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Highlights

e A DNA biosensor for aqueous Hg?* is tested under environmentally relevant
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conditions

e Solution interferences are reduced by incorporating the DNA molecules in
hydrogel

e The temperature-dependent binding constant of Hg?* to the DNA sequence is
derived

e Equilibrium calculations account for the competitive binding of Hg?* to

NDOM

Abstract

Mercury (Hg) is a toxic metal posing major health risks to human beings and wildlife.
The characterization of Hg fate and transport in aquatic environments is hindered by a
lack of sensitive, selective and easily field-deployable analytical techniques. Here we
assess the reliability and performance of a Hg?* sensor based on the selective binding
of Hg?* to a thymine-rich DNA under environmentally-relevant conditions.
Experimental results indicate that the interactions between the DNA and SYBR Green
I, which produce the detection fluorescence signal, are significantly impacted by pH,
metal ligands and natural dissolved organic matter (NDOM). These interferences are
largely eliminated by immobilizing the DNA in a polyacrylamide hydrogel, although
high concentrations of NDOM, such as fulvic acids, still affect the sensor’s
performance due to competitive binding of Hg?*. The binding of Hg?* to NDOM,
however, can be accounted for via equilibrium speciation calculations, which also

yield the complexation constant for Hg?* binding to the DNA in the hydrogel. The

2



equilibrium calculations reproduce the results for the entire set of experimental
conditions, from simple electrolyte solutions to complex aqueous compositions
mimicking natural lake waters, and across large ranges of pH (3-10) and temperature

(5-50 °C).

Keywords: Mercury; Environmental monitoring; Biosensor; DNA-functionalized

hydrogel; Dissolved organic matter

1. Introduction

Mercury (Hg) is a toxic metal and global pollutant [1-3] that poses severe health risks
to humans and wildlife [4,5]. Awareness of the dangers of Hg has resulted in
substantial efforts to control anthropogenic emissions, yet historical Hg legacies and
geogenic sources still pose significant long-term threats [6-8]. Together with inorganic
Hg* and methylmercury, oxidized inorganic Hg?* is considered a main concern for
drinking water safety and consequently a major focus in source water quality
monitoring and protection [9]. Moreover, research on the biogeochemical cycling and
transport of Hg in aquatic environments, as well as the management and remediation
of Hg pollution, stands to benefit from analytical methods that allow for the rapid,

in-situ detection of aqueous Hg?* [5,10,11].

Currently, aqueous Hg analyses mainly rely on atomic emission spectroscopy [12,13],

atomic fluorescence spectrometry [14,15], inductively coupled plasma mass
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spectrometry [16,17], and electrochemical methods [18,19]. These methods require
sizable instruments and supporting facilities operated under well-controlled laboratory
conditions and, in most cases, only yield total aqueous Hg concentrations. These
methods are therefore difficult to deploy directly in the field, especially at remote
locations. They are also time-consuming and costly, and usually produce hazardous
wastes that must be carefully disposed. In addition, they may not provide information

about aqueous Hg speciation, which controls mercury mobility and toxicity [1,4,7].

The limitations of traditional instrumental methods open opportunities for alternative
analytical techniques that are fast, flexible, portable, and user-friendly. In recent years,
researchers have developed different types of DNA-based Hg sensors that have the
potential to meet the above criteria [20-30]. One approach that is highly specific to
aqueous Hg?* is based on Hg?*-mediated thymine-thymine DNA base-pairing
[25,31,32], which folds a single-stranded DNA molecule into a hairpin structure. The
duplex structure can enhance fluorescence emission upon the addition of a DNA
staining dye, for example SYBR Green | [20,26,33], quench the fluorescent emission
via fluorescence resonance energy transfer [27], or induce signal shifts during its

adsorption to nanomaterials [28-30].

Because only Hg?* stabilizes the thymine-thymine base pair, without similar
responses triggered by other cations known to bind to nucleic acids (e.g., Ag*, Cu?*,
Fe3"), this unique interaction has enabled the development of Hg?*-specific biosensors

[20,26,28,30,33]. Furthermore, the thymine-rich DNA sequences can be incorporated
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into hydrogels to form a portable sensor that has the potential to detect Hg?* with a
high sensitivity (<10 nM) in natural waters [20,34,35]. Such hydrogels thus provide a
promising support material for the development of environmental biosensors for

aqueous Hg?* and other toxic metals.

