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We rationally designed an ultrasensitive and label-free sensing platform for determination of cadmium (Cd). The sensing
platform contains G-quadruplex-Cd(II) specific aptamer (GCDSA) constructed by incorporating G-rich sequence at the
end of 5" and the critical domain of the Cd-4 aptamer. GCDSA designed act as both a special recognition sequence for
Cd?** and a signal DNAzyme. In absence of Cd**, GCDSA may mainly exist in a random coil sequence. Upon addition
of Cd?**, GCDSA could probably be induced to fold into a G-quadruplex structure. The generation of plentiful active
G-quadruplex interacts with hemin to form a peroxidase-like DNAzyme, leading to increased absorbance signal of the
sensing system. AA was directly proportional to the two segments of concentrations for Cd?*, with the detection of limit
of 0.15 nM. The proposed method avoids the labeled oligonucleotides and allows directly quantitative analysis of the
samples by cheap instruments, with an excellent dynamic range.
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Introduction

Cadmium (Cd) is classified as a prevalent toxic heavy metal,
and it is used widely in the manufacture of nick-cadmium
batteries and production of pigments, paints, alloys and solar
panels. China is the largest manufacturer of cadmium and
accounts for almost 30% of world cadmium consumption in
2012.! Cadmium emission into environment through waste gas,
water, and residue has gradually observed due to the increased
consumption. For example, high degree of Cd pollution in the
riverine sediments of the Haihe Basin and Longjiang River in
China has been reported.>® Cd concentrations in rice of some
areas were also excessive to the criteria regulated by the Ministry
of Health of the People’s Republic of China (0.2 mg/kg).*
Polluted soil area with 20 million hm? accounts for about 20
percentage of the Chinese area.® Long-term exposure to low
concentrations of Cd by soil-rice-human chain model is toxic to
certain organisms, such as kidney,®’ liver®* and lung,’ with
biological half-life in the range of 10 - 30 years.!® Therefore,
the quantification of Cd has become increasingly important in
environmental and food samples.

The efficient analytical techniques for determination of Cd
have been widely reported, such as atomic fluorescence
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spectrometry (AFS),!'"® inductively coupled plasma mass
spectrometry (ICP-MS),!*!5 atomic absorption spectroscopy
(CVG-AAS)'*18 and high performance liquid chromatography.'®
Although the above mentioned techniques are accurate and
efficient, many of them either require costly equipment or
skilled operators.

DNAzyme, RNAzyme or aptamer are functional nucleic acids,
which possesses highly affinity and precise molecular
recognition capabilities for a vast range of targets.”>?! Most
functional nucleic acids strongly rely on metal ions, thus they
have been extensively used to detect metal ions in optical and
electrochemical sensors.?>?* Researchers have reported a DNA
aptamer for Cd determination,? which can specifically bind to
Cd?* with high affinity and stability. An electrochemical sensor
based on aptamer is used for detection of Cd**, and the detection
is fast and aptasensor can be reused.?

G-quadruplex as the most of famous structure of DNA, are
G-rich nucleic acid sequences?” and stabilized by hydrogen
bonds and alkali metal ions, which are located in the center
between two G-quartets.”®  Meanwhile, the structure of
G-quadruplex relys on the composition and length of the DNA,
on the orientation of the chains and positions of the loops, and
also on the nature of the cations.”? G-quadruplex DNAzymes
are peroxidase-like complexes based on covalent attachment of
hemin moiety to the G-quadruplex scaffold,*® which has widely
drawn the attention of researchers for a decade. Many kinds of
G-quadruplexes DNAzymes as sensing probes have been
intensively applied to various analytical methods of targets,
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such as Cu? 3! Pb? 32 Hg?* 333 Mg?* 3 and Sr?*.3637 Recently,
our group reported a dual-channel detection of metallothioneins
and mercury based on the flexible G-quadruplex.® The related
researches on colorimetric strategy for detection of certain
heavy metal ions (e.g., Hg?*, Cu®, Pb*, Ag*) have also been
reported.?**  As far as we know that there is no report on the
determination of Cd using the specific G-quadruplex by
colorimetric strategy.

