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This study focuses on the creation and application of an advanced impedimetric immunosensor designed

for the sensitive detection of lymphoma cancer cells. The sensor was developed by modifying a glassy
carbon electrode (GCE) with gold nanoparticles (AuNPs) and 3,3'-dithiodipropionic acid di(N-
hydroxysuccinimide ester) boronic acid (AuNPs@DTSP-BA), followed by the attachment of rituximab

monoclonal antibody. Incorporating the boronic acid (BA) component enabled effective oriented
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immobilization of the antibody, thereby improving the performance of the biosensor. Various

spectroscopic techniques were used to characterize the immunosensor. The developed immunosensor
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1. Introduction

Cancer is marked by the unregulated growth of malignant cells in
different tissues and continues to be one of the foremost causes of
death globally, with incidence rates steadily increasing.' Early
detection is crucial for effective treatment and significantly
improves survival rates, as it can identify cancer at its nascent
stages and enhance treatment outcomes. Early cancer biomarkers
encompass detectable structural changes in tissues as well as
biochemical modifications. Despite advancements, developing
technologies sensitive enough to detect early tumors while mini-
mizing false positives remains challenging. Recent advancements
are enhancing early cancer detection by targeting tumor metab-
olites and by-products, often more prevalent than the tumor cells
themselves. Increased sensitivity is achieved through specialized
probes, such as tumor-specific antibodies or peptides labeled with
radioisotopes, which amplify detection signals.”

Advancements in miniaturized sensor technology and novel
sensing substrates propel electrochemical biosensors towards
portable and point-of-care (POC) applications, thus reducing
dependence on complex laboratory setups. Biosensors are analyt-
ical devices designed to translate biorecognition events into
measurable physicochemical signals. There is growing interest in
developing cost-effective and innovative strategies with higher
sensitivity and selectivity for clinically relevant biomarkers. Elec-
trochemical immunosensing strategies are particularly promising
due to their combination of antibody specificity and rapid response
times, making them valuable for real-time clinical testing.’
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demonstrated the ability to detect lymphoma cancer cells across a wide linear range of 100 to 50 000
cells per mL, with a detection sensitivity of 64 cells per mL.

For creating robust and sensitive immunosensors, covalent,
site-specific immobilization of antibodies is crucial. Boronic acid
(BA) forms reversible cyclic boronate bonds with 1,2-diols and 1,3-
diols, providing strong adsorption affinity and specificity for
carbohydrate chains, particularly in the Fc region. This property
aids in accurately extracting biomarkers from human serum,
minimizing interference.* Enhancing electron exchange in elec-
trochemical sensors involves integrating highly electrocatalytic and
conductive materials. Recent advances in nanotechnology have
brought significant attention to the use of nanomaterials, such as
metal nanoparticles, carbon nanomaterials, and quantum dots, to
modify electrochemical sensors for improved performance.>”

CD20 is an antigen specific to B cells. It is found on mature B
cells and the majority of non-Hodgkin's lymphomas, while it is
not present on early progenitors or mature plasma cells. CD20
serves as a critical target for antibody-based therapies in treat-
ing non-Hodgkin's lymphoma (NHL) and B-cell chronic
lymphocytic leukemia (B-CLL). Rituximab, a chimeric mono-
clonal antibody incorporating murine and human components,
specifically targets the CD20 antigen.® Electrochemical immu-
nosensors have recently gained considerable interest in disease
diagnosis and monitoring. Detection of analytes with electro-
chemical techniques, a popular approach is driving the
enhancement of sensitivity with signal amplification. Electro-
chemical affinity biosensors have been attractive for a broad
range of applications in clinical diagnosis, biomedical research,
food quality control and environmental monitoring because of
their simplicity, rapid response, and compatibility with minia-
turization. In particular, electrochemical immunosensors,
relying on the specific antigen-antibody interaction, are the
most widely used thanks to some of their peculiar features.
Here, we take advantage of the rituximab monoclonal anti-CD20
antibody which specifically binds to the B cells membrane

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface, to introduce a novel strategy for specific detection of
lymphomas cancer cells. Electrochemical impedance spectros-
copy (EIS) offers a label-free, sensitive approach to studying
surface phenomena and bulk property changes, providing
a non-destructive method to characterize biological interfaces.

