ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Single-step and ultrasensitive detection of
carcinoembryonic antigen based on an aptamer
transduction-mediated exonuclease lll-assisted
dual-amplification strategyT

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 14663

Ruojun Lu, Shenggiang Li, Meihong Fan, Jingjing Wei and Xu Liu

(iDk

Herein, a single-step, rapid and homogenous fluorescence approach for highly sensitive and specific
detection of CEA was successfully constructed for the first time using an aptamer binding-induced
exonuclease Il (Exo Ill)-mediated dual-amplification strategy. When present, CEA can specifically
combine with the aptamer region in H1, resulting in a conformational change of H1 and the exposure
of the occluded DNA fragment in the stem regions. Successively, the exposed DNA fragment partially
hybridizes with H2 to initiate Exo lIll-assisted cycling cleavage to release another DNA fragment,
which can in turn activate the cycling cleavage of the DNA fluorescence substrate (FS). Therefore,
many fluorophore fragments are liberated to produce a significantly amplified fluorescence signal
toward CEA detection. By virtue of the Exo Ill-assisted dual-amplification strategy, this method allows
the detection of CEA at the fg mL™! level with excellent selectivity. Compared with other reported

strategies for CEA detection, the Exo lll-assisted dual-amplification homogeneous platform only
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Accepted 8th April 2018 requires a one-step reaction, offering a very simple and low-cost detection. The practical ability of
the developed strategy is demonstrated by the detection of CEA in human serum with satisfactory

DOI 10.1039/c8ra00416a results. Thus, this method shows great potential in assays of many other biological analytes in clinical
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Introduction

Cancer has greatly threatened human health in recent years. Car-
cinoembryonic antigen (CEA), one of the most widely used tumor
markers, plays an important role in the diagnosis and screening of
various cancers." The CEA level in blood serum is also associated
with the stage of the tumor, the outcome of therapy and the
prognosis.> Normally, the concentration of CEA in blood serum is
very low and the cut-off value for CEA is 5 ng mL~".? Therefore, the
sensitive and accurate determination of CEA is necessary for
effective early diagnosis and therapy of cancer.

To date, many techniques, including enzyme-linked immuno-
sorbent assay,® capillary electrophoresis-chemiluminescence,’
electrochemistry,® surface-enhanced Raman scattering,” and elec-
trochemiluminescence,®® have been developed for the trace
detection of CEA. In addition to these conventional CEA detection
approaches, fluorescence technology exhibits the advantages of
simple operation, high sensitivity, fast response, and the ability to
provide in situ and real-time information.'®"* In order to improve
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the detection sensitivity, various types of nanomaterials have been
synthesised, including hollow porous gold nanoshells,”” Pt@Au
nanowires,” SiO, nanoparticles,” carbon nanotubes,”” and
quantum dots etc.'” Despite the improved sensitivity, the
synthesis of nanomaterials often requires a long time, harsh
conditions and expensive raw materials."® Moreover, the shape and
size of these synthetic nanomaterials are difficult to control in
different batches. These drawbacks severely limit their clinical
application. Additionally, most of these immunosensors use anti-
bodies as the molecular recognition element and suffer from poor
stability and difficult experimental conditions.” Therefore, the
development of a simple, reliable, cost-effective and sensitive
method for CEA detection is still highly desirable.

Aptamers are single-stranded oligonucleotides (DNA or RNA)
evolved from random oligonucleotide libraries using systematic
evolution of ligands by exponential enrichment (SELEX).>%*
Aptamers have been developed to be a powerful type of recognition
agent for sensing and imaging different targets,” ranging from
small organic metabolites to biomolecules, viruses,” and cells.>
Due to their properties of good stability, small size, target versa-
tility, and easy modification, aptamers can be used as an alterna-
tive to antibodies in many applications.” For example, an aptamer
transduction-responsive amplification strategy was developed for
CEA detection based on catalytic hairpin assembly (CHA) and the
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hybridization chain reaction (HCR).>® Similarly, a target binging-
induced cascade amplification method was constructed for CEA
detection using an Exo IlI-assisted DNA walker.”” However, these
methods suffer from long assay times and multi-step reactions.

