Agricultural Biotechnology 2024, 13(1): 51 =57 Inspection and Testing

Target-induced Trivalent G-quadruplex/hemin DNAzyme
for Colorimetric Detection of Hg** Based on an Exonucle-
ase III Assisted Catalytic Hairpin Assembly
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Abstract Mercury ion (Hg”" ), a highly noxious of heavy metalion, has detrimental effects on the ecological environment and human health. Herein, we have de-
veloped an exonuclease III (Exo III) assisted catalytic hairpin assembly formation of a trivalent G-quadruplex/hemin DNAzyme for colorimetric detection of Hg’* .
A hairpin DNA (Hr) was designed with thymine-Hg** -thymine pairs that catalyzed by Exo III is prompted to happen upon binding Hg’*. A released DNA fragment
triggers the catalytic assembly of other three hairpins (HI, H2, and H3) to form many trivalent G-quadruplex/hemin DNA enzymes for signal output. The devel-
oped sensor shows a dynamic range from 2 pM to 2 wM, with an impressively low detection limit of 0.32 pM for Hg’* detection. Such a sensor also has good selec-

tivity toward Hg’* detection in the presence of other common metal ions. This strategy shows the great potential for visual detection with portable type.
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Mercury ion (Hg’") has attracted growing attention due to
its bioaccumulation and high toxicity''. The bioaccumulation of
Hg’* has posed serious threats to human health even at very low
concentrations, resulting in kidney damage, nervous system dis-

[2-4]

ruption, and other malignant diseases Diet is considered a

>+ 131 Consequently, numerous

major source of exposure to Hg
countries and regions have established the maximum allowable
concentration (MAC) in food. For instance, the United States
Environmental Protection Agency sets the MAC of Hg’" in drink-
ing water at 10 nM'®’. It is imperative to develop a sensitive and
accurate analytical technique for Hg’* detection. To meet this
need, various instrumental methods such as inductively coupled
plasma mass spectrometry (ICP-MS) '] surface-enhanced Raman
(SER)™’, atomic absorption spectroscopy ( AAS) ] and atomic
fluorescence spectroscopy ( AFS)'™ | have been employed for
Hg’* detection. However, their usage is limited in standard labo-
ratories because of bulky apparatus, long washing processes, high
costs, and the requirement for trained personnel. Therefore, the
development of new sensors with high sensitivity, superior selec-
tivity, user-friendliness, and equipment-free capabilities for Hg’ "
detection remains a valuable challenge.

Artificial deoxyribonucleic acid ( DNA) is able to bind tar-
gets with high affinity and specificity, making it an ideal candidate
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121 Based on the discovery

for designing highly selective sensors
that trace amounts of Hg’" have a high affinity to bind the thy-
mine-thymine ( T-T) mismatched base pairs and can form stable
T-Hg’ " -T base pairs that fold single-stranded DNA (ssDNA) se-

quences into duplexes'” ™'

. This provides a justification for using
T-containing DNA sequences to detect Hg’*. Colorimetric assay is
widely applied for Hg’* detection due to its fast response, broad

. . .. T15] . . .
linear range, and simplicity °’. Various colorimetric assays were

2+ [16-17]

developed to detect Hg . However, the high limit of detec-
tion (LOD) in colorimetric assays generally limits their efficacy
for trace target detection'™’. To address this challenge, strategies
to reducethe LOD of colorimetric assay are developed. For exam-
ple, Li et al. " reported a multivalent sensing platform for the
detection of Hg’* based on a dual Mg’"-dependent-DNAzyme.
The results indicated a significant increase in sensitivity (4. 50-
fold) and selectivity (1. 44-fold) compared to its monomeric
counterpart. Heand co-workers demonstrated an electrochemical
biosensor for ultrasensitive Hg’* detection using a triple signal am-
plification strategy, displaying high sensitivity and excellent speci-
fi(:ity[zo] .

Exonuclease 111 ( Exo IIT) selectively cleaves the double-
stranded DNA ( dsDNA) with a blunt or recessed 3’-terminus,
with no activity on ssDNA or dsDNA with a protruded 3’-termi-

21-22
nus[ !