While flow cytometry offers higher accuracy and multipa-
rameter analysis, impedance sensing provides a cost-effective,
rapid, and non-invasive alternative for detecting lymphoma
cancer cells. Impedance sensing is generally more affordable,
making it accessible for routine use and large-scale studies.
Additionally, it is label-free, which reduces the complexity and
cost of sample preparation. The method enables real-time
monitoring, providing faster analysis and immediate results.>*®

EIS enables the direct detection of immunospecies by
analyzing interactions between immobilized biological
components and analytes."* Carbon-based electrodes, such as
glassy carbon electrodes (GCE), carbon paste electrodes, and
screen-printed electrodes, are widely utilized in electrochemical
systems. Their popularity is due to their affordability, stability,
and ease of modification.*

In this study, an impedimetric immunosensor was devel-
oped to detect lymphoma cancer cells. The sensor was con-
structed by modifying the GCE surface with AuUNPs@DTSP-BA
nanocomposites and subsequently immobilizing rituximab
monoclonal antibody on the modified surface. The resulting
immunosensor demonstrated high sensitivity and the ability to
detect and quantify cancer cells effectively.

2. Experimental

2.1. Materials and equipment

High-purity reagents from Merck were used throughout the
study without additional purification. Phosphate buffer solu-
tion (PBS, 0.1 M) was prepared by dissolving NaCl, KCl, KH,PO,,
and Na,HPO,-2H,0, with pH adjustments made using diluted
NaOH or HCIl. All solutions were prepared using double-
distilled water (DDW). The chemicals 3,3’-dithiodipropionic
acid di(N-hydroxysuccinimide ester) (DTSP), dimethylforma-
mide (DMF), HAuCl,-3H,0, citric acid, bovine serum albumin
(BSA), boronic acid (BA), Ks[Fe(CN)s], and K,[Fe(CN)y] were
obtained from Merck.

Electrochemical measurements were performed using an Ivium
Vertex potentiostat/galvanostat (Ivium Technologies, The Nether-
lands). The electrochemical cell setup included a modified GCE as
the working electrode, an Ag/AgCl reference electrode, and a plat-
inum wire counter electrode. For EIS, a sine wave potential with an
amplitude of 10 mV was applied over a frequency range from
0.1 Hz to 100 kHz. Fourier-transform infrared (FT-IR) spectra of the
synthesized nanocomposite were recorded with a Shimadzu-8400S
spectrometer. The nanocomposite morphology was examined
using transmission electron microscopy (TEM).

2.2. Preparation of the AuNPs, AuNPs@DTSP and
AuNPs@DTSP-BA nanocomposites

Gold nanoparticles were synthesized using the well-known
citrate reduction method of gold salt. In this process,
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a solution of HAuCl,-3H,0 (100 mL, 10 mM) was stirred at
a rate of approximately 700 rpm while being heated to boiling.
Once boiling, a trisodium citrate solution (10 mL, 38.8 mM) was
rapidly added. The mixture was then boiled for an additional 20
minutes before the heating was stopped, allowing the solution
to cool to room temperature. The resulting gold nanoparticles
were stored at 4 °C until further use.

To functionalize the synthesized nanoparticles, 200 pL of
a 2 mM DTSP solution in DMF was added to 100 mL of the gold
nanoparticle solution and stirred for 45 minutes.” This step
facilitated the attachment of boronic acid to the surface of the
AuNPs@DTS nanocomposite through a reaction between the
amino group of the boronic acid and the ester group of the
nanocomposite, forming an amide bond. Following this, the
AuNPs@DTS were isolated by centrifugation, resuspended in
PBS, and then treated with a 0.1% boronic acid (BA) solution for
2 hours.**" The resulting AuNPs@DTS-BA were centrifuged,
washed with water, and dispersed in PBS. The final product was
stored at 4 °C until needed for sensing applications.®

2.3. Preparation of proposed immunosensor

The GCE was initially cleaned through mechanical polishing
with an alumina slurry, followed by sonication in water and
ethanol. The cleaned electrode was then dried at ambient
temperature. A 10 pL drop of the synthesized AuNPs@DTS-BA
nanocomposite was applied to the dried GCE surface and
allowed to dry at room temperature. Once dried, the electrode
was rinsed with phosphate buffer. Subsequently, a 10 uL drop of
an antibody solution, prepared at a concentration of 100 pg
mL ™!, was added to the modified electrode surface and incu-
bated for 4 hours at 4 °C, with the electrode covered to prevent
evaporation.

After incubation, the electrode was rinsed with phosphate
buffer to remove any unbound antibodies. A 0.05% (w/v) bovine
serum albumin (BSA) solution was applied and incubated for 1
hour to minimize non-specific binding and block remaining
active sites on the electrode surface. The final biosensor was
then exposed to various concentrations of cancer cells, and the
resulting signals were recorded.

