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ABSTRACT KEYWORDS

A surface plasmon resonance-enhanced total internal reflec- Carcinoembryonic antigen

tion ellipsometric (SPRe-TIRE) aptasensor is reported for the (CEA); surface plasmon

determination of the carcinoembryonic antigen (CEA). A gold ~ "esonance-enhanced total

nanofilm-coated SF10 glass slide was modified with electro- internal reflection .
. . . . - ellipsometry (SPRe-TIRE);

chemical diazonium salt reduction anq gold nanoparticles aptasensor; cyclic

(AuNPs) to form a sensor. Next, a specific aptamer for CEA voltammetry (CV)

was immobilized on the AuNPs via self-assembly. The platform

was characterized by X-ray photoelectron spectroscopy, ellips-

ometry, and cyclic voltammetry for each step of the prepar-

ation of the sensor. CEA aptamers with different affinities

were used. SPRe-TIRE employed total internal reflection geom-

etry and AuNPs to enhance plasmon resonance for the sensi-

tive and selective determination of CEA in human serum. The

working range of the aptasensor was from 0.01 to 500 ng/mL

with an optimum detection limit of 0.1 pg/mL.

Introduction

Cancer is an important disease that threatens human health globally and
early detection plays a crucial role."! Cancer biomarkers are characteristic
measures to indicate the risk and occurrence of cancer and patient out-
come.?! If cancer is detected, diagnosed and treated at an early stage, then
the chances of survival significantly increase.””! Carcinoembryonic antigen
(CEA) is a glycoprotein and one of the well-known biomarkers for the
diagnosis of liver, colon, breast, and colorectal cancer.!*"!
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Although different serum cutoff CEA levels have been reported in the lit-
erature, a cancer-related condition is suspected when serum levels are
higher than 5-10 ng/mL.I"! Therefore, the concentration of CEA in human
serum is of great importance for cancer diagnosis.”®! In particular, the sen-
sitive determination of CEA is crucial for early detection of disease onset
or recurrence.”’! There are many immunoassay studies that include radio-
metric sensors, "] enzymatic sensors, > ﬂuoro—immunoassays,[m
piezoelectric immunosensors,'® and electrochemical immunosensors''®!
for CEA detection. However, the most immunoassays have disadvantages
including long assay times and the use of complex techniques.'”!
Therefore, a focus has been the development of rapid, sensitive, selective,
and cost-effective methods for CEA that include colorimetric, electrochem-
ical, surface plasmonic, fluorescence, chemiluminescence, and electrochemi-
luminescence biosensors.>'®! However, some of these techniques require
time-consuming steps, provide low sensitivity and selectivity, and need add-
itional labeling to determine CEA.

An alternative diagnostic element to improve analytical selectivity and
sensitivity is aptamers'>?"! that are single-stranded DNA or RNA oligonu-
cleotides selected from a random or homologous library and been devel-
oped for various analytes since their first reports in 1994.2"2*! They are
versatile recognition elements since they interact with the target showing as
good affinity as the antibody-antigen interactions.”®! Aptamers also have
advantages over antibodies such as stability, low cost, and ease of produc-
tion.!**) Aptamers have been developed for the selective determination of
CEA in various media with good sensitivity and selectivity, high accuracy,
fast response, and low cost.!?>~28!

In bio-related studies, thickness or ellipsometric functions (A, Delta, and
W, Psi) may be used for acquiring data related to changes on the sensor
surface.'””) These ellipsometric functions obtained from the surface may be
measured very accurately, within < +0.001 degree, to define the character-
istics of the surface.*”) The phase shift (A) is sensitive to the dielectric
function of the materials deposited on the surface.’'! This sensitivity may
be further enhanced using either internal reflectometry, plasmon resonance
coupling, or both.®*) To enhance the signal via total internal reflection
ellipsometry (TIRE), a Kretschmann configuration for total internal reflec-
tion is used with a thin gold layer for plasmon resonance.”®! When the
resonance condition is fulfilled, the phase shift (A) becomes more sensitive
to surface interactions where a recognition element and its analyte interact.
These plasmon resonance conditions may be further altered using
AuNPs. B

