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In this study, a quartz crystal microbalance (QCM) aptasensor for carcinoembryonic antigen (CEA), a well-known
biomarker for various cancer types, was reported, utilizing two different aptamers. To achieve this, a nanofilm of
4-mercaptophenyl was electrochemically attached to gold-coated QCM crystal surfaces via the reduction of 4-
mercaptobenzenediazonium salt (4 MB-DAT) using cyclic voltammetry. Subsequently, gold nanoparticles
(AuNP) were affixed to this structure, and then aptamers (antiCEA1 and antiCEA2) modified with SH-functional
ends bound to AuNPs completed the modification. The analytical performance of the CEA sensor was evaluated
through simultaneous QCM measurements employing CEA solutions ranging from 0.1 ng/mL to 25 ng/mL. The
detection limit (LOD) for CEA was determined to be 102 pg/mL for antiCEA1 and 108 pg/mL for antiCEA2
aptamers. Interday and intraday precision and accuracy tests yielded maximum results of 4.3 and + 3.8,
respectively, for both aptasensors, as measured by relative standard deviation (RSD%) and relative error (RE%).
The kinetic data of the aptasensors resulted in affinity values (Kp) of 0.43 + 0.14 nM for antiCEA1 and 0.75 +
0.42 nM for antiCEA2. These values were lower than the reported values of 3.9 nM and 37.8 nM for both
aptamers, respectively. The selectivity of the aptasensor was evaluated by measuring the signal changes caused
by alpha-fetoprotein (AFP), cancer antigen (CA-125), and vascular endothelial growth factor (VEGF-165) indi-
vidually and together at a concentration of 500 ng/mL, resulting in a maximum 4.1 % change, which was
comparable to precision and accuracy values reported in the literature. After confirming the selectivity of the
aptamers, recovery experiments were conducted using spiked commercial serum samples to simulate real
samples, and the lowest recovery value obtained was 95.4 %. It was determined that two different aptasensors
could be successfully used for the QCM-based detection of CEA in this study.

1. Introduction

Tumor markers are detectable in bodily fluids and tissues and are
used for cancer diagnosis and monitoring [1,2]. CEA is a tumor marker
and a human cell surface glycoprotein [3] that becomes active in various
tumors such as the colon [4], stomach [5], breast [6,7], pancreas [8],
thyroid [9], and lung carcinomas [10], plays a role in cell adhesion and
is expressed during human fetal development [11,12].

Elevated CEA values often correlate with an increase in cancer types.
Monitoring CEA levels is a critical parameter during the treatment of
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these cancers, particularly in colon and stomach cancer. Decreases in
CEA levels are also important during the cancer treatment, for deciding
the termination of treatment or changes in treatment methods or dosage
of the medicine. Post-surgical increases in CEA levels, also, indicate
incomplete tissue clearance or metastasis [13].

A CEA level above 5 ng/mL in a healthy human body suggests po-
tential risks of cancer or related diseases [14,15]. Therefore, the accu-
rate, rapid, and precise determination of CEA concentration at very low
levels of detection (LOD) is of utmost importance [16]. Most published
medical applications for CEA detection predominantly employ
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enzyme-linked immunosorbent assays (ELISAs) [17]. Additionally,
studies on fluorescence [18], electrochemical [19], radioimmunoassay
(RIA) [20], and immunoradiometric analysis (IRMA) [21] exist. Despite
their strong selectivity, these immuno-tests require specific labels such
as fluorescent molecules, radioactive elements, or enzymes to convert
antigen-antibody binding into readable signals [22].

