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Abstract

A highly specific and sensitive isothermal method for mercury detection using DNA-conjugated 

upconversion nanoparticles is reported. A single-stranded DNA containing thymine bases, used as 

the Hg2+-capturing element utilizing the bond formation of Thymine-Hg2+-Thymine complex, is 

covalently attached to the NaYF4: Yb3+, Tm3+ nanoparticles. Luminescence resonance energy 

transfer takes place between the NaYF4: Yb3+, Tm3+ nanoparticles as donor and DNA-

intercalating SYBR Green I as the acceptor upon excitation of 980 nm. The sensitivity and 

selectivity toward Hg2+ are enhanced using the nicking enzyme, Nt. Alwl, which leads to signal 

amplification. By monitoring the ratio of acceptor emission to a reference peak, the presence of 

Hg2+ ions are quantitatively determined with a lower detection limit of 0.14 nM, which is much 

lower than the US Environmental Protection Agency (EPA) limit of Hg2+ in drinking water.

Graphical Abstract

We report a highly specific and sensitive isothermal method for Hg2+ ion detection using DNA-

conjugated upconversion nanoparticles.
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1. Introduction

According to World Health Organization (WHO), solvated mercuric ion (Hg2+), one of the 

most stable inorganic forms of mercury, is considered as one of the top chemicals of major 

public health concern. It is a caustic and carcinogenic species with high cellular toxicity[1–

3]. Mercuric ion is highly harmful even at low concentrations and can be transformed by 

microbial methylation into methylmercury, which leads to serious and permanent damage to 

the brain with acute toxicity [4,5]. Because of its chemical stability with relatively long 

residence time ranging from months to years, the routine detection of Hg2+ is crucial in the 

monitoring of larger bodies of water and the safety evaluation of aquatically derived food 

supplies [6].

Conventional mercury detection techniques include atomic absorption/emission 

spectroscopy and inductively coupled plasma mass spectroscopy (ICPMS). Even though 

these techniques achieve very low detection limit (<0.9 nM), they involve sophisticated 

instruments and laborious procedures. Several methods for the detection of mercury has 

been reported [7] using colorimetric [7–11], electrochemical [12–15], fluorescence 

techniques [16–19], etc. Nanoparticles such as gold nanoparticles [8, 9, 11, 20], carbon 

nanotubes [21], graphene oxide [22], and quantum dots [19], have been used in the detection 

of mercuric ions in aqueous solutions. Since the maximum allowable level of mercuric ion in 

drinkable water set by US Environmental Protection Agency [23] is 10 nM, there is an 

ongoing demand for the development of detection methods that are sensitive, specific, and 

easy to use.

In recent years, there has been a growing interest in developing upconversion nanoparticles 

(UCNPs) that can emit higher energy photons after absorbing lower energy photons. Sharp 

emission lines, long luminescence lifetimes, superior photostability, and absence of 

autofluorescence resulting in high signal-to-noise ratio are the unique features of UCNPs. 

There are reports where UCNPs in combination with fluorescent dyes are used for detecting 

nucleotides [24–27]. Mercuric ions can be selectively determined using DNA sequences. 

Several mercury forms, both inorganic and organic types, can bind to DNA and result in 

conformational changes in the DNA structure [28–31]. There are also reports where 

Thymine-Thymine pair in DNA strands are used to specifically detect mercuric ion [8],[32]–

[33]. In this report, a novel signal-amplification method with good specificity and selectivity 

is shown to detect Hg2+ ions in aqueous media using nicking enzyme under isothermal 

conditions, based on the energy transfer between UCNPs and the DNA-intercalating dye, 

SYBR Green I.
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2. Materials and Methods

2.1. Chemicals and materials

All chemicals were used as received without further purification. Sodium chloride (NaCl), 

yttrium nitrate (Y(NO3)3·6H2O), ytterbium nitrate (Yb(NO3)3·5H2O), thulium nitrate 

(Tm(NO3)3-5H2O), , ammonium fluoride (NH4F), polyacrylic acid (PAA, MW ~15000), 

polyacrylic acid (PAA, MW ~1800), barium carbonate (BaCO3), cupric chloride (CuCl2), 

cobalt chloride (CoCl2), zinc sulfate (ZnSO4), and mercury(II) nitrate monohydrate 

(Hg(NO3)2·H2O) were purchased from Sigma Aldrich (St. Louis, MO). 1-Ethyl-3-[3-

dimethylamonopropyl] carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) 

and ethylene glycol (EG) were purchased from Thermo Scientific (Rockford, IL). SYBR 

Green I was from Life Technology (Carlsbad, CA). All DNA strands were from IDT DNA 

(Coralville, IA). Nt. Alwl and 10x Cutsmart® buffer were purchased from New England 

BioLabs. The melting points of various DNA strands under the experimental conditions 

were estimated using the OligoAnalyzer program available at the vendor’s website (http://

www.idtdna.com). The sequences of DNA probes used in this study are listed in Table 1. 

