
terials [14]. Yazgan et al. (2020) presented a study demonstrating a
novel approach using sugar derivatives as reducing, stabilizing, and
capping agents for the synthesis of gold (Au) and silver (Ag) nano-
structures [15], which can be combined with polymers (e.g. cellulosic
polymers) [16]. Therefore, in this study, we synthesized lactose meth-
oxide aniline (LMA) to synthesize shape- and size-controlled Ag nano-
structures, eliminating the need for additional reducing,
shape-directing, or stabilizing agents.

Here, the electrochemical behaviors of the developed sugar deriva-
tive AgNPs and their potential use for the preparation of immunosensor
were compared. LMA-AgNPs were synthesized, electrodeposited on a
SPCE and the formed the SPCE/LMA-AgNP was used as an Anti-D-dimer
antibody (Anti-DD) immobilization matrix. Firstly, LMA-AgNPs were
electrodeposited onto a SPCE used as a working electrode. LMA-AgNPs
and the SPCE/LMA-AgNP were characterized by Fourier transform
infrared (FTIR) spectroscopy, high-resolution transmission electron
microscopy (HRTEM), scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS), and X-ray photoelectron spectroscopy
(XPS). Covalent conjugation of Anti-DD on SPCE/LMA-AgNP was per-
formed using N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide

hydrochloride/N-hydroxysuccinimide (EDC/NHS) to create SPCE/LMA-
AgNP/Anti-DD biofunctional surface. In the presence of DD, electro-
chemical measurements were performed on SPCE/LMA-AgNP/Anti-DD
using DPV, CV, and EIS techniques. As a result, the proposed SPCE/
LMA-AgNP/Anti-DD showed good linear range, low limit of detection
(LOD), good repeatability, no substance interference, and sample
application was carried out successfully to detect DD in human serum.

2. Material and methods
2.1. Materials

Lactose, potassium hexacyanoferrate Ks3[Fe(CN)¢], monosodium
phosphate (NaH3PO,4), and potassium chloride (KCI), N-(3-dimethyla-
minopropyl)- N’ -ethylcarbodiimide hydrochloride (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich. Human
D-Dimer and mouse anti-Human D-Dimer were from Bio-Rad. Screen-
printed carbon electrodes (SPCE) were from Methrom. Britton-Robinson
buffer was prepared by mixing 0.04 M boric acid, 0.04 M phosphoric
acid, and 0.04 M acetic acid and adjusting to the desired pH with 0.2 M
NaOH. Lactose methoxyaniline was synthesized in our labs as described
in the literature [15,17].

2.2. Equipments

PalmSens recorded the electrochemical measurements. The modified
and unmodified SPCE surfaces were characterized by SEM (Zeiss, Sigma
300), which underwent gold coating using a Leica EM ACE600 before
SEM. The morphological characterization of the Ag nanoparticles was
performed by HRTEM (FEI TALOS F200S TEM 200 kV). The SPCE/LMA-
AgNP and SPCE/LMA-AgNP/Anti-DD were investigated by XPS, which
was performed using a Thermo Scientific Model K-Alpha XPS apparatus,
using monochromatic Al Ka radiation with an energy of 1486.7 electron
volts (eV). UV-Vis absorption spectra of LMA-AgNP was recorded using
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Fig. 1. FT-IR spectrums of A) Lactose C) LMA, B) molecular structure of synthesized LMA sugar ligand D) TEM micrographs of LMA-AgNP, and E) UV-Vis spectrum of

LMA-AgNP.

a UV-Vis microplate spectrophotometer (Biotek, Winooski, VT, USA).

2.3. Construction of sensor platform and electrochemical measurements

Previously, we showed that sugar ligands can serve as reducing,
capping, and stabilizing agents in AgNPs synthesis [16,18]. Briefly, so-
lution of 100 mg/mL LMA was mixed with 100 mg/mL AgNOj3 in
distilled water at a 20:1 (v:v) ratio. The mixture was incubated at 50 °C
for 1 h under stirring at 1000 rpm. Utilization of the LMA contains
seconder amino group that was needed to immobilize Anti-DD on the
electrode surface through EDC/NHS chemistry. It should be mentioned
that the preparation of LMA-AgNPs helped us to form amine groups on
the electrode surface for loading higher amounts of Anti-DD and uniform
AgNPs.

