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Highly sensitive and selective detection of PCB 77
using an aptamer-catalytic hairpin assembly in an

aquatic environmentf
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Polychlorinated biphenyls (PCBs) are synthetic organic compounds that are extremely difficult to break
down in water and can accumulate in human fat and organisms. However, methods that can be used to

detect large amounts of PCBs remain unsatisfactory, as they are generally overly sensitive and involve

complex operations. An aptamer-based catalytic hairpin assembly (aptamer-CHA) reaction for the

selective detection of 3,3/,4,4’-tetrachlorobiphenyl (PCB 77) was developed. It combines the advantages

of aptamers and signal amplification reactions. The aptamer selectivity recognizes the target, PCB 77,

which triggers the sensitive CHA reaction to produce a fluorescence signal. CHA is a sensitive enzyme-
free signal amplification method suitable for on-site detection. Therefore, the identification aptamer is
the basis for the quantitative detection of PCB 77, with a detection range of 0.01 pg L™ to 500 pg L™*
and a detection limit of 0.01 ug L™ . In this study, the aptamer was used to improve the selectivity of the
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reaction, and the CHA reaction improved the sensitivity of the detection system. Such high-sensitivity

PCB detection capabilities with simplified procedures may be useful for real-time field detection and

DOI: 10.1039/d0ral0285g

rsc.li/rsc-advances targets in aquatic environments.

1. Introduction

Polychlorinated biphenyls (PCBs) are one of the 27 classes of
environmental persistent organic pollutants controlled by the
United Nations Environment Program (UNEP)." PCBs are listed
as carcinogens by the International Agency for Research on
Cancer (IARC) because of their persistence, high biological
toxicity, carcinogenicity and damage to the biological environ-
ment.”> According to the number and position of chlorine atoms,
there are 209 homologues in theory, and more than 100 PCBs
have been detected in the real environment.®* Despite the
gradual elimination, reduction and control of PCBs, they still
exist in the electric power, plastic processing, chemical,
printing and other industries and widely exist in nature due to
their good chemical inertia, heat resistance, incombustibility
and high dielectric constant.** Among them, PCB 77 is a typical
coplanar polychlorinated biphenyl homologue with high bio-
logical toxicity and carcinogenicity; this PCB can cause cancer
and other adverse health effects.® Currently, the traditional
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other monitoring tasks. This method can be used as a rapid fluorescence detection strategy for other

monitoring of PCBs in samples is usually performed by gas
chromatography-mass spectrometry (GC-MS)*”®* and high-
performance liquid chromatography-mass spectrometry
(HPLC-MS).® These methods have high sensitivity, accuracy and
repeatability, but their utility in field sampling for a target
compound is limited due to the expensive instruments and
professional technicians required and the high cost of analysis.
Alternatively, immune-based detection methods are based on
the immune polymerase chain reaction detection method,
immune-based surface plasmon resonance detection, and
immune-based electrochemical magnetic sensor detection.'**?
However, the sensitivity of these monitoring methods is
average, and the procedures are generally complex. Therefore, it
is necessary to further improve the sensitivity of PCB detection
methods and the convenience of their procedures. PCB 77
detection methods with high sensitivity and simplified oper-
ating procedures may be helpful for field inspections and other
work.

Compared with instrumental analysis or immunoassays,
aptamer-CHA detection based on fluorescence spectroscopy has
the advantages of simplicity, high selectivity and high sensi-
tivity. At present, monoclonal antibodies are still the key iden-
tification element for the rapid detection of PCB 77. However,
the preparation is time consuming, and the identification of
small molecules is limited.”* Due to their highly flexible two-
dimensional and three-dimensional structure and good

© 2021 The Author(s). Published by the Royal Society of Chemistry
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selectivity, high sensitivity and high affinity for small and
medium-sized molecules in the environment, aptamers have
become ideal substitutes for antibodies. CHA is an isothermal
cyclic amplification reaction that does not produce polymeri-
zation products but does produce a stable DNA double-chain
structure. This reaction is different from other enzyme signal
amplification methods,**"” as it does not result in a polymeric
product but rather produces a double strand of DNA' and relies
on only hybridization and chain substitution reactions to
realize amplification, thus amplifying chemical signals and
improving detection sensitivity.