Furthermore, these techniques necessitate expensive equipment and
skilled personnel, which may constrain their application [23,24].
Additionally, the use of radioactive elements as labels can lead to
various detrimental effects on the human body, thus resulting in
restricted work areas. Consequently, aptamer-based biosensor tech-
niques, offering a rapid, highly sensitive, specific, and cost-effective
approach, have been developed for CEA detection [25]. Aptamers are
widely employed in various sensor domains owing to their flexibility,
high repeatability, and ease of immobilization and regeneration
[26-30]. Notably, electrochemical, surface plasmon resonance, and
other methodologies are prominent among these [31,32]. In one of our
previous studies, we advanced the plasmon method by developing an
SPR-enhanced total internal reflection ellipsometry analysis [33]. On
the other hand, the piezoelectric quartz crystal microbalance (QCM)
technique is currently gaining well-deserved recognition in the litera-
ture due to its sensitivity, selectivity, accuracy, rapid response, and
cost-effectiveness [34]. Therefore, we decided to develop and report for
the first time a QCM aptasensor for CEA detection.

Numerous CEA analysis methods have been published in the litera-
ture. A recent comprehensive review has been published in 2020 [3].
Various studies have been highlighted including spectroscopic ap-
proaches [35], electrochemical methodologies [36-39], and photo-
electrochemical (PEC) analysis [40,41] in this review. Extensive
scrutiny has been conducted on articles published up until 2020.
Furthermore, a subsequent analysis of post-2020 literature suggests
ongoing endeavors to refine existing techniques, narrow the detection
range, and decrease the limit of detection [42]. Notably, the literature
also encompasses the utilization of surface plasmon resonance [32] and
QCM [43] methods for CEA determination.

In this study, CEA analysis was conducted using QCM, a highly se-
lective and sensitive technique. To construct an aptasensor platform, a
thiol-bridged nanofilm was covalently bonded to the QCM crystal via the
electrochemical reduction of diazonium salt, to create a more compact
and smoother surface [44]. This surface modification, characterized by
ellipsometry and cyclic voltammetry (CV) techniques, resulted in the
formation of a film closely resembling a monolayer [45,46]. After the
conjugation of gold nanoparticles (AuNPs) to this structure, CEA
detection was accomplished by immobilizing two distinct aptamers onto
it. The interaction between CEA aptamers and CEA was monitored in
real-time to obtain analytical performance characteristics and conduct
kinetic analysis. This study represents the first report on the develop-
ment of QCM-based CEA aptasensors.

2. Experimental
2.1. Chemicals, reagents and equipment

In this study, the chemicals used were obtained from local repre-
sentatives of Sigma Aldrich, Fluka, and Riedel-de Haen. Human serum
(Cat No. H4522-20 ML) obtained from Sigma-Aldrich (USA), and used
without dilution. Unless otherwise stated, all chemicals used were of at
least analytical purity and were used as received without further pro-
cessing. Ultra-pure water (UPW) used in the preparation of solutions was
obtained from a Human Power +1 (Korea) device with a conductivity of
18.3 MQ cm.

The aptamers used in the study were anti-CEA1 (5~ HS- (CHy)e
GGGGC GACGT TGAGA TTCCG CTTGT TGTTA TTAGT AGTCC CC- 3)
and anti-CEA2 (5- HS- (CH3)¢ ATACC AGCTT ATTCA ATTGG GGTAG
GGGGC GAAGC GATAC CTTAA TCAGC-3"), with sequences as reported
in the literature [47,48]. These aptamers were obtained from the
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Molbiol company in Germany.

QCM analyses were conducted using the SRS QCM 200 device (USA)
with a 5 MHz AT-cut crystal with a diameter of 1 inch and electrode
diameter of 0.55 inch with a sensitivity factor of 56.6 Hz cm?/ug as
stated by the manufacturer, and a crystal connection accessory that
allowed for flow analysis. In sensor experiments, samples were delivered
to the sensor surface at a flow rate of 20 pL/min using a peristaltic pump.
Unless otherwise stated, measurements and analyses were performed at
least in triplicate to ensure analytical conditions, and the relevant results
were expressed as the arithmetic mean and standard deviation (+0c) of
these replicates.