Although the concept of DNA-based biosensors has been demonstrated in “clean”
laboratory aqueous media with stable buffers [20,24,25,34], variable pH and
temperature, and the presence of inorganic ligands, colloids and natural dissolved
organic matter (NDOM) in aquatic environments all potentially alter the interactions
between Hg?* and the DNA, as well as between the DNA and the staining dye [36-39].
Before the DNA-based biosensors are deployed in the field, a better characterization
of their sensitivity and stability and a quantitative understanding of the potential

environmental interferences on their performance are required.

In this study, we examine the performance of a DNA-based Hg?* fluorescence sensor
as a function of pH, temperature, and the presence of inorganic ligands and NDOM.
We compare the detection capacity of the selected DNA sequence both in solution and
after incorporation in a hydrogel. The results are interpreted using thermodynamic
equilibrium calculations that account for the competitive binding of Hg?* to the DNA
molecules, the inorganic ligands and NDOM, and for the temperature-dependent
Hg?*-DNA complexation. The results support the feasibility of applying the

DNA-based Hg?* sensor technology in freshwater environments.



2. Materials and methods
2.1. Sensor preparation

The single-stranded DNA (Acryl-5-CTTCTTTCTTCCCCTTGTTTGTTG) was
purchased from Integrated DNA Technologies (Coralville, USA). For the
solution-based DNA experiments (Table 1), the aqueous compositions were
assembled in Milli-Q water (18.2 MQ-cm) prior to the addition of variable volumes of
1 mg L Hg?* standard solution prepared from a 1000 mg L™ Hg?* stock solution
(Hg(ClOa4)2 in H20, Delta Scientific, Canada). As representative NDOM, Suwannee
River Fulvic Acid (SRFA, International Humic Substance Society) was used because
of its well-characterized chemical properties and the prevalence of fulvic acids in

freshwaters [40-42].

The DNA-functionalized polyacrylamide hydrogels were prepared in 96-well clear
microplates [20]. The hydrogel preparation was carried out in pH 7 Tris-NO3 buffer
solutions (See Supplementary Material for details). On average, 45% of the added
DNA was incorporated into the hydrogel, yielding a final DNA content in the
hydrogel of ~3 uM. Hydrogels without DNA were also prepared and used as controls

in each series of experiments.

2.2. Performance assessment

In the solution-based DNA experiments, a series of solutions containing the same

DNA concentration but variable Hg?* concentrations were first used to derive a



calibration curve, with a detection limit of 10 nM Hg?* (Exp. S-I, Table 1). Next, the
effects of pH, individual inorganic ligands (CI-, SO4%", HCO3", H2PO4") and SRFA on
the fluorescence intensity were examined. For the variable pH experiments (Exp. S-II,
Table 1), solutions of constant Hg?* concentration (90 nM) were prepared using two

different sets of pH buffers for comparison (see footnote a in Table 1).

For the competitive ligand series, individual inorganic ligands and SRFA, with
concentration ranges representative of those commonly observed in uncontaminated
freshwaters [43,44], were added during the DNA-SYBR Green | solution preparation
(Exp. S-111to S-VII, Table 1). The solution pH was kept constant at 7 using 8 mM
Tris-NOs, except for the experiments with HCOs  where pH was 8. All the solutions
were well mixed and left statically to react for 10 minutes at 25 “C prior to measuring
the fluorescence on a Multimode Reader (Infinite 200Pro) equipped with 96-well
clear-bottom microplates, at the excitation/emission wavelength of 485/535 nm.

Controls without DNA were carried out in parallel.

