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ABSTRACT: Mercury (Hg) and its compounds, originating from a variety of nature and anthropogenic source, are
ubiquitous in the natural environment, which cause severe environmental contamination and pose irreversible harm to human
health. Fast and accurate sensing approach is of significant importance for mercury detection. Here, a label-free biosensor
using Hg(II)-induced cleavage of phosphorothioate (PS) modified RNA was exploited. We designed a specific single-
stranded DNA embedded four PS-modified RNA (Hg-DPR) to improve the cleavage reaction yield, and then Hg-DPR was
covalently linked with single-walled carbon nanotube field effect transistor (SWNTs/FET) via a peptide bond. The Hg-DPR
can be efficiently cleaved after exposed to Hg(II), which further causes the conductivity of the SWNTs to change. Using the
relative resistance change, the Hg-DPR /SWNTS/FET successfully obtained detection of Hg(Il) as low as 10 pM, and the
calibration curves were linear in the range of 50 pM to 100 nM and 100 nM to 10 uM. Additionally, DPR/SWNTSs/FET

exhibited excellent sensitivity, portability and low-cost for Hg(II) detection.

Mercury and its compounds are distributed ubiquitously in the environment, but have high toxicity for organisms even at low
concentration” 2. They are emitted to the atmosphere by natural and human sources’. The total amount of mercury,
originating from degassing of earth’s crust, reaches 10,000 tons®. As a result of various anthropogenic activities including
coal combustion, metal refining, gold and silver extraction, and a variety of industrial’, the emission of mercury pollutions
are increasing approximately 2000 metric tons per year®. Fossil fuel combustion and mining are two of the primary pollution
sources. Based on statistics and analysis, the burning coal can release about 395 ng/g of mercury to surrounding

environment. In the US, it emits around 33 tons of mercury pollution every year. Refining gold from amalgam in gold

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors Page 2 of 16

mining is the second largest pollution source. Every year, 10 to 20 millions of gold miners are burned in the world, and each

gram of amalgam burning releases 1.2-1.5 mg of mercury to the environment’.

Mercury has three forms (elemental, inorganic mercury and the organic ones) in natural®. The elemental form is removed
from the atmosphere after oxidation to Hg(II), and then deposited to land and ocean’. Hg(II), an inorganic form, can cause
severe adverse effects on human health, and it also can be transformed into lipophilic organic compound, methylmercury, by
reducing sulfate aquatic bacteria’. These two forms are easily absorbed by animals and plants with bioaccumulation
occurring at higher trophic levels of the food chain. People with high dietary intake these contaminated food, which will
absorb by the gastrointestinal tract, and accumulated to different human tissues'. If the level of mercury in organs exceeds
the normal limit, it’s toxicity will cause long-term adverse effects on biological systems such as nervous, renal, motor,
immune, and reproductive system.The symptoms of health problems include memory deficit, increased fatigue, decreased
muscular strength, plasma creatinine level brain damage, kidney failure, and various motion disorders'" 2. To ensure the
environment and food safety, the US Environmental Protection Agency (EPA) sets the maximum allowable mercury level in
drinking water at 10 nM, and the China Food and Drug Administration requires the total mercury level in grain and vegetable

below to 0.02 mg/kg and 0.01 mg/kg, respectively.

Rapid and accurate determining the concentration of mercury is an increasing demand to evaluate environment and food
safety. To date, the rountine analytical techniques for Hg(II) detection including atomic absorption spectroscopy (AAS) ",

1415 cold-vapor atomic absorption spectroscopy (CV/AAS)' |

cold-vapor atomic fluorescence spectrometry (CV/AFS)
inductively coupled plasma atomic emission spectrometry (ICP/AES)", high performance liquid chromatography-cold-
vapor-inductively coupled plasma mass spectrometry (HPLC/CV/ICP/MS)'® and inductively coupled plasma mass
spectrometry (ICP/MS)'* have been developed, and widely used in food and environmental testing laboratories and agencies.
These methods have high selectivity and sensitivity, however, the commercial devices are bulky and expensive, and require

time-consuming sample preparation processes and well-trained professional operators, which are difficult to test the Hg(II)

on-site.