2.2. Preparation of nanofilms on QCM crystal using electrochemical
method

Before functionalizing gold-coated QCM crystals with aptamers,
their surfaces were modified using the electrochemical reduction
method to obtain —SH terminated surfaces. To achieve this, the cyclic
voltammetry (CV) technique was applied using the Ivium CompactStat
(Netherlands) potentiostat/galvanostat device. Surface modification
was carried out by covalently bonding 4-mercaptophenyl (4 MP) to the
surface through the reduction of 4-mercaptobenzenediazonium salt (4
MB-DAT). The schematic representation of the modification is given in
Fig. S1.

In summary, within an ice bath, 4-aminophenol (4ATP) was con-
verted into 4 MB-DAT as follows [49]: 50 mg of 4ATP was weighed and
dissolved in 10 mL of 0.5 M HCL. Then, 110 mg of NaNO; (69 g/mol),
dissolved in 2 mL of pure water, was added to the ATP solution. The
reaction was completed with the evolution of gas. The resulting diazo-
nium solution (4 MB-DAT) was stored in the freezer for use in subse-
quent modifications.

Before modification, QCM crystals were cleaned by boiling in an
NHs/H202/Water (1:1:5, by volume) solution at 65 °C for 1 min and
then dried [50]. Subsequently, the 4 MB-DAT solution was sent onto the
crystals using a peristaltic pump for modification. In this process, the
QCM crystal was connected as the working electrode to a three-electrode
system, with Ag/AgCl/KClay) as the reference electrode and platinum
wire as the counter electrode. Additionally, Fig. S1 displays the cyclic
voltammogram of 4 MB-DAT on the Au crystal electrode. In the first
cycle, most of the diazonium salt on the electrode surface was reduced,
completing a significant portion of the modification [51]. It was deter-
mined that the modification was fully completed in the second and third
cycles [52]. The resulting nanofilm was named Au-4MP.

The AuNPs used in this study were synthesized using the citrate
reduction method [53-55]. In summary, 150 mL of 2.2 mM trisodium
citrate (Nagcit) was heated to 90 °C and stirred at 500 rpm, while 1 mL of
25 mM HAuCly was added drop by drop. The reaction was stopped by
cooling when the colloidal solution turned reddish-brown. The colloidal
solution, filtered through a 200 nm filter, was washed twice with ul-
trapure water (UPW) and twice with ethanol using a cooled ultracen-
trifuge (Hermle Z32HK, Germany). The pellet was then transferred to a
100 mL ethanol solution and stored in the cold for future use.

After functionalizing the QCM surface with -SH, AuNPs were spon-
taneously self-assembled onto the Au-4MP surface. To facilitate their
dispersion, 10 mL of AuNPs were placed in an ultrasonic bath (Bandelin,
Germany), and the Au-4MP surfaces were immersed in it for 4 h, leading
to the modification [56]. The resulting surface was named
Au-4MP-AuNP (Fig. 52).

Following the modification with AuNP, aptamers modified with SH
at the 5'-terminus were immobilized onto each QCM crystal. To deter-
mine the optimal concentrations for immobilizing anti-CEA1 and anti-
CEA2, 0.5, 1, 2, and 3 pM aptamers were interacted with the Au-4MP-
AuNP surface for 2 h (in pH 7.4 PBS) [33]. Subsequently, QCM data
were obtained using 25 ng/mL CEA to determine the optimal anti-CEA
concentrations. Then, at the optimal concentration, anti-CEA1 and
anti-CEA2 in PBS buffer solution were brought into contact with the
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surface of Au-4MP-AuNP using a peristaltic pump for 2 h. This process
resulted in the attachment of anti-CEA1 and anti-CEA2 to the
Au-4MP-AuNP surface, leading to the formation of QCM crystals named
Au-4MP-AuNP-antiCEA1 and Au-4MP-AuNP-antiCEA2, respectively.
Subsequently, to block any remaining exposed surfaces, an ethanolic
solution of 1 mM 6-mercaptohexanol was used [57].

2.3. Characterization of modified surfaces

The characterization of the obtained AuNPs was performed using
Ultraviolet-Visible spectrophotometry (Shimadzu UV2550), scanning
electron microscopy and Energy Dispersive X-ray Analysis (SEM and
EDX, Nova, NanoSEM-650, Belgium), and transmission electron micro-
scopy (TEM, JEOL Ltd., Tokyo, Japan).