This work focuses on establishing an ultrasensitive and cost-
effective sensor for the accurate and quantitative determination
of Cd*. G-quadruplex-Cd(II) specific aptamer (GCDSA) is a
functional DNA probes. Cd?** could induce conformational
switching of the GCDSA probe to strengthen the peroxidase-
like activity of G-quadruplex DNAzymes, which leads to a
remarkable increase of absorbance signal.

Experimental

Reagents and chemicals

The oligonnucleotide strands, Mes buffer, hemin and
2,2’-azinobis(3-ethylbenzothiozoline)-6-sulfonic acid (ABTS)
were supplied by Sangon Biotech Co., Ltd. (Shanghai, China).
The used DNA sequences were given in follow:

GCDSA: 5-GGGCTGGGAGGGTTGGGGTATTATTTTTGG-

TTGTGCCCTATG-3;

Complementary strands: 5-CCCAACCCT-3" (9 bases); 5'-

CCCAACCCTCC-3’ (11 bases).

DNA concentrations were represented as single-stranded
concentrations, which were determined by measuring the
absorbance at 260 nm. The final concentrations of hemin and
ABTS were 2 UM and 5 mM, respectively, which were stored in
freezer far from light. All chemicals in the experiment were
analytical grade. Deionized water (18.2 MQ cm resistivity) was
used in this work.

Apparatus

Shimadzu UV-2550 spectrophotometer (Kyoto, Japan) was
utilized to collect the UV-vis absorption spectra of the system
with quartz cuvette.

Assay for Cd**

Fifty mM Tris-HCI buffer was prepared to 2-mL EP tube, and
then 30 UL of the GCDSA solution (1 uM) and the different
concentration of Cd** was added to this solution, and the mixture
were incubated for 30 min. Thereafter, 70 UL of 2 mM hemin
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Schematic diagram of a novel singly label-free assay for Cd**.

was added to the mixture and kept for another 60 min. Ninety
microliters of 50 mM-H,0, and 50 UL of 5 mM-ABTS were
added to the above solution, followed by adding an appropriate
amount of water to a volume of 500 uL. After standing for
15 min, the UV-vis absorption spectra were measured at Amax
416 nm, and quantified by AA = A, — Ao, where Ay and A, were
the absorbance of the system without and with Cd?*, respectively.

Results and Discussion

GCDSA design and Cd**-triggering signal change detection

We rationally designed an ultrasensitive and label-free sensing
platform for the determination of cadmium (Cd). As illustrated
in Scheme 1, the sensing platform included Cd**, hemin, H,O,,
2,2-azino-bis(3-ethylbenzothiazoline)-6-sulfonicacid ~ (ABTS)
and GCDSA. GCDSA with a 42-mer oligoncleotide was a
novel peroxidase-like functional aptamer, and it is designed
based on the critical domain of the Cd-4 aptamer® (marked with
a black line in Scheme 1). The critical domain of Cd-4 aptamer
can fold into stem-loop structure, and the loop may provide
sufficient binding sites for Cd?** through the coordination bonds
between Cd** and the adjacent short fragment rich in T or G%.
In our previous research, we also constructed multifunctional
Cd(II)-specific aptamer via extending of two G bases in the 5
terminal and labeling a 6-FAM in the 3’ terminal based on the
critical domain of Cd-4 aptamer.** The 5 terminal of the critical
domain of Cd-4 aptamer contains densely six G bases, then we
replaced the C, T, G and A bases with two G bases and two C
bases in the stems section (the red fonts in Scheme 1), which
still contained 4 pairs of bases, and replaced a T base with G
bases on the loop (the purple fonts in Scheme 1). Furthermore,
we extended 6 bases including 4 G bases at the 5 end (the blue
fonts in Scheme 1). Thus, the base sequence designed becomes
G-rich sequence, which contains three G bases separated by
short stretches of other bases and also basically retained the
base of the loop binding site. G-rich sequences can potentially
self-associate into stacks of G-quartets to form complex
structural motifs known as G-quadruplexes.* At the same time,
we used a web-based server, the QGRS Mapper, to predict the
potential formation of intramolecular G-quadruplexes directly
from GCDSA.*¢ In QGRS parameters, x is 3, yl is 1, y2 is 2,
indicating that the sequence of GCDSA contain three tetrads
(x> 2). The DNA structure with three or more G-tetrads was
considered to be more stable and meant to form quarplexes.*’
Data view in the QGRS Mapper showed that the highest G-score
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Fig. 1 Absorption spectra of the Cd**-hemin-ABTS-H,0, system.
(1) GCDSA; (2) GCDSA-Cd*; (3) GCDSA-Cd**-hemin; (4) GCDSA-
Cd**-H,0»; (5) hemin-ABTS-H,0,; (6-11) GCDSA-hemin-ABTS-
H>0,-Cd* (Ceae.11 =0, 0.8, 1, 10, 100, 1000 nM) Caprs =5 mmol L,
CH202 =0.1 mmol L.