Herein, we report a new fluorescence detection strategy
based on aptamer-CHA reactions for PCB 77. The presence of
PCB 77 led to the separation of the primer chain and aptamer,
and the replaced primer chain triggered CHA to open hairpins
and generate fluorescence signals. This detection method was
applied to actual samples and showed high sensitivity and
selectivity. Moreover, the method can be applied as a fluores-
cent sensor in the analysis of actual environmental water
samples.

2. Experimental section

2.1. Chemicals

3,3',4,4'-Tetrachlorobiphenyl (PCB 77), 2,3,4-trichlorobiphenyl
(PCB 22), 2,2',5,5'-tetrachlorobiphenyl (PCB 52), 2,3,3,4,4'-
pentachlorobiphenyl (PCB 105), 2,2,3,3',4,4,5,5',6,6'-deca-
chlorobiphenyl (PCB 209), naphthalene, chloramphenicol,
HgCl,, CuCl,, FeCl;, CoCl,, CaCl, and H3AsO; were purchased
from Aladdin (Shanghai, China). The binding buffer (100 mM
NacCl, 20 mM Tris-HCI (pH 7.6), 2 mM MgCl,, 5 mM KCl, 1 mM
CaCl,, and 0.02% Tween 20) used in this research was
purchased from Shanghai Sangon Biotechnology (Shanghai,
China). The other reagents (acryl/bis solution (29 : 1), urea,
ammonium persulfate, 1x TAE buffer, N,N',N,N-tetramethyl
ethylenediamine) used in the electrophoretic analysis were
purchased from Shanghai Sangon Biotechnology (Shanghai,
China). All reagents used in this work were of biomolecular
grade, purchased and used without further purification. The
aqueous solutions were all prepared with reverse osmosis water.
DNA was ordered from Takara Biotechnology Co., Ltd. (Dalian,
China) with HPLC purification, and the sequences are shown in
Table 1.

2.2. Apparatuses

All fluorescence assay measurements were performed on an RF-
5301PC system (Shimadzu, Japan). The apparatuses used to

Table 1 The DNA sequences
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prepare the aptamer and H1 and H2 hairpins included a Mini-
7k (Allsheng, Shanghai), an M-Microcentrifuge (AndyBio, Bei-
jing), an XW-80A vortex mixer (Qilinbeier, Jiangsu) and
a T100™ thermal cycler (Bio-Rad, USA). The instruments used
for gel electrophoresis were a DYY-2C system (LIUYI, Beijing)
and a DYCZ-24EN system (LIUYI, Beijing). Electrophoresis
imaging was performed with a Bio-Rad gel Doc 2000 imaging
system for gel analysis.

2.3. Fluorescence assay

Primer chains and aptamers (1:1 ratio) were added to the
binding buffer (100 mM NaCl, 20 mM Tris-HCI (pH 7.6), 2 mM
MgCl,, 5 mM KCI, 1 mM CacCl,, and 0.02% Tween 20), heated to
80 °C for 3 min, and then cooled to room temperature slowly to
form a stable structure. H1 and H2 were added to binding buffer
separately, followed by heating to 95 °C for 5 min, sitting on ice
for 5 min, and finally sitting at room temperature for 1 h before
further use.

For feasibility assay experiments, different doses of aptamer,
H1, H2 and PCB 77 were added to binding buffer. In the reac-
tion, the added doses of aptamer, H1 and H2 were 100 nM,
100 nM and 150 nM, respectively. An aptamer-CHA reaction
without aptamer or H1 or H2 was used as a negative control.
Samples were incubated at 37 °C for 3 h, and fluorescence
spectra were acquired. For quantitative assay experiments,
100 nM aptamer, 100 nM H1, and 150 nM H2 were added to
binding buffer, and then different concentrations of PCB 77
were added into the binding solution. Samples were incubated
at 37 °C for 3 h, and fluorescence spectra were acquired. For
selectivity assay experiments, different targets (PCB 77, PCB 22,
PCB 52, PCB 105, PCB 209, naphthalene, chloramphenicol,
HgCl,, CuCl,, FeClz, CoCl,, CaCl, and H3zAsO;) in equal
amounts were used. Then, 100 nM aptamer, 100 nM H1, and
150 nM H2 were added to the binding buffer, and the different
targets at 20 pg L~ were added to the binding buffer. Samples
were incubated at 37 °C for 3 h, and fluorescence spectra were
obtained. All fluorescence data were obtained on an RF-5301PC
system using 635 nm excitation and 660 nm emission.