In the DNA-functionalized hydrogel experiments, a calibration curve was first
obtained at pH 7 (8 mM Tris-NOs) and 25 °C using a series of variable Hg?* solutions
(10-500 nM, Exp. G-I, Table 1) [20]. Next, the DNA-functionalized hydrogels were
soaked for one hour in 1 mL of 100 nM Hg?* solution at variable pH (3-10),
concentrations of inorganic ligands or SRFA, and temperature (5-50 °C) (Exp. G-l to
G-VIII, Table 1) (See Supplementary Material for more information). Thereafter, the

hydrogels were retrieved and washed twice with Milli-Q water, each time for 30
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minutes. Next, the hydrogels were soaked in 1 mL of 610 nM SYBR Green | solution
for 1 hour at 25 °C, then retrieved, cleansed of residual solution on the hydrogel
surface, and imaged using a gel documentation system (Alpha Innotech FluorChem
FC2) at the excitation wavelength of 365 nm, with a detection limit of 10 nM total

Hg?*.

In a final set of experiments with the DNA-functionalized hydrogels (Exp. G-1X and
G-X, Table 1), artificial surface waters (ASW) were prepared mimicking the major
hydrochemistry and pH conditions of the Laurentian Great Lakes [44-46] (Table 2).
The ASW samples were spiked with Hg?* to a final concentration of either 50 or 100
nM. For each of the Great Lakes analogs, two types of ASW were prepared: (1) major
inorganic cations, inorganic anions and pH reported for the corresponding lake
(hereafter referred to as ASW-I), and (2) same inorganic compositions as ASW-I plus
10 mg DOC L* of SRFA (hereafter referred to as ASW-I1). These multicomponent
ligand experiments were designed as a first step toward assessing the potential
interferences on the performance of DNA-based Hg?* sensors in complex freshwater

compositions.

All solution-based DNA and DNA-hydrogel experiments were conducted in triplicate.
Mercury recoveries were assessed by adding the amounts of Hg?* immobilized in the
hydrogel and the residual Hg?* concentrations in solution measured by the
voltammetry method (see Supplementary Material for details), and compared with the

amounts of Hg?* originally added. Recoveries across the experiments were 98+3%.
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2.3. Equilibrium calculations

The aqueous speciation of Hg?* depends on pH [36] and the formation of complexes
with inorganic ligands and NDOM [37,47]. The complexation of Hg?* with the
various functional groups of NDOM was described here by the Humic lon-Binding
Model V11, which employs a structured formulation of discrete, but chemically
plausible, binding sites for protons and metals [48]. The equilibrium speciation
calculations were performed with the CHEAQS Next code, which includes the Humic
lon-Binding Model V11 and an up-to-date database for Hg>* complexation reactions

[49].

The equilibrium constant describing the binding of Hg?* to the DNA was derived by
fitting the experimental data with CHEAQS Next and checked for consistency across
the various experimental series. As the CHEAQS Next code only applies to
complexation reactions at 25 °C, the effects of temperature on the binding of Hg?* to
DNA (Exp. G-VIII, Table 1) were evaluated with PHREEQC-3 [50], using the
wateq4f database, which accounts for the temperature-dependent Hg?* complexation
with inorganic ligands [51] (See Supplementary Material for a list of the Hg?*

complexation reactions).

3. Results
3.1. Mercury(ll) detection by solution DNA

The fluorescence of the DNA solutions with 90 nM Hg?* exhibited a strong pH



dependence across the range tested (3-10), with a pronounced and reproducible
maximum response at pH 7 in both pH buffer series (Fig. 1A). The lowest pH of 3 led

to the almost complete quenching of the fluorescence signals.

The added inorganic ligands and SFRA attenuated the fluorescence to variable extents
(Fig. 1B-F). Attenuation was insignificant for CI- concentrations below 10 mg L™, but
the fluorescence intensity dropped by 5% between 10 and 50 mg L* CI', and by
another 9% between 50 and 250 mg L (Fig. 1B). Similarly, fluorescence attenuation
was insignificant at SO4% concentrations <10 mg L and then gradually increased
with increasing SO4> concentration (Fig. 1C). The general trend for the HCO3™
solutions was similar to those of CI- and SO4%, with an approximately 10%
fluorescence attenuation at 500 mg L™ HCOs" (Fig. 1D). Note that the systematically
lower fluorescence intensities in the HCOs™ solutions, compared to other inorganic
ligand solutions, were due to the higher pH (8 vs. 7, Table 1). The addition of H,PO4
at pH 7 did not cause much fluorescence quenching, with only a 2% decline between
0.05 and 10 mg Lt H,PO4 (Fig. 1E). The presence of 0.1-1 mg DOC L SRFA led to
insignificant changes in the fluorescence (Fig. 1F), with the intensities close to the
(SRFA-free) calibration curve (Fig. S1A). At SRFA concentrations of 10 and 50 mg

DOC L1, the fluorescence decreased by about 3 and 6%, respectively.