The DNA strands used are DNA_1 (22mer, amine-modified at the 5’-end) and 

DNA_mismatch (22mer). The middle segment of DNA_mismatch is complementary to 

DNA_1 except at the thymine bases.

2.2. Synthesis of NaYF4; Yb3+, Tm3+ upconversion nanoparticles

PAA (MW ~ 15 000, 1.950 g), PAA (MW ~1800, 0.645 g), NaCl (0.203 g), Y(NO3)3’6H2O 

(0.527 g), Yb(NO3)3·5H2O (0.151 g), and Tm(NO3)3·5H2O (0.003 g) were mixed into 26 

mL of EG, using vortex and sonicator to form a homogenous mixture (Solution A). 

Separately, 0.24 g of NH4F was dispersed into 16 mL of EG in a Teflon container (Solution 

B). Solution A was added into Solution B drop wise under vigorous stirring for 1 hour. The 

Teflon container was then placed in a sealed stainless-steel capsule and heated in an oven at 

220 °C for 24 h. The resulting solution obtained was clear with light brown in color. The 

nanoparticles were collected by centrifugation at 48,000 rpm for 1 h to remove the 

supernatant. Pellet was washed 3 times by ethanol and twice by DI water before storing for 

later use.

2.3. Conjugation of DNA_1 to UCNPs

Two mL of UCNP aqueous solution was treated with 10 μL of 0.2 M EDC and 10 μL of 0.05 

M NHS for 15 min under stirring at 600 rpm in an ice bath. Next, 10 μL of 1 mM DNA_1 

was added into the mixture and stirred at 600 rpm overnight. The resulting nanoparticles 

were washed 3 times by DI water, before dispersed in 1 mL of DI water.

2.4. Determination of conjugation yield of DNA_1 to UCNPs

The amount of DNA_1 conjugated to the UCNPs was determined experimentally. A 

standardization curve of DNA_1 with SYBR Green I solution was first obtained using 

DNA_1 solutions of different concentrations (0, 10, 20, 30, 40, 50, 70 nM). In these 

measurements, SYBR Green I was excited at 480 nm using a Xenon lamp with 1-mm slit 

width, and the emission intensity at 520-540 nm was measured. Then DNA_1-conjugated 
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UCNP working solution (UCNP-DNA_1) was incubated with the same amount of SYBR 

Green I solution and excited at 480 nm. The concentration of DNA_1 in the DNA_1-

conjugated UCNP solution was calculated based on the standardization curve.

2.5. DNA nicking and mercuric ion sensing

DNA_1 conjugated UCNP solution (30 μL) was added into 10x Cutsmart® buffer (39 μL) 

and DNA_mismatch (30 μL). The mixture was brought to a total volume of 390 μL using DI 

H2O, and treated in 90 °C for 5 min. The solution was cooled down to 37 °C (optimal 

temperature for Nt. Alwl) and maintained for 3 min before adding Nt. Alwl (20 units). 

Different concentration of Hg2+ (0, 0.2, 0.5, 1.0, 1.5, 2.0 nM) was then added to the vial 

containing DNA_mismatch. The solution was kept at 37 °C for 2 h in a thermal cycler, 

before being heated again to 90 °C to deactivate the nicking enzyme.

2.6. Luminescence measurements under 980 nm excitation

The UCNP-DNA_1 mixture after the thermal treatment was mixed with 2 μΤ of 10x SYBR 

Green I solution and transferred into a quartz cuvette. Emission spectra were collected on a 

spectrofluorometer (PTI) equipped with an external 980-nm laser (Laserglow Technology, 

Canada) as the excitation source. Slit width was set at 1.0 mm. When calculating the ratio of 

I477/I800, I477 refers to the integrated area between 468 to 490 nm and I800 to that between 

770 to 830 nm. All measurements were done in triplicates.

2.7. Specificity and complex matrix studies

Different concentrations of Cu2+, Co2+, Zn2+, Ba2+ in DI water (0.2, 1.0, 2.0 nM) were 

tested with the same procedure as described above. Tap water was collected and known 

concentrations of Hg2+ were spiked to the sample (0.5, 1.4 nM). This water sample was 

tested using the proposed detection method. The lake water was collected from Burnet 

Woods Lake, Cincinnati. It was centrifuged for 30 minutes at 10,000 rpm and the 

supernatant was collected. The concentration of Hg2+ was detected by ICPMS. Proper 

dilutions were made to make the concentration fall in the range of the calibration curve. The 

diluted samples were tested with the above procedure and the luminescence spectra were 

recorded. All measurements were taken in triplicates.

