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Abstract

This study presents a hovel biosensor for detecting CCRF-CEM cells, derived from a T lymphoblastoid cell line,
featuring intricate surface modification techniques. The fabrication process involves thin film deposition,
electropolishing and dual anodization to create an anodic aluminum oxide template, followed by DC sputtering
deposition to produce gold (Au) thin film/silver (Ag) nanodots and an Ag thin film/Au nanodots electrodes.
Characterization using scanning electron microscopes (SEM), energy-dispersive X-ray spectroscopy (EDX), and
X-ray diffraction (XRD) confirms electrode suitability for biosensing applications. Surface modification with
aptamer Sgc8c and bovine serum albumin enables specific binding of CCRF-CEM cells while minimizing non-
specific interactions. Electrochemical characterization via cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) reveals the biosensor's sensitivity, selectivity, and reproducibility. The Au thin
film/Ag nanodots electrode emerges as the most promising choice, exhibiting exceptional sensitivity (limit of
detection (LOD) = 16 cell/10 mL), reproducibility, and selectivity for CCRF-CEM cells. This work highlights
the importance of tailored surface development in biosensor design and lays the groundwork for highly sensitive
and selective biosensors with potential applications in disease diagnosis and therapeutic monitoring.
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1 Introduction already in an advanced stage or difficult to treat.

Metastatic cancer can spread to the bloodstream and
The spread of cancer cells to other body tissues is  spinal cord [1]. In 2023, It was recorded that blood
known as metastasis. In this condition, the cancer is  cancer sufferers will be the fifth type of cancer with
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the highest number of sufferers in the world with an
increase in the number of sufferers of more than
1,958,310 people compared to the previous year [2],
[3]. This type of cancer can usually be diagnosed when
it has metastasized. Thus, blood cancer ranks 9th in
the type of cancer that has the lowest life expectancy,
namely 70% in a 5-year period [4].

Blood cancer is classified into acute lymphocytic
leukemia (ALL), acute myeloid leukemia (AML),
chronic lymphocytic leukemia (CLL), chronic
myeloid leukemia (CML), and hairy cell leukemia
(HCL). This classification is based on the type of
genetic mutation that occurs in the chromosome and
results in different expressions in white blood cells [5].
The most common cancer in children is ALL type
blood cancer with a fairly large increase in the number
of sufferers every year [6]. This blood cancer is caused
by a deletion mutation in the IKZF1 gene resulting in
the formation of excess blood cells, which can eat
healthy blood cells [7]. Early identification and
targeted treatment are crucial for improving the life
expectancy of individuals with ALL, as it is
characterized by swift disease propagation [8].

Immunosensors can be used to detect a disease
through  precise  biomolecule-cell interactions,
especially in leukemia. The biomarker and bioreceptor
components that can be used for the development of
biosensors include CCRF-CEM cells, Molt-4 cells,
and anti-CD5 antibodies for ALL; HL60 and KGla
cell lines, CD123 antibodies, and FLT3 gene probes
for AML; as well as ZAP70 gene probes, BCR/ABL
fusion gene probes, and aptamers for CLL and CML
[9]. Electrochemical biosensors offer high sensitivity,
rapid detection, multiplexing, and cost-effectiveness
[10]. In ALL detection, exceptional sensitivity arises
from specific bioreceptors targeting leukemia cells,
advanced nanomaterials like gold nanoparticles and
quantum dots amplifying signals, and cutting-edge
electrochemical techniques like cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS),
and differential pulse voltammetry (DPV) ensuring
precise quantification [11]-[13]. These advancements
underscore the pivotal role of immunosensors in
revolutionizing leukemia diagnostics, promising
enhanced precision and efficacy in disease management.

Exploring  biosensor  design, particularly
integrating gold and silver components, reveals their
significant impact, attributed to their stability and
conductivity. Gold offers strong biomolecule binding
such as protein, while silver facilitates efficient
electron transfer, unveiling cellular interactions [14]-[18].
In this work, we developed thin films decorated with

Ag- and Au-based nanodots to create surfaces conducive
to binding a broader spectrum of biomarkers. Through
this approach, we devised a modified electrochemical
aptasensor for precise, sensitive, and early detection of
ALL type blood cancer cells, particularly CCRF-CEM
cells. This electrochemical biosensor, characterized by
its sensitivity, cost-effectiveness, and accuracy, was
meticulously crafted with Ag serving as a signal
amplification label and Au functioning as a
bioreceptor binding electrode, boasting exceptional
biocompatibility.