. It is widely used as an enzymatic tool to facilitate signal
transduction and amplification for developing sensitive analytical
assays. In this study, we developed a trivalent G-quadruplex/he-
min DNAzyme ( TDNAzyme) as a high activity peroxidase-like
mimic for colorimetric detection of Hg’*. To construct this sensor,
the 3’-terminus, and 5’-terminus of a hairpin probe (Hr) were
carefully designed to contain thymine-rich sequences that can hybrid-
ize with each other in the presence of Hg*. Then, Exo IMcatalyzed



52 Agricultural Biotechnology 2024

the stepwise removal of mononucleotides from the 3’-terminus, and
released a trigger DNA fragment (F). The released F was subse-
quently recycled through a catalytic hairpin assembly ( CHA)
process to form many TDNAzymes. The assumption is that the TD-
NAzymes possess high activity for H,0, catalysis due to multiva-
lent effects™. The high catalytic activity suggests the potential
for enhanced signal output'®’. Therefore, we believed that a high
colorimetric signal can be obtained due to the high catalytic activi-
ty of the TDNAzymes and strong signal amplification capability of
Exo 11T assisted CHA'".

Materials and methods
Reagents and Materials
Mercury (IT) nitrate standard solutions were purchased from

Beijing North Weiye Institute of Measuring and Testing Technology
(China). Exo IIT and 10 x NE Buffer were purchased from New

Table 1 Sequences of DNA probes

England Biolabs, Inc. (USA). Hemin was purchased from
Sangon Biotech (Shanghai) Co. , Ltd. (China), it was dissolved
in dimethyl sulfoxide (DMSO) to make a stock solution and dilu-
ted with 25 mM HEPES (200 mM NaCl, 20 mM KCI, 0. 05%
Triton X-100,1% DMSO, pH =8.4) before use. Ammonium per-
sulfate ( APS) and N, N, N, N’-tetramethylethylenediamine
(TEMED) were purchased from USB Corporation. GelRed was
purchased from US Everbright Inc. (UE). 4, 4-Diamino-3, 3°,
5, 5’-tetramethylbiphenyl sulfate ( TMB) was purchased from
Aladdin Bio-Chem Technology Co. , LTD (China). All DNA oli-
gonucleotides were synthesized by Sangon Biotech ( Shanghai )
Co. , Litd. (China), and dissolved in Tris-HCI buffer (100 mM
NaCl, 20 mM KCI, 20 mM MgCl,, pH7.4). The detailed se-
quences of the oligonucleotides are listed in Table 1. All other re-
gents were analytical grades and used without further purification.
All solutions were prepared and diluted using ultrapure water
(=18.2 MQ) - cm) unless specific description.

Probes Sequences (5°-3”)

He TTGATTTAATCA GCGGGT GACTTA GCGGGT CACATT TAAGTC ACCCGC TGATTA TTTCTT

H1 TGGGTAGG GCGGGT GACTTA GCGGGT TGTTCA GCGGGT ACCCGC TAAGTC ACCCGC TGATTA ATGGGT
H2 TGGGTAGG GCGGGT TGTTCA GCGGGT TAATCA GCGGGT ACCCGC TGAACA ACCCGC TAAGTC ATGGGT
H3 TGGGTAGG GCGGGTTTGCTT GCGGGT GACTTG GCGGGT ACCCGC AAGCAA ACCCGC TGTTCA ATGGGT
H1” (N)g GCGGGT GACTTA GCGGGT TGTTCA GCGGGT ACCCGC TAAGTC ACCCGC TGATTA ATGGGT

H2” TGGGTAGGGCGGGT TGTTCA GCGGGT TAATCA GCGGGT ACCCGC TGAACA ACCCGC TAAGTC (N)g
H3” TGGGTAGG GCGGGTTTGCTT GCGGGT GACTTG GCGGGT ACCCGC AAGCAA ACCCGC TGTTCAATGGGT
HI’ (N)3GCGGGT GACTTA GCGGGT TGTTCA GCGGGT ACCCGC TAAGTC ACCCGC TGATTA ATGGGT

H2 (N)sGCGGGT TGTTCA GCGGGT TAATCA GCGGGT ACCCGC TGAACA ACCCGC TAAGTC (N),

H3’ TGGGTAGG GCGGGTTTGCTT GCGGGT GACTTG GCGGGT ACCCGC AAGCAA ACCCGC TGTTCA(N),

The underlined bases indicate the stem complementary sequence of the hairpin. Bold bases indicate the mismatched bases.