For the characterization of the Au-MP nanofilm prepared through
electrochemical diazonium salt reduction, ellipsometric thickness mea-
surements (ELX-02C/01-R Ellipsometer, Germany) were used at each
step. In this process, a 70° incident angle and monochromatic light at a
wavelength of 532 nm were employed, and ellipsometric thickness was
determined based on the ¥ and A values using a model of glass/Cr (3
nm)/Au (32 nm)/organic nanofilm/air [45,46,58,59]. The refractive
indices for the respective layers were 2.2210 for the SF10 glass sub-
strate, 3.0390 for the Cr layer, 0.4137 for the Au layer, 1.4600 for the
nanofilm, and 1.0000 for air [50,58]. Additionally, X-ray photoelectron
spectroscopy (XPS) characterization of the Au-MP-AuNP surface was
conducted (XPS, PHI 5000-Versa Probe, @® ULVAC-PHLInc.,
Japan/USA).

For electrochemical characterization, a BASI-MF-2014 (USA) gold
electrode with a diameter of 1.6 mm was used instead of a QCM crystal.
The modified surfaces were characterized using cyclic voltammetry (CV)
with a 1 mM K3Fe(CN)g redox probe.

2.4. CEA analysis

QCM analysis was conducted by sending CEA solutions at concen-
trations of 0.1, 0.5, 1, 5, 10, and 25 ng/mL (pH = 7.4; PBS) onto Au-
4MP-AuNP-antiCEA1 and Au-4MP-AuNP-antiCEA2 QCM crystals using
a peristaltic pump. The interaction between the aptamer and CEA was
monitored online, and then, data was collected by passing only PBS
buffer through the sensor chip under identical conditions to determine
the dissociation reaction once equilibrium was reached. Instead of
tracking the QCM frequency change (Af), we recorded the mass change
(Am) over time. Following this, we input the sensitivity factor (Cs) for
the 5 MHz cut-crystal and the device calculated and reported Am using
the Sauerbrey equation [60]. Since it was sufficient for the study’s ob-
jectives to obtain a comparable response from the QCM device rather
than the actual mass accumulated on the surface, no crystal calibration
was performed to determine exact Am. The obtained QCM response was
then analyzed for complex formation kinetics using a single-site bind-
ing/complex formation kinetics model, and the aptamer’s affinity (Kp)
on the QCM surface was determined. Additionally, calibration curves
were generated using the Am values at equilibrium. To assess
non-specific binding to the control aptamer, all procedures were applied
similarly.

The accuracy and precision of the QCM sensor were determined for
standard CEA analytes (0.5 and 10 ng/mL) under optimal conditions,
both within the same day and across days (consecutive 5 days). Inter-
ference tests were conducted by sending CA125, VGF165, and AFP
interferents individually and simultaneously onto the sensor.

For real sample analysis, commercial human serum samples were
used as a simulated medium. CEA standards were spiked into the serum
to achieve final concentrations of 1 and 10 ng/mL, and recovery values
were determined.
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3. Results and discussion
3.1. Characterization studies

Characterizations of the components used in the modification of the
QCM surfaces in this study were conducted. SEM and TEM images of the
AuNPs used for surface modification are presented in Fig. 1. The TEM
image clearly shows nearly spherical AuNPs with sizes of approximately
10-20 nm (Fig. 1a). Additionally, a bulk SEM image of the produced
AuNPs is provided in Fig. 1b, demonstrating a homogeneous distribution
of the nanoparticles. Furthermore, using image processing software
(Gwyddion Software) and segmentation algorithm [61,62], the size
distribution of the particles was determined. It was found that approx-
imately 80 % of the particles had sizes of 12 nm, while about 14 % had
sizes of 20 nm. EDX spectrum of the gold nanoparticles is given in
Fig. 1c. During the energy-dispersive X-ray analysis, it was observed that
the typical absorption of metallic gold nanocrystals aligns with the
literature, occurring at around 2.2 keV [63-65]. Fig. 1d displays the
UV-Vis spectrum of colloidal (in water) AuNPs. These nanoparticles
exhibited an absorbance peak at 525.4 nm, which was in good agree-
ment with the calculated absorbance peak (approximately 525 nm) of
15 nm spherical nanoparticles in an aqueous colloid, according to Mie
theory [66]. The characterization results confirmed the successful and
uniform production of the AuNPs intended for modification.