Exo III is a sequence-independent enzyme that can selectively
catalyze the stepwise removal of mononucleotides from the 3’
terminus of double-stranded DNA in the case of a substrate with
a blunt or recessed 3'-terminus.?® It shows limited activity on
single-stranded DNA or duplex DNA with a protruding 3’ end.”
Due to the fact that specific recognition sequences are not
required, the Exo II-assisted signal amplification strategy is very
suitable for constructing universal biosensing platforms.*
Recently, Exo III has been applied in the detection of various
analytes, including nucleic acids,*** proteins,® enzyme activity,*
and mercury ions etc.>*

In this work, we developed a single-step, rapid and homog-
enous approach for the highly sensitive and selective detection
of CEA based on an aptamer transduction-mediated Exo III-
assisted dual-amplification strategy. In the presence of CEA,
the specific recognition of the aptamer target changes the
conformation of H1 and exposes a trigger DNA fragment origi-
nally caged in H1. Then, the exposed DNA fragment partly
hybridizes with H2 to initiate the Exo Ill-assisted cycling
cleavage, leading to the release of another trigger DNA fragment
caged in H2, which can in turn initiate the cycling cleavage of
the DNA fluorescence substrate (FS). Finally, large amounts of
the fluorophore fragments are released, resulting in a signifi-
cantly amplified fluorescence signal toward CEA detection. To
the best of our knowledge, this is the first time that a highly
sensitive fluorescence assay of CEA based on an Exo IlI-assisted
dual-amplification strategy has been realized. As a universal
sensing method, this strategy has substantial potential in the
detection of many other analytes in different application fields.

Experimental
Materials and chemicals

CEA, carcinoma antigen 125 (CA125), carcinoma antigen 199
(CA199), and alpha-fetoprotein (AFP) were obtained from Linc-
Bio Science Co. Ltd. (Shanghai, China). DNA oligonucleotides
were synthesized and purified by Sangon Inc. (Shanghai,
China). Their sequences are listed in Table S1.f Exo III was
obtained from New England Biolabs (Beijing, China). All
oligonucleotides were dissolved in tris-ethylenediaminetetra-
acetic acid buffer (pH 8.0, 10 mM Tris-HCl, 1 mM EDTA) and
stored at —20 °C, and were diluted in an appropriate buffer
prior to use. All other reagents were of analytical grade, and
Millipore-Q water (=18 MQ) was used in all experiments. The
clinical serum samples were acquired from the First Teaching
Hospital of Tianjin University of Traditional Chinese Medicine.

Preparation of the probes

Hairpins H1 and H2 were denatured at 95 °C for 5 min and then
allowed to cool down to room temperature. Then the obtained
DNA solutions were stored at 4 °C for further use.
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Exo IlI-mediated dual-amplification strategy for CEA detection

In this assay, different concentrations of CEA, 5 pL of H1, 5 pL of
H2, 5 puL of FS and 6 pL of Exo III were added into the reaction
buffer (10 mM Tris-HCl, 50 mM NacCl, 10 mM MgCl,, 10 mM
KCl, pH 7.6) to give a total volume of 100 pL, and the final
concentrations of H1, H2, FS, and Exo III were 0.25, 0.25, and
0.5 uM, and 2 U pL ™', respectively. The above solutions were
incubated at 37 °C for 45 min before fluorescence measure-
ments. The control experiments were performed under the
same conditions without adding CEA. Unless noted otherwise,
all experiments were repeated three times.

