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Here, we present an ultra-sensitive visual biosensor based on thermostatic triple step functional nucleic acid cascade
amplification for detecting Zn>*. A Zn?" -assisted cDNAzyme assay is conducted and the Zn" is successfully converted
into nucleic acids to achieve the first circular amplification within 1 h. The cleavage products prompted Hybridization
Chain Reaction (HCR), forming multiple DNA nanowire structures with branched chains. And the Strand Displacement
Amplification (SDA) were further empowered by the HCR products with the addition of the amplification enzyme and

the endonuclease. In just 80 min, the second and third-order signal amplifications are reached. With the addition of
Hemin and chromogenic substrates, the visual signal output is achieved in 15 min based on the large amount of G-
quadruplex (G4) DNAzymes. This biosensor can detect levels as low as 1.075 pM Zn>*, showing a good linear range
within 10 pM-100 nM. It shows considerable potential for the Zn?* quantitative detection.

1. Introduction

Zn* is an essential trace element found in the human body, and
plays a significant role in several physiological processes. Zn" is
mainly ingested through food and water. The lack or excess thereof will
affect general human health. Diseases such as Parkinson’s, Alzheimer’s
and strokes are linked to abnormal levels of Zn?* (Huang, 1997). In
2007 Pagani, Villarreal, Capdevila, and Atrian (2007) reported that the
toxicity caused by excessive Zn>* levels in the body could lead to in-
creased cell viability. Therefore, it is vital to develop a technique for the
accurate detection of Zn®* in actual samples.

Traditional detection methods of Zn?* include inductively coupled
plasma emission spectrometry (ICP-AES) (Zhou, Xin, & Pu, 2012), in-
ductively coupled plasma mass spectrometry (ICP-MS) (Jackson,
Harper, Smith, & Flinn, 2006), atomic absorption spectrometry (AAS)
(Soylak, Yilmaz, Ghaedi, & Montazerozohori, 2011), and more. Al-
though these methods promote high sensitivity and specificity
(Townsend, Miller, Mclean, & Aldous, 1998), they are highly dependent
on precision instruments, and both the pre-processing and measure-
ment processes of sample detection are cumbersome. Furthermore, the
conditions involving the installation environment and maintenance
requirements of instruments and equipment are demanding, and

trained experts are necessary to operate these specialized tools. Ad-
ditionally, these methods are unsuitable for rapid detection.

In recent years, along with the rapid development of molecular bio-
technology, nucleic acid molecules with specific biological functions such
as cDNAzymes and metal ion aptamers (Aptamers) have gradually made
an appearance. Thus far, the known DNAzymes include Zn®*, Cu®*,
Pb%*, and Hg2+ dependent DNAzymes (Liu, Cao, & Lu, 2009; Zhu &
Zhang, 2014). Most DNAzymes catalyze with the assistance of metal co-
factors, some of which are highly selective and efficient. In addition,
DNAzymes are remarkably stable and low in cost (Tian & Yi, 2012). These
exceptional properties allow for the widespread utilization of DNAzymes
in biosensors such as fluorescent biosensors (Wu, Khaing Oo, & Fan, 2010;
Yin, Zuo, Huo, Zhong, & Ye, 2010), colorimetric biosensors (Huang et al.,
2018; Bin Cheng Yin, Ye, Tan, Wang, & Xie, 2009), and electrochemical
biosensors (Shen et al., 2008; Yang, Dou, Yuan, & Xiang, 2016).

HCR is a new type of in-vitro nucleic acid isothermal amplification
technology, proposed by the Dirks team in 2004 (Dirks, Pierce, & Mayo,
2004). This method requires no enzymes or temperature changes, and
two types of nucleic acid hairpins designed to contain energy. The
presence of the nucleic acid stimulates the hairpins to open alternately.
This process continues until all the hairpins in the buffer solution are
exhausted. An extended DNA nanowire containing incisions is produced
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by self-assembly, and signal amplification is ultimately achieved. HCR
technology is currently widely applied in processes involving the de-
tection of nucleic acid molecules (Huang et al., 2011), proteins (Zhang
et al., 2012), cells (Choi, Love, Gong, Gierahn, & Love, 2011), ochra-
toxin A (OTA) (Wang, Dong, Liu, & Wang, 2015), and various addi-
tional small molecules (Ge et al., 2014; Li, Wang, Wang, & Wei, 2014).
Furthermore, detection technology with HCR include advantages such
as room temperature testing, simple operation, low experimental cost,
high specificity, and excellent biocompatibility. Moreover, the nucleic
acid hairpins and triggers lend themselves to easy modification. Al-
though studies exist involving the application of HCR technology to
locate heavy metal ions such as Pb?>* (Zhuang et al., 2013), and Hg>*
(Huang, Gao, Jia, Kim, & Li, 2014), specific research regarding the
detection of Zn>" ions is minimal.