2 Materials and Methods
2.1 Materials

The chemicals used in the study include sodium
hydroxide (NaOH), phosphoric acid (HsPOs),
copper(Il) chloride (CuCl,), acetone (CsHgO), oxalic
acid ((CH20H).), ethanol (C;HsOH), chromic acid
(CH2CrO4), Poly(methyl methacrylate) (PMMA),
potassium ferrocyanide (Ka[Fe(CN)g].3H20),
hydrochloric acid (HCI), and deionized (DI) water, all
obtained from Sigma Aldrich. Additionally, thick
aluminum foil, silver, and gold were procured from
Advance Tapes and Goodfellow. Indium tin oxide
(ITO) glass was obtained from Ali Laboratory and
Mechanics (Surabaya, Indonesia). Other materials,
including phosphate buffer saline (PBS), sgc8c,
CCRF-CEM cell line, RPMI 1640, Glutamine, Foetal
Bovine Serum (FBS), and bovine serum albumin
(BSA), were also purchased from Sigma Aldrich,
Singapore.

2.2 Fabrication of AAO

The fabrication of Anodized Aluminum Oxide (AAO)
involved several steps, including electropolishing,
two-stage anodization, oxide removal, and pore
widening. Electropolishing was carried out using a
solution of 60% HCIO, + ethanol (1:7, v/v) at 0 °C
with a voltage of 20 V for 2.5 minutes to level the
surface. This was followed by the first anodization in
a solution of 3 M (CH,OH); at 80 °C at 40 V for 8 h
to form pores. Subsequently, oxide removal was
performed by immersing aluminum in a solution of 6
wt% HsPO4 + 1.5 wt% H,CrO4 at room temperature
for 13 h. The second anodization was conducted using
a solution of 3 M (CH,OH); at 80 °C at 40 V for 10
min to make the pores arranged more neatly. Chemical
pore widening was then carried out using a 5%
phosphoric acid solution.
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2.3 Fabrication of nanodots and thin film electrodes

The fabrication of nanodots and thin film electrodes
was achieved through DC sputtering deposition at
BRIN Yogyakarta, Indonesia. This DC sputtering
deposition method is carried out with sputtering
targets in the form of Ag and Au. The process of thin
film fabrication involved placing sputtering targets at
a distance of 25 mm from the substrate and adjusting
the base pressure of the DC sputtering tube to 1072 Pa,
pure argon gas (99.99%) at a constant pressure of 60
Pa, the voltage applied between the cathode
(sputtering target) and anode (substrate) of 1 kV, with
a deposition duration of 30 seconds. After deposition,
the AAO coating will be transformed into ultra-thin
alumina masks (UTAMs) to enable adhesion to thin
films. The transformation of AAO into UTAMS is
achieved by immersing AAO transformed into
UTAMs in a saturated CuCl, solution. Subsequently,
UTAMs are immersed in a mixture of CuCl; solution
(85 wt%) and HCI (15 wt%) for 10 min. UTAMSs are
then placed on the conductive Indium Tin Oxide (ITO)
glass layer with the aid of a plastic sieve. Nanodots on
top of UTAMs will be deposited using the same
parameter of the DC sputtering method as the thin film
deposition. Then, UTAMs are cleaned with adhesive
tape that is peeled off.

2.4 Cell culture

CCRF-CEM cells (the peripheral blood of a 4-year-old
female Caucasian with acute lymphoblastic leukemia
(ALL)) were cultured by thawing in a cell culture
medium at 37 °C. Subsequently, the outer surface of
the cell culture flask was wiped with 70% ethanol,
then its contents were transferred to a 15 mL
centrifuge tube and centrifuged at 251.55 XRCF for 3
min. Then, the cells were resuspended in 10 mL of
growth media and transferred to a cell culture flask.
The cells were incubated at 5% CO,, 37 °C in a
humidified incubator. Following the cell culture step,
CCRF-CEM cells at a specific concentration were
added onto nanodots and incubated at 37 °C for 2 h.
Afterwards, the electrodes were immersed in PBS
(0.01 M, pH 7.4) to remove unbound cells. The
concentration of CCRF-CEM cells used ranged from
102 to 108 cells/mL.

