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1 | INTRODUCTION

Heavy metal pollution is a huge concern due to high toxicity and
persistence.[l’Q] Among the heavy metals, cadmium ions (Cd®*) are
considered one of the most extreme toxic metal ions for humans.
Environmental exposure to Cd?* can cause serious health issues
involving many serious diseases and various types of cancers.>¢
The major problem is the wide utilization of Cd®* in different daily
processes such as agricultural practices, industrial production, and
public life. Moreover, due to its long metabolic half-life, Cd®>* is eas-
ily bio-accumulated in animals and human beings through the food
chain.”#! European legislation has set a limit of 0.3-0.5 mg/L for
Cd?* discharge into the environment.”! In addition, the World
Health Organization (WHO) and United States Environment Protec-
tion Agency (US EPA) have defined the maximum permissible limits
of 3 pg/L and 5 pg/L for Cd®>" in drinking water, respectively.
Therefore, quantitative determination of Cd?>* at trace or even
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In this work, a highly sensitive biosensor for detecting cadmium ions (Cd?") was
developed based on a Cd?*-specific DNA aptamer and a hybridization chain reaction
(HCR). The Cd?** aptamer (named SO) was used to recognize Cd** and trigger the
HCR. Without Cd?*, SO initiated the HCR to form long nicked dsDNA structures to
quench the fluorescence. Then, Cd?>* could bind with SO to block HCR to recover
fluorescence. This biosensor had high sensitivity with a detection limit of 0.36 nM

and a linear range from O to 10 nM. Moreover, it showed a satisfactory selectivity

aptamer, biosensor, cadmium ions, HCR, high sensitivity

ultra-trace concentrations is of great significance in environmental
chemistry.

The traditional methods for Cd?>" determination rely on instru-
ment analysis including inductively coupled plasma mass spectrometry
(ICP-MS),[*! and atomic absorption spectroscopy.*™ Although these
methods are sensitive and accurate, they require expensive instru-
ments or complicated procedures. Recently, large numbers of new
methods have been reported to overcome the shortcomings of tradi-
tional methods. According to the chemical nature of the recognition
group, these methods can be divided into organic small molecule

[3,12,13] [14]

probes, protein probes,* nanomaterial probes!*>¢), and DNA

[17-191 However, in these methods, new problems were

probes.
exposed such as the complex synthesis of the probes. Because DNA
is commercial, chemically stable, and easy to modify, DNA methods
stand out.[20-22

Aptamers are single-stranded DNA oligonucleotides with a spe-

cific nucleic acid sequence that has high affinity and specificity
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towards a wide range of target molecules.”® Since its discovery,
aptamers for many targets such as ATP, thrombin, and cocaine have
been screened. On this basis, various detection methods have been
established.? For Cd?™, the first Cd%* aptamer was selected in 2014
by the Zhou group.[*”! They designed a Cd?* biosensor based on the
aggregation of gold nanoparticles (AuNPs) with a detection limit of
4.6 nM. Although this method has high sensitivity due to the high
d2+

affinity of the aptamer for Cd=™, its sensitivity could still be improved

by an amplification strategy. Subsequently, many methods have been
developed for detecting Cd** based on a Cd?* aptamer.[24'26] To
improve sensitivity, many signal amplification strategies have been

[27) exonuclease Il

applied including polymerase chain reaction (PCR),
(Exo 1)t digestion,?®! and hybridization chain reaction (HCR). Among
them, HCR is an enzyme-free amplification technique using DNA self-
assembly that is triggered by an initiator DNA and leads to the forma-
tion of long nicked double-stranded DNA structures under mild condi-
tions. This technique was first introduced by Dirk and Pierce.l?”!
Subsequently, it became a fascinating and effective amplification
strategy to detect DNABY proteins, 2! cells,®? small molecules,®3!
and various heavy metal ions.®*27 In this work, we used HCR to
improve the sensitivity and a combined Cd?*-specific DNA aptamer

as a recognizer to ensure the specificity.

2 | EXPERIMENTAL

2.1 | Reagents and apparatus

Metal ions (CdCl,, HgCl,, AgCl, BaCl,, CuSQO4, ZnSQO,4, Pb(NO3),,
FeCls, NaCl, MnCly, NiCl,, MgSQ,, CrCls, CoCl,) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Other reagents were pur-
chased from Aladdin Co., Ltd (Shanghai, China). All chemicals were of
analytical grade. The aqueous solutions were prepared with deionized
water (resistance 18.2 MQ.cm) that was obtained from a Milli-Q water
purification system. The HPLC-purified DNA oligonucleotides used in
this study were synthesized and purchased from Sangon Biological
Engineering Technology and Services Co., Ltd (Shanghai, China) and
their sequences are listed in Table 1. A stock solution of the oligonu-
cleotides (100 pM) was prepared and stored at —20°C.