In Fig. 2, high-resolution C;s and Sy, narrow spectra of the Au slide
and Au-4MP are provided. When fitting the C;5 region, three main peaks
corresponding to aromatic C=C, and C-S were observed for Au-4MP at
285.6 eV and 283.5 eV, respectively [67]. The Syp spectrum showed two
main peaks for the thiol group on Au-4MP, with peaks at 164.5 eV (S%{)Z)
and 163.4 eV (S%Z). These values were found to be following the liter-
ature, confirming the successful surface modification [68,69].

Furthermore, the characterization of the prepared surfaces was also
performed using cyclic voltammetry [70-72]. In Fig. 3, cyclic voltam-
mograms of 1 mM potassium ferricyanide (in 0.1 M KCl) on bare Au,
Au-4MP, and Au-4MP-AuNP surfaces are shown. The anodic peak cur-
rent values for the redox probe on Au, Au-4MP, and Au-4MP-AuNP were
determined as 10.453 + 0.093, 4.976 + 0.016, and 6.793 + 0.044 pA,
respectively. As observed from the voltammogram, it confirms that the
Au surface was modified first with 4-MP and then with AuNP.

The thickness of the Au-4MP nanofilm was confirmed through
ellipsometric measurements, and the findings are presented in Table S1.
To assess the uniformity and formation of the electrode surface layer,
measurements were conducted at three distinct points, as outlined in the
table. The average thickness of the nanofilm was determined to be 1.21
nm, with a standard deviation of 0.17 nm for the three points (n = 5).
This result suggests the formation of a monolayer and an even distri-
bution of the nanofilm during the first cycle of the CV. As the number of
cycles increases in films produced by the diazonium reduction method,
pinholes on the surface are initially filled, leading to the subsequent
formation of multilayer films due to the impact of electrogenerated
radicals [73,74]. Based on the observation that the thickness closest to
monolayer formation occurs after the first cycle, it was determined that
a single cycle is sufficient for sensor studies. This finding is in line with
the results we previously reported elsewhere [33].

Aptamer concentration to be used for aptamer immobilization was
optimized according to the QCM sensor response. When the response
obtained with antiCEA1 and antiCEA2 aptamers was examined after
interaction with 25 ng/mL CEA in Fig. S3, it was observed that the
aptamer immobilized at a concentration of 1 pM provided sufficient
response. Therefore, it was deemed appropriate to incubate 1 pM
aptamer for 2 h during the immobilization of aptamers.

3.2. CEA analysis

Detection of CEA solutions in the range of 0.1 ng/mL to 25 ng/mL (in
PBS, pH 7.4) was performed using the obtained QCM surfaces. Real-time
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Fig. 2. High-resolution Cy, (a) and Sy, (b) narrow spectrum of the Au slide and Au-MP.

QCM sensograms (A-time) were obtained by interacting 0.1, 0.5, 1, 5,
10, and 25 ng/mL CEA solutions with the surfaces of two different
aptamer-immobilized QCM sensors (Fig. 4). In both sensorgrams, it was
observed that the binding between CEA aptamer and CEA reached
equilibrium within the first 5 min after injection. Around the 40-50-min
mark, a buffer solution (PBS, pH 7.4) was sent to the sensor surface alone
to initiate the disassociation process. The analysis was concluded upon
reaching equilibrium during the disassociation process.