2.5 Surface modification

Surface modification was performed by pipetting 10
uL of aptamer with a concentration of 1 mg/mL onto
the electrode surface. Subsequently, the electrode was
incubated at 37 °C for 2 h to produce Thin
film/nanodots/aptamer complexes. Afterwards, the
electrode was rinsed with 0.01 M PBS (pH 7.4) to
remove unbound aptamers. Next, the electrode was
immersed in 10 uL of 0.01 M PBS containing 0.5%
BSA for 10 min to block remaining active sites and
eliminate non-specific binding effects. Then, thorough
washing with 0.01 M PBS was conducted. The thin
film/nanodots/aptamer/BSA biosensor was stored at
4 °C. Two hours before blood cancer detection
electrode performance testing, cell deposition was
performed on the electrode.

2.6 Characterization and electrochemical measurements

X-ray diffraction (XRD) analysis was conducted using
an X’pert Pro X-ray Diffraction instrument
(Germany). Morphological structures of the nanodots
and thin films were identified using a Phenom
scanning electron microscope and energy-dispersive
X-ray spectroscopy (EDS) equipped with a Thermo
Scientific ProX-G6 (Institut Teknologi Sepuluh
Nopember, Indonesia). Electrode performance for cell
detection was assessed using a CorrTest CS2350
potentiostat (Wuhan, China). The CV and EIS
measurements utilized platinum sheets as the counter
electrode, Ag/AgCl as the reference electrode, and the
working electrode, with a surface area of 0.5 cm2,
composed of thin films and nanodots deposited on
ITO glass. The solution used for CV testing was a 5.0
mM [Fe(CN)e]>"* solution. Variations employed for
CV testing included cancer cell concentrations in
mixtures containing 10 pL of CCRF-CEM cells in
1xPBS, with concentrations ranging from 102 to 10°
cells/mL, as determined by the TC20 Automated Cell
Counter. Testing was conducted at potentials ranging
from —0.4 to 0.8 V with scan rate variations (49, 64,
81, 100, 121, 144, and 169 mV/s) and performed for
10 cycles. Electrochemical testing was carried out at
room temperature (30 £ 2 °C). Testing using BSA,
glucose, urea, and glycerol in 1xPBS was also
conducted to determine electrode selectivity.
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Figure 1: (a) lllustration of the diagram for making of thin films/nanodots, (b) SEM results on top view section
and side insert, view section of UTAM, SEM and EDX test results of the arrangement of (c) an Au thin film/Ag
nanodots and (d) an Ag thin film/ Au nanodots, and (e) XRD test results of an Au thin film/Ag nanodots and an
Ag thin film/Au nanodots.

2.7 Simulation of a binding molecule

This study employs various molecules. The crystal
structure of tyrosine kinase 2 JH2 (pseudokinase
domain) with protein data bank (PDB) ID 7K70 was
acting as a protein bioreceptor. The human carbonic
anhydrase Il complexed with urea with PDB ID 1BV3,
the crystal structure of bovine serum albumin with

— Thin Film Au/Nanodots Ag
Thin Film Ag/Nanodots Au

ITO*
Ag

Intensity (a.u)
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Angle (° 26)

PDB ID 3V03, and 3D structure databases of glucose
and glycerol were acting as target molecules to
simulate intermolecular bonds [19]-[23]. Each
molecule's data in the PDB file format will be
uploaded to the ClusPro page, and the resulting bond
and binding energy models will be obtained for further
analysis [24].
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Figure 2: (a) CV and (b) EIS test results of ITO, the arrangement of an Au thin film/Ag nanodots and an Ag
thin film/ Au nanodots. Test results 10 cycles of CV of (c) Au Thin Film/Ag nanodots and (d) Au Thin Film/Ag
nanodots. (e) The difference in the value of the oxidation current compared to the previous cycle using 10 cycles
of testing on ITO, Au thin film/Ag nanodots and Ag thin film/Au nanodots.
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Figure 3: (a) lllustration of Electrode Surface Preparation and test results (b) CV and (c) EIS analysis with
varying surface preparations on Au thin films/Ag nanodots; (d) CV and (e) EIS analysis with varying surface
preparations on Ag thin films/Au nanodots at a CCRF-CEM cell concentration of 108 cells/mL.