3. Results and Discussion

Yb3+/Tm3+ co-doped NaYF4 UCNPs used in this study are synthesized by a previously 

reported hydrothermal method [34] and are well dispersed in water. The particles 

synthesized by this method have carboxylic acid groups present on the surface, which not 

only render the hydrophilicity but also facilitate further functionalization. Transmission 

electron microscopy (TEM) image of UCNPs is shown in Figure 1. It shows hexagonal 

UCNPs with a diameter of 188 ± 14 nm. Photoluminescence spectrum of the UCNPs is also 

shown in Figure 1. Upconversion of the synthesized particles can be visualized by naked 

eyes when excited with a 980-nm laser.

DNA_1, a 22-mer modified with -NH2 group at its 5’ end, is covalently conjugated to the 

UCNPs through the widely used EDC/NHS method. SYBR Green I, a DNA intercalating 
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dye, was used to quantify the amount of DNA_1 on the surface of the UCNPs. Upon 

excitation with 480 nm, SYBR Green I, emits weak fluorescence when it binds to single 

stranded DNA. Upon binding to double-stranded DNAs, the fluorescence of SYBR Green I 

is enhanced by ~1000-fold [35]. The standardization curve of DNA_1 in 0.5 μΜ SYBR 

Green I solution was established with different concentrations of DNA_1 (Figure 2), which 

showed a linear relationship between the fluorescence intensity of SYBR Green I and the 

DNA_1 concentration (Figure 2). Fluorescence spectra were collected for SYBR Green I 

with UCNPs before and after conjugated with DNA_1 under 480 nm excitation. The DNA_1 

concentration in the UCNP-DNA_1 stock solution was determined to be 47nM.

The detection scheme is illustrated in Figure 3. DNA_1 is first conjugated to the UCNP 

surface, forming UCNP-DNA_1. Five nucleotides on both the ends of DNA_1 are 

complementary to each other, facilitating the formation of a hairpin loop with a melting 

temperature of ~51 °C under the assay conditions. DNA_mismatch itself would also form a 

hairpin loop with a melting temperature of ~37 °C. The sequence of DNA_mismatch is 

mostly complementary to DNA_1 except for the six thymine bases highlighted in bold red in 

the sequence (Table 1). In the absence of Hg2+, DNA_1 and DNA_mismatch will form 

respective hairpin structures rather than binding to each other. In the presence of Hg2+, 

DNA_1 and DNA_mismatch become completely complementary to each other, forming a 

dsDNA via Thymine-Hg2+-Thymine (T-Hg2+-T) chemistry. T-T mismatch displays excellent 

selectivity toward Hg2+ against many other metal ions [36], and has been widely used in the 

development of Hg2+ sensors. The melting temperature of the dsDNA of DNA_1 and 

DNA_mismatch (56 °C) is higher than those of individual hairpin structures of DNA_1 and 

DNA_mismatch, facilitating the formation of dsDNA over the individual hairpin structures 

of DNA_1 and DNA_mismatch. Note that, in the presence of Hg2+, the dsDNA formed 

between DNA_1 and DNA_mismatch contains a specific double-stranded sequence:

5’-GGATCNNNN-3’

3’-CCTAGNNNN-5’

This sequence can be recognized by the sequence-specific nicking enzyme, Nt. Alwl, which 

would nick DNA_1 four nucleotides away after the GGATC sequence towards the 3’-end. 

Consequently, after the nicking the remaining dsDNA formed between DNA_1 and 

DNA_mismatch is too short to be stable, releasing the Hg2+ to form the next dsDNA with 

another DNA_1 segment on the UCNP surface.

In essence, the Hg2+ facilitates the nicking of DNA_1, reducing its abundance on the UCNP 

surface. Such hybridization and nicking process continue, resulting in potential signal 

amplification. Control experiments to verify the detection scheme and the nicking activity of 

the Nt.Alwl enzyme have been carried out, with results shown in the Supplementary 

Information (Supplemental Figure 2).

The detection of signal is based on LRET between NaYF4: Yb3+, Tm3+ upconversion 

nanoparticles and SYBR Green I. Upon excitation of a 980-nm laser, strong visible bands 

appear from the UCNPs at around 477, 650 and 800 nm, corresponding to the transitions 

from 1G4, 3F2, and 3F4 to 3H6 of Tm3+, respectively. The 477-nm emission matches well 
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with the absorption of the SYBR Green I dye intercalated in the hairpin loop section of 

DNA_1 conjugated to the UCNP surface. The presence of Hg2+ and the subsequent nicking 

of DNA_1 by Nt. Alwl decrease the abundance of UCNP-DNA_1 and the number of the 

intercalated SYBR Green I. Consequently, the energy transfer between UCNP and SYBR 

Green I has been reduced, resulting in the increase of the UCNP 477-nm emission intensity. 

To further improve the quality of the measurement, the ratio of the 477-nm emission 

intensity over that of the 800-nm emission is used as the signal indicator, taking the 800-nm 

peak as the internal reference.

