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Rapid detection of carcinoembryonic antigen
by means of an electrochemical aptasensor

Nigara Yunussova,' Meruyert Tilegen,? Tri Thanh Pham,® and Damira Kanayeva®**

SUMMARY

Carcinoembryonic antigen (CEA) is a critical biomarker for identifying colon cancer. This work presents an
electrochemical impedance spectroscopy (EIS) based aptasensor for detecting CEA, utilizing a single-
stranded DNA (ssDNA) aptamer previously selected and characterized by our research group. The surface
of an interdigitated gold electrode (IDE) was successfully functionalized with an 18-HEG-modified ap-
tamer sequence. The developed aptasensor demonstrated high specificity and sensitivity with detection
limits of 2.4 pg/mL and 3.8 pg/mL for CEA in buffer and human serum samples, respectively. The optimal
incubation time for the target protein was 20 min, and EIS measurements took less than 3 min. Atomic
force microscopy (AFM) micrographs supported the EIS data, demonstrating a change in IDE surface
roughness after each modification step, confirming the successful capture of the target. The potential
of this developed EIS aptasensor in detecting CEA in complex samples holds promise.

INTRODUCTION

Colorectal cancer (CRC), commonly known as colon and/or rectal cancer, is a severe public health problem since it is the third most common
and second most fatal disease in the world." Global CRC incidence is estimated to rise by 60% by 2035, with 2.2 million new cases and 1.1
million deaths occurring yearly.”* CRC is a condition that affects the colon or rectum and is caused by the abnormal growth of glandular
epithelial cells in the colon.” Among the most often utilized screening treatments for CRC are endoscopic exams of the large intestine (partic-
ularly flexible sigmoidoscopy and colonoscopy) and stool tests such as fecal occult blood test (FOBT). However, the aforementioned
screening technologies have tangible shortcomings, such as invasiveness, low specificity and sensitivity, the need for trained personnel,
and high cost.” The use of tumor biomarkers, such as carcinoembryonic antigen (CEA), not only aids in cancer detection but also plays a crucial
role in cancer screening, prognosis, and early detection of recurrence or spread, helping to overcome this burden. CEA is a cell adhesion
glycoprotein with a molecular weight of 70 kDa that increases to 180 kDa when glycosylated. It can be identified in various body samples,
with widely used tumor tissue and blood and urine samples predominantly noninvasive.>” Modern advances in electronics, sensor technol-
ogy, and microfluidics applications have enabled device miniaturization and testing of various analytes.® Thus, CEA can be directly tested
using a small device known as an electrochemical biosensor, which can respond continuously, reversibly, and without causing any disruption
to a sample. Electrochemical biosensors combine the analytical power of electrochemical techniques with the specificity of biological recog-
nition processes, relying on selective interactions between a target compound and a recognition element (enzyme, antibody, aptamer, tissue,
or other biomolecules) to create an electrical signal proportional to the concentration of an analyte.””'" Most biosensors proposed for CEA
detection today predominantly rely on antibodies as biorecognition elements.'? Aptamers are synthetic single-stranded deoxyribonucleic
(ssDNA) or ribonucleic acid (RNA)'? molecules used as target identifiers in sensing platforms as well.'* They offer advantages over the anti-
bodies, such as thermal stability, ease of synthesis and modification, and cost-effectiveness.”> "’

Electrochemical impedance spectroscopy (EIS) is an established method for measuring an electrical system’s impedance characteristics,
typically sinusoidal, at various frequencies of an applied disturbance.'®'? The minimal and non-interfering nature of the stimulus sinusoidal
voltage with most biorecognition layers is a significant benefit of EIS biosensors.”” EIS is a label-free and sensitive detection technique that
allows downsizing”' and integrating interdigitated electrodes (IDEs) that consist of two separate arrays of microelectrodes.”” The primary
characteristic of an IDE is a gap (distance) between two individual microelectrodes arranged in an interdigitated structure; that is, the gap
is less than 50 um, which is less than the diffusion layer formed on the anode and cathode during the redox reaction. Consequently, the
response at the counter electrode will maintain the decreased mediator concentration on the working electrode (WE), which is almost con-
stant if every single microelectrode of an IDE is utilized as both a working and a counter electrode. As a result, the current will reach a steady
state right away, and the sensor will display a high electric current.”” They are one of the most used transducers in technical applications,
particularly in biological and chemical sensors, because of their low cost, simplicity of manufacture, and great sensitivity.””
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Figure 1. A schematic overview of the EIS aptasensor for CEA detection

(A) An IDE's overall structure consists of gold, two working electrodes, an auxiliary electrode, and a reference electrode, all made of the same material on a glass
substrate.