3 Results and Discussion

3.1 Morphological characterization and microstructural
analysis

The fabrication process involves thin layer deposition,
transferring of UTAM to the substrate, nanodot
deposition, and UTAM release to create a thin

film/nanodot electrode configuration (Figure 1(a)).
The resulting UTAM template has a diameter of 170 nm
and a depth of 1.5 um, with a spacing of 20 nm
between the pores. UTAM samples, attached to ITO
coated with thin films, were coated with Au and Ag,
resulting in configurations of Ag thin film/Au
nanodots and Au thin film/Ag nanodots upon UTAM
removal. SEM and EDX testing of these electrodes
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(Figure 1(c) and (d)) reveal nanodot sizes of
165.51+7.15 nm adhering to the thin film, with even
deposition of Au and Ag particles confirmed. The
resulting nanodots are evenly spread, with a distance
range of 99.07+£8.23 nm. The EDX results show that
for Au thin films/Ag nanodots, the weight percentages
of Ag and Au are 18% and 30%, respectively. In
contrast, for Ag thin films/Au nanodots, the weight
percentages of Ag and Au are 41% and 42%,
respectively. Figure le shows XRD patterns of the
electrodes, revealing indicating the crystalline phase.
Although the Ag thin film/Au nanodot electrode
exhibits the highest crystallinity, both configurations
are suitable for iosensor applications due to their
crystalline structures [25]. The presence of Ag and Au
results in new phases with face-centered cubic
structures, with side lengths of 4.15 A and 4.09 A,
respectively. Ag deposition shows crystalline phases
with Miller indices of (111), (002), and (022), while
Au deposition displays diffraction peaks with Miller
indices of (111), (002), (022), and (113) [26] distinct
diffraction pattern peaks.

3.2 Electrochemical analysis of the electrodes and
surface modification

Assessing biosensor materials like 1TO, Ag thin
film/Au nanodots, and Au thin film/Ag nanodots
involves evaluating their reversibility using CV, as
shown in Figure 2(a). ITO shows moderate
reversibility, while Ag thin film/Au nanodots exhibit
good, and Au thin film/Ag nanodots display high
reversibility. A smaller separation between oxidation
and reduction peaks indicates higher reversibility.
Additionally, EIS measurements, depicted in Figure 2(b),
reveal that Au thin film/Ag nanodots have low
solution resistance (Rs: 68.932 Q), high capacitance
(C: 3.78x107% F), and small charge transfer resistance
(Rp: 262.24 Q), indicating its potential as a biosensor
material [27], [28]. These findings highlight Au thin
film/Ag nanodots efficiency in electron transfer
kinetics, suggesting improved sensitivity and accuracy
in biosensors, making it a promising candidate for
further development.

The CV data, particularly the percentage
difference in oxidation current over 10 cycles, offers
insights into the reproducibility capabilities of
different electrode materials, as shown in Figure 2(c)
and (d). In biosensors, precision and consistency are
crucial, making understanding electrode
reproducibility significant. 1TO initially exhibits the
highest percentage difference in oxidation current

(4.741%), which gradually diminishes over cycles,
indicating a stabilization of the electrode over time. In
contrast, both Ag thin film/Au nanodots and Au thin
film/Ag nanodot electrodes start with lower initial
percentage differences, showing better reproducibility
from the outset. With continued cycling, these
materials consistently display decreasing percentage
differences, suggesting enhanced stability and
reproducibility over time [29]. Incorporating thin film
and nanodots of silver and gold can initially improve
reproducibility characteristics [30].

In this research, the biosensor is tailored for the
specific identification of CCRF-CEM cells. The
surface of the electrode underwent a sequential
modification process as shown in Figure 3(a), starting
with the deposition of a thin film and nanodots.
Subsequently, the aptamer sgc8c was immobilized
onto the surface of nanodots. Sgc8c has the ability to
capture probes, which specifically recognize PTK7 on
the target cell membrane of CCRF-CEM cells [31]. To
minimize non-specific interactions, BSA was
effectively blocking inactive and unspecified binding
sites [32]. The effects of these surface modifications
were assessed through CV and EIS measurements
conducted on the Au thin film/Ag nanodots electrode,
illustrated in Figure 3(b) and (c). Upon immobilization
of sgc8c, a notable reduction in the maximum
oxidation current from 2.969x10* A to 2.199x10* A
was observed in CV, indicating successful binding of
the aptamer to the electrode surface [33], [34].
Concurrently, in EIS measurements, there was a
noticeable increase in capacitance from 3.78x10°8 F to
5.80x10°5F, confirming the successful immobilization
of sgc8c and highlighting its specificity for target cell
recognition. Subsequent introduction of BSA further
decreased the current in CV to 2.105x10° A and
increased capacitance to 6.05x10°% F in EIS,
confirming effective blocking of non-specific binding
sites. Additionally, the charge transfer resistance (Rp)
increased from 262.24 Q to 504.93 Q, indicating a
reduction in the electron transfer rate due to the
presence of the aptamer and BSA. Finally, upon
exposure to CCRF-CEM cells, a significant decrease
in the maximum oxidation current to 1.258x10* A
was observed in CV, demonstrating successful and
specific detection of these cells. In EIS measurements,
while capacitance increased slightly to 6.10x10¢ F,
indicating minor changes in surface properties, charge
transfer resistance significantly increased to 1441.8 Q,
suggesting substantial hindrance to electron transfer
due to the presence of CCRF-CEM cells [35], [36].
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Figure 4: (a) CV of Au thin films/Ag nanodots across cell concentrations ranging from 102 to 10° cells/mL, and
(b) analysis of oxidation peaks in ITO, along with the arrangement of Au thin films/Ag nanodots and Ag thin
films/Au nanodots, with variations in CCRF-CEM cell concentrations from 102 to 10° cells/mL. (c) CV of Au
thin films/Ag nanodots at different scan rates and (d) analysis of oxidation and reduction peaks in ITO, Au thin
films/Ag nanodots, and Ag thin films/Au nanodots with varying scan rates.