Herein, an SPRe-TIRE aptasensor was employed for the first time to
determine CEA in buffer and human serum. For this purpose, two
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previously described anti-CEA aptamers with different affinities and
sequences (dissociation constant (Kg) of ~37.8 and 3.9nM, respectively)
were used.*®! Ellipsometry, as a sensitive method, uses both the phase dif-
ference (A, Delta) and the intensity (¥, Psi) differences of polarized mono-
chromatic light reflected from surfaces. By definition, these ellipsometric
values are the dielectric functions of a surface and are a function of the
refractive indices and thicknesses of the thin layers of media where
the incident light is reflected.*® Ellipsometry is a powerful tool to examine
the dielectric functions and thicknesses of various nanofilms produced in
physics and materials laboratories.®”) On the other hand, employing this
powerful tool in bio-related areas is still developing but several studies have
been published using this strategy.!**~**

An AuNP layer within the close vicinity of the plasmonic surface was
employed to further enhance the signal using electrochemical diazonium
salt reduction and SH-AuNPs interaction. Using the advantages of ellips-
ometry and plasmon resonance, we report for the first time a sensitive and
selective CEA aptasensor based upon the SPRe-TIRE platform.

Experimental

All chemicals used in this study were of analytical purity and supplied by
local representatives unless otherwise stated. Ultrapure water was used for
cleaning purposes and in aqueous solution preparations (UPW, 18.2 MQ
cm, Human Power 14, South Korea). The ellipsometer (Optosense,
Turkey) has a TIRE setup and a flow cell for real-time measurements was
used. The ellipsometer was also employed in the measurement of layer
thicknesses and sensor responses without flow-cell (TIRE) arrangement.
Thickness measurements were made using the built-in layer modeling tool
of the ellipsometer using glass slide/metal layer and organic layer dielectric
data. All results are the arithmetical means and standard deviations of at
least 5 repetitions unless stated otherwise.

Preparation of the gold-coated glass slides

A schematic of the CEA sensor platform is shown in Scheme 1. The gold-
coated glass slides were prepared as follows. The 2.5cm x 2.5cm cut SF10
glass was cleaned in a 1:3 nitric acid/water boiling solution for 30 min to
remove organic contaminants and oil. Next, the surface was prepared for
metal coating by treatment with an oxygen plasma for 30 min in a cham-
ber."*¥! 3nm chrome (Cr) was coated as an adhesive layer on the surface of
the SF10 glass in a physical vapor deposition (PVD, Nanovak, Turkey) sys-
tem. Lastly, 32nm Au was coated to achieve plasmon resonance under a
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Scheme 1. Schematic of the sensor platform.

532nm green laser at a 63° angle of incidence. This coated surface is abbre-
viated as SF10/Cr/Au.

Covalent bonding of the mercaptophenyl nanofilm on SF10/Cr/Au

The 4-mercaptobenzene diazonium salt (4MB-DAS) was prepared from the
4-aminothiophenol (4ATP, 4-mercaptoaniline, 125.2 g/mol) in the aqueous
media using the procedure of Morita et al.**! Briefly, 100mg of 4ATP
were dissolved in 20 mL of 0.5 M HCI and the temperature was maintained
at 0°C by cooling in an ice bath. 221 mg of NaNO, (69 g/mol) were dis-
solved in 2 mL of water and cooled. Next, the NaNO, solution was added
dropwise into the continuously stirred 4ATP solution until gas formation
was complete. The 4MB-DAS solution was kept in an ice bath so that the
temperature of the mixture did not exceed 4 °C.

The SF10/Cr/Au was electrochemically modified by immersion in a
4MB-DAS solution. An SF10/Cr/Au electrode was used as the working
electrode. A Ag/AgCl/KCl (saturated) was used as the reference electrode
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and Pt wire as the counter electrode. Electrochemical modifications were
done using the Reference-300 (Gamry, USA) electroanalyzer. The 4-mer-
captophenyl nanofilm (4MP) was prepared on SF10/Cr/Au electrode by
covalent bonding because of the electrochemical reduction of 4MB-DAS.
The produced sensor was designated to be the SF10/Cr/Au/4MP. Nanofilm
formation was characterized by cyclic voltammetry (CV) and impedance
spectroscopy.