In 1992, Walker et al. from the Becton Dickinson research center in
the United States described an in-vitro isothermal amplification method
known as SDA. This technique is assisted by nicking enzyme, which is
activated by specific primers and produces single-stranded DNA pro-
ducts (Walker et al., 1992). During the SDA process, the specific se-
quences are usually modified at both ends of the target sequences by the
researchers to enable restriction endonuclease recognition. During this
reaction, the endonuclease cleaves the ends of the target sequences at
its recognition sites, enabling the DNA polymerase to extend the 3’ end
gap and replace a DNA strand. A substantial amount of single-stranded
DNA is formed following the circulation amplification, leading to the
signal amplification of the targets. Furthermore, this technology dis-
plays substantial beneficial characteristics such as uncomplicated op-
eration, reduced testing time, high sensitivity and specificity, and ex-
cellent compatibility (Du, Zhu, & Kong, 2016). In recent years,
researchers have shown great interest in using SDA technology to
achieve the signal conversion of targets. For example, Zhou team used
SDA technology to generate a large number of Mg®*-dependent
cDNAzyme sequences, and realized the quantitative fluorescence de-
tection of target microRNA-21 (Yin et al., 2017).

As a specific functional nucleic acid, a Guanine-rich sequence can form
a coordination complex (G4 DNAzyme) when combined with Hemin
which displays peroxidase-like catalytic activity. The catalytic activity of
this combination is approximately ten times higher than Hemin alone,
significantly improving the -catalytic performance of Hemin itself
(Travascio, Li, & Sen, 1998). G4 DNAzyme has been extensively employed
in the catalyzation of H,O, regulated redox reactions. For example, it was
used to catalyze the oxidation of colorless diammonium 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS> ™) by H,0, to produce the green
free radical ABTS ~ (Xiao et al., 2005). This color rendering principle is
simple, fast and does not require enzyme catalysis. Therefore, it has at-
tracted the attention of several researchers and has been extensively ap-
plied in the construction of colorimetric biosensors (Elbaz, Moshe,
Shlyahovsky, & Willner, 2010; Teller, Shimron, & Willner, 2009).

Given the necessity for a quantitative detection technique with good
sensitivity and specificity, a visual biosensor was constructed based on
thermostatic triple step functional nucleic acid cascade amplification to
achieve the rapid visual detection of Zn**. This structure was established
by inserting the HCR trigger sequences into the substrate chains (S-HCR)
of the Zn?*-dependent cDNAzyme. Both the complementary Guanine-
rich sequences and the restriction site sequences were inserted into the 5
end of the hairpins. Consequently, the S-HCR were cleaved following the
specific recognition of Zn?* by the cDNAzymes. The products obtained
from the cleavage process prompted the HCR reactions to form DNA
nanowire structures with branched chains. The products generated by
the HCR further empowered the multiple SDA reactions, with the addi-
tion of the amplification enzyme and endonuclease. Therefore, an
abundance of Guanine-rich sequences were formed and combined with
Hemin to prompt the production of multiple G4 DNAzymes. Following
the addition of the chromogenic substrates, the G4 DNAzymes efficiently
catalyzed H,0, to oxidize the colorless ABTS?~ into the green free ra-
dical ABTS ™, achieving the visual detection of Zn**.
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In a word, this study establishes a universal thermostatic amplifi-
cation Zn** recognition system with high sensitivity and specificity.
And it does not require large instruments, is not complicated to operate,
and is visually detectable by the naked eye. Moreover, real sample was
analyzed, showing that this strategy we proposed is reliable and has
great application potential in monitoring human health.