3.3 Electrochemical sensing of CCRF-CEM

The reduction in current with increasing cell
concentration (Figure 4(a)) can be attributed to several
factors. As cell concentration rises, the likelihood of
cell aggregation on the electrode surface increases,
hindering mass transport of electroactive species and
diminishing overall current response [37], [38].
Higher cell concentrations may also lead to electrode
surface fouling by cellular debris or biomolecules,
further impeding electron transfer kinetics and
attenuating current signals [39], [40]. These combined
effects contribute to the understanding of underlying
electrochemical processes for accurate biosensor

interpretation. The analysis detailed in Figure 4(b)
provides insights into performance differences among
ITO, Ag thin film/Au nanodots, and Au thin film/Ag
nanodots electrodes during CV analysis across a
logarithmic range of CCRF-CEM cell concentrations.
Variations in current response patterns highlight
nuanced differences in electrode sensitivity. The CV
measurements reveal complex responses from the Ag
thin film/Au nanodots and Au thin film/Ag nanodots.
Notably, the Au thin film/Ag nanodots consistently
record the highest oxidation current, particularly at
lower cell concentrations, indicating high sensitivity
as shown in Figure 4(b) and Figure S1. Ag thin
film/Au nanodots display intermediate current values.
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Additionally, LOD values enrich the discourse, with
Au thin film/Ag nanodots showing superior detection
capabilities (LOD: 16 cell/10 mL) compared to Ag
thin film/Au nanodots (LOD: 26 cells/10 mL) and ITO
(LOD: 27 cells/10 mL) electrodes. This emphasizes
the crucial role of electrode structure and material
selection in optimizing biosensor performance for
detecting low cell concentrations [41], [42]. The
substantially lower LOD associated with Au thin
film/Ag nanodots not only underscores its height and
sensitivity but also positions it as the preferred choice
for biosensing applications necessitating precise
detection, even at challenging concentration levels.

Cyclic voltammograms (CVs) were recorded
across scan rates from 49 mV/s to 169 mV/s (Figure 4(c)
and (d)) to examine electrochemical characteristics
crucial for effective cell detection in biosensors.
Analysis using the Randles-Sevcik equation as shown
in Equation S1 revealed a direct correlation between
peak current (Ip) and the square root of the scan rate
(v*?), indicating diffusion-controlled processes [43].
Linear regression analysis showed exceptional
performance of the ITO electrode with a high adjusted
R-square value of 0.99483 for reduction peak current,
indicating significant sensitivity and consistent
reaction kinetics across different scan rates. Ag thin
films/Au nanodots and Au thin film/Ag nanodots
exhibited elevated adjusted R-square values of
0.99475 and 0.99392, respectively, suggesting
sensitivity to scan rate changes and rapid electron
transfer rates, desirable for biosensor applications
[44].

The scan rate-dependent behavior of peak
currents suggests that the ITO electrode promotes
faster electrochemical reactions, while electrodes
modified with silver and gold nanodots exhibit
somewhat slower Kinetic responses [45], [46]. These
findings emphasize the sensitivity and kinetic
advantages of the ITO electrode and highlight the need
for further exploration into the electron transfer
kinetics of nanodot-modified electrodes. Understanding
the nuanced kinetics of each electrode material is
crucial for biosensor design and application, directly
influencing the sensor's capacity to swiftly and
accurately detect changes in cellular concentrations.
Calibration against variations in scan rate and
interpretation of Kkinetic data establish a sturdy
groundwork for the biosensor's deployment in clinical
diagnostics, environmental monitoring, and other
fields, ensuring reliable performance in swiftly
detecting cells within complex biological samples.