Fluorescence measurements

All fluorescence measurements were performed on a Cary
Eclipse Fluorescence spectrophotometer (Agilent, California),
using a quartz fluorescence cell with an optical path length of
1.0 cm. The maximum fluorescence emission intensity was
obtained at 518 nm. The emission spectra were obtained from
490 to 600 nm with an excitation wavelength of 480 nm at room
temperature in steps of 1 nm. Both the excitation and emission
slit widths were set at 5 nm. Prior to each experiment, all
cuvettes were washed with 70% ethanol and distilled water.

Results and discussion
Principle of the CEA assay

Scheme 1 exhibits a schematic representation of this homoge-
nous approach for CEA detection based on an Exo III-mediated
dual-amplification strategy. Briefly, this system mainly consists
of two hairpin probes (H1 and H2), a fluorescence substrate
(FS), and Exo III. When present, CEA can specifically bind to the
aptamer region in H1 (3, 2%, 1% 4), resulting in a conforma-
tional change of H1 and the exposure of the occluded DNA
fragments (1, 2) in the stem regions. The exposed DNA fragment
(1, 2) can hybridize with H2 at its 3’-protruding terminus to
form a DNA duplex with a blunt 3’-terminus. The formed duplex
DNA is stepwise digested by Exo III in the direction from 3’ to 5’
in H2, leading to the release of the CEA@H1 complex and the
trigger DNA (2, 5, 6, 2) originally caged in H2. Then, the released
CEA@H1 complex can bind to another H2 and start a new
cycling cleavage process (cycle I). Meanwhile, the released
trigger DNA (2, 5, 6, 2) can partially hybridize with FS to form
a DNA duplex. In the resultant DNA duplex, FS with a recessed
3/-terminus is selectively digested by Exo III, but the trigger DNA
(2, 5, 6, 2) with a protruding 3'-terminus remains intact.
Consequently, the fluorophore in FS is separated from the
quencher to restore its fluorescence signal. Simultaneously, the
trigger DNA (2, 5, 6, 2) is released to hybridize with another FS to
activate a new cycling cleavage process (cycle II). By virtue of this
dual-amplification reaction, large amounts of fluorescence
signal are generated. On the contrary, in the absence of CEA,
Exo III hardly exhibits any activity towards H1 and H2 with an
Exo IIl-resistant 3’ overhanging terminus, resulting in weak
fluorescence background signal. It is worth noting that the
reaction can be carried out in a single-step under isothermal
conditions, making this method very convenient and simple.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic illustration of the developed Exo Ill-assisted dual-amplification strategy.

Therefore, the developed facile sensing platform is a good
candidate for highly sensitive detection of CEA.

Feasibility study

To confirm the feasibility of the Exo III-mediated dual-
amplification strategy for CEA detection, the fluorescence
signals under different conditions were recorded. As shown in
Fig. 1, in FS, the fluorescence of FAM at the 5’ end is quenched
by BHQ1 at the 3’ end, so in the presence of FS and H1, or FS,
H1, and H2, weak fluorescence signals were observed (curve
a and b). When CEA was added into the solution containing FS,
H1 and H2, no appreciable increase of the fluorescence signal
was observed (curve c). The control experiment, in the presence
of all sensing components except CEA, showed only a small
background signal (curve d). However, an obvious fluorescence
signal appeared in the presence of CEA, H1, H2, FS, and Exo III
(curve e), because numerous FSs were digested by Exo III. The
results demonstrated the credibility of this developed strategy.

Optimization of the experimental conditions

To achieve the best analytical performance of the proposed
assay, some experimental parameters, such as the concentra-
tions of Exo III and H2, incubation temperature, and reaction
time, were optimized. As shown in Fig. 2A, the fluorescence
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Fig. 1 The feasibility of the CEA sensing strategy was evaluated.
Typical fluorescence spectra of samples: (a) FS + H1, (b) FS + H1 + H2,
(c)FS+H1+ H2 + CEA, (d) FS + H1+ H2 + Exo lll, and (e) FS + H1 + H2
+ Exo lll + CEA. The concentrations of CEA, H1, H2, FS, and Exo Il were
10 ng mL™%, 0.25 pM, 0.25 uM, 0.5 pM, and 2 U pL~?, respectively.