LMA-AgNPs-modified SPCE has been used as a working electrode in
electrochemical measurements. This paper describes a simple method
for obtaining AgNPs -modified SPCE. The method involves the electro-
chemical deposition of AgNPs onto the working electrode surface using
an LMA-AgNP solution in Britton-Robinson buffer (pH 2). Electrodepo-
sition was achieved by applying an accumulation potential for a speci-
fied time with constant stirring [19]. Therefore, pH 2 Britton-Robinson
buffer solution was used during the deposition step because AgNPs
require a highly acidic environment during the deposition on the carbon
electrode. In addition, long deposition times or highly negative poten-
tials are required for effective AgNPs deposition. Therefore, we selected

conditions of —1.20 V and 120 s for the deposition process. Previous
experiments have shown that highly acidic pH values are required to
deposit AgNPs on the carbon surface of the electrode. Therefore, a
Britton-Robinson solution at pH 2 was used during deposition [20-22].

EDC/NHS chemistry was utilized to conjugate Anti-DD onto the
SPCE/LMA-AgNP surface. A solution comprising 20 pg/mL Anti-DD,
12.5 mM NHS, and 50 mM EDC in pH 7.4 PBS was preincubated for
15 min at 1000 rpm. Subsequently, 5 pL of this mixture was applied to
the SPCE/LMA-AgNP surface and left to dry, which required approxi-
mately 2h. After rinsing the surface with distilled water to eliminate any
unbound Anti-DD, the sensing surface (SPCE/LMA-AgNP/Anti-DD) was
ready for DD detection.

Scheme 1 shows the fabrication of the SPCE/LMA-AgNP/Anti-DD
immunosensor step by step.

3. Results and discussion
3.1. Characterization of LMA and LMA-AgNP

The characteristic peaks in the FT-IR spectra for lactose in Fig. 1A
were identified and assigned based on comparisons with the literature.
The spectrum’s bands located between 2925 and 2927 cm ™! are indic-
ative of aromatic chemicals or methylene (-CHj). Carbohydrates are
linked to bands at 800-1000 cm ', intermolecular stretching is
responsible for a band at 3200 cm™?, and intermolecular stretching is
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Fig. 2. SEM images of the surface morphology of the electrode modified with (100 pm and inset 10 pm) A) SPCE/LMA-AgNP, C) SPCE/LMA-AgNP/Anti-DD, E)
SPCE/LMA-AgNP/Anti-DD/DD. EDS spectrum of B) SPCE/LMA-AgNP D) SPCE/LMA-AgNP/Anti-DD, and F) SPCE/LMA-AgNP/Anti-DD/DD.

responsible for bands at 1150-1030 em ! [23]. A broad and intense
band between 3600 and 3200 cm ™! is associated with symmetric -OH
stretching. The 1600-1200 cm ! bands were attributed to —CH, -OH, and
—CH; bending vibrations. Glycosidic —C-O-C bending vibrations were
observed at 1200-1070 cm ™. The structure of the synthesized LMA is
shown in Fig. 1B. The spectra obtained for LMA are presented in Fig. 1C.
The broad band observed at 3350 cm ™! corresponds to the N-H bond of
secondary amines. It is suggested that the peak at 3350 cm ™! is attrib-
uted to the secondary amine group present in the LMA structure [24].
The 2919 cm™! band attributed to the aromatic C-H stretching [25].
Vibrations between 1250 and 1020 cm™! corresponding to C-N
stretching. Additionally, a prominent peak at 1234 cm ™! was observed,
corresponding to the C-N stretching frequency of 4-methoxy aniline
[26]. The region spanning approximately 1040 to 930 cm ™! and lower is
associated with the stretching vibrations of C-O in the C-OH group, as
well as the C-C stretching within the carbohydrate structure [27].
Comparing the peaks obtained from LMA with those of lactose reveals
noticeable differences, indicating that lactose has been successfully
modified with 4-methoxy aniline. Besides, (+) ESI-MS characterization
revealed the synthesis of LMA with a 433.8 m/z major peak and a minor
peak at 450 m/z. It is possible that the applied initial collision energy
was high and broke down -CHgs, so a major peak was obtained at 433.8
m/z as described in the literature [28]. Similarly, the minor peak at 376
m/z refers to eliminating methoxy aniline (m/z ~123) from the parent
molecule (data not shown). Fig. 1D shows the AgNPs are between 650

and 1800 nm size range with snowflake morphology and SPR peak at
560 nm (Fig. 1E). Focusing on the edges of the AgNPs revealed that the
smaller particles between ~50 and 160 nm and layers formed the
snowflake morphology. This morphology allows for high surface area
and increased conductivity [29]. Despite their large size, they were
colloidally stable as reported in the literature [30].