Serum albumin, glucose, urea, and glycerol are
essential components found in blood, each serving
distinct physiological roles. Serum albumin maintains
osmotic pressure and transports hormones, fatty acids,
and drugs throughout the body, crucial for fluid
balance and tissue integrity. Normal serum albumin
levels typically range from 3.5 to 5.0 g/dL [47].
Glucose, derived from dietary carbohydrates and
glycogen stores, provides primary energy for cellular
functions, with normal fasting levels ranging from 70-
100 mg/dL [48]. Urea, a byproduct of protein
metabolism, reflects renal function and is typically
present in blood at levels of 8-16 mg/dL [49].
Glycerol, originating from triglyceride breakdown,
aids in energy metabolism and liver gluconeogenesis,
with concentrations in blood around 0.5-1 mg/dL
[50]. These compounds' presence and regulation in the
bloodstream are crucial for maintaining homeostasis
and supporting vital metabolic processes throughout
the body.

Figure 5(a) oxidation peak values from CV
measurements offer insight into the selectivity of
various binding targets using essential components
found in blood. Exposing the Sgc8c aptamer to a
mixture of CCRF-CEM cells a concentration of 10°
cellss'mL and other blood substances showed
consistently decreased oxidation peak values for the
sgc8c/CCRF-CEM complex, indicating the aptamer's
specificity for CCRF-CEM cells with minimal
interference from non-target molecules. The oxidation
peak value for the sgc8c/CCRF-CEM complex had the
consistently highest decrease, i.e., 1.15x10%* A,
comparable to that observed for the aptamer alone and
other control substances (serum albumin, glucose,
urea, and glycerol). Each electrode type's selectivity in
detecting CCRF-CEM cells with the aptamer Sgc8c
was evaluated based on current discrepancies. The Ag
thin film/Au nanodot electrode displayed the highest
selectivity, with a significant current increase
compared to other samples, showing a deviation of
58.94%. The ITO electrode also demonstrated
selectivity, albeit to a lesser degree (deviation of
15.87%). The Au thin film/Ag nanodot electrode
showed selectivity as well, though inferior to the other
two electrodes (deviation of 42.77%). These findings
underscore the critical role of electrode choice in
biosensor design, with the Ag thin film/Au nanodots
electrode emerging as the most promising option for
precise CCRF-CEM cell detection using the aptamer
Sgc8c.
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Figure 5: Test results (a) CV of Au thin films/Ag
nanodots and (b) analysis of oxidation peaks in ITO,
arrangements of Au thin films/Ag nanodots and Ag
thin films/Au nanodots with various analytes.

3.4 Binding molecule simulation

To delve deeper into the molecular interactions
dictating this selectivity, an examination was
conducted on the binding energies between the protein
bioreceptor and each molecule (Figure S2). An
examination of binding energies between the protein
bioreceptor and various molecules revealed significant
differences, notably a high binding energy of —877.1
kcal/mol with PTK7, a receptor on CCRF-CEM cells.
In contrast, interactions with BSA (-713.8 kcal/mol),
urea (—776.4 kcal/mol), glucose (-4.1 kcal/mol), and
glycerol (-1.6 kcal/mol) showed lower binding
energies. This underscores the protein bioreceptor's
strong specificity for its target cells, enhancing the
potential of electrochemical biosensors using aptamers

for precise detection. Building on prior research by
Albright et al., the study corroborates the tendency of
the sgc8c aptamer to primarily bind to specific sites on
PTKY7, notably strands 8, 27, and 30 of sgc8c [51].
Additionally, investigations into the interaction
between the sgc8c DNA aptamer and the PTK7Y
receptor on Jurkat T cell lymphoma membranes
unveiled the formation of a stable ligand-receptor
complex. Employing TREC (Topography and
Recognition Imaging with AFM) techniques
facilitated precise mapping of the aptamer-recognized
PTKY receptor, showcasing their potential utility as
diagnostic and targeting tools for acute lymphoblastic
leukemia [52].