is 41 (Table S1, Supporting Information). So, the GCDSA may
form the G-quadruplex. In a word, GCDSA consists of two
regions on basis of different functions. Domain A was
constructed by G (Guanine)-rich sequence, and Domain B was
the critical domain of the Cd-4 aptamer.”> So, GCDSA could
function as both a special recognition sequence for Cd** and a
peroxidase-like DNAzyme for signal generation. In the absence
of Cd*, GCDSA may mainly exist in a random coil sequence.
The G-quadruplex-forming sequences were initially limited,
in this case, the low absorbance intensity can be expected, then
with addition of Cd?* into hemin-H,0,-ABTS solution, and Cd?*
could probably promoted the GCDSA to fold into an active
G-quadruplex structure. The generation of massive active
G-quadruplex interacts with hemin forming DNAzyme, which
catalyzes the oxidation of ABTS by H,O., resulting in the color
change of solution and significantly enhanced absorbance
intensity of the sensing system for sensitive monitoring of Cd?*.

Spectral characteristics

As mentioned above, we inferred that Cd** might manipulate
the structure switching of GCDSA to forming the activity of
G-quadruplex DNAzyme. To confirm the presumption, the
absorption spectra of the GCDSA-Cd*-ABTS?*-H,O, system
was obtained. As shown in Fig. 1, the aqueous solutions of
GCDSA (curve 1), GCDSA-Cd?** (curve 2), GCDSA-Cd?**-hemin
(curve 3) and GCDSA-Cd?*-H,0, (curve 4) showed almost no
absorption signal, and the hemin in H,O,-ABTS* system
exhibited a low absorption peak at the round of 416 nm (curve 5).
Upon addition of GCDSA, a relative increased absorption
intensity was observed (curve 6), which implied that GCDSA
was likely to form the low activity of DNAzyme. The addition
of Cd** into the solution of GCDSA-hemin-H,0,-ABTS?* (curve
7 to curve 11), Cd** induced a remarkable enhanced absorption
intensity and accompanied by a visible color deepened, which
indicated that Cd** probably could overwhelmingly facilitate to
form massive active G-quadruplex, resulting in a noticeable
enhanced catalytic activity on the oxidation of ABTS by H,O,.
So, the series of data support our hypothesis.

Figure 2 shows the catalytic activity of the GCDSA-Cd*-
ABTS*-H,0, system. The ABTS*-H,O, solution (curve 1)
showed almost no catalytic activity and the hemin-ABTS?*-
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Fig. 2 Catalytic activity of the GCDSA-Cd**-ABTS?*-H,0O, system.
CTris—HCl =15 mmol L_l, CDNA =0.06 umol L_], CHemi“ = (.28 mmol L_],
Capts = 0.5 mmol L', Ciaoo = 1.6 mmol L, Ceg» =6 X 1077 mol L1,

H,0, (curve 2) had a slow reaction velocity, then with the
addition of GCDSA, the absorbance value of the solution was a
small increase (curve 3), indicating that the oxidation of ABTS*
started slowly. Upon addition of Cd?**, the signal of absorption
intensity increased rapidly (curve 4), leading to the accumulation
of the colored radical product (ABTS-*), which may be the
formation of massive G-quadruplex with the high activity of
DNAzyme. The serial of data was in accordance with our
presumption and the above design as shown in Scheme 1.

