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Abstract

A novelty aptasensor for ultrasensitive detection of Hg** is developed, exploiting the combination of plasmonic properties of
gold nanoparticles (AuNPs) and exonuclease I1I (Exo Ill)-assisted target recycling for signal amplification. In the presence of
Hg”*, a DNA duplex can be formed due to the strong coordination of Hg** and T bases of single-stranded DNA (ssDNA) probe.
Exo III digests the DNA duplex from the 3’ to 5' direction, resulting in the releasing of Hg**. Then, the released Hg** binds with
another ssDNA probe through T-Hg”*-T coordination. After Exo Ill-assisted Hg?* cycles, numerous ssDNA probes are
exhausted, which promotes poly(diallyldimethylammonium chloride) (PDDA)-induced AuNP aggregation, leading to an obvi-
ous color change and aggregation-induced plasmon red shift of AuNPs (from 520 to 610 nm). Therefore, this biosensor is
ultrasensitive, which is applicable to the detection of trace level of Hg** with a linear range from 5 pM to 0.6 nM and an ultralow
detection limit of 0.2 pM. Furthermore, it enables visual detection of Hg* as low as 50 pM by the naked eye. More importantly,
the assay can be applied to the reliable determination of spiked Hg>* in sea water samples with good recovery.
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Introduction

Water-soluble Hg>* is one of the most toxic heavy metal ions
due to its high toxicity and bioaccumulation [1, 2], which can
cause serious damage to human health even at ultralow level
[3]. Therefore, it is of great importance to develop a highly
sensitive approach for the determination of trace amounts of
Hg’*. Many sensitive methods have been developed for Hg**
detection, including inductively coupled plasma mass spec-
troscopy (ICPMS) [4, 5], high-performance liquid chromatog-
raphy (HPLC) [6, 7], atomic absorption spectroscopy (AAS)
[8, 9], and atomic fluorescence spectroscopy (AFS) [10].
Nevertheless, these analytical methods are very expensive
and time consuming because of the expensive instrumentation
and sample pretreatment processes, which limit their wide-
spread applications in routine Hg?* determination.
Accordingly, it is highly demanded to develop an economical
and simple method to detect Hg** sensitively and specifically.
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Single-stranded DNA (ssDNA) aptamers possess excellent
advantages over antibodies, including cheapness, being easily
synthesized, and high affinity and specificity [11-14]. In ad-
dition, Hg** can specifically coordinate with the thymine (T)
bases to form a T-Hg2+-T complex [15-17]. Accordingly, a
variety of methods for Hg”* detection based on T-Hg**-T
interaction have been developed, such as fluorometric method
[18-21], colorimetry [22-25], electrochemistry [26-28], and
surface resonance Raman scattering [29]. Specially, plasmon-
ic AuNPs-based colorimetric methods have attracted great
attention thanks to their simplicity, low cost, and easy to read-
out by bare-eye [30—33]. Nevertheless, these colorimetric
methods still suffer from the low detection sensitivity and
false positive result. Therefore, many signal amplification
strategies are introduced for target determination to overcome
these barriers [34]. Among them, Exo 11 is widely used due to
its low cost, highly catalytic efficiency, and easy availability
[35-37]. What is more, Exo III is a sequence-independent
exonuclease that can catalyze the stepwise digestion of mono-
nucleotides from the blunt or recessed 3’ terminus of duplex
DNA to recycle target molecules [38]. However, Exo III is not
active on the ssDNA. Hence, Exo I1l-assisted target recycling
amplification has been widely used in sensitive detection of
biomolecules and metal ions [39—41].
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Herein, we firstly develop an aptasensor for ultrasensitive
colorimetric detection of Hg** by coupling Exo III-
assisted signal amplification with PDDA-induced
AuNPs aggregation. In the presence of Hg**, DNA du-
plex with blunt terminus can be formed through the
formation of T-Hg”*-T, which can be digested by Exo
III from the blunt 3’ to 5', leading to the release of
Hg** simultaneously. The released Hg>™ coordinates
with another new ssDNA probe and triggers a new cy-
cle assisted with Exo III. Hence, trace amounts of Hg**
can lead to the digestion of a large amount of ssDNA
probes into mononucleotides. Subsequently, PDDA can
effectively induced the aggregation of AuNPs,
exhibiting obvious color change from red to blue and
the increase of the absorption ratio (Agio/Asz0)-
Therefore, the proposed strategy exhibits high selectivity
and greatly improved sensitivity with an ultralow detec-
tion limit of 0.2 pM. In addition, it is successfully ap-
plied to the detection of spiked Hg®" in sea water.