Various new techniques have been exploited to overcome these problems. Electrochemical technique has been
demonstrated as a powerful and effective method, which just need a tiny electronic device transforming chemical signal to
electronic signal. Moreover, newly developed nanomaterials and biomaterials (organic molecules, peptides, lipids, proteins,

and oligonucleotides) ***'

provide tremendous potential to improve the characteristics of detecting sensors. Biosensors based
on protein enzyme inhibition show fast, high sensitivity and selectivity for Hg(II) detection, but the unstable activity of

enzyme and ribozymes in the ambient environment limits application, especially in the field. Over the past two decades,

DNA molecules known as DNA and DNAzyme™ have emerged and offered a very useful material for metal sensing. They
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own high specificity and affinity with cofactors, such as Na(I)*, Ag(I)**, Pb(I)*, Cu(I1)*, Mg(Il)*’, Ca(ID)**, Zn(I)*’,
Cd(I1)*°, Mn(II), UO,(I1)*, and Hg(II). Different from protein enzymes, DNA molecules can be denatured and renatured
many times without losing their binding ability or activity toward substrates. DNA molecules for Hg(II) detection are mainly
based on “T-Hg-T” interactions’>. By comparison, DNAzymes are more convenient and effective because they cost less to
produce and are more resistant to hydrolysis. Some groups have reported RNA-cleaving DNAzymes for Hg(II) detection, but
these sensors need two steps: (1) Hg(Il) bind with T base to form a herin structure, (2) the biosensor requires UO,(II) to
catalyze the DNAzyme. Although both DNA and DNAzyme are very sensitive and selective to Hg(II), they need a long time
due to the binding process of “T-Hg-T”, or occur mismatches and no hybridization. Recently, Liu and coauthors found that a
single phosphorothioate-modified RNA*®. DNA chimeric substrate is unique to Hg(IT) among the various divalent metal ions

that can be cleaved efficiently by Hg(II), which provides a new mechanism for Hg(II) detection.

Single-walled carbon nanotubes (SWNTs)* is a one-dimensional structure of semiconductor nanomaterials, which has
outstanding electronic, chemical, mechanical, thermal, and optical properties. Field-effect transistor (FET) coupling with
SWNTs shows a lot of potential in low-concentration and real-time detection. Here, a new biorecognition ‘Hg-DPR’ using a
single-stranded DAN embedded four Hg(II)-induced cleavage of phosphorothioate modified RNA was designed, which has
highly selective for Hg. We also developed a label-free, facile, and low-cost biosensor integrated ‘Hg-DPR’ with an
extremely sensitive SWNTSs-FET to enable detection of the extremely low concentration. The mechanism is that Hg-DPR
cleaved by Hg(II) results in a change in conductance of the SWNTSs, and the cleaved efficiency in direct proportion to Hg(II)
concentration. This is the first report of a biosensor using Hg-induced cleavage of PS-modified RNA and SWNTs-FET

combination for electronic detection of Hg(II).

2. Materials and methods
2.1. Chemicals and materials

DNA sequences with or without phosphorothioate(PS) -modified RNA were purchased from Shanghai Sangon Biological
Engineering Technology & Services Co. Ltd. (Shanghai, China), which are synthesized and purified using standard solid
phase techniques. The DNA sequences are listed below.

Hg-DNA: /5AmMC6/ GAGCGAATAGAAGAAAACGGCGGAAACGCCGAACGCTC
Hg-RNA: /SAmMC6/GrAGrCGAATTAGATAGAAAACGGCGGAAACGCCGAACGCTC

Hg-DPR : /SAmMC6/GrA*GrC*GAATrA*GArA*GAAAACGGCGGAAACGCCGAACGCTC
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Semiconducting single-walled carbon nanotubes (95%, 0.01 mg/mL) was bought from Nano-Integris Inc. (USA). Metal
salts including Cu(NO;),, Mg(NO3),, Hg(NOs),, CaCly, Mn(NOs),, Zn(NO3),, Cr(NOs);, Pb(NO3),, Ni(NOs),, Fe(NO3)s,
Co(NO3), and Cd(NO3), were purchased from Sigma Aldrich (USA). 1-Pyrenebutanoic acid succinimidyl ester (PBASE), N,
N-dimethylformamide (DMF, anhydrous, 99.8%), 6-mercapto-1-hexanol (MCH, 97%), and ethanolamine were also offered
by Sigma Aldrich (USA). 2-(N-morpholino) ethanesulfonic acid (MES), 3-(N-morpholino) propanesulfonic acid (MOPS)
and sodium hydroxide were obtained from Mandel Scientific Inc. 3-Aminopropyltriethoxysilane (APTES, 99%) and
ethanolamine (EA, 99%) was offered by Acros Organics. Tween 20 was bought from Bio-Rad. All of the chemical reagents
were of analytical grade and used without further purification. All the stock and buffer solutions were prepared using
ultrapure water generated from a Millipore Milli-Q water purification system (Billerica, MA, USA) with an electric
resistance of 18.2 MQ, and treated through high-temperature sterilization. The Hg-DPR solution (100 uM) was prepared in