2.4. Preparation of real samples

For real sample analysis, the residual whole blood samples from
two cancer patients were obtained from a clinical laboratory,
after anonymization. They were used without any further
treatment to evaluate the biosensor's performance in real-world
applications.

3. Results and discussion

3.1. Morphological and spectral properties of AuNPs,
AuNPs@DTSP, and AuNPs@DTSP-BA nanocomposites

AuNPs are favored in analytical methods due to their unique
optical characteristics, ease of synthesis, and compatibility with
biological systems. These properties make AuNPs ideal for the
precise detection of various analytes.

RSC Adv, 2025, 15, 9884-9890 | 9885
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Fig. 1 Characterization of the synthesized nanocomposite. (a) TEM
image of AuNPs@DTSP-BA, (b) FT-IR spectra of DTSP, BA and
AuNPs@DTSP-BA

In this study, the AuNPs@DTSP-BA nanocomposite was
characterized using the TEM, with representative images
provided in Fig. 1a. The TEM analysis revealed that the average
diameter of the nanoparticles was approximately 55.9 nm.
Additionally, FTIR was employed to analyze the surface chem-
istry of the nanocomposite, with the spectra displayed in
Fig. 1b. The FTIR spectra showed peaks at 2556 and 740 cm ™",
which correspond to the S-H and S-C bonds in DTSP. However,
the thiol peak at 2556 cm ™" was missing in the AUNPs@DTSP-
BA spectrum, suggesting that the DTSP ligand was effectively
functionalized on the AuNPs. Peaks at 1585 and 1260 cm™*,
associated with the C=0 and N-O groups of DTSP, remained
present, indicating partial retention of these functional groups.
Furthermore, the spectrum exhibited bands between 1360 and
1060 cm™ ' and 1032 and 730 cm ' corresponding to the
bending vibrations of the C-H bonds. The peak at 3000 cm ™"
was attributed to the C-H stretching in the aromatic ring,
confirming the successful incorporation of boronic acid onto
the nanocomposite surface.

3.2. Electrochemical analysis of AuNPs@DTSP-BA
nanocomposites using EIS

EIS is a critical technique for evaluating the electrochemical
characteristics of modified electrode surfaces. EIS provides high
sensitivity to alterations at the electrode-electrolyte interface by
applying an alternating signal over a range of frequencies, with
results commonly depicted in Nyquist, Bode, or Cole-Cole plots.
These plots are analyzed using theoretical equivalent circuit
models to understand the electrochemical reactions at the inter-
face. The Randles equivalent circuit is often employed for such
analyses, incorporating elements like electrolyte resistance (Ry),
double-layer capacitance (Cq;) or constant phase element (CPE),
charge transfer resistance (RCT), and Warburg impedance (W).
This study utilized EIS to monitor changes in the
AuNPs@DTSP-BA nanocomposite. The impedance data for the
modified electrodes were fitted to the Randles equivalent circuit
model. The charge transfer resistance (RCT) is a crucial indicator
of the insulating properties at the electrode/electrolyte interface
and is essential for evaluating the immunosensor's performance.
To validate the fabrication process of the AuUNPs@DTSP-BA
nanocomposite, we measured changes in resistance on the GCE
surface at each modification stage. Initially, AuNPs were
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Fig. 2 Nyquist plots at different modification steps of (a) the nano-
composite surface and (b) the immunosensor fabrication. Dot and line
plots related to experimental and fitted data, respectively. EISs
measurements were carried out in PBS containing KCl (0.1 M) and
[Fe(CN)6* =4~ (5 mM).

Table 1 Obtained Randles parameters for the fabrication steps of the
proposed nanocomposite

Rer (Q) R (Q) Q(uMho) N W (1Mho)
Bare GCE 1190 34.6 10.3 0.851 774
GCE/AuNPs 405 23.8 9.44 0.895 1680
GCE/AuNPs@DTSP 638 30.8 17.6 0.824 1070
GCE/AuNPs@DTSP-BA 737 33.8 20.0 0.757 618

deposited on the GCE, followed by measurements of RCT.
Subsequent deposits of AUNPS@DTSP and AuNPs@DTSP-BA
were made, with Nyquist plots generated for each step. These
plots were analyzed using a modified Randles equivalent circuit,
as shown in Fig. 2a. The experimental and fitted impedance
spectra demonstrated strong consistency, with less than 5%
fitting errors, as detailed in Table 1. The RCT increased
sequentially from 405 Q to 638 Q and 737 Q after each modifi-
cation, indicating successful and robust functionalization of
the AuNPs.