As seen in Fig. 4, the Am (pg/cm?) values obtained on surfaces
immobilized with antiCEA1 aptamer were somewhat higher (approxi-
mately 40 % higher for 25 ng/mL CEA) compared to the values obtained
from surfaces immobilized with antiCEA2 aptamer. This difference was
reflected in the detection limit of the antiCEA1 immobilized QCM sensor
as well. The binding kinetics for both sensor platforms exhibited similar
behavior at room temperature. The noise values obtained for 5 repeti-
tions were approximately the same for both platforms and were found to
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Fig. 3. CV voltammograms of 1 mM potassium ferricyanide in 0.1 mM KCI on
bare Au, Au-4MP, and Au-4MP-AuNP electrode (scan rate is 200 mV/s, vs. Ag/
AgCl(sat.)).

be small relative to the signal received. It is believed that the fluctua-
tions that occurred during the waiting period after reaching equilibrium
were due to small variations at room temperature.

Calibration curves for both QCM sensors were calculated using
binding equilibrium values, and they are presented in Fig. 5. The
interaction between aptamers and CEA resulted in a logarithmic cali-
bration curve. The semi-logarithmic sensor calibration curves yielded
determination coefficients (R%) of approximately 0.99. To assess the
number of binding sites, the obtained calibration curves were fitted to
both Langmuir and Freundlich kinetics. Both fittings resulted in deter-
mination coefficients of 0.998 and above, suggesting that complex for-
mation between CEA and the antiCEA aptamer adhered to both
isotherms. Consequently, based on the results of the Langmuir isotherm,
it is estimated that the CEA-antiCEA aptamer complex formation occurs
via a single binding site.

The analytical parameters for the sensor are summarized in Table 1.
The limit of detection (LOD) for antiCEA1, calculated from the cali-
bration equation, Am = 0.25452 x log[CEA]+0.31227, using the
maximum standard deviation of 36 = 0.06 was 0.102 ng/mL. Similarly,
for the other aptamer, LOD was calculated as 0.108 ng/mL using the
equation Am = 0.15113 x log[CEA]+0.2659 with 36 = 0.12. The
quantification limits (LOQ, as 3xLOD) were calculated as 0.306 ng/mL

0.8
25 ng/mL

0.0 - antiCEA1

0 15 30 45 60 75 90
time, min
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for antiCEA1 and 0.324 ng/mL for antiCEA2 sensors. These sensor
analytical performance values are in line with sensors used for CEA
detection in the literature. A lower detection limit could have been ex-
pected for a QCM platform, but, due to the fluctuations in the sensor-
grams possibly as a result of temperature-related variations, the LOD
and LOQ values of the sensor turned out to be higher than expected.
Nevertheless, despite these results, it can be concluded that the LOD and
LOQ values are sufficient for practical application in CEA detection.

Using the advantage of real-time binding data obtained from QCM,
the kinetics of complex formation and affinity were determined. For this
purpose, the complex kinetics of both anti-CEA1 and anti-CEA2
aptamers were studied using QCM data, and the affinity constants
were calculated (Fig. S4). The affinity constant (Kp) was reported solely
from the binding curves, encompassing both the association/dissocia-
tion curves and using the kg values determined from these curves. The
goal here is to ascertain the Kp value as accurately as possible from the
noisy QCM online data.

Fig. 6a and b shows the distribution of the determined Kp values for
antiCEA1 and antiCEA2 aptamers, respectively. The Kp values calcu-
lated from association/dissociation data for antiCEA1 and antiCEA2
were 48 ng/mL (0.27 nM) and 90 ng/mL (0.5 nM), respectively,
assuming a molecular weight of 180 kDa for CEA. As seen in Fig. 6a and
b, the distribution of Kp values calculated from association/dissociation
curves is wider compared to the Kp value obtained directly from asso-
ciation curves. This is because in QCM, over time and in long-term on-
line measurements, the flow and environmental temperature can cause a
drift in the measured values. This drift reduces the quality of model
fitting and leads to a determination coefficient (in terms of R?) below
0.90 during fitting. By directly substituting the relatively constant kg
values obtained only from association curves (0.2486 + 0.0496 L/min
and 0.2287 + 0.0720 L/min, respectively) into the modeling, the dis-
tribution, considering the standard deviation, was found to be 78.05 +
24.78 ng/mL (0.43 &+ 0.14 nM) for antiCEA1 and 134.87 + 74.7 ng/mL
(0.75 + 0.42 nM) for antiCEA2 aptamers. These values did not yield
results comparable to the reported values of 3.9 nM and 37.8 nM for
both aptamers. However, variations in the transducer type and mea-
surement method can result in different affinity measurements when
there is no mass transfer limitation on the surface [75].