Materials and methods
Materials

HAuCl4-4H,0 was bought from Sinopharm Chemical
Reagent Co. Ltd (China). PDDA (MW < 100,000,
35 wt.%) was obtained from Aladdin Ltd. (China).
Trisodium citrate and mercury nitrate were obtained
from Laiyang Fine Chemical Plant (China). The DNA
sequence (5-TTTTGTGTGTCTGCTGTCTCACTTAT-
3") was synthesized by Sangon Biotechnology Co. Ltd.
(China). Exo III was purchased from Sangon
Biotechnology Co. Ltd. (China). As shown in supple-
mentary materials, AuNPs were synthesized through
the previous methods [42, 43]. All the solutions were
prepared using ultrapure water (18.2 MQ cm ™).

Detection procedure for Hg**

Probe DNA (4 uL, 1 uM), Mg** (5 uL, 600 uM), and
Hg** with various concentrations were mixed and heat-
ed to 95 °C for 10 min, and then cooled to room tem-
perature for 30 min. After further incubation at 37 °C
for 1 h, 1 uL of 5 U/uL Exo IIl was added into the
aforementioned mixture and incubated at 37 °C for
30 min. After that, PDDA (60 uL, 1.2 uM) was added
to the above solution and incubated for 10 min at room
temperature. Eventually, 200 L AuNPs were added and
followed by the addition of ultrapure water to reach a
total volume 500 pL. After the incubation for 5 min,
the absorption ratio (Ag;o/Asyo) Was obtained by a UV-
vis spectrometer.
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Results and discussion
Mechanism and feasibility

The mechanism of the colorimetric sensor for Hg”* detection
is displayed in Scheme 1. PDDA, an excellent water-soluble
cationic polymer, can effectively induce the aggregation of
negatively charged AuNPs due to the electrostatic interaction,
and interact with ssDNA via electrostatic attractions simulta-
neously. In the absence of Hg>*, Exo III cannot digest the
ssDNA probe. Therefore, the unfunctionalized AuNPs are
well dispersed and exhibit wine red color in solution, stem-
ming from the electrostatic interactions between positively
charged PDDA and negatively charged ssDNA probes.
However, in the presence of Hg**, ssDNA probe can be folded
and forms a double-stranded (ds) DNA structure due to the
formation of T-Hg>*-T base pairs. Exo III digests dsDNA
duplex from the blunt 3'-ends to 5, releasing Hg** from T-
Hg”*-T complex. Afterwards, the released Hg** binds to an-
other ssDNA probe and starts a new ssDNA probe digestion
cycle with the assistance of Exo III. By this means, trace level
Hg”* results in the digestion of a large amount of ssDNA
probes. Consequence, anionic AuNPs are heavily aggregated
by positively charged PDDA due to the electrostatic interac-
tions with the color change from red to blue, which are then
successfully applied for trace Hg** visual detection. UV-vis,
TEM, and DLS are used to further insight into the mechanism
of the colorimetric method. As illustrated in Fig. 1a, in the
absence of Hg?*, the characteristic adsorption peak of
AuNPs can be observed at about 520 nm, and the color of
the solution is still red. However, in the presence of Hg**
(1 nM), a new absorption peak appears at 610 nm, and the
absorbance at 520 nm decreases, accompanied by a color
change from red to blue. TEM image (Fig. 1b) shows that
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Scheme 1 Schematic illustration of the ultrasensitive colorimetric

biosensor for Hg>* detection based on a specific T-Hg>*-T coordination
and Exo Ill-aided Hg>* recycling amplification.
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AuNPs are uniformly dispersed in the absence of Hg>*, indi-
cating that the enzymatic activity Exo III is limited, whereas
the presence of Hg?* causes AuNP aggregation (Fig. 1c),
demonstrating that Hg”* triggered the Exo III cleavage pro-
cess. Moreover, increase in the Hg2+ concentration leads to
a higher amount of aggregated AuNPs (as shown in Fig. lc
and Supplementary Information (ESM) Figure S1a). Besides,
the state changes of dispersion-to-aggregation of AuNPs are
authenticated by DLS data (Fig. 1d and Supplementary
Information (ESM) Figure Sand Supplementary Information
(ESM) Fig. S1b), which are well in agreement with TEM
images.

Optimization of experimental parameters

To attain superior sensing properties, the experimental parameters
including PDDA concentration, ssDNA probe concentration,
Mg2+ concentration, incubation time, and Exo III concentration
were optimized. As shown in Fig. 2a, the intensity of aggregated
AuNPs increases with the increase of PDDA concentration (0 to
1600 nM). When the PDDA concentration is 1200 nM, the color of
AuNPs solution changes from red to blue and the ratio of A¢¢/As20
reaches the maximum. Hence, 1200 nM PDDA is used in the
following experiments. 8 nM ssDNA probe restrains PDDA-
induced aggregation of AuNPs (Fig. 2b), accompanying with a
color change from blue to red. Therefore, 8 nM is selected as the
optimum concentration of ssDNA probe. Mg®* can trigger
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aptamer-target specific binding [44]. Various concentrations of
MgCl, were added in the absence and presence of Hg>", respec-
tively. As depicted in Supplementary Information (ESM)
Figure S2, the great Aq10/Asyo difference between the blank
AuNPs (without Hg**) and AuNPs (with Hg*") is observed when
600 uM MgCl, is used. Hence, the optimal concentration of
MgCl, is 600 uM. The incubation time between ssDNA probe
and Hg** plays an important role for the sensibility. As shown in
Fig. 2c, Ag10/As0 value reaches its maximum at 60 min. Hence,
60 min is employed for the next experiments. Exo Il concentration
is very important for the signal amplification. As demonstrated in
Fig. 2d, the biggest A¢;0/As»0 value is attained when 5 U Exo Il is
added. Thus, 5 U Exo I1I is used for the following works.