2.4. Optimal assay

In the CHA reaction system, the doses of aptamer, H1 and H2
can affect the sensitivity of the reaction. The optimal doses of
aptamer, H1, and H2 were determined according to Wu et al.*®
Finally, the optimal reaction temperature and time were deter-
mined by a single-variable experiment.

Name Sequence (5'-3')

Aptamer GGCGGGGCTACGAAGTAGTGATTTTTTCCGATGGCCCGTG

I ACGGGCCATCGGAAAAAATCACTA

H1 CACGAGACTGTTCACATCGGAAAAAATCACTAAGATGTGTACCTAGTGATTTTTTCCGATGGCCCGT
H2 /Cy-5/AGATGTGTACCTCGGAAAAAATCACTAGGTACACATC/BHQ-2/TTAGTGATT

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.5. Detection of PCB 77 in real samples

In this study, water samples were taken from the Jinan west
sewage treatment plant, China. The collected water samples
were filtered to remove suspended pollutants and eliminate
their interfering fluorescence signals. Then, the filtered water
samples (10 pL) and PCB 77 at different concentrations were
added to binding buffer. The concentration range of the PCB 77
standard in the binding buffer was 0, 2, 4, 8, 12, and 20 pg L.
The aptamer-CHA reaction system was used to measure fluo-
rescence intensity and construct calibration curves.

3. Results and discussion

3.1. Principle of the fluorescence amplification reaction
system

As shown in Scheme 1, in this fluorescence amplification
reaction system based on aptamer-CHA analysis, the aptamer is
the key not only as the recognition unit of the target but also as
the starting unit of the CHA reaction. In the presence of PCB 77,
the aptamer opens, and a target aptamer chain combines with
PCB 77 to form a stable structure and releases another primer
chain (I). Primer chain (I) is the starting strand that triggers
CHA amplification of the two hairpins (H1 and H2). In the
absence of PCB 77, and therefore any binding to aptamers to
produce primer chains (I), H1 and H2 remain intact because
their intramolecular hybridization prevents cross reactions to
form rings. Once the target is added, the primer chain (I) is
released and triggers the CHA amplification response, forming
toeholds to assist H1 hybridization to produce a stranded
structure (I-H1). The generated single-stranded portion on H1
then serves as a second toehold to initiate strand displacement
to produce an intermediate structure (I-H1-H2), at which time
H2 is turned on to generate the fluorescence signal. As a result
of forming a stronger double-stranded structure (H1-H2), the
primer chain (I) is released from H1 and catalyses the next
round of the CHA reaction to achieve the signal amplification
initiated by PCB 77.

3.2. Feasibility and characterization

The results validating the feasibility of the aptamer-CHA reac-
tion in binding buffer are shown in Fig. 1. In the absence of PCB
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Fig. 1 Fluorescence spectra of the aptamer, H1 and H2 in buffer
without PCB 77 and with PCB 77 (20 ug L™3). In the presence of 20 ug
L=t PCB 77, the aptamer-CHA reaction without aptamer or H1 or H2
was used as a negative control.

77, the fluorescence spectra show a low background value. In
the presence of 20 pg L™' PCB 77, the fluorescence signal
increased ~2-fold, indicating that PCB 77 caused aptamer-
specific cleavage and generated primer chains to initiate the
CHA reaction. The aptamer-CHA reaction without aptamer or
H1, used as negative controls, showed low signals. The aptamer-
CHA reaction without H2 was used as a negative control with no
fluorescence signal. The above results were confirmed by eval-
uating the aptamer-CHA reaction system using 12% (w/w)
denatured polyacrylamide gel electrophoresis (PAGE) (Fig. S17).