20 mM MOPS buffer (pH 7.4).

2.2. Apparatus

All characteristics of the Hg-DPR/SWNTSs/FET were measured using a Keithley 2636 precision semiconductor parameter
analyzer at room temperature. For voltage-current (Ips-Vps) measurement, the voltage between drain and source was
sweeping from -0.2 V to 0.2 V in steps of 0.01 V, and the gate voltage was 0 V (Vgs=0 V). SEM images were obtained with
a Zeiss Leo SUPRA 55 at acceleration voltage at 10 KV. Raman spectra were recorded using Dilor XY Laser Raman with
imaging microscope (514 nm Diode and Ar ion lasers). UV spectrum was collected by Beckman DU800 UV/Vis

spectrophotometer (Beckman Coulter, Inc. USA).
2.3 Fabrication of SWNTSs/FET

The interdigital electrode was microfabricated on a high doped p-type silicon wafer with 100 nm thick thermal oxide
(Si10,) using standard lithographic patterning. The silicon wafer was covered with a uniform film of photoresist and written
interdigital structure through photolithographically defining the electrode area. After baking and cleaning, 20 nm-thick
chrome adhesion film and 180 nm-thick gold layer were deposited on the surface via e-beam. Finally, the deposited wafer

was immersed in acetone for overnight to remove the unwritten parts.

The SWNTs devices were fabricated through following the steps reported by Ramnani et al. First, the chip was rinsed
successively with acetone, isopropanol, and ammonium hydroxide to clean up surface residues. Second, the cleaned device

was immersed in APTES, incubated for 30 min, and then rinsed with sufficient Milli-Q water. Third, SWNTSs solution were
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dispersed onto a SiO,/Si substrate through the spray method with high humidity conditions for 60 min, followed by washing

the SWNTs residue and annealing in air at 250 °C.

2.4 Hg-DPR Immobilization

To functionalize Hgzyme, SWNTSs/FET was treated using the protocol shown in Fig.1. First, SWNTs/FET was immersed
in 10 mM MCH for 30 min to block the gold surface, and tread with a 6 mM PBASE in dimethylformamide for 60 min at
room temperature followed by being rinsed with DMF and Milli-Q water to eliminate the unbonded PBASE. Next, the
processed electrode was incubated in 100 uM Hg-DPR at 4 °C for overnight to make the amine at the 5 end of Hg-DPR bind
with ester group of PBASE, which the mfold was shown in Fig. S1. The excess ester groups of PBASE were blocked with

0.1 mM EA, and the surface of SWNTs was blocked using 0.1% Tween 20 to prevent non-specific binding to SWNTs.

2.5 Sensing protocol

To measure Hg(II) concentration, 20 pL of the tested solution was dropped and covered on Hg-DPR/SWNTs/FET’s
surface for 3 min, and then rinsed with sufficient EOPS buffer solution for several times to remove Hg(II) residues. Finally,

the Hg-DPR/SWNTSs/FET was covered with 20 pL. EOPS buffer solution (pH 7.4), and collected the current-voltage.
The relative resistance of Hg-DPR/SWNTSs/FET was defined as the following equation:
AR/R=(Ry—R) /Ry x 100%

Where R, was the resistance before Hg-DPR/SWNTSs/FET exposure to Hg(Il) solution, and R is the resistance after

explored to Hg(II) solution.