SF10/Cr/Au/4MP surface attachment of AuNPs, and aptamer
immobilization

Au nanoparticle (AuNPs) synthesis was done according to the literature by
a colloidal method.*! 25mL of 1.0mM auric acid were treated with
2.5mL of 1% Na3;C¢H;0,2H,0 added dropwise to the boiling solution.
After the formation of AuNPs, which was determined to be complete as a
result of the color change, the well-mixed mixture was cooled.”*”! The col-
loidal solution was centrifuged at 15,000 rpm for 10 min and washed three
times sequentially with deionized water and ethanol.

The synthesized AuNPs were attached to the SF10/Cr/Au/4MP surface
through a SH-Au bond. Aptamers pre-modified with SH and C4H;, from
the 5’ terminus as shown in Table 1 and different concentrations in phos-
phate-buffered saline (PBS, pH 7.4) were immobilized on the AuNP sur-
face.*>*®) As a result of monitoring the simultaneous immobilization with
SPRe-TIRE, both the immobilization time and the appropriate aptamer
concentrations were optimized separately. In order to minimize unspecific
interactions, mercaptohexanol (SH-C4H;,-OH) in PBS was bound to the
aptamer immobilized AuNPs surface using the incubation time and con-
centration specified in the literature.[*”’

SPRe-TIRE measurements

In the ellipsometry measurements, the total internal reflection
Kretschmann configuration for SPR coupling was preferred. All measure-
ments were performed using 532 nm monochromatic light on the surface
prepared with Au coating of appropriate thickness for SPR. The

Table 1. Anti-CEA aptamers employed in this study.

Aptamer Sequences (from 5' to 3') Dissociation constant (nM) References
AntiCEA1 GGGG CGAC GTTG AGAT 37.8 1331
TCCG CTTG TGTA TTAG
TAGT CCCC
AntiCEA2 ATAC CAGC TTAT TCAA 39 1“8l

TTGG GGTA GGGG
GCGA AGCG ATAC
CCTA ATCA GC
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measurement interval depends on the time for the device to determine the
A and  values according to the nulling procedure and was a maximum of
5s. The flow cell had a volume of 50 puL and the flow rate was 3 pL/s.
Only A values were measured at room temperature on the platform which
resembles an SPR flow cell. The buffer solution was injected into the sys-
tem with the modified and aptamer immobilized sensor chip. The A value
obtained at this stage was considered to be the background, and the sensor
response was calculated as the difference.

Interference and serum analysis

Interference studies of the aptamer sensors were carried out in PBS using
possible interferences. All interferents used in this study were added in 10-
fold excess of the CEA analyte (50 ng/mL and 500 ng/mL). The investigated
interferences were o-fetoprotein (AFP), cancer antigen 125 (CA 125), and
vascular endothelial growth factor (VEGF-165). In addition, CEA was
spiked into commercial human serum samples (Sigma-Aldrich H4522,
USA) and determined to characterize the potential for practical analysis.

X-ray photoelectron spectroscopy (XPS) characterizations

XPS spectra of C 1s and S 2p core levels of SF10/Cr/Au/4MP surfaces were
obtained using a PHI 5000 Versa Probe spectrometer (ULVAC-PHI.)
equipped with monochromatic Al K, radiation (1486.6eV).

Results and discussion

A 4MP nanofilm on the Au-coated slide was formed by a 3-cycled electro-
chemical reduction of 4MB-DAS. Figure 1 shows the alternating 3-cycle
voltammogram of 4MB-DAS upon the SF10/Cr/Au electrode. In the first
cycle, the irreversible peak current of the 4MB-DAS decreased showing
that almost the entire surface was covered. With the last cycle, the peak
current reached a steady state, which implies the formation of a modified
surface.!*"!

For each sample, i/ and A measurements were made from 10 points with
5 repetitions to determine the layer thickness using the ellipsometric model.
A five-layer model was applied to air/organic layer/Au film/Cr film/sub-
strate (SF10) to investigate the effect of the number of modification cycles
upon the layer formation. The model parameters for the SF10 glass sub-
strate, Cr layer, Au layer, and the 4MP organic layer were n = 1.73793;
n = 3.0390 and k = 3.330; n = 0.4137 and k = 2.4083; and n = 1.4600.
The obtained thickness values are listed in Table 2. After the first cycle, the
thickness increased to around 1.2nm. The thickness reached approximate
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Figure 1. Cyclic voltammograms for three cycles of 36 MM 4-mercaptobenzene and 144 mM

NaNO, in 0.5M HCl on the Au slide. The reference electrode was Ag/AgCl/KCl,, and the scan
rate was 200 mV/s.