3.3. Optimization assay

The results show that there are many factors affecting the
sensitivity of the reaction system, including reaction time and
reaction temperature under the CHA reaction conditions.
Fig. 2A and B present the optimal temperature and time for the
CHA reaction, determined in the single-variable experiment.
After 3 h, the added value of the fluorescence signal slows down,
which may be due to the high consumption of H1 and H2
hairpins, which slows down the CHA reaction. Therefore, the
optimal response time was determined to be 3 h (Fig. 2A and
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Scheme 1 Aptamer-CHA analysis for PCB 77 detection.
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Fig. 2 Optimization analysis of the aptamer-CHA reaction. (A) The
optimum reaction time curve of the reaction system. (B) The optimum
reaction temperature curve of the reaction system.

S27). At 37 °C, the response of the fluorescence signal was
maximal, so 37 °C was determined to be the optimal reaction
temperature of the whole system (Fig. 2B and S37).

3.4. Fluorescence signal response of the aptamer-CHA
reaction

To determine whether the aptamer-CHA reaction system could
quantitatively detect PCB 77 in buffer, the fluorescence spectra
of PCB 77 at different concentrations were acquired. Fig. 3A
shows the fluorescence signals of the aptamer-CHA reaction
system measured at different concentrations of PCB 77, ranging
from 0 pg L' to 500 ug L™". The fluorescence signal intensity at
660 nm increased linearly with the PCB 77 concentration from
0.1 ug L' to 20 pg L™, with a correlation coefficient of 0.993
(Fig. 3B). The LOD was 0.01 ug L™ (3¢/slope rule), which is
below the maximum level of 0.5 ppb allowed in drinking water
by the Environmental Protection Agency (EPA). Thus, the
proposed assay has a good advantage over the previously re-
ported PCB 77 detection methods (Table 2). The results of this
work are better than the results for most of the current detection
methods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimization of the aptamer-CHA reaction. (A) Fluorescence
signal increase in the aptamer-CHA reaction as the concentration of
PCB 77 increased from 0, 0.1, 1, 10, 20, 50, 100, 200, 300, 500 ug L%,
(B) The relationship between fluorescence intensity and PCB 77
concentration. The illustration shows an enlarged view of the linear
region.

3.5. Selectivity of the aptamer-CHA assay

PCBs and other interfering toxic organic pollutants are often
present in polluted aquatic environments. The selectivity of the
aptamer-CHA reaction was evaluated with four structural
analogues (PCB 22, PCB 52, PCB 105 and PCB 209) and two
functional analogues (naphthalene and chloramphenicol) in
equal doses. The results in Fig. 4 and S4f show that the fluo-
rescence signal of PCB 77 was the highest, and the fluorescence
signals of PCB 22, PCB 52 and PCB 105 were half that of PCB 77.
Among the tested analogues, tetrachlorobiphenyls produced
high fluorescence signal responses, which may be due to their
structural similarity to PCB 77. However, because the structures
of PCB 209, naphthalene and chloramphenicol are different
from that of PCB 77, they produced almost no increase in the
fluorescence signal. To avoid interferences from heavy metal
ions or metal-like ions that affect the experimental selectivity,
Hg>", Cu®*, Fe*", Co*", Ca®" and As** were evaluated, and almost
no fluorescence signal was generated by these ions. These
results suggest that the compatibility and selectivity of the
aptamer to PCBs need further improvement. To use the
aptamer-CHA reaction as a biological detection system for