3.2. Characterization of SPCE/LMA-AgNP/Anti-DD immunosensor

In addition, SEM-EDS analysis was used to look at the topography of
the surface. SEM-EDS was used to characterize the structure of the
SPCE/LMA-AgNP/Anti-DD immunosensor. EDS analysis was performed
to characterize further the SPCE/LMA-AgNP/Anti-DD, specifically the
carbon (C), nitrogen (N), oxygen (O), sulfur (S), and silver (Ag)
elemental composition were determined at each modification step. SEM
images and EDS spectra for the SPCE/LMA-AgNP, SPCE/LMA-AgNP/
Anti-DD, and SPCE/LMA-AgNP/Anti-DD/DD shown in Fig. 2 indicate
that the surface of the electrodes was differentiated by LMA-AgNP
deposition. Fig. 2A shows the electrodeposition of LMA-AgNP on the
surface of SPCE. As shown in Fig. 2A, LMA-AgNP is deposited on the
surface of SPCE in a crystalline form, and the presence of Ag atoms is
confirmed by EDC spectrum analysis (Fig. 2B). After the modification of
SPCE/LMA-AgNP with the Anti-DD antibody, SEM image are shown in
Fig. 2C, and the S element appeared in the presence of Anti-DD in
Fig. 2D. The EDC analysis of SPCE/LMA-AgNP/Anti-DD showed a high
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Fig. 3. XPS spectra of A) C 1s B) N 1s C) Ag 3d of SPCE/LMA-AgNP, D) Cls, and E) N 1s and F) Ag 3d of SPCE/LMA-AgNP/Anti-DD and their deconvolutions.

concentration of carbon (99.49 %) with N, S, and Ag (total less than 2 %)
as shown in Fig. 2D. As for the SPCE/LMA-AgNP/Anti-DD/DD electrode,
the successful development of SPCE/LMA-AgNP/Anti-DD/DD is
demonstrated in Fig. 2E by the rise in nitrogen content brought on by the
presence of the DD ratio. We have observed the same element present,
with a concentration of C 83.98 %, N 5.99 %, S 0.40 % and Ag 0.16 %
(Fig. 2F). In all cases, the change in elemental composition indicates that
the surface has been successfully modified.

XPS was obtained to confirm valence degrees and surface chemical
composition, with the resulting XPS plots presented in Fig. 3A-F. For
SPCE/LMA-AgNP in the C 1s spectra (see Fig. 3A), there are three fitted
peaks at 286.18 correspond to carbonyl groups of (C=0/0-C-0), while
the peak at 284.18 is responsible for —C-C/C=C groups due to LMA
structure [31]. The main peak at 284.88 eV is attributed to the C-C of
LMA (Fig. 3A) [32]. As for N1s for electrode modified with LMA-AgNP
(see Fig. 3B), the peaks at 403.28 eV and 405.68 eV, are attributed to
the N-O species of SPCE/LMA-AgNP, corresponding to the 1s to 2b1 and
3n* transitions, respectively [33]. After immobilization of Anti-DD, the
C 1s XPS spectrum exhibits four peaks located at 287.98, 286.18,
284.88, and 283.98 eV, which are assigned to C-O-C/N-C=O0,
C=0/0-C-0, C-C, and C-N, respectively, as shown in Fig. 3D. Also, a

binding energy of 399.48 eV was attributed to the presence of pyridinic
(C-N-C) [34]. Further, the N 1s spectrum (see Fig. 3E) can be decon-
voluted into three peaks corresponding to the terminal amino functions
(C-N-H) of LMA-AgNP bond at 401.28 eV, the amine group of LMA (-NH)
at 399.88 eV, and 397.78 eV indicate the presence of C-N in Fig. 3D
[35-37]. The appearance of the N 1s peak confirms the successful co-
valent bonding of Anti-DD to the LMA-AgNP modified electrode. Ag NPs
are prone to oxidation when exposed to air without adequate protection
[38]. However, in Fig. 3C and F, the two peaks at 367.98 eV and 373.98
eV correspond to Ag 3ds/s and Ag 3ds/» of metallic Ag NPs, respectively,
indicating effective protection of Ag NPs by LMA [18]. It was confirmed
that the Ag nanostructures are metallic since no peaks related to AgO
(367.4 eV) or Ag20 (367.8 eV) were seen [39].