Table 2. Thickness of the 4-MP nanofilm on the gold slide measured by ellipsometry.

Number of cycles Relative thickness + standard deviation (nm, n=15)
1 1.247 + 0.078
2 2435+ 0.135
3 2,995 + 0.184

equilibrium in the second and third cycles. Since the thickness was
obtained per model, the thickness values should be considered to be a
measure of the deposition of the 4MP nanofilm on the surface but not dir-
ectly as the monolayer thickness.

Electrochemical characterization of the nanofilm was performed by CV
and EIS. A gold disk electrode (BAS, MF-2014, USA) with a 1.6 mm diam-
eter was used instead of a gold nanofilm-coated glass slide. CVs of 1 mM
K;Fe(CN)¢/K Fe(CN)g in 0.1 M KCI on bare Au, 4MP covalently attached
gold via electrochemical diazonium reduction (Au-4MP), and gold nano-
particle attached Au-4MP (i.e., Au-4MP-AuNP) electrodes and their cath-
odic current values are shown in Figure 2a, b. Nyquist plots and charge
transfer resistance values of the redox couple on the same electrodes are
shown in Figure 3a, b.

The electron transfer rate of the redox couple increased for the Au-4MP-
AuNP surface in comparison with the other electrodes. This increase in the
redox current of the modified surface indicates a higher electron transfer
rate and better conductivity. This also may indicate that the surface area
improvement after AuNPs immobilization increased the surface area, show-
ing the modification with 4MP-AuNPs.”®" The Nyquist plot was evaluated
according to Warburg-effective diffusion-controlled equivalent circuit
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Au-4MP, and Au-4MP-AuNP electrodes and (b) their cathodic current values. The reference elec-
trode was Ag/AgCl/KClg,,. and the scan rate was 200 mV/s.
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Figure 3. (a) Nyquist plots of 1T mM KsFe(CN)e/K4Fe(CN)g in 0.1 M KCl on the bare Au, Au-4MP,
and Au-4MP-AuNP electrodes and (b) their charge transfer resistance values. The reference elec-
trode was Ag/AgCl/KClg,. and the scan rate was 200 mV/s.

modeling."?! In Figure 3b, the lowest charge transfer resistance of the

redox probe was achieved upon the surface of the Au-4MP-AuNP electrode
which also agrees with the CV results.

The Au-4MP-AuNP surface was subsequently characterized using XPS.
The C 1s spectrum was a broad band at approximately 285eV in Figure 4a.
This band is composed of binding energies at 284.6, 285.6, and 286.1 eV
for C 1s corresponding aromatic carbon, C-S, and C-N, respectively.”>’!
The C aromatic binding energy indicates the presence of the mercapto-
phenyl structure. The C-S binding energy also indicates the mercapto-func-
tional group on the surface. Both are evidence of 4MP modification. The
C-N binding energy corresponds to the residual amine groups (i.e., 4-ATP)
from the impurities in MB-DAS used for modification. The S 2p spectra in

Figure 4b were fitted and evaluated in terms of 2p"’* and 2p** peaks at
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Figure 4. High-resolution X-ray photoelectron spectra of Au-4MP-AuNP. (a) C 1s and (b) S 2p.

163.5 and 168.6 eV, respectively.>* The split spectra of S 2p also indicates
the phenyl-S-Au junction. Therefore, successful surface modification was
confirmed by XPS.