Gold nanoparticles are widely recognized in electroanalytical
applications due to their high surface-to-volume ratio, rapid
electron transfer capabilities, and biocompatibility. DTSP
facilitates effective self-assembly and covalent bonding with
biomolecules on gold surfaces with its disulfide and succini-
midyl groups. Boronic acid (BA) derivatives are useful linkers in
immunosensor technology, and their successful attachment is
critical for sensor functionality. BA was covalently linked to the
AuNPs@DTSP surface via amide bond formation between BA's
amine and DTSP's succinimidyl groups in this study.

The RCT for the GCE/AuNPs was lower than the bare GCE,
attributed to the enhanced surface area and electrical conduc-
tivity of the AuNPs. The increase in RCT upon formation of
AuNPs@DTSP and further with AuUNPS@DTSP-BA confirmed
the effective immobilization of DTSP and BA, reflecting the
insulating nature of these components.

3.3. Electrochemical characterization of proposed
immunosensor

The EIS technique was used to validate the successful modifi-
cation of the electrode throughout the immunosensor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Obtained Randles parameters for the fabrication steps of the proposed immunosensor, related to Fig. 2b

Rer (Q) Rs (Q) Q (uMho) N W (uMho)
GCE/AuNPs@DTSP-BA/Ab 1310 36 7.20 0.893 585
GCE/AuNPs@DTSP-BA/Ab/BSA 1970 22.6 26.7 0.687 1100
GCE/AuNPs@DTSP-BA/Ab/BSA/cells® 4440 32 2.68 0.871 485
% Ceents = 3000 cells per mL.
fabrication process. In Nyquist plots, the diameter of the 5000

semicircle represents the charge transfer resistance (RCT). This
resistance is inversely related to the electron transfer rate,
meaning that a larger semicircle diameter indicates a lower
electron transfer rate and vice versa. Additionally, the lower
frequency region of the plot highlights limitations imposed by
the diffusion process.*®

As shown in Fig. 2b, a decrease in RCT was observed after
applying the AuNPs@DTSP-BA nanocomposite to the GCE
surface.” > This reduction is attributed to the large surface area
provided by the nanostructure, which enhances electron
transfer. Boronic acids (BAs) are particularly effective in the
oriented immobilization of antibodies. BA demonstrates excel-
lent potential for antibody immobilization, offering advantages
such as self-assembly with antibodies and orientation-
controlled arrangement, which exposes the antigen-binding
site.”* Immobilizing rituximab antibodies on the modified
electrode surface led to a significant increase in RCT.****”

This increase indicates successful antibody immobilization,
as the redox probe's accessibility was reduced, and electron
transfer was hindered.*®

An ideal blocking reagent must occupy all remaining non-
specific binding (NSB) sites after the coated protein is adsorb-
able. Bovine serum albumin (BSA) is the most commonly used
blocking reagent.”

As shown in Fig. 2b, the RCT value increased further after
blocking non-specific binding (NSB) sites with BSA. When the
immunosensor was incubated with cancer cells, the RCT
increased additionally due to the formation of an insulating
layer on the electrode surface. The impedance data were fitted
using the equivalent circuit model, with the resulting values
presented in Table 2. These values were achieved with a relative
error of less than 5%.
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Fig. 3 Optimization of incubation (a) concentration and (b) time of
immobilization of Ab.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Immunoreaction time (h)

Fig. 4 Optimization of the immunoreaction time (Cceys = 3000 cells
per mL).
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Fig. 5 (a) Nyquist plots of immunosensor incubated with different
lymphoma cancer cells, and (b) calibration curve of impedimetric
immunosensor for cancer cell detection.

3.4. Optimization of conditions for antibody immobilization

EIS was utilized with accuracy to determine the ideal antibody
concentration and incubation time for optimal immunosensor
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Fig. 6 EIS results for control experiments of immunosensor.
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Table 3 Detection of lymphoma cancer cell in real samples by proposed and reported method

Sample Found (cells per mL) RSD Flow cytometry method®*" (cells per mL)
Blood sample 1 350 4 380
Blood sample 2 570 3.6 510¢

% The samples and results are the same as the ones reported in ref. 8 and 31.

performance. As illustrated in Fig. 3a, the RCT value increased
steadily with antibody concentration, reaching a 100 pg mL ™"
peak. Beyond this concentration, no significant increase in
charge transfer resistance was observed. Hence, 100 ug mL ™"
was the optimal antibody concentration for sensor fabrication.
Similarly, Fig. 3b demonstrates that the RCT value increased
with incubation time, reaching a peak at 4 hours before leveling
off, a precise finding. Therefore, 4 hours was selected as the
ideal incubation period, a precise conclusion drawn from the
research.