Fluorescence intensity was tested with a SpectraMax iD3 Multi-
Mode Microplate Reader (USA). The excitation wavelength was
470 nm, the emission wavelengths were 510-650 nm, and the photo-
multiplier tube (PMT) detector voltage was set at a low voltage. Poly-
acrylamide gel electrophoresis (PAGE) was conducted on a voltage

type electrophoresis imaging system (JY04S-3C, Beijing, China).

2.2 | Fluorometric analysis
Before the experiment, S1 and S2 were pretreated to form a hairpin
structure by means of heating and cooling. Initially, 10 pM S1 and S2
was added into HEPES buffer (50 mM, NaCl 0.5 M, pH 8.0). Then, the
solutions were heated to 95°C for 5 min and allowed to slowly cool
down to room temperature within 2 h.

The titration of Cd?* was performed by adding different concen-
trations of Cd?* into HEPES buffer (50 mM, NaCl 0.5 M, pH 8.0) con-
taining 20 nM SO. Then the samples were incubated at room
temperature for 0.5 h to ensure the completion of the SO-Cd?* reac-
tion. Next, according to a typical procedure,[38] 100 nM S1 and
100 nM S2 were added. The mixture was incubated at room tempera-
ture for 0.5 h to ensure signal stabilization. Finally, the fluorescence
signals were measured on a SpectraMax iD3 Multi-Mode Microplate
Reader.

The selectivity of the proposed method for Cd?>* was evaluated
by adding 10 nM Cd?* and 200 nM other interfering substances
(Mg2*, Cu?*, Pb2*, Fe®*, Ca2t, Zn?*, Mn2*, Ni?*, Ag*, Co?*, Ba?",
Hg?*). The procedure was similar to that for the Cd?™ titration experi-

ment. The reaction volumes of all experiments were 100 pl.

2.3 | Gelelectrophoresis analysis

PAGE was used to estimate the HCR process. Initially, 12% PAGE gel,
and 1x Tris-borate-EDTA electrophoresis buffer (TBE, pH 8.0) were
prepared. In addition, gel electrophoresis samples including the HCR
product and different controls were prepared by adding loading
buffer. Then, electrophoresis was performed at 140 V for ~40 min at
room temperature. Finally, nucleic acid was stained using M5 Hipure
Next lll Gelred (DNA dye).

3 | RESULTS AND DISCUSSION

3.1 | Mechanism of the method

The principles of the Cd?>*-specific DNA aptamer and HCR amplified
assay are shown in Scheme 1. Initially, three oligonucleotide probes
S0, S1, and S2 were designed. Among them, SO was used as the Cd?*-
specific DNA aptamer and the promoter for HCR. S1 and S2 can form
hairpin structures separately at the beginning of the reaction. In this
stage, hairpin S1 was labelled with a quencher (BHQ1), and hairpin S2

was labelled with 5-carboxyfluorescein (FAM), which can emit intense

DNA sequence (5'—3) Tl;\B LE 1 Sequences of DNA used in
this work

SO GGACTGTTGTGGTATTATTTTTIGGTTGTGC

S1 CCAAAAATAATACCACAACAGTCC/BHQ1/

S2 GGACTGTTGTGGTATTATTTTTGG /FAM/
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FIGURE 1 (a) Fluorescence spectra under different treatment conditions: S1 + S2 (black), S1 + S2 + 10 nM SO (red), S1 + S2 + 20 nM SO

(blue). (b) Native gel electrophoretic analysis (12% PAGE) of the HCR process under different SO concentrations. Lane 1, S1; lane 2, S2; lane 3, S1
+ S2;lane 4,51 + S2 + 100 nM SO; lane 5, S1 + S2 + 50 nM S0; lane 6, S1 + S2 + 40 nM SO; lane 7, S1 + S2 + 30 nM SO; lane 8, S1 + S2
+ 20 nM SO; lane 9, S1 + S2 + 10 nM SO. Concentrations of S1 and S2 in all the reaction systems were 100 nM

fluorescence. In addition, part a’ (red) of SO was complementary to
part a (black) of S1. Part b (yellow) of S1 was complementary to part
b’ (brown) of S2.