(B) IDE surface functionalization steps and CEA target incubation.

(C) Measurements of EIS signals after each IDE surface modification step and the detection of the target CEA using a potentiostat and a portable computer.

One example of an electrochemical aptasensor is demonstrated in a study,”* where graphene ink and graphene and poly (3,4-ethylene-
dioxythiophene): poly(styrenesulfonate (PEDOT:PSS) were gradually applied to a paper substrate to create a conductive composite paper
electrode. An electrochemical aptasensor for the detection of CEA was developed with a limit of detection (LOD) of 0.45 ng/mL in a buffer
and 1.06 ng/mL in a serum. The fabricated paper-based device validated the sensitivity and specificity of electrochemical measurements for
CEA in serum samples, employing aptamers for immobilization. Shekari et al.” developed a sensitive sandwich-type electrochemical apta-
sensor for CEA detection using a hemin-G4-based signal amplification technique. The electrode surface was modified with nitrogen-doped
graphene (NG), gold nanoparticles (AuNPs), and graphene quantum dots (GQDs) that allowed the detection of CEA in human serum samples
with an LOD for CEA in a buffer that was found to be 3.2 fg/mL. These studies suggest that enhancing the sensitivity of aptasensors and
exploring the development of a label-free EIS aptasensor could significantly reduce detection time, providing a cost-effective approach.

Here, we developed a novel label-free EIS-based aptasensor for detecting CEA in a buffer and human serum. Figure 1 illustrates the work-
flow of the EIS aptasensor fabrication and the subsequent CEA detection process. The bare IDE surface was first modified using a thiolated
CEA aptamer (6) sequence, which our research team previously selected and characterized.”® In the current study, the ssDNA aptamer
sequence (6) with a total length of 39 nucleotides underwent modification with the addition of a linker in the form of HS(CHg)s-OP(O),0-
(CH,CH,0)-5'-TTTTT- aptamer (6) -3'. Following this step, the IDE surface was backfilled with 6-mercapto-1-hexanol (MCH) to act as a co-
immobilizing agent, thereby reducing non-specific binding. Using an IDE in this study was primarily due to its integrated electrochemical
setup, eliminating the need for additional electrodes. This novel aptasensing technique that is quick, label-free, and user-friendly incorpo-
rates a newly designed CEA aptamer and successfully detects CEA in both buffer and serum samples. Validation was also carried out using
atomic force microscopy (AFM) and cyclic voltammetry (CV), and the results aligned with the EIS findings.

RESULTS AND DISCUSSION

Electrochemical characterization

After each modification step, the CV and EIS measurements were carried out to characterize the electrode’s interface properties.”’ Figure 2
illustrates the EIS and CV results for the IDE at different surface modification stages. Both EIS and CV measurements were performed in the
presence of a dissolved 2 mM ferro/ferricyanide [Fe (CN)¢]*>”* redox pair, which served as the redox mediator. Figure 2A presents a typical
Nyquist plot of IDE surface functionalization steps. The Nyquist plots collect and display the generated solution resistance (R;), charge transfer
resistance (Ry), and Warburg impedance (W).”® Each point on the Nyquist plot represents an impedance value at a particular frequency. The
diameter of the semicircular Nyquist plot often serves as an approximation for the Re.”” At the x-axis, impedance was measured at low fre-
quencies on the right side of the plot, while higher frequencies corresponded to impedances plotted on the left.”® CV is a well-known and
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Figure 2. Characterization of an IDE surface with EIS and CV

(A) A typical Nyquist plot and (B) a cyclic modification voltammogram of a bare IDE surface, a 4 h aptamer incubation, backfilling with MCH, and the target CEA
incubation (2 ng/mL). The inset in (A) shows the Randles equivalent circuit employed to model the EIS data, where R; is the solution resistance, R is the charge
transfer resistance, Cy is the double-layer capacitance, and Wis the Warburg element. The experiment was conducted in three biological replicates. All data are
shown as the means of + SEMs.

versatile electrochemical method commonly used to evaluate the redox status of molecular species.®>*" It measures the current response to a
voltage applied to the sample using a WE.*'