3.3. Performance of SPCE/LMA-AgNP/Anti-DD immunosensor

The electrochemical performance of the SPCE/LMA-AgNP/Anti-DD
was evaluated using electroanalytical techniques, including CV, DPV,
and EIS. Potassium hexacyanoferrate was used as the redox prob. CV and
DPV were employed to characterize the modified electrode during each
step of the fabrication process, enabling the detection of subtle changes
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Fig. 4. A) Cyclic voltammogram (CV) B) Differential Pulse Voltammetry (DPV) of Bare SPCE, SPCE/LMA-AgNP, SPCE/LMA-AgNP/Anti-DD and SPCE/LMA-AgNP/
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DD/DD D) Effect of variety of Anti-DD concentrations on the response of SPCE/LMA-AgNP/Anti-SAA to DD, and E) DPV curves of the electrochemical immunosensor
were recorded after incubation with varying concentrations of DD (0.01 pg/mL to 1.0 pg/mL) in a 0.1 M KCl solution containing 5 mM [Fe(CN)e]>/*.

between modification stages. According to cyclic voltammograms, Isqodic
values were found to be 74.34 pA, 81.18 pA, 86.01 pA, and 75.57 pA for
bare SPCE, SPCE/LMA-AgNP, SPCE/LMA-AgNP/Anti-DD, and SPCE/
LMA-AgNP/Anti-DD/DD, respectively as seen in Fig. 4B. There were
peak-to-peak separations of 0.21V for bare SPCE, 0.17 V for SPCE/LMA-
AgNP, 0.16 V for SPCE/LMA-AgNP/Anti-DD, and 0.17V for SPCE/LMA-
AgNP/Anti-DD/DD measured. The oxidation and reduction peaks of
HCF were observed in all CV profiles. Although the current significantly
increased after the electrodeposition of LMA-AgNP on SPCE, the current
surged again following the immobilization of Anti-DD onto the SPCE/
LMA-AgNP. The peak heights increased after immobilizing Anti-DD on
the SPCE/LMA-AgNP surface was attributed to electrostatic interactions
and the attraction between the [Fe(CN)6]3_/ [Fe(CN)6]4_ couple and the
seconder amine due to having structure of LMA onto the SPCE/LMA-

AgNP/Anti-DD surface. Similar behavior for amine groups was re-
ported in previous studies, where antibody immobilization increased
peak potentials due to interactions with the redox probe [40,41]. A
decrease in current was seen in electrochemical tests carried out with DD
present as DD attached to the SPCE/LMA-AgNP/Anti-DD electrode
surface, resulting in an immunocomplex.

DPV was utilized for quantitative DD detection in this study because
it can distinguish peaks even within narrow potential ranges. DPV ob-
tained a similar pattern. According to DPV voltammograms, Ignodic
values were found to be 61.86, 125.56, 173.43, and 158.64 pA for bare
SPCE, SPCE/LMA-AgNP, SPCE/LMA-AgNP/Anti-DD, and SPCE/LMA-
AgNP/Anti-DD/DD, respectively as seen in Fig. 4B. In this context, all
DPV profiles were consistent with the CV profiles.

The impedance response at each stage of the stepwise electrode
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Reactive Protein; prepared in PBS pH:7.4; error bars show S.D. of three measurements) E) The stability results of SPCE/LMA-AgNP/Anti-DD (in 5 different days) F)
The DD detection in human serum using SPCE/LMA-AgNP/Anti-DD (in the presence of 100 pL of PBS (pH 7.4) solution containing 5 mM HCF and 0.1 M KCl, scan

rate: 50 mVs-1, [Anti-DD] = 20 pg/mL).