3.5 Comparison of electrochemical biosensor test
results for detection of ALL type leukemia

In the context of cell detection biosensors, the choice
between using silver as the substrate and gold as the
surface modification (self-assembled monolayers or
SAMSs) or gold as the substrate with silver surface
modification depends on several factors, including the
biosensing application, target cells, and specific
requirements. 1TO/gold substrates excel over
ITO/silver substrates in electrochemical biosensors
due to gold's superior stability, biocompatibility,
reduced interference, and long-term reliability. The
study by Aiemderm et al., demonstrates that electro-
deposited gold (Au) surfaces on carbon electrodes are
highly suitable for constructing immunosensors for
use in human serum. SPCE/Au electrodes exhibited
significantly higher peak currents compared to
SPCE/GO, especially in serum, indicating superior
sensitivity. Additionally, Au-modified electrodes
showed lower baseline slopes and reduced non-
specific protein adsorption, enhancing measurement
accuracy and specificity. The stability, high surface-
to-volume ratio, and excellent electroconductivity of
Au facilitate the stable immobilization of
biomolecules [53].

Silver substrate with gold SAMs provides
specific binding due to gold's affinity for biomolecules
like antibodies or DNA probes, enhancing selectivity.
For the surface modification, silver's high.
conductivity promotes efficient electron transfer,
contributing to robust sensor performance [15]-[17].
The principle of aptamer immobilization on silver and
gold biosensors can be achieved through various
methods such as direct adsorption and electrostatic
interactions. The negatively charged phosphate
backbone of DNA aptamers interacts with positively
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charged metal surfaces, which can be modified to
enhance binding [54]. Moreover, ion-polar
interactions play a critical role in the binding of
aptamers with silver (Ag") and gold (Au*") ions,
enhancing the stability, sensitivity, and specificity of
aptamer-based sensors. These interactions occur
between the metal ions and the polar regions of the
aptamers, involving electrostatic attractions and
specific affinities with nucleobases. Silver ions
typically coordinate with thymine bases, forming
stable C-Ag*-C complexes that induce conformational
changes in the aptamer, enhancing target binding with
high affinity. Gold ions interact with the negatively
charged phosphate backbone and nucleobases of the
aptamers, with a binding affinity order of G>C > A >
T, demonstrating strong binding strength, especially
with guanine, which has the highest affinity for gold
[55]H57]. Adsorption relies on non-covalent interactions,
while covalent bonding can be achieved using
functional groups like carboxyl or amine. Gold
nanoparticles (AuNPs) enhance immobilization and
sensing capabilities, facilitating the attachment of
aptamers through both adsorption and covalent
bonding [56].

A comparative analysis between this paper and
previous ones highlights significant advancements in
sensitivity for detecting CCRF-CEM cells, as shown
in Table 1. This paper achieved a remarkable
sensitivity of 16 cells/10 mL, a substantial
improvement over the previous best sensitivity of 3 to
4 cells/mL (Table 1).

This enhancement underscores the efficacy of
these novel nanomaterial platforms in conjunction
with the sgc8c aptamer for achieving heightened
sensitivity in cell detection. It hold promise for more
accurate biosensing applications, impacting fields like
biomedical research and clinical diagnostics.

Apart from having the potential as a detection
electrode using electrochemical methods, the
simulation of electromagnetic waves on the resulting
electrode also produces significant differences for the
Au thin film/Ag nanodots electrode arrangement as
shown in Figure S3. The difference in the peak
transmittance value on the Au thin film/Ag nanodots
electrode is caused by the bond that occurs between
the electrode and the related biomolecules, thereby
changing the refractive index value of the system [40].
This proves that optical analysis for the resulting
electrode can be applied for the detection of leukemia
cells on the electrode.

Table 1: Comparison of electrochemical biosensor
test results for detection of ALL type leukemia
literature.

Detection  Bioreceptor Nanomaterial LOD Linear Ref.
Target Type Detection
Range
Leukemic T pTTBA AuNP 06+01 07nM [58]
nM — 1500 uyM
CCRF-CEM sgc8c aptamer AgInS; 16 150-3.0 [59]
cells/mL x 10°
cells/mL
DNA target catechol AuNP 1pM 100.0uM  [60]
-10.0 pM
HL 60 Aptamer AuNP 250  25-5x10° [11]
KH1C12 cells/mL_ cells mL*
CCRF-CEM PTCA/aptame MWCNTSs, 8 10-5.0x10°  [61]
r Pdhano cells/mL  cells/mL
CCRF-CEM Sgc8c aptamer ZnO 20 20-20,000 [31]
nanodisk@g- cell/mL  cell/mL
CsN4 QDs
HL 60 KH1C12 AuNP 4cellsy  500-7.5 [62]
10 mL x 107
cells/mL
CCRF-CEM sgc8c aptamer AuNP 3.4 5-500 [63]
cells/mL_ cells/mL
CCRF-CEM sgc8c aptamer Ag thin film/Au 26 cells/  10>-10°  This
nanodots 10mL  cells/mL  study
CCRF-CEM sgc8c aptamer Au thin film/Ag 16 cells/  10%to 10°  This
nanodots 10mL  cells/mL  study