For the immobilization of antiCEA1 and antiCEA2 probes, aptamers pre-
pared in PBS at several concentrations were incubated on the surface fol-
lowed by blocking with mercaptohexanol. The signal was obtained from
the sensor using various concentrations of CEA indicating typical surface
binding kinetics. Figure S1 was obtained as the average of the signals as the
maximum value at the point where equilibrium was reached. Sensor
responses obtained with CEA after antiCEA1 (Figure Sla), and antiCEA2
(Figure S1b) immobilization increased depending upon the probe concen-
tration and reached a plateau. Using this response, which is a measure of
the aptamer quantity suitable for interaction with CEA as well as the occu-
pancy on the surface, 1.5uM and 2h of immobilization were sufficient for
the antiCEA1 probe. The optimum immobilization concentration was
2.0 uM for the antiCEA2 probe using the same incubation period.

Sensor calibration was performed using these optimum conditions. CEA
solutions from 0.01 to 500ng/mL were determined by SPRe-TIRE. The
response was obtained as the difference of the CEA signal from the PBS
blank that demonstrated analyte-ligand binding at the surface for antiCEA1
and antiCEA2 in Figure 5a,b.

A relatively low interaction rate was observed at low CEA concentra-
tions. The responses are similar for both platforms. Plateaus were observed
approximately 5min following injection. The phase shift (A) for antiCEA1
was approximately two times higher than for the antiCEA2 probe at the
same concentration. However, the lower A signals do not necessarily indi-
cate poor analytical performance. In addition, during the surface inter-
action, the difference in the molecular density of the film on the surface is
not a single factor that changes the phase shift, A.
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(b) antiCEA2 platforms.

Table 3. Calibration relationships for the developed methods (n=5).

Value
Analytical feature AntiCEA1 AntiCEA2
Regression equation y=0.9764x +4.7766 y=0.6571x+ 1.9496
Standard error of the slope 0.0468 0.0199
Standard error of the intercept 0.0686 0.0359
Coefficient of determination 0.9886 0.9955
Linearity range (ng/mL) 0.01-500 0.01-500
Number of data points 7 7
Limit of detection (pg/mL) 0.1 29
Limit of quantification (pg/mL) 03 87

Similar properties have been observed in our previous work using
aptamers for Hg®",>*! in which the film density on the surface did not sig-
nificantly change after aptamer interaction with the analyte. Hence,
although the relative intensity is different for the aptamers, the separation
of the signals across the range of CEA concentration is considered to be
sufficient. The sensor provided a logarithmic response as expected for an
analyte interacting with a limited number of available sites (aptamer
probes) on the surface.

The calibration curves for the aptasensors are shown in Figure S2 and
are similar except for the magnitude of the response. Both sensor graphs
were linear on a semi-log scale (y = 0.9764x+4.7766 for AntiCEAI,
y = 0.6571x+1.9496 for AntiCEA2) with a correlation coefficients of
0.9886 and 0.9955, respectively.

The analytical figures of merit are summarized in Table 3. A higher
intercept was obtained using the antiCEA1 aptamer due to the intensity of
the response (~4.8 A, degrees), while it was approximately 1.9 for
antiCEA2. The slopes of calibration graphs, which are a measure of the
sensitivity, were 0.98 A/log [CEA] for antiCEA1, and 0.66 A/log [CEA] for
antiCEA2, showing the former is more sensitive.
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This sensitivity was also characterized by the limits of detection and
quantification using the signal-to-noise ratio (S/N). The average standard
deviations from the repeated analyses for both sensor platforms were con-
sidered to be the noise. The limit of detection (LOD) based upon a signal-
to-noise ratio of 3 was 0.1 pg/mL using antiCEA1 probe and 2.9 pg/mL for
the antiCEA2 probe. Although there was a 2-fold difference in the relative
responses, there was a 30-fold difference in the limits of detection. This
result may be due to noise on the platform because of insufficient separ-
ation in terms of phase shift (A) as a response to CEA interaction at low-
concentration levels. This may occur because the antiCEA2probe has lower
affinity, as well as the differences in the interaction with the analyte and
the length and functional groups of the aptamer sequences. The limit of
quantification (LOQ), deemed to be three times the limit of detection, was
equal to 0.3pg/mL and 8.7pg/mL for antiCEA1 and antiCEA2 probes,
respectively.