In the next stage of the study, the precision and accuracy parameters
of the proposed method and QCM sensors were examined. For this
purpose, interday and intraday tests were conducted, and the results are
summarized in Table 2. Intraday precision and accuracy results were
obtained for 5 samples, reported as precision (relative standard devia-
tion, RSD%) and accuracy (relative error, RE%). According to these
results, for 0.5 and 10 ng/mL CEA, RSD% ranged from 1.9 to 4.3, while
RE% ranged from —3.6 to 2.2. Interday analyses were conducted over
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Fig. 4. Sensograms for the detection of CEA on QCM sensors immobilized with antiCEA1 (a) and antiCEA2 (b).
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Table 1
Data of the calibration curve for the developed methods (n = 5).
Analytical feature Value
antiCEA1 antiCEA2
Regression equation y= y=

Standard error of the slope

0.25452x+0.31227
0.01461

0.15113x+0.2659
0.0067

Standard error of the intercept 0.0127 0.0060

Coefficient of determination 0.9870 0.9923

Linearity range (ng/mL) 0.1-25 0.1-25

Number of data points 6 6

Limit of detection (ng/mL) (S/N 0.102 0.108
=3)

Limit of quantification (ng/mL) 0.306 0.324

consecutive 5 days, and precision and accuracy results were obtained.
According to these results, for 0.5 and 10 ng/mL CEA concentrations,
RSD% ranged from 2.2 to 3.2, while RE% ranged from —1.4 to 3.8. No
positive/negative RE bias was observed in both sensors. Precision and
accuracy values for both aptasensors were below 5 %, indicating suc-
cessful analytical results. The sensorgrams are given in Fig. S5.
Interference tests were conducted with the antiCEA1 aptamer, which
demonstrated more successful sensor analytical performance criteria in
terms of LOD and LOQ, against potential interferents such as AFP,
CA125, and VEGF165. The percentage of Am signal change obtained as
a result of sending the interferents listed in Table 3 separately and
together at a concentration of 500 ng/mL is provided. Interference

experiments resulted in a positive bias in all measurements, but the
values were below 5 % for both the interferent concentration and the
CEA concentration. QCM sensograms of interference studies are given in
Fig. S6a.

Finally, the analytical recovery performance of the developed sensor
was evaluated by detecting CEA spiked into human serum at two
different concentrations (Table 4). For this purpose, the QCM aptasensor
platform immobilized with antiCEA1 and whose analytical performance
was determined was used. In samples where 1 and 10 ng/mL CEA were
spiked, the recovery percentages were a minimum of 95.4 %. This result
is highly successful from an analytical perspective and demonstrates the
ability to detect CEA from real samples using the QCM aptasensors
developed in this study. The sensorgrams of the detection of spiked CEA
in human serum samples using the QCM aptasensor are given in Fig. S6b.

4. Conclusion

This study presents the development of a QCM aptasensor for the
detection of CEA using two different aptamers. The methodology
involved electrochemically attaching a 4-mercaptophenyl nanofilm onto
gold-coated QCM crystal surfaces through the reduction of 4 MB-DAT
using cyclic voltammetry. Subsequently, gold nanoparticles (AuNPs)
were employed to enhance the sensor’s performance, and aptamers
(antiCEA1 and antiCEA2) with SH-functionalized ends were employed
to achieve specificity.

The analytical evaluation of the CEA sensor involved meticulous
QCM measurements over a wide range of CEA concentrations, ranging
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Fig. 6. Distribution of the determined Kp values for antiCEA1 (a) and antiCEA2 (b) aptamers.