As can be seen from Figure 2A, the bare IDE surface exhibited a small semicircle (R.; = 857 Q). Additionally, in the voltammogram provided
in Figure 2B, the highest peak current value was recorded due to the absence of an electron transfer-resistant material. Then, the semicircle
steadily increased when CEA aptamer (6) was immobilized at concertation of 5 uM (R, = 1716 Q) as the result of the redox buffer’s negative
electroactive ions rejecting the negatively charged phosphate groups of the DNA aptamer, confirming its attachment to the surface,*>*
which is consistent with the CV data, where the cathode peak and anode peak decreased after fixing the aptamer because the negatively
charged phosphoric acid backbones of aptamer impede the electron transfer of the redox couple.”’-* Further blocking with MCH solution
resulted in the charge transfer resistance change (R = 5333 Q), following CV peak currents decrease because MCH could form an additional
barrier on the surface of the IDE and confirm the filling of free surface on the IDE surface. Finally, the R increased to 19,457 Q, when incubated
with a 2 ng/mL CEA target protein for 20 min. The peak current depicted in the voltammogram decreased with the CEA immobilization since
the hydrophobic layer of the protein could greatly hinder the conductivity.*® Randles equivalent circuit model, as illustrated in Figure 2A inset,
was chosen to fit the experimental data. In this model, Rs was connected in series with the double-layer capacitance Cy and parallel with the
R.: of the surface, along with the inclusion of W to account for diffusion.

EIS aptasensor optimization studies

To ensure the sensitivity and accuracy of the EIS aptasensor for detecting CEA and to conserve reagents, it was necessary to optimize various
parameters, including aptamer concentration and protein incubation time. All experimental conditions were the same as described in Section
Fabrication of the EIS aptasensor and CEA detection, except aptamer concentration and protein incubation time. The results of the aptamer
concentration optimization study are presented in Figure 3A. The response values of R change increased with the concentration of CEA
aptamer. Aptamer concentrations of 5 uM or higher resulted in a considerably greater R, change response (>20%) compared to 2 uM
and 4 uM (0.01 < p < 0.05). However, there was no statistically significant difference between 5 uM and 8 pM concentrations, suggesting
that the R.; change is saturated at 5 M. Therefore, the most effective aptamer concentration for target protein detection in the present study
was determined to be 5 uM. Further, the incubation time for the target CEA was optimized by varying the incubation period while maintaining
a constant CEA value (2 pg/mL), as shown in Figure 3B. The data also revealed that the R, response is saturated for any incubation duration of
20 min or more. The results showed that a 20-min incubation period was the optimal incubation period for the target protein to achieve an R,
change response value > 20% (0.001 < p < 0.01). Thus, for all subsequent experiments conducted throughout this work, an aptamer concen-
tration of 5 uM and an incubation period of 20 min were used.

Analytical performance of the EIS aptasensor

Following the optimization of parameters, target CEA was detected as described in Section Fabrication of the EIS aptasensor and CEA detec-
tion. The results of the sensitivity study for CEA diluted in a buffer (phosphate-buffered saline (PBS), pH 7.6, 10 mM) are illustrated in Figure 4A.
An increase in the R, change was observed upon increasing CEA concentrations (one sample t test; p = 0.0014). The lowest concentration,
0.002 pg/mL, exhibited a 9.34% change in R.. At the highest CEA concentration of 2 ng/mL, there was a 45% change in R... Based on the
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Figure 3. Optimization of experimental parameters

(A) CEA aptamer concentration optimization study. *p < 0.05, ** 0.001 < p < 0.01.

(B) Target CEA incubation time optimization study, where target protein concentration was 2 pg/mL *p < 0.05, ** 0.001 < p < 0.01. Experiments were conducted
in at least three biological replicates. All data are shown as the means + SEMs.

collected data, the R, change values showed a linear correlation (R? = 91%) with the concentration of CEA in the range from 0.002 ng/mL to
2 ng/mL, described by the regression equation y = 5.9899x + 4.7077, where x represents CEA concentration, and y represents the R value
(Figure 4A inset). All R.; values were subtracted from the background (PBS, pH 7.6, 10 mM). The developed aptasensor showed a sensitivity
with an LOD of 2.4 pg/mL within a detection range of 2 pg/mL to 2 ng/mL in a buffer. The high sensitivity and specificity of the EIS aptasensor
developed in this study were primarily attained through the utilization of the CEA aptamer sequence (6), selected and characterized in our
previous study.”® Adding linkers and five thymine residues to the aptamer created space between it and the surface, facilitating its folding
and enhancing its ability to bind to the |oroteir1.37'?’8 Ethylene oxide (CH,CH,0O), a hydrophilic component of the linker, was crucial in extending
the aptamer away from the surface monolayer, thereby preventing steric interference with protein binding.”’~*® The IDE geometry, including
factors like electrode gap width, could have also affected the sensitivity of the developed impedimetric aptasensor, contributing to its
improved sensitivity.