The precision and accuracy of the SPRe-TIRE platforms using antiCEA1
and antiCEA2 aptamer were characterized and the results are summarized
in Table S1. According to the intraday and interday results from samples
spiked with 1 and 50 ng/mL CEA, the relative standard deviation and the
relative error were below 5%, meeting analytical performance requirements.
No bias was obtained based upon the interday and intraday results. The
relative standard error was between —5% and +5% for both platforms. The
accuracy and precision demonstrate that this platform is suitable for the
determination of CEA at low concentrations.

Although the selectivity of aptamers against potential interferences is
well known, interference measurements were also performed. All interfer-
ents were added at 10-fold excess compared to the CEA analyte (i.e., 50
and 500 ng/mL). The results are summarized in Table 4. The highest inter-
ference was obtained from CA125 with a A shift of 2.1%. However, all
interference values were of comparable magnitude to the precision and
accuracy of the sensor. Therefore, there were deemed to be no significant
interferences.

To demonstrate practical analysis, 1 and 50 ng/mL CEA was spiked into
commercial human serum. Table 5 shows the recoveries were between 95.5
and 104%, meeting the analytical requirements.

Table 4. Influence of interferents at 500 ng/mL on the change of the signal from 50 ng/L CEA
using the antiCEAT probe.

Interferent A signal change upon interferent addition (%)
o-Fetoprotein +1.4
Cancer antigen-125 +2.1

Vascular endothelial growth factor-165 +1.7
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Table 5. Analytical recoveries of the CEA from human serum (n

5) using the antiCEA1

probe.
Sample Spiked concentration (ng/mL) Measured concentration of CEA (ng/mL) Recovery (%)
| 1 1.04 = 0.02 104

50 47.75 £ 2.16 95.5
Il 1 0.98 + 0.02 98.0

50 51.76 £ 1.65 103.5
Table 6. Comparison of the developed CEA aptasensor with the literature.
Method Calibration range Limit of detection Reference
Electrochemical (Amperometric) 1-200 ng/mL 0.5ng/mL 1561
Electrochemical (Impedimetric) 0.05 pg/mL-20 ng/mL 0.023 pg/mL 71
Electrochemical (Voltammetric) 1-1000 ng/mL 0.517 ng/mL 158
Electrochemical (Potentiometric) 0.01-100 ng/mL 7.3 pg/mL (591
Colorimetric 0-120 ng/mL 3ng/mL 60l
Surface plasmon resonance 1-250 ng/mL 0.3 ng/mL w1l
Fluorescence 0.4-100 ng/mL 0.316 ng/mL 1621
Chemiluminescence 0-200 ng/mL 0.58 ng/mL 281
LC-based platform 0.05 pg/mL — 50 ng/mL 0.12 pg/mL rel
Surface-enhanced Raman scattering 1-50 ng/mL 0.1ng/mL 13l
SPRe-TIRE 0.01-500 ng/mL 0.1 pg/mL This study

Conclusions

Herein, a novel CEA detection platform is reported by adapting two affin-
ity aptamers from the literature. This platform was based on real-time
measurements to calculate the phase shift (A), an ellipsometric parameter.
Another goal was to develop a highly sensitive CEA platform by including
the SPR phenomenon in ellipsometry which was achieved. AuNPs were
attached to the surface to enhance the signal, with favorable responses for
0.01 ng/mL to 500 ng/mL CEA.

Although the affinities of the two aptamers differ, low limits of detection
of 0.1 and 2.9pg/mL were obtained for the antiCEAl and antiCEA2
aptamer, respectively. In the interday and intraday measurements, the
standard deviation and standard error were below 5%, demonstrating good
accuracy and precision. Both aptasensors were demonstrated to be selective
for potential interferences with a maximum deviation of less than 3% with
a positive bias in sensor response. Spiked human serum was analyzed for
CEA with recoveries between 95% and 105%.

Table 6 is a comparison of the analytical performance of the reported
approach with the literature. The performance of this approach was gener-
ally better than in the previous protocols, providing suitable selectivity, sen-
sitivity, precision, and accuracy. Better performance was also obtained
compared to the optical, spectroscopic, and chromatographic strategies.

Ellipsometric measurements have potential in biosensing, especially in
health-care applications. However, there are a challenge to be addressed
since the technology is new and requires additional investigation. Further
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studies of the SPRe-TIRE aptasensor for CEA are planned to implement
this platform in clinical applications.
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