In the absence of Cd?*, SO was free. It can hybridize to 51 by
a-a’ interaction to open the hairpin structure of S1. Then, part b of S1
was released to hybridize with S2 through b-b’ In this case, hairpin 52
was opened and part a’ was released. Then part a’ of S2 can bind with
the next S1 and trigger cascade hybridization of S1 and S2. Finally, a
long double-stranded DNA (dsDNA) assembly polymer with multiple
repeated units was formed. In this polymer, FAM, and BHQ1 were
pulled close together, which resulted in the fluorescence quenching of
FAM. In the presence of Cd?*, free SO was exhausted due to forma-
tion of the Cd?*-aptamer complex.*”) Therefore, the HCR process
could not occur. The distance between FAM and BHQ1 was far
enough to avoid interference. Therefore, FAM fluorescence was

recovered.

3.2 | Theinitialization of HCR by SO

According to the principle of the Cd?* biosensor, HCR was the key of
this Cd?* biosensor. Therefore, SO triggering of the HCR process was
verified firstly. When merely S1 and S2 existed, an intense fluores-
cence signal could be observed (Figure 1a, black curve). When SO was
added, the fluorescence intensity was decreased significantly
(Figure 1a, red curve). As the concentration of SO doubled, fluores-
cence intensity decreased further, proportionally (Figure 1a, blue
curve). These results indicated that SO could successfully initiate
the HCR.

To further confirm the principles of the Cd?* biosensor, gel elec-
trophoretic analysis was used. The results are shown in Figure 1(b).
Lanes 1, 2, and 3 correspond to S1, S2, and S1 + S2, respectively.
Due to the lack of SO, the HCR cannot start, so the molecular weight
was relatively small. When SO was added, as shown in Figure 1(b), lane
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4, some new bands can be seen clearly in the high-molecular-weight
region. This result meant that the HCR was triggered. As multiple
HCRs occurred and the degree of reaction was different, bands of dif-
ferent sizes were observed. As the concentration of SO decreased
gradually, the brightness of the bands decreased accordingly (lanes 4-
9). These results further confirmed that the HCR in this work was trig-
gered by SO.

3.3 | Optimization of HCR conditions

The HCR conditions were optimized to achieve better results. First,
reaction buffers were optimized by comparing four different kinds of
buffers (Tris-HCI, PBS, HEPES, and MOPS). As shown in Figure 2(a),
HEPES buffer (purple) had a lowest F/FO value and indicated that the
HCR was the best. Moreover, this advantage remained constant over

long periods. Therefore, HEPES buffer was chosen for subsequent

experiments. In addition, ionic strength usually played an important
role in the hybridization reactions. lonic strength was studied by
adding different concentrations of NaCl. Without NaCl, only a small
amount of fluorescence quenching could be observed. When 0.5 M
NaCl was added, a significant change in F/FO was observed. As the
concentration of NaCl continued to increase, the F/FO value was close
to that of the 0.5 M NaCl group (Figure 2b). Therefore, economically,
0.5 M NaCl can ensure the completion of the HCR. The reaction time
was another important parameter. The HCR under different time
periods was also investigated. The results showed that the HCR com-
pleted in 0.5 h.

3.4 | Optimization of SO concentration

If the concentration of SO was too low, it was not enough to initiate

the HCR. However, if SO was excessive, more Cd?* than expected

(0
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FIGURE 2
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(a) Fluorescence change (F/FO) in different buffers (Tris—-HCI, PBS, HEPES, and MOPS) under different reaction time conditions. All

buffers were 50 mM, pH 8.0. F and FO were the fluorescence intensities in the presence or absence of SO, respectively. (b) Change of F/FO under
different concentrations of NaCl in HEPES buffer (50 mM, pH 8.0). (c) Change of F/FO under different reaction time conditions
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(a) Fluorescence spectra of the HCR in the presence of different concentrations of SO. (b) Peak fluorescence intensity under

different SO concentrations. Inset: the linear relationship between fluorescence and SO from O to 20 nM. Error bars represent the relative