3.2. Mercury(l1) detection by DNA-hydrogel

In the DNA-functionalized hydrogel experiments, no pH dependence of the

fluorescence was observed between pH 4 and 10 (Fig. 2A). Over this entire range, the
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fluorescence intensities coincided with that predicted for 100 nM Hg?* by the pH 7
calibration curve of the DNA-functionalized hydrogel (Fig. S1B). Only at pH 3, a
small intensity drop of about 4% was observed relative to the pH 7 fluorescence (Fig.

2A).

The presence of the inorganic ligands mostly caused little change in the
DNA-hydrogel fluorescence (Fig. 2B-E). The largest attenuation occurred for CI,
where the intensity measured at 250 mg L was 4% lower than in the absence of CI-
(Fig. 2B). Moreover, the systematically lower fluorescence intensities in the pH 8
solution DNA series with added HCOz™ (Fig. 1D) were no longer observed in the
corresponding DNA-hydrogel series (Fig. 2D). With increasing SRFA concentration,
the DNA-hydrogel fluorescence decreased, resulting in almost 6% attenuation at 50

mg DOC L relative to SRFA-free conditions (Fig. 2F).

At pH 7 and 9, temperature variations in the range 5-50 °C had no impact on the
fluorescence intensities of the DNA-functionalized hydrogels (Fig. 3). At pH 3, the
fluorescence intensity at 5 °C was close to those of the corresponding pH 7 and 9
solutions, but it gradually decreased with increasing temperature, leading to a drop by
11% at 40 °C relative to 5 °C (Fig. 3A). In addition, the DNA-functionalized hydrogels
were stable in the temperature range 5-50 °C, showing no visible shape change or

other evidence of degradation.

3.3. Artificial lake surface waters
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For the Laurentian Great Lakes analogs without SRFA (ASW-I, Table 2), the
DNA-hydrogel fluorescence intensities mostly coincided with the values calculated at
the corresponding Hg?* concentrations from the calibration curve (Fig. S1B). Only
Lake Superior ASW-1 solutions, which had the lowest pH of 6.3, exhibited slightly
weaker fluorescence intensities relative to the ligand-free calibration solutions: 1.4%
lower at 50 nM Hg?* and 2.8% at 100 nM Hg?* (Fig. 4A&B). With the exception of
the Lake Superior analogs, the ASW-11 samples, which contained an added 10 mg
DOC L SRFA, exhibited comparable fluorescence intensities as their ASW-I
counterparts (Fig. 4). For the Lake Superior ASW-II solutions, however, the

intensities were 5.4% lower at 50 nM Hg?* and 8.4% lower at 100 nM Hg?*.

3.4. Equilibrium calculations

The formation of the hairpin structure upon reaction between Hg?* and the DNA
molecule involves the binding of Hg?* to two opposing thymine bases, which can be

represented by the following chemical formula [20]:

2RNCsH402NH + Hg?* = Hg(RNCsHsOoN)2 + 2H* (1)

where RNCsH4O2NH represents the thymine base in the DNA molecules.

Fitting the DNA-hydrogel data from the variable pH experiments to the above
reaction (Fig. 2A) yielded a complexation constant (Kc) at 25 “C of 108, The large K-
value implies that binding of Hg?" to the hydrogel-immobilized DNA molecules is

highly favorable under the experimental conditions [31,32]. According to the
12



equilibrium calculations, in the ligand-free solutions at pH 3, the Hg(l11)-DNA
bridging complex accounted for ~80% of total Hg?*, while the remaining 20% was
made up almost entirely of aqueous HgOH™ and Hg(OH). complexes (Fig. 2A). For
pH values from 4 to 10, the Hg(I11)-DNA complex was the dominant Hg?" species,

representing almost 100% of total Hg?".