3.5. Optimization of immunoreaction time

Immunoreaction time is a crucial factor affecting the sensitivity
of an immunoassay.*® To determine the optimal duration, we
investigated the impact of immunoreaction times ranging from
1 to 4 hours on the interaction between rituximab and cancer
cells. The results in Fig. 4 indicate that the RCT value increased
with more extended incubation periods, peaking at 2.5 hours
before leveling off. Thus, 2.5 hours was the optimal immuno-
reaction time for interacting antibodies and cancer cells.

3.6. Performance evaluation of the immunosensor

The performance of the immunosensor was assessed under
optimal conditions by measuring its response to different
concentrations of cancer cells. As illustrated in Fig. 5a, the EIS
responses of the immunosensors showed a progressive increase
in the charge transfer resistance (RCT) with higher cancer cell
concentrations. The change in RCT was quantified using the
following equation:

ARCT = RCT (GCE/AuNPs@DTSP-BA/Ab/BSA/cells)
— RCT (GCE/AuNPs@DTSP-BA/Ab/BSA)

where RCT (GCE/AuNPs@DTSP-BA/Ab/BSA/cells) is the resis-
tance value of the immunosensor following incubation with
cancer cells, and RCT (GCE/AuNPs@DTSP-BA/Ab/BSA) is the
resistance value of the immunosensor after blocking with BSA.
Fig. 5b demonstrates the relationship between the ARCT and
the concentration of cancer cells that fit well into a linear
regression with the equation ARCT (Q) = 0.7953 Ce.ys (cells per
mL) + 7.8859 (R2 = 0.9998) in the range of 100-50 000 cells per
mL. The LOD for the immunosensor was determined to be 62
cells per mL.

To assess the immunosensor's reproducibility, three devices
were fabricated under identical conditions and tested with
a concentration of 3000 cells per mL. The relative standard

9888 | RSC Adv, 2025, 15, 9884-9890

deviation (RSD) was 3.5%, indicating reliable and consistent
performance detecting lymphoma cancer cells.

The immunosensor's storage stability was evaluated by
keeping three devices in phosphate-buffered saline (PBS) at 4 °C
for seven days. After this storage period, the EIS response
showed only a 4.6% decrease compared to the initial measure-
ment, demonstrating that the immunosensor retains its
stability over time.

3.7. Control experiments

To evaluate the specificity of the proposed immunosensor for
lymphoma cancer cells and its selective binding ability, the
immunosensor was tested against two different control human
cell lines: breast cancer cells (MCF-7) and human embryonic
kidney cells (HEK293), alongside the lymphoma cells.®**

When immunosensor was incubated with the control cells at
a concentration of 3000 cells per mL, the RCT values exhibited
minimal change. In contrast, incubation with the same
concentration of lymphoma cells resulted in a significant
increase in RCT. These findings demonstrate the immuno-
sensor's high selectivity for detecting lymphoma cancer cells
over other cell types. The variations in ARCT in response to
different cell types are shown in Fig. 6.

3.8. Analysis of real samples

In this study, human blood samples were used as a model of
complex systems, and cancer cells were analyzed as one type of
CTCs within these samples.®*' In order to examine the appli-
cability of the proposed immunosensor in analyzing real
samples, we used two blood samples that had previously been
analyzed by standard methods and their results had been re-
ported in the papers of Bagheri et al.®*" The results demon-
strated good agreement between the two methods, with no
significant differences (at a 95% confidence limits), indicating
that the suggested strategy can be appropriated for lymphoma
cancer cells determination in blood samples. Notably, this
approach is effective without significant matrix interference
from the real sample, making the immunosensor especially
suitable for the early diagnosis of lymphoma cancer. The ob-
tained results were shown in Table 3.

4. Conclusion

In this study, we engineered the AuNPs@DTSP-BA nano-
composite to serve as a surface electrode modifier, aiming to
improve signal amplification and support the precise orienta-
tion and immobilization of antibodies specific to cancer cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The resulting label-free electrochemical immunosensor was
utilized to detect and quantify lymphoma cancer cells through
EIS. The immunosensor displayed a robust linear relationship
between impedance changes and cancer cell concentrations
ranging from 100 to 50 000 cells per mL, with a low detection
limit of 64 cells per mL. Furthermore, it successfully identified
cancer cells in blood samples, underscoring its practical utility
and dependability.
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