3. Results and Discussion

3.1. Characterization

Fig. 2(A) shows the microstructure of interdigital electrode, which has ten pairs of interdigital finger. The gap between
fingers was 3 pum, and the length and width of each finger were 200 um and 5 pm in Fig. 2(B), respectively. The SEM and
Raman were employed to study FET before and after functionalized with SWNTs. SEM image in Fig 2(C) exhibits the high-

density of SWNTSs network that was uniformly dispersed on the FET surface.
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Fig. 3(A) shows the Raman spectrum of FET before and after functionalized with SWNTs using 514 nm laser excitation.
There was no peak on the blank FET (black curve) during 100 em” to 300 cm™ and 1200 cm™ to 3500 cm™. After SWNTs
was modified on FET via APTES, several bands were located at 178 cm™, 1345 cm™, 1592 cm™ and 2682 cm™. According to
the literature, these bands were consistent with RBM-band, D-band, G-band and G’-band of the Raman spectrum of SWNTs.
SEM and Raman demonstrated the SWNTs attached to FET are stable and tight. Fig. 3(B) shows the UV-vis absorption
spectra of quartz subtract functionalized with SWNTs, PBASE, Hg-DPR, EA and TWEEN 20 ranging from 200 nm to 600
nm. Here, we used blank quartz to replace silicon substance due to the excellent optical transmittance of quartz. Compared
with blank quartz, the absorbance intensity of SWNTs/Quartz improved during the whole spectra rang, and an absorption
peak was found at 260 nm, illustrating SWNTs was immobilized on the quartz surface’ *°. There were three absorbance
peaks discovered after SWNTs/Quartz incubated in PBASE, which indicated pyrene ring had attached on the SWNTs surface
through the n—n interaction. This phenomenon was consistent with the previously reported article’’. When SWNTs-PBASE
functionalized with Hg-DPR, only one absorption peak was observed at 275 nm, which might be all of the peaks overlapped
with DNA to generate a composite effect.

Fig.4 shows the Ipg-Vpgs of SWNTs functionalized with MCH, PBASE, Hg-DPR, EA and Tween20. It was clear that Ipg
continued to decrease after each modified step, which demonstrated these chemical reagent and material had bonded with
SWNTSs/FET and affected the resistance of SWNTs. After MCH modification, the resistance almost no change because the
sulphydryl of MCH only bound with Au through Au-S bonds, and form a nonconductive membrane. PBASE was attached
with SWNTs surface through n—x interaction between SWNTs and pyrene. Hg-DPR was immobilized with PBASE-modified
SWNT covalently via an amide bond between the amine at the 5’ end and the ester groups of PBASE. EA was used to block
the unbind PBASE, and Tween20 prevented non-specific binding to SWNTs, resulting in a decrease of the charge carrier

concentration of the p-type SWNTs and electron scattering from these molecules.

3.2. Optimization

To simplify detection processes and obtain excellent analytical performance, some parameters were optimized through

detecting different Hg(II) concentrations.

To illustrate the cleavage site of Hg-DPR, we first investigated the DNA with and without embedded different types of
RNA in Fig.5 (A). The relative resistances of Hg-DNA/SWNTSs/FET did not change before and after exposure to three
Hg(II) concentrations. When some DNA bases were replaced by RNA bases without PS modification, the relative resistances

of Hg-RNA/SWNTSs/FET were still no change in the presence of different Hg(II) concentrations. However, after DNA with
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four PS-modified RNA, the relative resistances of Hg-DPR/SWNTSs/FET for different Hg(II) concentrations changed signifi-
cantly. The reason was probably that Hg(II) had strong thiophilicity™. The charge of the sulfur was neutralized after Hg(1D)
bond with the sulfur atom, which can make it a better leaving group in the nucleophilic attack by the 2°-OH group of the

ribo-adenosine. Therefore, it demonstrated this Hg(II)-cleavage occurs the position of PS-modified RNA.

Fig.S2 shows the voltage-current curves for the detection of different Hg(II) concentrations (0, 1 nM, 100 nM and 10 uM).
The relationship between current and voltage ranging from -0.2 V to 0.2 V exhibited nonlinearity. By using Ohm’s law, we
found the resistance values in Fig.S3 were decreasing along with the voltage increasing between the source and the drain,
excluding 0 V. The reason might be ascribed to the semiconducting property of SWNTs, which will be affected by alkaline
buffer solution approximately equated to a negative base voltage. However, the relative resistances at different voltage were
almost the same value in Fig.5(B). Based on the energy saving and stability, 0.02 V was chosen to simplify detection process

in the following experiment.