change is shown in Fig. 4C. The diffusion-limited step of the electro-
chemical process is represented by a linear zone at low frequencies,
while the semicircular region at high frequencies corresponds to the
electron transfer-limited process. The charge transfer resistance (Rct),
which represents the electrode surface’s blocking behavior toward the
redox pair, is equal to the semicircle’s diameter. As a result, variations in
Rct offer important insights about the modification procedure. Randle’s
equivalent circuit, which incorporates the electrolyte solution resistance
(Rs), charge transfer resistance (Rct), constant phase element (CPE), and
Warburg impedance (W), is used to describe the biosensor’s impedi-
metric response (inset, Fig. 4C) [42]. As illustrated in Fig. 4C, after
electrodeposition, the LMA-AgNP layer on the SPCE electrode had a
smaller R than Bare SPCE. Reduced Rct is a sign of improved electron
transport, facilitated by the well-known conductive properties of AGNPs
on the electrode surface. Then immobilization of Anti-DD, a significant

decrease in R was observed, confirming the successful binding of
Anti-DD on SPCE/LMA-AgNP. This decreased R can be corresponding
to the interaction between the antibody and the negatively charged
redox probe [41]. Finally, Rct increased when 1 ng/mL DD was intro-
duced to the SPCE/LMA-AgNP/Anti-DD. The development of a protein
layer that obstructs electron transmission is responsible for this rise.
The optimization concentration of Anti-DD was performed using the
DPV method. 10, 20, and 50 pg/mL antibody concentrations were used
to immobilize Anti-DD on the SPCE/LMA-AgNP. The highest current
response, observed in the presence of 1 ng/mL DD, was set as 100 %. The
sensor response changes corresponding to different Anti-DD concentra-
tions were calculated and the results are as shown in Fig. 4D. In the
presence of DD in a 50 mM PBS solution (pH 7.4), as shown in Fig. 4D,
the produced sensor’s peak height dropped as a result of the immuno-
complex’s size, which hindered electron transmission. This behavior is
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Table 1
Summarized literature of analytical properties of designed sensor platforms for
detection of DD.

Materials Method Linear Range LOD Ref
AuNPs/DHP CV,DPV, EIS 1-100 ng/mL 8.92 ng/mL [44]
AuNpChi CV, EIS 0-1 pg/mL 9x10~* pg/ [0]
mL
Polypyrrole CV, EIS 0.1-500 ng/mL 100 pg/mL [47]
SWCNT- CV, EIS 100 ng/mL-2 g/  0.53 fM [11]
COOH mL
ZnO Potentiometric 107°- 103 mg/L 100 pg/mL [48]
SAM CV, EIS 1-10° ng/mL 10 ng/mL [49]
PEI Ccv 0-400 pg/mL 10 ng/mL [50]
COOH-MBs Amperometry 0.06-1 pg/mL 0.5 pg/mL [51]
LMA-AgNP CV, DPV 0.01-1 pg/mL 0.2 fg/mL This
work

AuNPs: Gold nanoparticles, DHP: di hexadecyl phosphate, Chi: Chitosan, ZnO:
Zinc oxide nanorods, SAM: a bifunctional electroactive self-assembled mono-
layer, PEI: polyethylene imine, COOH-MBs: Carboxylic acid-modified magnetic
beads.

consistent with findings in the literature.

DD was detected using DPV within a potential range of —0.2 to +0.4
V in a 5.0 mM [Fe(CN)s]*/* solution. The Al of the SPCE/LMA-AgNP/
Anti-DD sensor response was calculated before and after incubation with
different concentrations of DD. As shown in Fig. 4E, the current (I) de-
creases with increasing DD concentration due to the accumulation of
non-conductive DD molecules on the working electrode surface. The AI
increases linearly over the 0.01-1.0 pg/mL concentration range,
following the equation y = 57.249x+2.233 with a correlation coefficient
R? = 0.993 (in Fig. 5A). The formula for LOD is LOD = 3.36/S, where S:
is the slope of the calibration curve and ¢: sigma is the blank’s standard
deviation. This yields a value of 0.2 fg/mL. LOD is crucial for the early
detection of diseases and monitoring of minimal residual disease, where
biomarkers are present in extremely low concentrations. This enables
timely intervention and enhances patient outcomes [43]. The antibody
sensor demonstrates superior performance for DD detection, character-
ized by its broad linear range and exceptionally low LOD [44]. For
example, Castelnuova et al. showed that DD levels demonstrated a
positive correlation with age, were lower in men compared to women,
and varied based on smoking status, body mass index, alcohol con-
sumption, and dyslipidemia. Additionally, white blood cell count, lipid
profiles, glucose levels, CRP, and diastolic blood pressure all had weak
but statistically significant correlations with DD levels [45]. Moreover,
Schafer et al. showed findings indicate that venous thromboembolism
(VTE), cancer, pneumonia, and other proinflammatory conditions are
frequently associated with ultra-high plasma DD levels, even in the
absence of a definitive diagnosis. The mortality rate in such patients was
significantly elevated, reaching nearly 75 % among those with plasma
DD levels exceeding 15 pg/mL. For patients with plasma DD levels above
5 pg/mL and no definitive clinical diagnosis, further diagnostic evalu-
ation is warranted due to the notably high mortality risk in this group
[46]. Hence, the developed immunosensor system has the potential to
significantly aid clinicians by enabling the rapid and highly sensitive
detection of DD at very low concentrations.