It was crucial to assess the functionality of the aptasensor under conditions that closely resemble real-world scenarios, as the device is in-
tended for serum-based applications. The experimental procedure for detecting CEA spiked in serum mirrored the procedure used for
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Figure 4. Analytical performance of the developed EIS aptasensor

(A) Concentration-dependent analysis of the EIS aptasensor for CEA detection in a buffer and serum. The insets show the calibration curve from 0.002 to 2000 pg/
mL for buffer and from 2 to 2000 pg/mL for serum. The experiment was conducted in nine biological replicates.

(B) Specificity of the EIS aptasensor. Target CEA and non-target proteins, IL-6, HSA, and S glycoprotein of SARS CoV-2, were tested at 7 pg/mL. The experiment
was conducted in three biological replicates. Data are shown as means + SEMs (* 0.01 < p < 0.05). All EIS measurements were recorded in a 2 mM ferro/
ferricyanide [Fe (CN)¢J*”* redox couple.
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buffer, with the only difference being the substitution of PBS for serum in the CEA dissolution process (Figure 4A). The R change exhibited a
linear increase (R? = 96%) (one sample ttest; p = 0.0333) across a concentration range from 2 pg/mL to 2 ng/mL (Figure 4A inset), characterized
by the regression equation of y = 7.308x-0.2715, where x represents the CEA concentration, and y represents the R, change value. The LOD
for the EIS aptasensor in detecting CEA in spiked serum samples was determined to be 3.8 pg/mL, achieved through affinity, specificity, and
specific modifications incorporated into the aptamer (6) as described earlier for the LOD in the detection of CEA in the buffer. The presence of
impurities and other proteins in serum samples could impact the binding of the target protein to the aptamer, resulting in lower R, change
values. The normal range for CEA in the blood is 0-2.5 ng/mL,'**? with levels above 10 ng/mL suggesting a severe disease and levels
exceeding 20 ng/mL indicating potential malignancy development.”>*" Summarizing the data in Table S1, our aptasensor’s LOD aligns
with or exceeds that of already published aptasensors with improved detection time (less than 30 min). Therefore, our current approach dem-
onstrates the aptitude to detect CEA within the clinically relevant ranges while being rapid.

In this research, we also evaluated the response of the developed EIS aptasensor to non-target proteins, including human serum albumin
(HSA), interleukin-6 (IL-6), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S) glycoprotein, using the developed EIS
aptasensor. The specificity test results are shown in Figure 4B. Unlike the three interfering proteins, the EIS aptasensor exhibited a significant
Re: change response only to CEA. The R, change for CEA equaled 12.4%, whereas the R.; change values for non-target proteins were nega-
tive. The experimental procedure was identical to that used for CEA, except for the non-target proteins. We selected these non-target pro-
teins for specific reasons. HSA, a liver-produced globular protein with a molecular weight of 66.5 kDa,***®
plasma protein (35-50 mg/mL) in blood, maintaining stable blood pH and osmotic pressure.** IL-6, a cytokine that promotes inflammation
and plays a role in the growth and development of human cells, also triggers the release of several proteins causing acute inflammation.*”
Additionally, we included S glycoprotein for specificity testing, which is responsible for binding to the human angiotensin-converting enzyme
2 (ACE2) and initiating viral entry into host cells. "o