Fig.5(C) shows the relative resistance of Hg-DPR/SWNTSs/FET for Hg detection effected by pH value. The cleavage reac-
tion of PS-modified RNA had a similar amount of product from pH 5.5 to 7.0. However, the relative resistances are of
positive relevance with the pH values in the range from 6.0 to 7.0, which were contributed to the hydrogen ions in the solu-
tion. The prone of SWNTSs were easily accepted by the H(I), it needed a long time to recover after we add 7.4 buffer solu-
tion. The relative resistance showed opposite correlation with pH value if pH >7.0 that might be Hg(II) hydrolysis at higher

pH. Therefore, a pH of 7.0 was found to be suitable for the experiment.

Fig.5(D) shows the relationship between relative resistance and incubation time in the range from 0 to 4 min. Thee differ-
ent Hg(IT) concentrations (100 pM, 10 nM and 1uM) were selected for further study. Hg-DPR/SWNTs/FET was immersed to
a certain Hg(II) concentration, and recorded the resistance change every 30 s. We found that reaction time of Hg(II) cleaved
PS-modified RNA were proportional to Hg(II) concentrations. The reaction time of Hg-DPR/SWNTSs/FET needed 60 s, 90 s
and 120 s for these three different Hg(II) concentrations, respectively. To make sure the stability of reaction, 3 min was cho-

sen for the experiment.
3.3. Sensitivity for Hg(II) detection

Under the optimum conditions analyzed above, the analytical performance of Hg-DPR/SWNTSs/FET were investigated by
monitoring the relative resistance change with different Hg(II) concentrations. As shown in Fig. 6A, in the absence of Hg(II)
concentration, the relative resistance was very low, indicating DNA embedded PS-modified RNA was not cleaved. After

exposed to Hg(II) concentration, the relative resistance increased gradually in the low concentration range, and continued to
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rise sharply in high concentration range. The relative resistance revealed excellent relationship with the logarithm of Hg(II)
concentration in the range of 50 pM to 100 nM and 100 nM to 10 uM. The regression equations were y;=5.461x+0.957 and
y,=32.313x-135.67 with the linear regression correlation coefficient of 0.990 and 0.991, respectively. The detection limit of
Hg(II) was 10 pM(S/N =3), which is significantly below the allowable mercury level (10 nM) in drinkable water required by

the United States Environmental Protection Agency (USEPA), and also satisfied the China Food and Drug Administration.

Tab. 1 presents some parameters of other published sensors including the linear range, limit of detection and testing time.
It illustrated that Hg-DPR/SWNTSs/FET own a wide linear range and lower limit of detection than other published sensors.
Even though the testing time was longer than parts of sensors, 3 min for one measurement was a relatively short period of

time, and acceptable for rapid Hg(Il) determination.

3.4 Interference

To evaluate the selectivity, Hg-DPR/SWNTS/FET was used to measure and compare the relative resistance of Hg(II)
before and after adding other metal ions CH;Hg, K(I), Li(I), Na(I), Ni(I), Mg(II), Pb(II), Cd(Il), Zn(II), Cu(Il), Bi(IIl),
Fe(Ill) and Cr(Il), which probably existed in real water and soil sample. Under the optimized conditions,
Hgzyme/SWNTS/FET in the presence of 1 pM Hg(II) could induce a significant enhancement of relative resistance. After
adding other metal ions at the same concentration of Hg(II), nearly all of the relative resistance changed imperceptibly.

Therefore, the proposed biosensor had high selectivity to discriminate Hg(II) from others.

3.6 Real sample analysis

To evaluate the practical application, we used the Hg-DPR/SWNTS/FET to measure the concentrations of Hg(II) in soil
and pond water samples. Water and soil samples collected from lake and farmland in the suburbs of Beijing. The water sam-
ples were filtered through a 0.22 um membrane to remove large particles and solid insoluble substances. Soil samples were
collected from a local field in Beijing and pretreated using the following steps. Preliminary, soil samples were dried naturally
and then ground into small particles using the Grinding machine. Weighing 2 g soil was mixed with 0.1 M nitric acid, and
sonicated for 60 min. Additionally, the mixture solution was centrifuged and filtered by a 0.45 um membrane. Finally, the

filtered solutions were adjusted to pH 7.0.