This journal is © The Royal Society of Chemistry 2018

response increased on increasing the concentration of Exo III
from 0.5 to 2.0 U pL™', whereas a decreased fluorescence
response was observed when the concentration of Exo III was
further increased. The best fluorescence response was achieved
at 2 U uL ™" of Exo III. The decreased fluorescence response at
a higher amount of Exo III could be ascribed to the cleavage
activity of Exo III toward the hairpins (H1 and H2), leading to
a relatively high background noise. As illustrated in Fig. 2B, the
concentration of H2 was evaluated from 0.1 to 0.3 uM. The H2
concentration of 0.25 pM gave the best signal-to-background (S/
B) ratio. A lower concentration of H2 reduced the fluorescence
intensity, because H2 and the other sensing components could
not be effectively hybridized. A higher concentration of H2
might cause the dimerization of the hairpins and generate
a considerably high background noise, compromising the
analytical performance for CEA detection. Because the
temperature affects the activity of the enzyme and the stability
of the hairpins, the incubation temperature of this strategy was
examined from 4 to 60 °C (Fig. 2C). The maximum S/B ratio was
achieved at 37 °C. Although a longer enzymatic reaction time
resulted in an enhanced signal, the background noise also
increased. Therefore, the enzymatic reaction time was explored.
As depicted in Fig. 2D, it was found that the fluorescence
intensity increased continually with the reaction time from 0 to
75 min, and almost reached a plateau at 45 min. According to
the acquired results, these optimum conditions were used in
the subsequent experiments.

Assay performance for CEA detection

To evaluate the sensitivity of the developed dual-amplification
strategy, CEA sample solutions with different concentrations
were measured under the optimized experimental concentra-
tions. As shown in Fig. 3A, the fluorescence intensity increased
with an increase in CEA concentration, which demonstrated
that the generated fluorescence signal was highly dependent on
the concentration of CEA. As shown in Fig. 3B, the fluorescence
intensity exhibited a good linear relationship with the loga-
rithmic value of CEA concentration in the dynamic range from
100 fg mL™" to 10 ng mL~". The correlation equation is F =
465.5 + 97.2 x 1g(C), with a correlation coefficient R* of 0.9982,
where C is the concentration of CEA. The limit of detection

RSC Adv., 2018, 8, 14663-14668 | 14665
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Fig.2 Optimization of the experimental conditions: (A) the effect of the Exo IIl concentration on the fluorescence intensity, (B) the effect of the
H2 concentration on the fluorescence intensity, (C) the effect of the incubation temperature on the fluorescence intensity, and (D) the effect of
reaction time on the fluorescence intensity. F and Fg are the fluorescence intensities of the developed strategy in the presence and absence of 10
ng mL~* CEA. The error bars represent the standard deviation of three independent measurements.

(LOD) was calculated to be 58 fg mL™" based on the average
signal of the blank plus three times the standard deviation,
which is superior or comparable to those of other previously
reported methods for CEA. A detailed comparison of the
developed dual-amplification strategy with others is displayed
in Table S2.1 In addition, this single-step detection strategy had
a dramatically shorter incubation time in comparison with
most of the previously reported amplification strategies.>®*”*>3”
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Specificity and reproducibility of this developed strategy