stands as the most abundant

Characterization of an IDE surface morphology

AFM is a relatively recent technology for studying local surface features at length scales ranging from submicron to nanoscale.”® A cantilever
with a molecularly sharp probe at its end, several micrometers in length, is used to trace the topography of the sample and measure forces
between the probe and sample with piconewton sensitivity.”' Because of its ability to image at such tiny scales, compact size, and ease of use,
AFM is one of the few instruments capable of characterizing surface characteristics around extremely small structures.*® Figures 5SA-5E shows
the surface morphology of all functionalization phases of an IDE surface, including the bare electrode. Figure 5F depicts the root-mean-
square roughness of the IDE surface during all functionalization and detection stages. As can be seen, the surface of the bare IDE in Figure 5A
is relatively smooth, with a measured roughness of 1.62 + 0.04 nm. The roughness increased to 2.16 + 0.05 nm following aptamer treatment
(Figure 5B). However, when the aptamer-treated surface was functionalized with the blocking agent, MCH, the roughness dropped to a value
close to the bare electrode, measuring 1.74 + 0.05 nm (Figure 5C). The reduction was due to MCH filling in the valleys created by aptamers,
which also lowers the height difference between the highest and the lowest points on the surface.

Subsequent treatment with CEA in PBS (pH 7.6, 10 mM) (Figure 5D) and serum (Figure 5E), the roughness increased to 2.67 + 0.07 nm and
3.31 £ 0.16 nm, respectively. These results confirm the successful attachment of protein molecules to the aptamer. Surprisingly, the surface of
the CEA in the serum step had a higher roughness, suggesting either that the CEA in serum forms aggregates or that other components in serum
bind to the surface-bound aptamers. To validate this hypothesis, a custom-written MATLAB code was used to quantify the size and shape of mi-
celles formed on the electrode surface for each functionalization step, as illustrated in Figure S1. Figure 5G shows the micelle cross-sectional area
for all steps, with the CEA in serum having the largest micelle area. Figure 5H demonstrates that micelles from most stages, except for CEA in
serum, are somewhat circular because their circularity (C = A1tA/P?, where A is the area and Pis the perimeter) values are close to 1.

To sum up, we successfully developed a novel, label-free EIS-based aptasensor for rapid and sensitive detection of CEA. Our sensing strat-
egy achieved a 2.4 pg/mL detection limit for CEA within the detection range of 2 pg/mL to 2 ng/mL in a buffer. Furthermore, when applied to
human serum, our aptasensor successfully detected CEA with a detection limit of 3.8 pg/mL within a short incubation time of 20 min and a
detection time of 2.5 min, highlighting its diagnostic potential. Moreover, the aptasensor demonstrated specific binding to CEA compared to
non-target proteins, emphasizing the achieved selectivity resulting from the specificity of the aptamer sequence (6) previously selected by our
group and the IDE surface chemistry. AFM analysis of the IDE surface validated our findings. Our aptasensor’s detection limit, as shown in
Table S1, is consistent with previously reported aptasensors and offers a promising alternative for detecting colon cancer. Future work will
evaluate the aptasensor’s analytical performance in clinical samples and optimize the blocking procedure by employing different solutions.

Limitations of the study

When testing spiked human serum samples, there is a potential for cross-reaction with other proteins. In such cases, gold nanoparticles (AuNPs)
can enhance the detection signal. Another approach is to utilize a sandwich assay with our selected aptamers and increase detection sensitivity.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
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Figure 5. Analysis of surface morphology for bare and modified electrodes

Representative 3D images of a 1 umz scanned electrode surface for (A) bare electrode, (B) treatment with the aptamer, (C) blocking with MCH, (D) treatment with
CEA in PBS, and (E) treatment of CEA in serum. (F) Comparison of roughness for all functionalization steps (N > 30). Micelle area (G) and circularity (H) are
statistically compared after each functionalization step (* 0.01 < p < 0.05, ** 0.001 < p < 0.01, ***p < 0.001).
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O Materials availability
O Data and code availability
o METHOD DETAILS
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AFM study
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UV/ozone cleaner

Leica DM500 microscope

JPK NanoWizard 4XP, an atomic

force microscope

Metrohm DropSens
Stuart, UK

Bioforce Nanosciences
Leica

Bruker Instruments

PalmSens3-description.pdf
Cat# CACIDEMEA

Cat# SBH130DC

N/A

N/A

N/A
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Damira Kanayeva
(dkanayeva@nu.edu.kz).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e The MATLAB code used to calculate the micelle area and micelle circularity is available in this paper’s supplemental information.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Fabrication of the EIS aptasensor and CEA detection