Selection of complementary chains paired with Cd(Il) specific
aptamer

Given that our detection system in absence of Cd?* has a low
catalytic activity of G-quardruplex DNAzymes, which results in
the absorbance value of 0.4 at the 416 nm in blank group. So,
we attempted to design two kinds of complementary chains
paired with Guanine-rich sequence of the GCDSA (one is nine
bases and another is eleven bases) to reduce absorbance value of
blank group. The interesting results are shown as Fig. S1(A)
(Supporting Information), with addition of 9 bases or 11 bases
complementary strands, the absorbance value in blank group
was decline from 0.4 to 0.2 or 0.15 (curve 1), indicating that the
complementary strand may effectively paired with GCDSA and
greatly inhibited the formation of G-quadruplex in blank group.
While in our experiment group with a mount of Cd?*, the
absorbance value was changed from 0.9 to 0.7 or 0.55 (curve 2).
It meant that the AA decreased along with complementary
strands of 9 or 11 bases. So, complementary chain was not
chosen for the determination of Cd*.

Influence of the concentration of hemin, H,O,, ABTS and GCDSA

The concentrations of hemin, H,O, and ABTS must be
optimized for the sensitivity of assay. The concentration of
H,0, was evaluated from 2 to 10 mmol L. As can be shown in
Fig. S1(B), the AA was significantly increased along with the
concentrations of H,O, from 2 to 9 mmol L}, and sharply
decreased from 9 to 10 mmol L-'. Thus, 9 mmol L' of H,0,
was chosen for the highest analytical signals. Then, the
concentrations of ABTS and GCDSA were evaluated from
0.1 to 0.8 mmol L' and from 10 to 80 nM, respectively.
Figures S1(C) and S1(D) accordingly show the results of ABTS
and GCDSA concentrations optimized, during the GCDSA-
catalyzed oxidation process, along with the increasing ABTS
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Fig. 3 Selectivity of the Cd** determination system. Blank black
bars represent the absorption value at 416 nm of system in absence of
Cd* and foreign substances; the other black bars represent the
absorption value at 416 nm of system in the presence of other metal
ions (10 uM); blank red bars represent the absorption value at 416 nm
of system only in present of Cd?*; the other red bars represent the
absorption signals of the sensing systems in presence of Cd** (C =
141 nM) and other metal ions.

concentrations. The AA increased at the beginning and sharply
reached a maximum at the 0.5 mmol L-!, then gradually
decreased. So, the concentration of ABTS was accurately
controlled in 0.5 mmol L-!. In Fig. SI(D), the AA of system
gradually increased along with further addition of GCDSA from
5 to 10 pL, then decreased from 10 to 20 pL, again significantly
increased from 20 to 30 UL, and the AA exhibited maximum
value when the GCDSA concentration was 30 pL, which would
be propitious to the subsequent quantitative determination for
Cd?. Therefore, 30 UL was chosen as the optimized volume in
the experiment.

Sensitivity and selectivity of determination system

To study the selectivity of determination system, the likely
interference ions in the assay were tested, including K+, Ag*,
Nat*, Ni**, Cr¥*, Hg*, Zn*, Mg?*, Ca* and Ba?*. Figure 3
demonstrates that Cd** (141 nM) and one of other metal ions
(10 uM) could significantly increase the absorbance intensity
with Cd** alone. By comparison, no obvious changes were
observed upon the addition of other metal ions (10 uM). These
may be attributed to the structural differences between Cd**-
stabilized G-quadruplexes and other metal ions-stabilized
G-quardruplexes.*  Zhou reported the G-quadruplex-hemin
DNAzyme for Ag* determination, showing a high selectivity
over a range of other metal ions.® These indicate that a highly
sensitive and selective strategy for Cd** is achieved in the
presence of other metal ions.