Water samples and soil extracting solution were also detected by a standard method of Atomic fluorescence spectrometer

analysis method (AFS). The results using the two methods were shown in Tab. 2. The detecting values were quite close, and
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the relative errors were below 10%. To assess the accuracy of Hg-DPR/SWNTSs/FET, a t-test was used to analyze these

1

2 results of two methods. After calculation, we got P= 0.963> 0.05, suggesting the two methods did not significantly different.
3

4 All these can demonstrate that the proposed biosensor is applicable for Hg(II) detection in real samples.

5

6

7

8 4. Conclusion

9

10 . . . . .

1 In conclusion, we designed a new type structure of Hg-DPR with four embedded Hg-induced cleavage of PS-modified
:g RNA, which made the cleavage reaction yield 50%. The Hg-DPR was bond with SWNTs based FET platform via pep-
12 tide linkage, which offered a simple biosensor for Hg(Il) detection. The Hg(II) can cleave Hg-DPR with fast rate, which led
1? to a structural switch in a short time and further affected the conductivity of SWNTs. Hg-DPR /SWNTs/FET shown excel-
18 lent sensitivity and selectivity for sensing Hg(II) with a lower limit of detection down to 10 nM, which was lower than the
19

20 maximal allowable Hg(IT) level defined by the USEPA. Compared with standard optical methods, the simple, portable and
21

22 easy-to-use device offered a promising potential for on-site detecting Hg(II).
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Figure 1. (a-f)Schematic illustration of interdigital electrode functionalized with different materials (FET inclubated in SWNTs, MCH,

PBASE, Hg-DPR, EA, and TWEEN20 in successive), and (g) the mechanism of Hg(II) detection (Hg-DPR cleaved by Hg(I)).
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Figure 2. (A) The microscope image of the chip with 5 set of interdigitated electrodes; (B) The microstructure of each interdigital electrode; (C) SEM image

of SWNTSs networks produced by APTES-assisted assembly technique.
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Figure 3 (A) Raman spectra of FET before and after functionalized with SWNTs; (B)UV-vis absorption spectra of quartz subtract functionalized with
15 SWNTs, PBASE, and Hg-DPR.
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38 Figure 4. The resistance changes after SWNTs modified MCH, PBASE, Hg-DPR, EA and Tween20 at Vps= 0.2V, V=0 V. Each data point is an average of
measurements from 5 independent biosensors.
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Figure 5. (A) Effect of the base type for three Hg(II) concentrations detection (1nM, 100 nM and 10 uM); (B) the relative resistance effected by Vps
ranging from -0.2 V to 0.2 V at V=0 V with three Hg(II) concentrations (1 nM, 100 nM and 10 uM); (C) Effect of pH value on the performance of
Hgzyme/SWNTSs/FET with 1 nM Hg(II) concentration at Vps=0.02 V and V=0 V; (D)Effect of incubation time on the performance of
Hgzyme/SWNTSs/FET with the three Hg(1I) concentrations (100 pM, 10 nM and 1 uM) at Vps=0.02 V and V=0 V. Each data point is an average of
measurements from 5 independent biosensors.
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Figure 6. . (A) Relative resistance change after Hg-DPR/SWNTSs/FET exposed to different Hg(II) concentrations (50 pM, 100 pM, 500
pM, 1 nM, 5 nM,10 nM,50 nM,100 nM ,500 nM ,1 uM, 5 uM and 10 uM); (B) Linear regression of relative resistance vs. the logarithm of
Hg(II) concentration. The error bars indicate standard deviations from five biosensors.

Table 1. Comparison of the parameters of other published sensors using for Hg(II) determination

Sensor

Method

Linear ranges

(nM)

Limit of Detection
(nM)

Time

(min)

Reference
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35 Table 2 Determination of Hg(II) in water and soil samples using the Hg-DPR/SWNTSs/FET.

Figure 7. Relative resistance of Hg-DPR/SWNTSs/FET before and after adding different 1 pM metal ions. The error bars indicate standard deviations from
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48 X The error bars indicate standard deviations from four biosensors.
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