The surface of an IDE was checked for integrity and the absence of any scratches using the Leica DM500 microscope (Leica, Germany). Then, it
was thoroughly cleaned with 96% ethanol before being subjected to a UV/ozone for 20 min. Following that, the IDE was washed again with
ethanol and left to air-dry before measuring the EIS signal in the redox couple buffer containing 2 mM ferro/ferricyanide [Fe (CN)sJ> /4~ redox
couple (potassium hexacyanoferrate II/1ll) in a 10 mM PBS (pH 7.6). The protocol was adapted from™ with slight modifications. In brief, a
100 uM of HS-(CHg)g-OP(0),0-(CH,CH,0),-5'-TTTTT- CEA aptamer (6) -3’ was dissolved with a reduction buffer (TCEP) at a 1:2 volume ratio
for 1 h to reduce the 3’ ends of the aptamer. The solution was subsequently diluted with 10 mM PBS (pH 7.6) to yield 5 uM aptamer final con-
centration. The aptamer solution was heated for 5 min at 95°C before being placed on ice for 10 min and allowed to cool to room temperature
for another 5-7 min. Finally, for the immobilization of aptamer onto the IDE surface, IDE was dipped in an Eppendorf tube containing a 500 pl
aptamer solution and incubated at room temperature for 4 h. Following the aptamer incubation, the IDE surface was washed with 10 mM PBS
(pH7.6), and an EIS signal was measured. After the aptamer incubation, the IDE was incubated for 16 h at 4°C with 500 pl of 3mM MCH diluted
in 10 MM PBS (pH 7.6). The stock MCH solution was made with 98% ethanol to a concentration of 10 mM and kept at —20°C until further use.
Target CEA (0.002 pg/ml to 2 ng/ml) diluted in a 10 mM PBS (pH 7.6) in a volume of 50 pl was incubated on the IDE surface for 20 min at room
temperature. Finally, the electrodes were rinsed in a washing buffer (PBS, 10 mM, pH 7.6). The signal was detected in the redox couple buffer
containing 2 mM ferro/ferricyanide [Fe (CN)g*~"*~ redox couple (potassium hexacyanoferrate II/1ll) in a 10 mM PBS (pH 7.6). The experimental
setup of the method is illustrated in Figure 1.

Electrochemical measurements
Electrochemical measurements were recorded using the PalmSens 3 impedance analyzer equipped with the PSTrace 5.8 software. An IDE was
composed of two working electrodes (52 bands, with a band gap and a band width of 10 um, 4 mm? surface area), an auxiliary electrode, and a
reference electrode, all manufactured in the same material (gold), on a glass substrate by optical lithography technology. A cable connector
was used to connect an IDE to the potentiostat for the EIS measurement (0.1 Hz to 50 kHz with 56 frequencies and 10 mV a.c.) in the redox
couple buffer containing 2 mM ferro/ferricyanide [Fe (CN)e]¥"* redox couple (potassium hexacyanoferrate II/1ll) in a 10 mM PBS (pH 7.6).
Nyquist plots were fitted to Randle’s equivalent circuit using the EIS spectrum analyzer software. CV was performed by scanning the potential
from —0.4 to 0.7 V at a scan rate of 0.1 V/s.

Fitting errors of less than 2% were taken for data analysis. All measurements were performed at room temperature inside an in-house-
made Faraday cage. All measurements were carried out in triplicate, and the mean value of replicates, standard deviations, and standard
errors from the mean were used to report the results.

Optimization studies

An aptamer concentration and a protein incubation time were optimized for the EIS aptasensor development. Detection of 2 pg/ml of CEA in
the measurement buffer (10 mM PBS, pH 7.6) was conducted while evaluating the effect of different concentrations (2, 4, 5, and 8 uM) of the
CEA aptamer (6). The impact of an incubation time (5, 10, 15, 20, and 25 min) for 2 pg/ml of the target CEA was evaluated, where the IDE
surface was functionalized with a 5 uM CEA aptamer (6). All steps were the same as described in Section Fabrication of the EIS aptasensor
and CEA detection except for conditions specified in this section.

Specificity study

CEA and non-target proteins such as [L-6, HSA, and SARS-CoV-2 S glycoprotein in a concentration of 7 pg/ml were diluted ina 10 mM PBS (pH
7.6) and were further incubated on the IDE surface for 20 minutes at room temperature. Finally, the electrodes were rinsed in a washing buffer
(PBS, 10 mM, pH 7.6), and the signal was detected in the redox couple buffer. IDE surface functionalization steps were the same as described
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in Section Fabrication of the EIS aptasensor and CEA detection. 10 mM PBS (pH 7.6) was used as a background. All R, values were subtracted
from the background.