Table 1 presents a performance comparison of various electro-
chemical methods for DD reported in previous studies. The proposed
method exhibits superior performance, offering an improved linear
range and lower LOD compared to recent literature.

A critical challenge in sensor systems is mitigating the interference
effects of other compounds present in the complex matrices of real
samples. To evaluate this, selected chemical compounds were intro-
duced into the reaction medium in place of the target, and the resulting
signals are shown in Fig. 5C and D. DD levels of 0.50 mg/L or higher may
suggest the presence of blood clots within the body. Human SAA and
CRP are acute-phase proteins that are elevated during the early stages of
inflammation and infection. CRP levels significantly increase in
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bacterial or mixed infections but show minimal or no elevation in viral
infections. In contrast, SAA levels increase in bacterial and viral in-
fections [52]. DD levels are modestly yet significantly correlated with
diastolic blood pressure, lipid levels, glucose, CRP, and white blood cell
count [45]. Patients with elevated DD levels exhibited higher urea levels
than those with lower DD levels [53]. Therefore, we selected urea, in-
sulin, SAA, and CRP as potential interferences of DD to explore the
immunossensor’s selectivity. The effect on the sensor response of the
SPCE/LMA-AgNP/Anti-DD was examined in the presence of some po-
tential interfering compounds and results are indicated in Fig. 5C (in the
absence of DD) and in Fig. 5D (in the presence of DD). The
SPCE/LMA-AgNP/Anti-DD response was normalized relative to the
response at 0.25 pg/mL of DD, which was set as 100 %. According to the
results obtained; 1.47 % for urea, 4.24 % for insulin, 4.25 % for SAA, and
3.67 % for CRP were calculated. The responses of the interferences in the
presence of DD were calculated as 102.33 % for DD + urea, 104.05 % for
DD + Insulin, 102.5 % for DD + SAA, and 103.49 % for DD + CRP. The
results indicate that the proposed DD detection assay exhibits high
specificity, with no significant interference from potential interferents,
as shown in Fig. 5C and D.

The SPCE/LMA-AgNP/Anti-DD remains at approximately 59 % of
the initial response to 0.25 pg/mL DD, after a 10-day storage period at
4 °C as illustrated in Fig. S5E. The SPCE/LMA-AgNP/Anti-DD demon-
strated high stability for up to 5 days. To evaluate the performance of
this SPCE/LMA-AgNP/Anti-DD with real human serum, 0.25 pg/mL of
DD was spiked into a human serum sample and analyzed using the
SPCE/LMA-AgNP/Anti-DD. As shown in Fig. 5F, the SPCE/LMA-AgNP/
Anti-DD successfully detected 97.20 % of the spiked DD, demonstrating
acceptable accuracy. Under normal conditions, DD levels are typically
low, generally below 0.5 pg/mL fibrinogen equivalent units (FEU) in
most clinical assays. However, they increase significantly in patients
with thrombosis [54].

4. Conclusions

An immunosensor (SPCE/LMA-AgNP/Anti-DD) was successfully
developed for the detection of DD with an excellent detection range.
LMA-AgNP was deposited on the SPCE surface and used to conjugate
Anti-DD. Compared to a number of well-known electrochemical tech-
niques documented in the literature, the developed SPCE/LMA-AgNP/
Anti-DD has a lower LOD and a faster preparation time (Table 1). The
designed sensor has a wide analytical range, remarkable sensitivity, and
more simplicity than the immunoassays documented in the literature. In
addition, the disposable SPCE/LMA-AgNP/Anti-DD detected DD in
plasma samples without the need for sample pretreatment. In the future,
the developed immunosensor could be easily adapted for inclusion in a
ready-to-use commercial kit.
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