Results of the Hg2+ measurements are shown in Figure 4a. The limit of detection is 

theoretically calculated to be 0.14 nM, which is more than two orders of magnitude below 

the US EPA limit for mercury in drinkable water. Comparison to other published works in 

Table 2 show that the detection limit achieved by this method is very low. Low background 

signal due to the IR laser, increased quantum yield of SYBR Green when binding to dsDNA 

(~0.8) compared to ssDNA [37] and signal amplification assisted by Nt. Alwl are all 

considered to contribute to the high sensitivity. It is expected that further increase in 

sensitivity could be obtained by reducing the size of the UCNPs and consequently, 

increasing the rate of LRET.

The selectivity of this detection scheme was evaluated against some common divalent metal 

ions, Ba2+, Cu2+, Co2+, and Zn2+. Results shown in Figure 4b illustrate that the interference 

of these metal ions is negligible. Experimentally, Hg2+ of 0.2 nM can be detected regardless 

of any interference of other cations. The selectivity of the T-Hg2+-T formation and the DNA 

sequence specificity of Nt. Alwl are the probable factors leading to the excellent selectivity 

of the detection of mercuric ion.

The Hg2+ sensing method was tested in tap water and lake water, with results summarized in 

Table 3. The lake water collected from Burnet Woods lake already had 2.2 nM of Hg2+ as 

measured by ICPMS. Therefore, the water sample collected from the lake was diluted with 

DI water before tested by this detection method. In the case of tap water, where the amount 

of Hg2+ was below the detection limit of ICPMS, a known amount of Hg2+ was spiked into 

the sample. The [Hg2+] was then calculated using the linear fit equation shown in Figure 4a. 

In general, results from our method match reasonably well with those from ICPMS.

4. Conclusion

A novel signal amplifiable method for detection of mercuric ion is demonstrated. The 

method utilizes a dsDNA containing thymine mismatches as Hg2+ capturing element, 

upconversion nanoparticles as energy donor, DNA-intercalating dye as energy acceptor and 

sequence-specific nicking enzyme for signal amplification. This is the first report, to our 

knowledge, to adopt a nicking enzyme to achieve signal amplification for detection. The 

detecting scheme is highly sensitive to Hg2+ ion with good specificity and a lower detection 

limit of 0.14 nM, which is much lower than the US EPA limit (10 nM). The method is 

isothermal and can be used for detection of Hg2+ ions in complex matrix.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Hg2+ detection using DNA conjugated upconversion nanoparticles with a 

detection limit much lower than US EPA limit of Hg2+ in drinking water

• Selective, sensitive and isothermal method with good reproducibility in 

complex matrix

• Signal amplification using nicking enzyme makes the detection scheme 

unique.
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Figure 1. 
TEM image and photoluminescence spectra of the synthesized NaYF4: Yb3+, Tm3+ UCNPs. 

Excitation wavelength is 980 nm. Scale bar in inset is 100 nm.
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Figure 2. 
SYBR Green I fluorescence emission excited at 480 nm with different concentrations of 

DNA_1. Calibration curve is shown in the inset.
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Figure 3. 
Illustration of the nicking enzyme-assisted, signal-amplifiable detection of mercuric ion 

based on UCNPs. In the absence of Hg2+, the process stops at step 2 without hybridization 

between DNA_1 and DNA_mismatch, and no nicking occurs.
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Figure 4. 
a) Quantitative analysis of varying concentrations of Hg2+. b) Specificity study with some 

common divalent cations of different concentrations.
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Table 1 –

Sequence of DNA probes used in this study

DNA _1 5’-AmMC6/CATCGGATCTTTGCTTTCGATG-3’

DNA_mismatch 3’ - TCCTAGTTTCGTTTGCTAAGGA-5’
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Table 2:

Comparison of limit of detection of mercuric ion

Method Limit of detection Reference

Colorimetric 100 nM [8]

Colorimetric 0.19 μM [38]

Colorimetric 2 μM [39]

Rayleigh Scattering 0.4 nM [20]

Electrochemical 0.5 nM [40]

Electrochemical 10 nM [13]

Fluorescence 121 nM [41]

Fluorescence 3.3 nM [42]

Fluorescence 0.3 nM [22]

Fluorescence 0.18 nM [19]

Upconversion 0.14 nM This study
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Table 3.

Comparison of mercuric ion detection in complex matrix

Matrix [Hg2+] determined by ICPMS [Hg2+] determined by this method

Lake water 0.51 nM±0.0016 nM 0.68±0.0019 nM

Lake water 1.25 nM±0.0038 nM 1.22±0.0054 nM

Tap water 0.50 nM±0.0016 nM 0.65±0.0031 nM

Tap water 1.38 nM±0.0042 nM 1.42±0.0054 nM
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