RSC Adv, 2021, 11, 5506-5511 | 5509
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Table 2 Comparison of the detection limit obtained with the aptamer-CHA reaction with those of previously reported methods
Target Detection platform LOD [nM] Detection range [nM] Ref.
PCB 77 GC — 3.9 x 1072 9.2 x 1072 20
Fluorescence 3.4 x 10t 3.4 x 10! 3.4 x 10> 21
Colorimetric 5.0 X 10> 5.0 x 10" 9.0 x 10> 22
SERS 1.0 x 10° 1.0 x 103 1.0 x 10° 23
SERS 1.0 x 102 1.0 x 1072 1.0 x 10% 24
SERS 3.3 x 1072 3.3 x 1072 1.0 x 10* 25
SERS 2.4 x 1077 1.0 x 107° 1.0 X 1072 26
Electrochemical 3.4 x 1072 1.0 x 10° 1.2 x 10° 27
Electrochemical 3.4 x 107" 3.4 x 10° 3.4 x 10" 28
Electrochemical 2.0 x 1073 3.4 x 1078 3.4 x 107" 29
Electrochemical 2.7 x 1077 1.0 x 1073 3.4 x 107" 30
LC 5.0 X 10° 5.0 X 107> 5.0 X 10" 31
Fluorescence 3.4 x 102 3.4 x 102 1.7 x 10° This work
1.6 reactivity system has good reproducibility, repeatability and
long-term stability in detecting PCB 77.
1.4

1%3% 002$ Q?Qx 4&3><

2
(&
550

Loy Cop Lop Cop Moy, Gy Hos, G
@\2@52 G/ 3&9 106,56/601;?0]97( 2%

e <, ]bo/

Fig. 4 Selectivity of the aptamer-CHA reaction. The dose of disruptors
was 20 ng L~L. An error bar represents the error for three independent
experiments.

pollutant analysis in an aquatic environment, its sensitivity and
reproducibility must be greatly improved.

3.6. Reproducibility, repeatability and long-term stability

The reproducibility, repeatability and long-term stability of the
developed aptamer-CHA reaction to detect PCB 77 were evalu-
ated. Fig. S5AT shows the detection of PCB 77 was prepared by
seven aptamer-CHA reactions under the same conditions.
Fig. S5Bf shows the aptamer-CHA reaction detection of seven
PCB 77 was prepared under the same conditions. For repro-
ducibility and repeatability, the fluorescence intensity of the
same concentration sample did not change significantly.
Fig. S5CT represents the detection of PCB 77 from 2, 4, 8,12, 24,
48, 72 h. Within 72 h, the fluorescence intensity of the sample at
the same concentration was measured, and the fluorescence
attenuation value was less than 95%. The results show that the

5510 | RSC Adv, 2021, 11, 5506-55T1

3.7. Water sample analysis

To further evaluate the detection accuracy of the system in
natural polluted water samples, we measured the concentration
of PCB 77 in a water sample using the established method. As
indicated in Fig. 5 and S6,T the fluorescence intensity increased
significantly with increasing PCB 77 concentration in the range
of 0-20 ug L. In addition, the relative fluorescence intensity
showed a good linear correlation with the concentration of PCB
77. The correlation equation was y = 4.103x + 12.512, and the
correlation coefficient was R* = 0.993. The content of PCB 77
estimated by the standard addition method was 15.28 pg L™" in
a real sample containing 10 pL of polluted water in a volume of
50 pL. The linear dependence of the fluorescence intensity on
the PCB 77 concentration indicates that this method can
quantitatively determine the content of PCB 77 in actual water

100 4
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Fig. 5 Detection of PCB 77 in a real wastewater sample. The fluo-
rescence curves for the detection of 10 uL of a wastewater sample
containing 0, 2, 4, 8,12, or 20 pg L~* PCB 77.
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samples. In order to further verify its accuracy, the recovery
experiment was supplemented (Table S17).

4. Conclusion

In conclusion, an aptamer-CHA reaction system for detecting
PCB 77 was developed, and its performance was demonstrated.
This method has high sensitivity and selectivity, proving the
validity of this aptamer identification strategy. It makes use of
aptamers to identify PCB 77, which triggers the reaction, thus
simplifying the experimental operation. It has the advantages of
high sensitivity, good selectivity, simple operation and a wide
detection range. The system has broad application prospects in
the detection of harmful substances in aquatic environments
because of the absence of a complex pretreatment process. Our
subsequent experiments will increase the versatility and
stability of the reaction system, making it more suitable for on-
site aquatic environmental detection.
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