Figure 4 demonstrates the favorable wide quantification range
used to determine the concentration of Cd?**. It is noteworthy
that in the target concentrations range of 0.5 - 323 nM, the
regression equation is expressed as AA = 0.002C(nM) + 0.162
with a correlation coefficient of 0.962, and in the target
concentrations range of 323 - 1000 nM, the regression equation
is expressed as AA = 0.00005C (nM) + 0.769 with a correlation
coefficient of 0.988. The limit of detection (LOD) for the
determination of Cd** in our method was 0.15 nM. A comparison
of the characteristics reported in the previous papers and the
present study is given in Table 1. The results suggest that Cd*-
sensing platform can be applied for the extremely low
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Fig. 4 Calibration curve of colorimetric strategy for Cd?*.

Table 1 A comparison of the characteristics reported in the
previous papers and the present study
Detection Linear Analytical
e Ref.
limit range method
0.008 ug L-'  0.03 -500 pg L! CVG-AFS? 10
0.02pgL'  0.02-25ugL! HG-AFS* 11
0.19pugL"  0.63-500pg L' CVG-AFS 12
0.0022 pg L' — MSPME-ICP-MS¢ 13
39ngL! — ICP-MS 14
0.16pgL' 05-30ugL! VSLLME-SFO-FAAS? 15
1.1 pug L — FAAS 16
5.0 pg 16.7 - 1000 pg GFAAS® 17
— — HPLC-ICP-MS 18
0.017 ug L' 0.056-22.48 ug L'  Colorimetric strategy =~ Our
(0.15nM)  33.72-11241 pgL! work

a. Chemical vapor generation system coupled with atomic fluorescence
spectrometry.

b. Hydride generation atomic fluorescence spectrometry.

c. Magnetic solid phase microextraction combined with inductively
coupled plasma mass spectrometry.

d. Vortex-assisted surfactant-enhanced-emulsification liquid-liquid
microextraction with solidification of floating organic droplet
combined with flame atomic absorption spectrometry.

e. Graphite furnace atomic absorption spectrometry.

concentration of Cd** quantitation.

Compared with previous sensing method,?** the proposed
one has several obvious advantages. GCDSA is a label-free
functional oligonucleotides probe, which greatly reduces the
cost of bioassay and complexity of working mechanism. The
detection signal can be judged by simple spectrophotometer,
eliminating the use of expensive instruments. Furthermore, the
whole detection method is very simple and ultrasensitive, thus
avoiding the demands for skilled performers in analysis of
extremely low concentrations of samples.

Application of Cd** ion detection assay in real samples

At last, the potential application of our proposed colorimetric
platform was evaluated by the environmental samples from tap
water, the pond water in University of south China and
Xiangjiang river. The all samples were filtered through a
0.22-um membrane, then we divided them into two samples.
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Table 2 Determination results of Cd* in the environmental
samples (n = 6)

Found/ Added/ Total RSD, Recovery,

Sample  Method oM oM found % % t
12 Colorimetric —  50.00 51.32 230 102.64 1.58
FL — 50.00 50.72 1.58 101.44
2> Colorimetric — 50.00 52.50 3.01 105.00 2.01
FL — 50.00 51.34 234 102.68
3¢ Colorimetric —  50.00 49.60 1.44 99.20 1.67
FL — 50.00 5132 2.56 102.64

Theoretical t (5, 95%) = 2.571.

a. Xiangjiang river water.

b. Tap water.

c. Pond water in University of South China.

One is added to the HEPES buffer of pH 7.3 for determination
by the previous fluorospectrophotometry.**  Another was
determined by our work according the procedure described
above. The quantitative results are described in Table 2. The ¢
values acquired by colorimetric and fluorescent strategys* do
not exceed the theoretical value. We can see a good performance
in analysis of environmental samples.

Conclusions

In summary, we designed a functional GCDSA probe to develop
the excellent assay for determination of Cd**. In the experiment
only one label-free GCDSA oligonucleotides was demanded,
which was manipulated to form massive active G-quadruplex-
hemin DNAzyme by a quantity of Cd?**. The unique and “turn on”
working design for Cd** determination can reduce the testing
cost and simplify the experiment procedure, and the proposed
sensing method exhibits the two segment of wide linear range,
allowing the detection limit of Cd** at concentrations as low as
0.15 nM.
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