Hg?* detection

Under the optimized conditions, the sensitivity and dynamic
range of the biosensor were investigated using Hg** with var-
ious concentrations (0 to 1 nM). As shown in Fig. 3a, with the
increase of Hg2+ concentration, the original absorbance inten-
sity of AuNPs at 520 nm decreases, while a new absorbance
peak intense at 610 nm increases evidently. The absorption
ratio values (Ag19/Asz0) Versus the concentrations of Hg2+ are
plotted as Fig. 3b. Good linear relationship is observed in the
Hg”* concentration range from 5 pM to 0.6 nM with a regres-
sion equation of Ag;o/As» = 0.92686 [Hg**]+0.37404 (R =
0.998). An ultralow limit of detection (LOD) of the assay is
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calculated to be 0.2 pM using 3o blank/slope criteria, which is
far lower than the United States EPA (USEPA) standard for
Hg?* in drinking water (10 nM) [45], and much lower than
previous reported assays (see Supplementary Information
(ESM) Table S1). In addition, as indicated in Supplementary
Information (ESM) Figure S3, AuNP solution color changes
gradually from red to purple-blue with the increase of Hg**
concentration. At about 50 pM, Hg** can already be detected
by the naked eye, i.e., the naked eye detection limit of Hg** is
as low as 50 pM, which is still lower than the USEPA limit for
Hg?* in drinking water (10 nM). Accordingly, this

Fig. 3 a UV-vis absorption spec- a

colorimetric assay holds enormous potential in point-of-care
detection due to its naked eye readout, simple operation, and
superior sensitivity.

Selectivity

The selectivity of the colorimetric assay for Hg** determina-
tion was evaluated against the interferences of glucose, citric
acid, ascorbic acid, methionine, and different metal ions, in-
cluding Zn**, Mn?**, Mg?*, Na*, Cu**, Ca**, AI’", Fe**, K,
Ag", Cd**, and Hg** under the same experimental conditions.
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Fig.4 Selectivity of the colorimetric biosensor for Hg?* over other metal
ions. Experimental conditions: 200 pL. AuNPs, 1200 nM PDDA, 8 nM
DNA, and 600 pM MgCl, and 5 U Exo III were used. Error bars were
obtained from three experiments

As shown in Fig. 4, only Hg”* exhibits a significant high ratio
value of A¢10/Asp0 indicating complete aggregation of AuNPs.
While the other related species with two different concentra-
tions of 1 nM and 10 nM do not elicit any significant change
compared to the control. The results demonstrate the excellent
selectivity of the biosensor for Hg**, which is attributed to the
specific coordination of T-Hg**-T base pairs and the prefer-
ential endonuclease activity of Exo III.

Real sample analysis

To validate the practical applicability of the assay, we used it
to detect Hg”* in real sea water. The sea water was filtered
through a 0.45-uM filter prior to measurement. Hg** was
spiked into the sea water with various concentrations and an-
alyzed using the present biosensor. The results are shown in
Table 1. Satisfactory recoveries between 97.20 and 103.90%
are observed, which further demonstrate that the possible in-
terference from the sea water samples on the biosensor assay
can be negligible.

Table 1  Determination of spiked Hg?* in sea water samples using the
colorimetric biosensor

Add Hg** Measured Hg>* Recovery RSD
(nM) (nM) (%) (n=3)
0.5 0.486 97.20 2.84
0.492 98.40
0.513 102.60
0.1 0.1012 101.20 241
0.1039 103.90
0.0991 99.10

Conclusion

In summary, a colorimetric assay is successfully developed
for visual detection of Hg** based on T-Hg**-T coordination
and Exo Ill-assisted signal amplification. Due to the Exo III-
assisted target recycling strategy, the assay can be ultrasensi-
tive detection of Hg**, with a low detection limit of 0.2 pM. In
addition, the assay has been successfully applied in the detec-
tion of Hg** in sea water with high selectivity. More impor-
tantly, no expensive instruments and reagents are used.
Therefore, it is a very promising strategy for monitoring de-
tection of Hg** in point-of-care applications where Hg** con-
centration is extremely low.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03657-1.
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