The detection of CEA may be interfered with by different protein
analogues. To evaluate the selectivity, the developed strategy
was tested with other common protein interferents, including
CA125, CA199, and AFP under the same experimental condi-
tions using a sample without CEA as a blank control. As
described in Fig. 4, the presence of 10 ng mL~' CA125, 10 ng
mL ™" CA199, and 10 ng mL ™" AFP, respectively, gave negligible
fluorescence signals compared with that of the blank test.
However, the presence of 100 pg mL ' CEA resulted in
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Fig. 3 Fluorescence intensities at different concentrations of CEA. (A) The concentrations of CEA for curves (a) to (g) are: (a) 0 ng mL™?, (b)
0.0001 ng mL™?, (c) 0.001 ng mL™2, (d) 0.01 ng mL™2, (e) 0.1 ng mL™2, (f) 1 ng mL™%, and (g) 10 ng mL™1. (B) The calibration curve between the
logarithm of CEA concentration and fluorescence intensity. Insets in (B): plots of the response versus the logarithm of target concentration. Error
bars are standard deviation obtained from three independent experiments.
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Fig. 4 Specificity of the developed strategy: (a) blank, (b) 10 ng mL™!
CA125, (c) 10 ng mL™1 CA199, (d) 10 ng mL~ AFP, (e) 100 pg mL™* CEA,
and (f) a 100 pg mL™t CEA sample in combination with 10 ng mL™ AFP,
10 ng mL™! CA125, and 10 ng mL™! CA199. Error bars are standard
deviation obtained from three independent experiments.

a significantly enhanced fluorescence signal. Moreover, a 100 pg
mL " CEA sample in combination with 10 ng mL ™" CA125, 10
ng mL~' CA199, and 10 ng mL~ ' AFP did not exhibit any
obvious fluorescence alteration compared with CEA alone,
indicating that these cancer biomarkers did not interfere with
the CEA detection. These results demonstrated that the devel-
oped strategy can effectively discriminate CEA from other
protein biomarkers and has great potential for accurate early-
diagnosis of cancers. To evaluate the reproducibility of the
developed fluorescence strategy, 100 pg mL™ ' and 1 ng mL ™"
CEA were assayed 5 times. The relative standard deviations
(RSDs) for both concentrations were determined to be 3.7% and
4.3%, respectively, showing that this dual-amplification strategy
exhibits superior reproducibility.

Clinical serum sample analysis

In order to validate the applicability of the proposed dual-
amplification strategy for real sample analysis, the standard
addition method was used to detect the recoveries of different
concentrations of CEA in diluted serum samples. The serum
samples consisted of non-cancer human serum. CEA solutions
with concentrations of 0.01, 0.1, 1.0, and 10 ng mL ™" were
added into the diluted serum samples. Table 1 shows that the
RSD ranged from 2.3% to 3.6% and the recovery rate was from
96% to 110%, suggesting the acceptable analysis capability of
the developed fluorescence method for clinical samples. These
results demonstrated that the developed strategy holds great
potential in clinical applications.

Table 1 Recovery tests in diluted serum samples

Spiked Measured RSD Recovery
Samples (ng mL™) (ng mL™) (%) (%)
1 0.01 0.0096 2.3 96
2 0.1 0.11 3.1 110
3 1.0 1.02 3.6 102
4 10 10.5 2.9 105

This journal is © The Royal Society of Chemistry 2018
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Conclusion

In conclusion, we have successfully developed a facile fluores-
cent approach for the highly sensitive and specific detection of
CEA based on an aptamer binding-induced Exo III-mediated
dual-amplification strategy. This homogeneous sensing
system exhibits good selectivity, high sensitivity, and a low
detection limit of 58 fg mL " for CEA detection. As it does not
require multi-step reactions or the time-consuming synthesis of
nanoparticles, this developed strategy can be conveniently
accomplished in several tens of minutes with high stability.
Moreover, this isothermal dual-amplification strategy can be
applied to detect CEA in serum samples with satisfactory
results. In addition, by simply changing the target-specific
sequence, this single-step dual-amplification strategy can be
easily extended for the detection of other disease markers.
Therefore, the developed homogeneous strategy holds great
potential for simple, rapid, and cost-effective detection of CEA
in clinical samples, and other biological analytes for early
diagnosis of diseases.
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