Detection of CEA in serum

Commercially available human serum was diluted 100 times with 100 mM PBS (pH 7.6), and the following CEA concentrations were added into
each serum solution: 0.002, 0.02, 0.2, 2, 20, 200, and 2000 pg/ml. After incubating CEA in serum (50 ul) for 20 minutes, the IDE surface was
rinsed with 10 mM PBS (pH 7.6), and the electrochemical signals were measured in the redox couple buffer. R, values of the sample were
subtracted from the background that served as serum diluted 100 times in 100 mM PBS (pH 7.4).

AFM study

The surface of electrodes after each treatment stage was imaged using the JPK NanoWizard 4XP, an atomic force microscope with a super
sharp probe NSG30_SS. The sensing tip had nominal spring constant K= 40 N/m, resonant frequency f= 320 kHz, and tip radius r = 2 nm. All
images were acquired in the air at room temperature, operating in Quantitative imaging (QI™) mode at 1 um? scan size with a 5 nm/pixel
resolution. The peak force or set pointwas 10 nN, and the z-speed was 50 um/s. JPK-Data processing application software was used to analyze
all the acquired images, and histogram operation was applied to obtain root mean square (RMS) roughness. Gwyddion software was used to
obtain the representative 3D images.”” Three independent samples were prepared and imaged for all stages, including the bare IDE, each
with at least 15 different sites for statistical analysis. The size and shape of the micelles that were formed on the electrode surface were
measured using a custom-written MATLAB code.

QUANTIFICATION AND STATISTICAL ANALYSIS

For each concentration, the percentage in charge transfer resistance was determined using the formula [(Reone.n - Rpas)/Rpss) X 100] according
to the R, values obtained with the fitting error values less than 2%. All measurements were carried out at least in triplicate, and the mean value
of replicates, standard deviations, and standard errors from the mean were used to report the results. p < 0.05 values were accepted as sig-
nificant. The statistical significance of the AFM data obtained was evaluated by the Kruskal-Wallis test, one-way ANOVA, Mann-Whitney test,
or unpaired t-test, depending on the test type and the features of each dataset. LOD was calculated using the formula presented in a study.”
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Table S1. Analytical performance of selected aptasensors for CEA detection, related to

Figure 4
No. Detection Nanomateri ~ Recognition element Detectio LOD Detection Refer
method al used n range time ence
1 Electrochemical ~ AuNPs Aptl: 3-SH-ATACCAGCTTATTCAATT-5; 1to 200 0.5 ng/ml 30 min [S1]
Apt2: 3'-SH-AGGGGGTGAAGGGATACCC-5' ng/ml
2 Electrochemical PEDOT: 5'-NH2-GACGATAGCGGTGACGGCACAGAC 0.77 to 0.45 ng/ml n/a [S2]
PSS GTCCCGCATCCTCCG-3' 14 ng/ml  inabuffer;
1.06 ng/ml
in human
serum
3 Electrochemical 3D DNT N1:5'- 10 fg/ml 4.88 fg/ml 40 min [S3]
AGGGGGTGAAGGGATACCCTTTAATGACGTC to50
GTGACAAAAATGCTGGTGGGTCAATTTATAC  ng/ml
CAGCTTATTCAATT-3;
N2: 5'-
AGGGGGTGAAGGGATACCCTTTCCGAACGG
GTCATAAAAAATCACTCTTGACATCCTTATA
CCAGCTTATTCAATT-3;
L1:5'-
ATTGACCCACCAGCAGTGTATGACCCGTTCG
GA-3;
L2:5"-
GGATGTCAAGAGTGAGTGGTCACGACGTCAT
TA-3;
El: 5-SH-TTGATACCAGCTTAT-Fc-3'
4 Electrochemical  lead ion HD: 5'- 0.5fg/ml  0.34 fg/ml n/a [S4]
(Pb2+)- CATCTCTTCTCCGAGCCGGTCGAAATAGTGA  t00.5
dependent GTATACCAGCTTATTCAATTAAG AGA TG-3; ng/ml
DNAzyme, Substrate Chain: 5'- ACTCACTATrAGGAAGA
GQDs-IL- GATG-MB-3';
NF AD: 5'- CATCTCTTCC-3'
composite
film
5 Electrochemical ~ Zr-MOF, 5'-(CHy)e- 0.01to 8.88 pg/ml n/a [S5]
and optical UiO-66 CCACGATACCAGCTTATTCAATTCGTGG-3' 10 ng/ml  (electroche
embedded (electroc mical); 0.3
with Ag NCs hemical);  ng/ml
1-250 (SPR)
ng/ml
(SPR)
6 Photoelectroche  CdTe@CdS cDNA: 5-AATTGAATAAGCTGGTATTTTTTT- 0.5 pg/ml  0.12 pg/ml CEA [Seé]
mical core—shell (CHy)e-SH-3'; to 10 incubation
quantum CEA aptamer probe: 5'-NH,-(CH,)s-ATA CCA GCT  ng/ml timelh
dots (QDs) TAT TCA ATT-3'
coupled with
exonuclease-
I (Exo-I)
assisted
target
recycling
7 Electrochemical GNRs SH-ATACCAGCTTATTC AATT 0.1 pg/ml  0.05 pg/ml 30 min [S7]
to 10
ng/ml
8 Electrochemical ~ AuNPs, Aptamer I: 5-NH2-ATACCAGCTTATTCAATT- 10.0 3.2 fg/ml CEA [S8]
GQD 3'CEA; fg/ml to incubation
Aptamer II: 5-NH2-CCCATAGGGAAGTG 200.0 time 50 min
GGGGA-3'; ng/ml
Hemin aptamer: 5-NH2-GTGGGTAGGGCGGG
TTGG-3'
9 Electrochemilu magnetic HP DNA: 5'- CGATAC CAGCTTATTCAATTC 10 fg/ml 3.5 fg/ml n/a
minescence core—shell CTCAGCGCTGGTATC G-3'; to 10 [S9]
Fe;0,@AuUN  cDNA: 5'-NH,-TTTTCGATACCA ng/ml
Ps GCTTATTCAATTCCTCATGCTC-SH-3;