2. Materials and methods
2.1. Materials

All oligonucleotide sequences are listed in Table S-1 and were
synthesized by Ningbo Kangbei Biochemical Co. Ltd (Zhejiang, China).
NaCl, KC], MgClz, chlz, Caclz, CuClz, chl, N1C12, NaH2PO4,
Na,HPO, and Citric acid were purchased from the Sinopharm
Pharmaceutical Co. Ltd (Beijing, China), and they were all analytically
pure. H>O, was purchased from the Lanyi Chemical Product Co. Ltd
(Beijing, China). Tris(thydroxymethyl)aminomethane (Tris), ethylene-
diaminetetraacetic acid (EDTA), 4-hydroxyethylpiperazine ethyl sul-
fonic acid (HEPES), Hemin, dimethyl sulfoxide (DMSO), ABTS?™,
agarose and 2-(2-[4-(1,1,3,3-tetramethylbutyl)phenoxy]ethoxy)ethanol
(Triton X-100) were purchased from Sigma (St. Louis, MO, USA). The
Bst DNA polymerase and the Nt. Bst NBI nicking enzyme was purchased
from New England BioLabs (USA), and the dNTP was purchased from
the Takara Biotech Co. Ltd (Dalian, China). The DNA marker was
purchased from the Tiangen Biotech Co. Ltd (Beijing, China).

2.2. Zn®* -dependent cDNAzymes and S-HCR lysis and hybridization

The test tube containing the synthetic sequence powder was placed
in a high-speed centrifuge (ACTGene, USA) at 13,400 x g for 10 min at
4 °C. The sample was subsequently removed, and the sequence powder
was dissolved by adding ultrapure water to the tube. A dilution of
10 uM was obtained at 4 °C and set aside for later. A 100 uL of the S-
HCR (10 uM) and a 100 uL of the catalytic enzyme chain (E-HCR)
(10 uM) were added to 800 puL of cleavage buffer (300 mM NacCl, 40 mM
HEPES, and pH 7.5). The mixture was heated at 95 °C for 5min and
gradually cooled to room temperature to obtain a 1 uM Zn?*-dependent
cDNAzyme solution (17 ES-HCR).

2.3. Zn®* assisted DNAzyme cleavage assay and HCR reaction

To conduct the cleavage assay, a 30 pL quantity of cleavage buffer,
4 uL of 17 ES-HCR, and 2 puL of ZnCl, solution were mixed and in-
cubated at 37 °C for 60 min. Subsequently, 2 uL of Y-H1 (10 uM) and
2 uL of Y-H2 (10 uM) were added to the reaction system and incubated
at 37 °C for another 60 min for the HCR assay.

2.4. Agarose gel electrophoresis analysis

To identify whether the HCR reaction occurs or not, various HCR re-
action mixtures were analyzed by agarose gel electrophoresis. HCR pro-
ducts were loaded onto 2 wt% agarose gel sample ports, and placed into the
1 x TAE running buffer at pH 8.0. The gel electrophoresis was performed
at 130V for 15min. Following the electrophoresis process, an electro-
pherogram was taken using the BioDoc-It imaging system (CA, USA).

2.5. SDA reaction

A 5 pL quantity of HCR products, 28.5 uL of water, 5 uL of Thermpol
Buffer (10 x), 5uL of NEB 3.1 Buffer (10x), 5 uL of dNTP (2.5 mM),
0.5 pL of the Bst DNA polymerase, and 1 pL of the Nt. Bst NBI nicking
enzyme were added to the reaction system described above.
Amplification was conducted at 55 °C for 20 min, followed by an in-
active period at 95 °C for 5 min. Subsequently, the mixture was stored at
4 °C for 5 min.
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2.6. Color reaction and UV-visible absorption spectroscopy

A 66 uL quantity of enzyme activity buffer, 4 uL of Hemin (100 uM),
and 10 uL of SDA products were mixed. The solution was incubated at
37°C for 10 min to allow for the complete development of the G4
DNAzyme. Following this process, a 20 uL quantity of ABTS>~ (3.6 mM)
was added. Incubation proceeded at 37 °C for 4 min to obtain a color
reaction. The absorbance of 385-450 nm was measured using a Multi-
Mode Microplate Reader (Thermo Fisher Scientific, USA).

2.7. The calculation method of the LOD

According to the LOD calculation method created by the Vashist
team (Vashist, Schneider, Lam, Hrapovic, & Luong, 2014), the LOD in
this study was calculated as follows:

The AOD4;5,m value corresponding to the LOD = the average value
of the blank sample AODyis5,m, — 30 (0 represented the standard de-
viation of the lowest analytical concentration), after which the
minimum detection concentration of the Zn2?* visual biosensor was
derived from the standard curve.