Polyacrylamide gel electrophoresis analysis

2.5 ml acrylamide (40% ) and bis-acrylamide solution (19 :
1), 2 ml 5 x TBE buffer, 100 pl APS (10% ), 10 pl TEMED,
and 6. 89 ml ultrapure water were mixed to prepare the gel
(10% ). The samples were mixed with 6 x loading buffer (2 pl)
and subjected to the nondenaturing polyacrylamide gel electropho-
resis (PAGE). The PAGE was carried out in 1 X TBE at 120 V for
40 min. After staining in diluted Gel-Red Nucleic Acid Gel Stai,
the gel was scanned using a Bio-Rad GelDoc XR imaging system
(Bio-Rad, USA).

Detection of Hg’*

Different concentrations of Hg’* were incubated with Hr (250
nM), Hl (250 nM), H2 (250 nM) , and H3 (250 nM). Subse-
quently, Exo IIT (25 U) was introduced to the solution and incu-
bated at 37 “C for 60 min, followed by incubation with hemin (500
nM) for 30 min. TMB and H, 0, were then added to the solution
and the reaction was terminated by the addition of H,SO,(2 M).
The absorbance was measured by a spectrophotometer at 450 nm
(UV-2450, Shimadzu, Japan).

Detection of Hg’* in real samples

To assess the effectiveness of TDNAzymes for detecting Hg’*

in real samples, tap water from the laboratory, and commercially

purchased milk were utilized in this study. Certain amounts of

Hg’* were spiked into these real samples'™’. The sample prepara-
tion steps were as follows: (a) For the spiked milk sample; 3 ml
of the spiked milk sample, 1 ml of HNO, (65% , v/v), and 2 ml
of H,0, (30% , v/v) were added in a 50 ml flask. The mixture
was heated at 120 °C until it became a clear solution. The solution
was allowed to cool to room temperature,, and the pH value was ad-
justed to 7. 4 using the sodium hydroxide solution. The solution
was then filtered through a 0.22 pm filter membrane. (b) The
spiked tap water was filtered through a 0.22 pm filter membrane.
After that, all spiked samples were added to reaction solutions
(the final concentrations of Hg®* were 0.20, 5.00, and 100. 00
nM). At the same time, the final solutions were measured by an
Atomic Fluorescence Spectrophotometer ( Beijing Purkinje General
Instrument Co. , Ltd. , China).

Results and Discussion
Design strategy for Hg’* detection

The design strategy that the highly active TDNAzyme for col-
orimetric detection of Hg’* based on the Exolll assisted CHA was
illustrated in Fig. 1. Where, four hairpin probes (Hr, Hl, H2,
and H3) , and Exo IIT were utilized to construct the sensing sys-
tem. Hr was designed with protruded 3’-terminus and 5’-terminus