standard deviation of three repeated measurements
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would be consumed to decrease the sensitivity of biosensor. For bet-
ter Cd?* detection, SO concentration titration experiments were per-
formed. As shown in Figure 3(a), the fluorescence intensity of FAM
decreased gradually with the increase of SO from O to 20 nM. This
result indicated that the HCR process was highly associated with the
SO concentration. Then, the fluorescence intensity reached a plateau.
Even if the concentration of SO was increased to 50 nM, the change
in fluorescence intensity was not obvious. Considering that excessive
SO would reduce the sensitivity of the method, 20 nM SO was chosen
for the subsequent experiments. Subsequently, the peak fluorescence
intensity was studied for quantitative analysis (Figure 3b). A linear cor-
relation between the fluorescence intensity and the SO concentration
was found from O to 20 nM (inset of Figure 3b). The linear equation
was Y =2576 x 10° — 103,848 X, R?=0.994, where Y and
X represent the fluorescence intensity and SO concentration, respec-
tively. The detection limit for DNA was estimated to be 0.96 nM
based on the 3a/slope. This result implied that the concentration of
Cd?* can be quantified by the binding relationship between Cd?* and
SO.

3.5 | Feasibility for Cd*>* detection

With the optimized HCR conditions, the feasibility of biosensor for
Cd?* detection was studied. Because SO was the Cd?* aptamer, it can
be consumed with the addition of Cd?>* by forming a Cd?>*-S0 com-
plex. Therefore, the fluorescence of FAM can be recovered to
respond to Cd?*. As shown in Figure 4(a), the fluorescence intensity
of the HCR increased with 3 nM Cd?*. When the concentration of
Cd?* was as high as 10 nM, the fluorescence increased further. These
results suggested that it was feasible to detect Cd?* with our

biosensor.
(a)
1.5x10° 1
——HCR
- ——Cd*/3nM
2 e Cd?*/10nM
5 1.0x10° 1
12
=
[
2
2
=]
=
& 5.0x10° 1
0.0 T T T T T T
520 540 560 580 600 620 640
Wavelength(nm)
FIGURE 4

+ S2 4 10 nM Cd?* (purple). (b) Fluorescence intensity changes of the proposed method in the presence of different concentrations of C
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3.6 | Sensitivity of Cd*>* biosensor

The sensitivity of biosensor was measured using a Cd?* titration
experiment. As shown in Figure 4(b), in the concentration range
0-10 nM Cd?*, the fluorescence intensity increased rapidly. This
result suggested that SO was used up by forming the Cd-SO complex.
Then the fluorescence intensity reached a plateau. Subsequently,
even if the concentration of Cd?* continued to increase to 70 nM,
the fluorescence intensity increase was not significant (Figure 4b).
This suggested that Cd?" was saturated. In addition, there was a good
linear relationship between fluorescence intensity and Cd?>* concen-
tration in the range 0-10 nM (inset of Figure 4b). The linear equation
was Y =924535+53753 X (R?=0.991),

X corresponded to the fluorescence intensity and C

where Y and
d?* concentration,
respectively. The detection limit was estimated to be 0.36 nM
(~0.017 pg/L) based on the 3a/slope, which was two orders of magni-
tude lower than the US EPA defined level of Cd?* in drinking water
(5 pg/L). The results indicated that this new biosensor could be used

to detect Cd®* in aqueous solution with high sensitivity.

3.7 | Selectivity of Cd** biosensor

Selectivity, as another indispensable factor, was researched by com-
paring the signal changes in the presence of different metal ions. The
results showed that only Cd?* caused a marked signal change,
whereas the other metal ions were all at the background level with
slight changes even at 20 times concentrations of Cd?* (Figure 5).
These results suggested that the new biosensor had a good selectivity
for Cd?*. The marked selectivity was due to the highly specific Cd**
aptamer complex. This result was identical to other reported method
that also used a Cd?* aptamer to recognize Cd?+.39-42

(b)

2x10° 4

1x10°4

1x10°4

1x10° 4

—
e
—
=
£
i

Fluorescence (a.u.)
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01 3 678910
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0 10 20 30 40 50 60 70
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(a) Fluorescence emission spectra under different conditions: SO + S1 + S2 (blue), SO + S1 + $2 + 3 nM Cd?* (green), SO + S1

d?t.

Inset: the linear relationship between fluorescence intensity and the Cd* concentration in the range 0-10 nM
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method showed good recovery rates for the detection of Cd?* in
1.6x10° 4 pond water. Therefore, this new biosensor had great potential to
become a useful tool for detecting Cd?*.
7 1.4x10°4
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