2.8. The specificity of the sensor

To determine the specificity of the biosensor, the interfering metal ions
including Mg?*, Ca**, Cu®**, Hg>*, and Ni** were examined by com-
paring the AODy4; s, of different treatments. Solutions of all the tested ions
were prepared at the same concentration of 10 pM and individually spiked
into the detection system, while Zn®>* was at a concentration of 1 M.

3. Results and discussion
3.1. The principle of the assay

The construction of the Zn®>* functional nucleic acid colorimetric
biosensor based on triple step thermostatic cascade amplification is sche-
matically illustrated in Scheme 1. The system features the following three
main components. (A) This step refers to the 7Zn%" assisted cDNAzyme
assay. The S-HCR and the E-HCR were connected by the complementary
bases. The cDNAzymes specifically recognized Zn** and its cleavage ac-
tivity was stimulated to divide the S-HCR. At the appropriate temperature,
Zn>* can be circulated continuously, encouraging the cleavage of the S-
HCR to achieve the first circular amplification. (B) HCR trigger sequences
were inserted into the S-HCR of the Zn?*-dependent cDNAzymes. Two
types of hairpin DNA (Y-H1 and Y-H2) were added, instantly prompting an
HCR reaction by the cleavage products. This reaction opened the hairpins
to form DNA nanowire structures with branched chains resulting in
second-order signal amplification. (C) Both the complementary Guanine-
rich sequences and the restriction sites sequences were inserted into the 5
end of the hairpins. Therefore, multiple SDA reactions were further em-
powered by the HCR products with the addition of the Bst DNA poly-
merase and the Nt. Bst NBI nicking enzyme. During the SDA reaction, a
large amount of Guanine-rich sequences were produced to realize the
third-order signal amplification. With the addition of Hemin, multiple G4
DNAzymes were formed displaying catalytic activity similar to that of
peroxidase. Subsequently, the chromogenic substrates were added, and the
G4 DNAzymes efficiently catalyzed H,O, to oxidize the colorless ABTS?~
to green free radical ABTS™. The amount of target Zn>* could be judged
by the color depth, leading to the visual detection of Zn>*.

3.2. HCR triggerability verification

In order to verify that the nucleic acid hairpins (Y-H1, Y-H2) de-
signed in this study can trigger the HCR reaction well and be applied to
the construction of biosensor, we analyzed it by agarose gel electro-
phoresis. As can be seen from Fig. 1, Compared with the control groups,
Y-H1 and Y-H2 can better trigger the HCR reaction and form a distinct
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diffusion band. Therefore, they can be used in subsequent experiments.
3.3. Feasibility verification of the Zn®" visual biosensor

Fluorescence measurement was used to investigate the feasibility of
the strategy proposed in this study. As shown in Fig. 2, the absorbance
of treatment 5 is significantly higher than that of the other treatment
groups. The results indicate that the cleavage, as well as the HCR and
SDA reactions, can only be achieved when the system contains all the
assay reagents. This process generates a large number of Guanine-rich
sequences that combine with Hemin to form G4 DNAzymes exhibiting
high catalytic activity. This combination is ultimately highly efficient in
catalyzing ABTS?~ color development, resulting in a color that is sig-
nificantly darker than that of other treatment groups. When the system
contains all assay reagents excluding the target Zn>*, low fluorescence
intensity is exhibited (curve 4). Consequently, the S-HCR cannot be
cleaved without Zn?>* which impedes both the HCR and SDA process.
Therefore, the proposed strategy displays excellent feasibility.

3.4. Optimization of the system parameters

To achieve the best sensing performance, different experimental
parameters such as the SDA amplification time, the concentration of the
Bst DNA polymerase, the Nt. Bst NBI nicking enzyme and Hemin were
optimized. Fig. 3(a) indicates that the absorbance value of the treat-
ment group increases rapidly in conjunction with a high amplification
time, reaching its peak after 20 min, followed by a steady decline. The
result shows that the SDA reaction is extremely efficient and can rapidly
consume dNTP to synthesize a large number of Guanine-rich sequences
during a brief period of time. In conclusion, an amplification time of
20 min was selected as the optimal time for subsequent experiments.