Fc DNA: 5-ATA AGC TGG TAT CG-Fc-3'



10 Electrochemical n/a H1:5'- 10 pg/ml  0.84 pg/ml n/a [S10]
CATACCAGCTTATTCAATTCAGAATAAGCTG to 100

G-3 ng/ml
11 Electrochemical n/a 5'SH-(CH,)s-ATA CCA GCT TAT TCAATT-3' 1fg/mlito  0.33 fg/ml CEA [S11]
1 ng/ml incubation
time 90 min
12 Photoelectroche  g- 5-TTAACTTATTCGACCATATTTTTTTTTT- 0.02—-40 5.2 pg/ml several [S12]
mical C3Ng/CulnS;,  NH,-34 ng/ml steps of
CoOOH 5-AGTCTAGGATTCGGCGTGGGTTAATTTTTT- incuabtion
CCCATAGGGAAGTGGGGGA-3'
13 Electrochemical n/a HS-(CHg)s-OP(0),0-(CH,CH,0)6-5-TTTTT- 2 pg/ml 2.4 pg/ml CEA this
GCCAGCGAGTTTTGACCGTTTTTCTCTCTTTT to2 in a buffer; incubation study
CCGCCTA-3' ng/ml 3.8 pg/ml time 20 min
in human and 2.5 min
serum detection
time

AUNPs- gold nanoparticles; HP- Hairpin Probe; Fc-HP3 - Ferrocene-labeled hairpin probe 3; SERS - Surface-enhanced Raman spectroscopy;
ECL - Electrochemiluminescence; GQD- Graphene quantum dots; GNRs- Gold nanorods; PDA- Poly-dopamine; PSBMA- poly (sulfobetaine
methacrylate); Ag NCs- Silver nanoclusters; Zr-MOF, UiO-66- Zirconium metal—-organic framework; GQDs-1L-NF - graphene quantum dot-
ionic liquid-Nafion composite film; HD- Hairpin DNA; AD- Auxiliary DNA; 3D DNT- 3D DNA nanoprobe; PEDOT: PSS- graphene and
poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate); cDNA - complementary DNA,; g- C3N4/CulnS; - copper indium disulfide-sensitized
graphitic-like carbon nitride; CoOOH - cobalt oxyhydroxide.
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Figure S1. Typical images of a micelle on the electrode surface, related to Figure 5
Inboth 2D (A) and 3D (B) images, the white ring around the micelle denoted the chosen micelle
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