resistant Exo III cleavage. Simultaneously, these termini contained
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thymine-rich sequences capable of hybridizing in the presence of
Hg’*. To inhibit the assembly formation of the highly active TD-
NAzyme, the enzymatic sequence was divided into two parts and
separately inserted at the 3’-terminus and 5’-terminusof other three
hairpins (H1, H2, and H3). Consequently, in the absence of
Hg’ ", all hairpin probes maintained stable closed conformations,
and the self-assembly process did not occur due to inhibited enzy-
matic hydrolysis of Hr. In the presence of Hg’", the protruding
sticky termini of Hr formed a rigid DNA hairpin with a blunt 3’-ter-
minus. Exo III catalyzed the stepwise removal of mononucleotides
from the 3’-terminus of Hr. After complete consumption of the du-
plex stem, Hg’* was released to initiate the next round of cleav-
age, and a DNA fragment (T) was generated to service as a trigger
for catalytic hairpin assembly (CHA). This process produced nu-
merous TDNAzymes. Eventually, the two parts of DNAzyme se-
quences were brought into close proximity, binding with hemin to
form a peroxidase-mimicking G-quadruplex/hemin DNAzyme. The
active G-quadruplex/hemin DNAzyme effectively catalyzed the
H, 0,-mediated oxidation of TMB, generating a colored output sig-
nal. Through the two-step circling amplification, a strategy for the
colorimetric detection of Hg’* by Exo IIl assisted CHA was
achieved.
Feasibility of the sensing system

To verify the feasibility of the TDNAzyme-based assay for
Hg’ " detection, Fig. 2A illustrates the absorption spectrum of de-
tection solutions under different conditions. In the absence of

Hg’", the detection solution showed a negligible response (black
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curve ) , indicating that Hr could not be digested by Exo III due to
the T-T mismatched base pairs. Consequently, F was not released
to induce a CHA reaction for forming the TDNAzyme. Notably,
when Hg’* was present in the detection solutions, the absorption
signal dramatically increased (red curve). This result indicated
that Hg’* induced a hybridization reaction between the 3’-terminus
and 5’-terminus of Hr, promoting Exo III digestion and generating
numerous F. Then, F was recycled through a CHA process to form
many TDNAzymes for signal output. These results clearly demon-
strated the feasibility of this strategy in providing an amplified sig-

nal for Hg’" detection.

X
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Fig. 1

Principle of the TDNAzyme-based assay for colorimetric
Hg?* detection

(A) The absorbance spectra of detection solutions with(red curve) or without Hg>* (black curve). The mixtures were allowed to react at 37 °C for 60 min.
(B) PAGE characterization of the forming process of TDNAzyme. Lane 1: Hr, and Exo III; Lane 2 Mixture of Hr, Exo III, and Hg®* ; Lane 3: HI; Lane
4. H1, H2, and H3; Lane 5: Hr, H1, Hg’* , and Exo Ill; Lane 6: Hr, H1, H2, Hg’* , and Exo Ill; Lane 7: Hr, H1, H2, H3, Hg®* ,and Exo III; Lane
8: Mark. The concentrations of Hr, H1, H2, H3, Exo III, and Hg’* were 250 nM, 250 nM, 250 nM, 250 nM, 25 U, and 200 nM, respectively.

Fig. 2 The feasibility of the TDNAzyme-based assay to detect Hg?*

Polyacrylamide gel electrophoresis analysis (PGEA) was em-
ployed to validate the TDNAzyme-based assay for Hg’* detection,
as depicted in Fig. 2B. In Lane 1, a bright band corresponding to
Hr was observed. When Hg’* was introduced to a mixture of Hr
and Exo Illin Lane 2, a new band appeared with a faster migration
rate than that inLane 1. Simultaneously, the band corresponding
to Hr was nearly present. These results indicated that T-Hg’"-T

base pairs created a cleavage site for Exo III, resulting in a low

molecular weight digestion product. The band in Lane 3 corre-
sponded to HI , while Lane 4 represents to the mixture of H1, H2,
and H3. These bands exhibited almost identical migration rates.
Upon mixingHg” ", Hr, and Exo III with H1, a band correspond-
ing to the product H1-Fwas observed (Lane 5). After H2 was in-
troduced, a new band corresponding to H1-F-H2 was observed
(Lane 6). Subsequently, upon addition of H3, a bright band with

much lower mobility that corresponded to HI-H2-H3 complex was
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observed (Lane 7) , suggesting the successful formation of the TD-
NAzyme. These results strongly suggested that nucleic acid hy-
bridizations in CHA can be successfully proceeded.
Catalytic activity of TDNAzymes