3.6 Potential use of leukemia biosensor devices

The leukemia detection device, employing
electrochemical sensing with aptamers, shows
potential as a transformative tool in medical

diagnostics, alike glucose detection devices [9]. By
selectively recognizing leukemic cells through
aptamer-based binding on a modified electrode
surface, it offers a paradigm shift in leukemia
detection. Much like glucose detection devices, which
rely on electrochemical reactions triggered by
glucose-enzyme interactions, the leukemia detection
device utilizes electrochemical sensing to capture
alterations in the electrode's properties induced by
leukemic cell-aptamer interactions, reflecting leukemic
cell presence and its concentration in blood samples
[64]. Despite blood sample complexity, specificity
provided by aptamer sgc8c ensures targeted leukemic
cell capture. Research using CCRF-CEM cells
obtained linear detection ranges from 102 to 106
cells/ml, aligning with blast cell concentration limits
for ALL sufferers [65]. Electrodes with low LOD
enable early ALL detection based on lymphoblast
concentration in blood. Shared utilization of
electrochemical principles underscores the efficacy of
electrochemical sensing in medical diagnostics, with
the leukemia detection device offering insights into
disease characteristics and progression akin to glucose
detection devices in diabetes management.
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4 Conclusions

In this paper, a specialized biosensor meticulously
developed for the precise detection of CCRF-CEM
cells has been introduced, achieved through a
combination of advanced surface modification
techniques and sophisticated electrochemical analysis.
The fabrication process involved intricate procedures
including electropolishing, dual anodization, and pore
widening, ensuring the creation of a uniformly
structured AAO template. Through the utilization of
DC sputtering deposition techniques, nanostructured
electrodes with compositions such as Ag thin film/Au
nanodots and Au thin film/Ag nanodots were
synthesized. The conversion of AAO into UTAM
facilitated precise electrode patterning, leading to the
identification of the Au thin film/Ag nanodots
electrode as the most promising candidate for CCRF-
CEM detection. This electrode exhibited exceptional
sensitivity, with a low LOD of 16 cells/10 mL and
consistent peak oxidation currents, it demonstrated
remarkable reproducibility, with a minimal percentage
difference in oxidation current (<5%) over multiple
cycles, ensuring robust performance under diverse
conditions. Moreover, the electrode displayed notable
selectivity for CCRF-CEM cells. Its impressive
features suggest it could greatly enhance biosensor
tech for disease detection. This paper stresses the need
for advanced fabrication and characterization methods
to create efficient biosensors for specific medical uses.
Using a method targeting leukemic cells with aptamer-
based binding, this research offers a breakthrough in
leukemia detection, akin to glucose monitors. Overall,
it's a big step forward in biosensor tech, offering
innovative ways to detect and monitor diseases in
clinics.
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(S1)

In the redox reaction, the variables are as follows: n represents the number of electrons participating, A represents
the surface area of the redox reaction that occurs, C denotes the concentration of the redox species of the
substance being analyzed, v stands for scan rate of the reaction, and D indicates the diffusion constant of the
substance [1].
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Figure S1: Test results CV using cell concentration variation of (a) ITO and (b) Ag thin films/Au nanodots.
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Figure S2: lllustration of molecular binding of protein bioreceptor (blue) with target molecule (red) (a) PTK?7,
(b) BSA, (c) glucose, (d) urea, and (e) glycerol.
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Figure S3: (a) electromagnetic wave simulation model for thin film/nanodots electrodes based on the size of

thin films and nanodots measurements using SEM. Simulation results of the electric field in the top view and
side view with a wavelength of 600 nm in the arrangement of (b) Au thin film/Ag nanodots/normal cells, (c)
Ag thin film/Au nanodots/leukemic cells, (d) Au thin film/Ag nanodots/normal cells, and (e) Ag thin film/Au
nanodots/leukemic cells. Analytical values from the transmittance simulation results were also obtained for
the electrode arrangement (f) Ag thin film/ Au nanodots and (g) Au thin film/Ag nanodots.
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