Table 2
The precision and accuracy results of the proposed methods (mean =+ o).

“RSD% and RE % Aptamer [CEA], ng/mL
0.500 10.00
Intraday Resulting Value  antiCEA1 0.486 + 0.017  9.637 + 0.184
antiCEA2 0.511 + 0.022 9.814 + 0.224
RSD% antiCEA1 3.50 1.91
antiCEA2 4.31 2.28
RE% antiCEA1 —2.80 -3.63
antiCEA2 2.20 -1.86
Interdays®  Resulting Value  antiCEA1 0.494 + 0.016  10.046 + 0.227
antiCEA2 0.519 + 0.012 9.859 + 0.218
RSD% antiCEA1 3.24 2.26
antiCEA2 2.31 2.21
RE% antiCEA1 -1.20 0.46
antiCEA2 3.80 —1.41

@ RSD: Relative standard deviation; RE: Relative error, Interday studies for five
consecutive days.

Table 3
The influences of some interferents at 500 ng/mL on the Am% change of the
signal acquired from 10 ng/mL CEA (for antiCEA1 platform).

Interferent Signal change upon interferent addition (%)
AFP +4.1
CA 125 +3.0
VEGF-165 +1.0
AFP + CA 125+ VEGF-165 +3.9

Table 4
Analytical recoveries of the CEA from human serum aliquots (N = 5) (for anti-
CEA1 platform).

Spiked amount (ng/mL) Detected amount of CEA (ng/mL) Recovery (%)

0.954 + 0.280 95.4
10 9.72 + 0.32 97.2

from 0.1 ng/mL to 25 ng/mL. Notably, we determined detection limits
(LOD) for CEA of 102 pg/mL for antiCEA1 and 108 pg/mL for antiCEA2
aptamers. These LOD values are comparable to and in line with the re-
sults reported in the literature for the detection of CEA (Table 5).

Furthermore, precision and accuracy assessments through interday
and intraday testing revealed excellent results, with maximum relative
standard deviation (RSD%) and relative error (RE%) values of 4.3 and +
3.8, respectively.

Table 5
- The determination range and limit of detection (LOD) values of CEA detection
methods studied with various techniques in the literature.

Technique Range, ng/mL  LOD, ng/mL  Reference
Photo-electrochemical 0.02-50 0.00612 [76]
immunoassay
SERS® 1.0-1000 1.0 [77]
Fluorescence immunoassay 0.1-200 0.041 [78]
SPRe-TIRE" 0.01 500 [33]
Electrochemical immunoassay 1.0-40 0.0158 [79]
QCM immunoassay 1.0-15 0.86 [16]
QCM immunoassay 3.0-50 1.5 [80]
QCM immunoassay 0.1-100 0.09 [81]
QCM immunoassay 0.01-100 0.008 [43]
QCM aptasensor 0.1-25 0.102 this study

% SERS: Surface-enhanced Raman scattering, SPRe-TIRE: surface plasmon
resonance-enhanced total internal reflection ellipsometry.

The kinetic analysis of the aptasensors yielded affinity values (Kp) of
0.43 + 0.14 nM for antiCEA1 and 0.75 + 0.42 nM for antiCEA2,
underscoring their high binding affinities. Notably, these Kp values were
notably lower than those previously reported for both aptamers.

The aptasensor’s selectivity was validated through tests with other
biomolecules, namely alpha-fetoprotein (AFP), cancer antigen (CA-
125), and vascular endothelial growth factor (VEGF-165), both indi-
vidually and in combination at a concentration of 500 ng/mL, resulting
in a maximum signal change of only 4.1 %, in line with precision and
accuracy values.

Furthermore, recovery experiments using spiked commercial serum
samples demonstrated the aptasensors’ practical applicability, with a
minimum recovery value of 95.4 %. In summary, this study highlights
the successful utilization of two distinct aptasensors for the sensitive and
specific detection of CEA via QCM technology, offering promising
prospects for advanced CEA detection methodologies.
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