Multivalency greatly enhances the catalytic activity of
G-quadruplex/hemin DNAzymes™’. We hypothesized that the
TDNAzymes have enhanced catalytic activity due to the multiva-
lent effect. To test this hypothesis, control experiments with dif-
ferent valence numbers of DNAzymes under the same conditions
were performed. As shown in Fig. 3, a monovalent G-quadru-
plex/hemin DNAzyme exhibited a weak absorption signal, indica-
ting low catalytic activity for the TMB substrate. We inferred the
large molecular weight DNA complex prevents the binding of the

21 After introducing the bivalent

enzyme stand to the substrate
G-quadruplex/hemin DNAzyme, the absorption signal significantly
increased. When the TDNAzyme was added, the absorption signal
was greatly improved. Therefore, the multivalent effect can be

used to enhance the catalytic activity of the substrate.
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The concentration ratio of monovalent-, bivalent-, and trivalent-G-quad-
ruplex/hemin DNAzymes was 6 : 3 : 2. Error bars indicate the standard
deviations of three experiments.
Fig. 3 Effects of valence

DNAzyme on catalytic activity for TMB substrate

numbers of G-quadruplex/hemin

Optimization of experimental conditions

The results of this experiment are affected by various condi-
tions such as the reaction temperature, concentrations of H1, H2,
and H3, reaction time of Exo IIl, and the concentration of Exo
III. In order to achieve the best sensing performance for the TD-
NAzyme-based assay, the ratio of A/AQ was employed to establish
the optimal experimental conditions, where A and AO represent
the absorption intensities of the assay in the presence and absence
of Hg'" , respectively.

The reaction temperature significantly influenced the activity
of Exo III. Thus, the effect of different reaction temperatures (15
—45 C) was investigated. As shown in Fig. 4, in the presence
of Hg®" , the ratio of A/A0 increased with reaction temperature in

the range from 15 to 37 “C and then decreased in the range from

37 to 45 C. The result indicated that the low temperature could
affect the activity of Exo III, while high temperature influenced
the stability of Hr. Therefore, 37 °C was considered for the best
A/AQ in our study.

The reaction time of Exo III is a key factor for the sensing
system. Thus, the reaction time of Exo III was optimized. As
shown in Fig. 5, it was evident that the A/AQ increased with the
reaction time, and reached a maximum at 60 min. Thus, 60 min

was chosen as the optimal reaction time of Exo III.
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The absorbance was obtained in the presence of 20 nM Hg?*. The error
bars represent the standard deviation of three parallel measurements.

Fig. 4 Effect of reaction temperature on A/A0
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The absorbance was obtained in the presence of 20 nM Hg**. The error
bars represent the standard deviation of three parallel measurements.

Fig. 5 Effect of the reaction time on A/A0

To achieve an excellent signal amplification effect, the con-
centration of Exo III was optimized. When the concentration of
Exo III was less than 25U, A/AQ increased rapidly with the in-
creasing concentration of Exo III. However, due to the limited
concentration of Hr, the reaction was saturated in 25U of Exo III
(Fig. 6). Therefore, the optimal concentration of Exo TIT was de-
termined to be 25U.

It is noteworthy that the concentrations of H1, H2, and H3
have a crucial effect on the efficiency of amplification. Thus, the
concentrations of Hl, H2, and H3 were optimized. As shown in
Fig. 7, it was evident that the optimized concentrations of HI,
H2, and H3 are 250 nM. To achieve good sensitivity, we chose
250 nM of H1, H2, and H3 in the following experiments.
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Fig. 6 Effect of the concentration of exonuclease III ( Exo III) on
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Fig. 7 Effect of the concentration of H1-H2-H3 on A/A0
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Performance of the sensing system

After optimizing the reaction conditions in the experiments,
we further investigated the performance of the sensing system at
different concentrations of Hg’*. Fig. 8A displays the increased
absorption signal with an elevated amount of Hg’* ranging from 0
to 2 uM. A high linear correlation was obtained between the ab-
sorption intensity and the logarithm of Hg’* concentration over 6
orders of magnitude in the range of 2 pM to 2 pM. The calibration
curve with the equation of y =0.049 7lgc +0.622 7 (R* =0.991 1)
was obtained for Hg’* detection (Fig. 8B), where y is the ab-
sorption intensity, and ¢ is the Hg’" concentration. The LOD cor-
responding to three times the standard deviation of the blank was
found to be 0.32 pM, which is close to or even better than some of

the previously reported methods ( Table 2).