With the above K¢ value, the fluorescence intensities of the individual ligand
experiments at 25 °C are satisfactorily predicted by the equilibrium calculations (Fig.
2). The Hg(11)-DNA complex dominated Hg?* speciation in solutions with 0.5-50 mg
L CI (Fig. 2B). At CI" concentrations of 100 and 250 mg L*, HgCI* and HgCIOH
complexes together comprised 5.6 and 13% of total Hg?*, respectively. For the other
three inorganic ligands, the Hg(I1)-DNA complex accounted for nearly 100% of total

Hg?* across the ligand concentration ranges considered (Fig. 2C-E).

The equilibrium calculations further suggest that the Hg(11)-DNA complex dominated
Hg?* speciation at SRFA concentrations up to 10 mg DOC L™ (Fig. 2F). At higher
SRFA concentrations, Hg(11)-SRFA complexes, including Hg(RCOO),, HRORCOO
and Hg(RO)2 (where R denotes the carbon backbone in the chemical formula),

became increasingly important: at a concentration of 50 mg DOC L™, an estimated 33%
of total Hg?* was bound to SRFA functional groups, with the remaining 67% of Hg?*

complexed to the hydrogel-incorporated DNA (Fig. 2F).

The complexation constants for Hg?* binding to the DNA at different temperatures
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were derived by fitting the data of Exp. G-VIII (Table 1), yielding a strong linear
dependence of InK. on reciprocal temperature between 278.15 and 323.15 K (5 and 50

"C) (12 = 0.9926, Fig. S2):
InK. = 97752 x-+128  (2)

where T is in Kelvin. According to the van’t Hoff Equation, the linear relationship
implies that the molar reaction enthalpy AHm of the complexation reaction between
Hg?* and the DNA can be treated as a constant value over the experimental

temperature range, with a value of -81.27 kJ mol™.

At pH 7 and 9, the equilibrium calculations predict that Hg** complexed with the
hydrogel-incorporated DNA accounted for ~100% of total Hg?* at all temperatures
between 5 and 50 °C (Fig. 3B&C). However, at pH 3 part of the Hg?* formed

hydroxyl complexes and their relative importance increased with increasing
temperature. As a result, compared to 5 °C, the observed fluorescence intensity was 11%

lower at 40 °C (Fig. 3A).

The equilibrium calculations also well reproduce the results of the ASW-I1 and ASW-I11
solutions (Fig. 4). For ASW-1, the Hg(11)-DNA complex was the most important Hg?*
species detected by the DNA-hydrogel sensor (Fig. 4A&B). The slight drop in
fluorescence intensity for the Lake Superior analogs could be attributed to competing

complexation of Hg?* with CI-, which was favored by the lower pH (6.3).
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For the Lake Ontario ASW-I11 analog (pH 6.9), the Hg(I1)-SRFA complexes
represented 3.4% of total Hg?*, very close to the 3.5% in the SRFA solutions with the
same DOC concentration (10 mg DOC L) in Exp. G-VII (compare Fig. 4D and 2F).
In the higher pH ASW-II analogs of Lakes Michigan, Huron and East Erie, the
Hg(11)-SRFA complexes accounted for less than 0.5% of total Hg?* (Fig. 4D). In Lake
Superior ASW-I1 solutions with the lowest pH (6.3), the Hg(I1)-SRFA complexes
represented 54.3% of total Hg?*. Therefore, with decreasing pH from 8.3 (Lake Huron)
to 6.3 (Lake Superior), increasing Hg(I1)-SRFA complexes formed for a constant
SRFA concentration, regardless of the variations of inorganic ligands and cations in

the ASW-I1 solutions.

4. Discussion
4.1. Performance of the solution-based DNA

Compared to the hydrogel-supported DNA, the fluorescence intensity of the
solution-based DNA is much more vulnerable to variations in pH and the
concentrations of competing inorganic ligands (compare the trends in Fig. 1A-E to
those in Fig. 2A-E). Thus, the effects of pH and solution compositions observed in Fig.
1A-E cannot be solely due to variations in the aqueous speciation of Hg?*. Most likely,
the interferences of pH and inorganic ligands reflect effects on the interactions

between the solution DNA and the SYBR Green | staining dye [52].