Enzyme concentration dramatically affects reaction rates. Therefore,
the concentration of both the Bst DNA polymerase and the Nt. Bst NBI
nicking enzyme were optimized. Fig. 3(b) illustrates that the initial increase
in the Bst DNA polymerase concentration causes the absorbance value to
rise rapidly. The absorbance value is at its highest when the Bst. DNA
polymerase concentration reaches 0.08 U/uL, before leveling out. These
results indicate that under experimental conditions, the concentration of
the Bst DNA polymerase is close to the saturation concentration when it is
at 0.08 U/pL. After exceeding 0.08 U/uL, the concentration has little effect
on continued color development. Therefore, 0.08 U/uL was chosen as the
optimal Bst DNA polymerase concentration. Fig. 3(c) illustrates a rapid
growth in the absorbance value with the increase of the Nt. Bst NBI nicking
enzyme concentration, reaching a maximum level at 0.2 U/uL, and then
declines rapidly. The reason may be that when the nicking enzyme con-
centration is around 0.2 U/pL, it can achieve the optimal cleavage and
amplification ratio when combined with a 0.08 U/uL quantity of the Bst
DNA polymerase. When the nicking enzyme concentration is too high, the
cleavage rate exceeds the amplification rate, leading to the ineffective
formation of the amplification products, and therefore reducing the final
absorption value. A Nt. Bst NBI nicking enzyme concentration of 0.2 U/uL
was considered optimal and was selected for subsequent experiments.

It is necessary for the Guanine-rich sequence to combine with
Hemin to achieve optimal peroxidase-like activity. The specific levels of
Hemin exert significant influence on the absorbance value and ne-
cessitated further exploration of its effect on the detection system.
Fig. 3(d) shows that the absorbance value initially exhibits a gradual
rise and then tends to stabilize in conjunction with an elevated Hemin
concentration. This result illustrates that the saturation concentration
of Hemin is approximately 4 uM. A quantity of 4 uM was chosen for
utilization in further experimentation.

3.5. The sensitivity of the Zn?* visual biosensor

Various concentrations of Zn>* standard samples (0; 10pM;
100 pM; 1nM; 10nM; 100nM; 1uM; and 10 pM, respectively) were
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Scheme 1. The principle of the sensing system for 7Zn?" detection based on Zn’”—dependent cDNAzymes (a), HCR (b), and SDA (c) reactions.
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Fig. 1. Agarose gel electrophoresis of HCR trigger results. M: DNA Marker DL
2000; (1, 2): Y-HI + Y-H2; (3, 4): trigger + Y-H1 + Y-H2. Conditions:
Cirigger = 100nM, Cy.yp: Cy.2 = 500 nM: 500 nM.
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Fig. 2. Schematic of UV-visible absorption spectrum analysis. 1: cDNAzyme +
SDA; 2: cDNAzyme + 10uM Zn®* + SDA; 3: Y-H1 + Y-H2 + SDA;  4:
c¢DNAzyme + Y-H1 + Y-H2 + SDA; 5: cDNAzyme + 10 uM Zn®** + Y-H1 + Y-
H2 + SDA. The inset is a photograph of the corresponding system.

added to the detection system in an attempt to verify the analytical
capability of the visual biosensor under optimal conditions with Zn**
as the target. A UV-visible absorption spectroscopy with a wavelength

range of 385-450 nm (interval of 5nm) was performed following the
completed reaction. As shown in Fig. 4(a), the absorption value in-
creases when the concentration of the target Zn** is raised from 0 to
10 uM. Fig. 4(b) represents the standard curve. Under optimal condi-
tions, the change in the absorbance value at the maximum absorption
wavelength was found to exhibit a linear correlation to the logarithm of
target Zn?>" concentrations from 10 pM to 100 nM. The linear equation
isy = 0.1411x — 0.0209 with a linear correlation coefficient of 0.9968,
and the LOD at 1.075pM. The high sensitivity of the approach em-
ployed by this study is likely attributed to the three-step signal ampli-
fication reactions that include the Zn®* assisted cDNAzyme assay, HCR,
and SDA, as well as the background reduction of the unique hairpin
type S-HCR.

The LOD of different Zn?>* biosensors were compared and the re-
sults are shown in Table S-2. The LOD of the Zn®** visual biosensor
created for this study reached the pM level, while the LOD of the
comparison biosensors were as high as the nM level. Therefore, the LOD
of this detection system is far lower than other biosensors. The Zn>*
visual biosensor established in this paper displays clear advantages
relating to both high sensitivity and visualization. The difference in
Zn?" concentrations among varying samples can be distinguished by
the naked eye, which is impossible to achieve with other methods.
Therefore, the proposed strategy exhibits great promise as a useful tool
for the quantitative detection of Zn?*.