Table 2 Comparison of the sensing system with other reported assays

Method Linear range LOD Ref.
Electrochemical 10 pM -100 pM 2.9 pM [1]
Fluorescent 0.02 -200 pM 2.6 nM [2]
Fluorescent 10 fM - 100 nM 10.0 M [3]
Fluorescent 10 - 100 nM 0.68 nM [4]
Colorimetric 1.0 -50 nM 0.23 nM [5]
Colorimetric 2 pMto2 pM 0.32 pM This work

It is note worthy that the concentrations of H1, H2, and H3
have a crucial effect on the efficiency of amplification. Thus, the
concentrations of Hl, H2, and H3 were optimized. As shown in
Fig. 7, it was evident that the optimized concentrations of HI,
H2, and H3 are 250 nM. To achieve good sensitivity, we chose

250 nM of H1, H2, and H3 in the following experiments.
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(A) The UV-vis absorption peaks corresponding to the detection solutions at different concentrations of Hg>* (0, 0.2, 2, 20, 200 pM, 2, 20, 200, and 2

wM). (B) Plot of absorption intensity vs concentrations of Hg”* .

Inset is a linear relationship between the absorption signal and the logarithm of Hg?* concentrations in the range from 2 pM to 2 pM. Error bars indicate

the standard deviations of three experiments.

Fig. 8 UV-vis absorption peaks of detection solutions
Application to real samples

To further estimate the practical applicability of TDNAzymes
for the detection of Hg’* , several real samples including tap wa-
ter, and milk were analyzed. Hg’* was not detected in these real

samples. Subsequently, different concentrations of Hg’* standard

solutions were spiked into the real samples to evaluate the recover-
ies of the proposed method. The results are shown in Table 3, the
recovery rates of Hg'" range from 95.00% to 108.33% , with the
relative standard deviation (RSD) in the range of 3.66% - 10.53%.

These results are similar to AFS which is the standard method for
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the detection of Hg®". These results suggested that the proposed

method is suitable for Hg"* detection in real samples.

Conclusions

In summary, we developed a highly active TDNAzyme for col-
orimetric detection of Hg* based on Fxo IIT assisted CHA, which
has several significant advantages. Firstly, compared with the
monovalent G-quadruplex/hemin DNAzyme that suffers from unsat-
isfied signal output, TDNAzyme demonstrates enhanced signal am-
plification efficiency. This enhancement allows for the rapid analy-
sis of Hg’" at the picomole level and performs effectively in real
samples. Secondly, the experimental operation is greatly simplified
through a one-pot reaction strategy, indicating the TDNAzyme-
based assay has the potential to be used by non-professionals.
Third, the colorimetric method is operated with equipment-free,

which provides a practical solution for screening the food contami-

nated with Hg® ™, especially in remote areas.
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Error bars indicate the standard deviations of three experiments.
Fig. 9 Selectivity assay of the TDNAzyme-based assay upon the ad-
dition of Hg?* (2 nM) and various interfering ions (2 nM)

Table 3 Determination of Hg>* in real samples using the proposed method and AFS

This work AFS
Sample Add//nM Found //nM Recovery // % RSD // % Found //nM Recovery // % RSD // %
Tap water 0.20 0.19 95.00 10.53 0.20 101.67 5.68
5.00 4.91 98.27 5.42 4.99 99.87 2.54
100. 00 101.64 101.64 4.48 102.99 102.99 4.98
Milk 0.20 0.22 108.33 11.62 0.20 100. 00 8.66
5.00 4.93 98.53 3.66 4.98 99.53 2.62
100. 00 106.53 106.53 8.40 103.46 103. 46 5.74
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