3.6. The specificity of the Zn?>™ visual biosensor

The specificity of the Zn?* visual biosensor was further verified as
shown in Fig. 5. The change in absorbance value at 415 nm (AOD4;5,m)
of the Zn?>* treatment group is much higher than other metal ions.
Moreover, the visible green color is darker, indicating that the specificity
of the Zn?* visual biosensor is excellent. This result may be attributed to
the specificity of the Zn?>*-dependent cDNAzyme. When Zn>" is added
to the detection system, it can effectively catalyze the cleavage of the S-
HCR by the cDNAzymes, further encouraging the HCR and SDA reac-
tions. Furthermore, it is noteworthy to mention that the AOD4;5,, of
Ni2" is highly negative, and is likely because it inhibited the activity of
the Bst DNA polymerase or the Nt. Bst NBI nicking enzyme.



S. Li, et al.

12 o

(a)

0D 415nm

0 5 10 15 20 25 30 35
amplification time / nim
25 (b)
e _
x -
g
=
v
=
a
[=]
— S — i -
D2r 0 001 002 004 008 0.16 0.32
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Bst.DNA polymerase / (U/uL)

-

g i
- | ) )
021_ A s g

0 005 01 02 04 038 1.6
0 . . . . . . . . )
0 0.2 04 06 0.8 1 12 14 16 18
Nt. Bst NBI nicking enzyme / (U/pL)

1250 (d)

OD 415nm

Hemin concentration / pM

Fig. 3. The effect of SDA amplification time (a); the Bst DNA polymerase
concentration (b); the Nt. Bst NBI nicking enzyme concentration (c); and the
Hemin concentration (d). Each data point represents an average of three
measurements (each error bar indicates the standard deviation). The inset is a
photograph of the corresponding system. Conditions: Czp2+ = 1 mM, Cyzgs.
ucr = 100nM, Cy.pyp: Cy.pp = 500 nM: 500 nM.

3.7. Real sample analysis of the Zn®" visual biosensor

In order to investigate the detection ability of this method in real
sample, the recovery experiment of Zn>* was conducted by a standard
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Fig. 5. Schematic of the specific experimental results. 1 uM Zn?*, 10 uM Mg>™,
10puM Ca?*, 10uM Cu®*, 10puM Ni%*, and 10puM Hg?* were used as the
cleavage concentrations. The inset is a photograph of the corresponding system.
Each data point represents an average of three measurements (each error bar
indicates the standard deviation).

addition method in human serum. Different concentrations of Zn2*
were spiked in human serum samples and then analyzed. 0.45um
membrane filter was used to filter the human serum samples before the
testing. The experimental results are shown in Table S-3, the recovery
rate of Zn?* in serum varied from 97.37% to 101.03%, and the relative
standard deviation (RSD) was less than 2.26%. These results indicate
that this Zn?>* visual quantitative sensing system has application po-
tential in real samples.
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4. Conclusion

In conclusion, an ultra-sensitive visual biosensor was successfully
constructed to detect Zn?" ions. This biosensor was based on thermo-
static triple-step functional nucleic acid cascade amplification. During
this study, the HCR trigger sequences were inserted into the substrate
chains of the Zn**-dependent cDNAzyme to avoid self-activation, which
reduced the background value and improved the specificity.
Furthermore, both the complementary Guanine-rich sequences and the
restriction site sequences were inserted into the 5 end of the two hair-
pins. Therefore, multiple SDA reactions were successfully empowered by
the HCR products to generate a substantial amount of G4 DNAzyme.
Consequently, both signal amplification and visual detection of Zn>*
were achieved. The sensitivity of the biosensor was significantly im-
proved by the three-step thermostatic amplification process with a LOD
as low as 1.075 pM. Moreover, the ultimate realization of Zn>"* visual
detection does not require sophisticated signal output devices, and can be
differentiated by the naked eye. Furthermore, this method is universal,
and the detection of additional metal ions can be achieved by changing
the specific cDNAzymes and substrate chains of the targets. In summary,
this research established a Zn?* visual biosensor that is simple and fast to
operate, while maintaining high visibility. Additionally this biosensor
displays exceptional sensitivity and specificity and provides a technical
reference for the visual detection of trace Zn**.
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