The hairpin structure formed upon addition of Hg?" induces the intercalation of SYBR

Green | into the double-stranded region of the DNA molecule, which in turn dampens
15



the internal motion of the dye molecule and shifts the fluorescence emission from
yellow to green [20,53]. Interactions with the phosphate groups of the DNA molecule
bring about a stable conformation of SYBR Green I, leading to a substantial
enhancement of the green fluorescence intensity [52]. In addition, the intercalation of
the dye molecule favors contact of the elongated “arms” of the dye molecule via the
positively charged amino groups with minor grooves of the double-stranded DNA,
thereby enlarging the overall size of the binding site and consequently the

fluorescence yield [26,52].

The above two forms of interactions between the double-stranded DNA and SYBR
Green | are of electrostatic nature and are, therefore, sensitive to variations in pH and
ionic strength [54]. Hence, the strong effect of pH on the fluorescence intensity (Exp.
S-11, Table 1) can be ascribed to the disturbance of the electrostatic interactions
between SYBR Green | and the phosphate groups of the DNA molecule. This
interference is minimal at neutral pH but increases under both acidic and alkaline pH
conditions. Note, however, that at pH 3 part of the fluorescence quenching also
reflects the decreased extent of Hg?* complexation to DNA, as implied by the results

of the DNA-hydrogel sensor tests under variable pH conditions (Fig. 2A).

The effects of the inorganic ligands on the measured fluorescence in the
solution-based DNA experiments (Exp. S-111 to S-VI, Table 1) can be linked to the
ionic strength variations of the experimental solutions, irrespective of the different

salts used (Fig. 5). The systematically lower exponential relationship between
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fluorescence and ionic strength for bicarbonate is due to the higher experimental pH 8,
compared to that for the other inorganic ligand experiments (pH 7). Our results are in
line with Dragan et al. [52] who reported an inverse relationship between the
logarithmic values of the association constant describing the binding of SYBR Green

| to a DNA sequence and the dissolved NaCl concentration. These authors similarly
ascribed their observations to a weakening of the electrostatic interactions between
DNA and SYBR Green | with increasing ionic strength [54]. Although only Na* was
considered as the counter cation, the ionic strength dependence shown in Fig. 5

should also apply to other ionic compositions encountered in natural waters.

The relative extents of the fluorescence intensity decrease with increasing SRFA
concentration are comparable for the solution-based and hydrogel-supported DNA
(Fig. 1F vs. 2F). Thus, in both cases, the observed effect of NDOM on fluorescence
yield can be largely explained by the strong affinity of Hg?* for SRFA, which
competes with the binding of Hg?* to the DNA. Strong complexation of Hg?* with
natural organic matter is frequently observed in soils, sediments and aquatic
environments, where Hg?*-NDOM complexes often account for the majority of
aqueous Hg?* species [47,55,56]. However, additional effects, including the
weakening of electrostatic interactions and the hindering of the intercalation of SYBR
Green | in the hairpin DNA structure, cannot be excluded at the higher SFRA

concentrations (>10 mg DOC L) [52,57].

4.2. Performance of the DNA-functionalized hydrogel
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The consistent agreements between the experimental data and the equilibrium
calculations imply that the effects of variations in pH and ligand concentrations on the
performance of the DNA-hydrogel sensor are due to the corresponding changes in
Hg?* aqueous speciation and solution-DNA partitioning. For example, low pH and
high CI- concentrations reduce the binding of Hg?* to the DNA, resulting in a
measurable fluorescence attenuation (Fig. 2A&B) [58]. The combined effect of pH
and chlorinity can be seen for the Lake Superior ASW-I analog, where the acidic pH
enhances the formation of Hg(I1)-Cl complexes even at moderately low CI

concentrations (Fig. 4A&B).

The strong affinity of NDOM toward Hg?* represents a major interference affecting
the performance of the DNA-functionalized hydrogel sensor (Fig. 2F). In addition to
the SRFA tested here, other types of NDOM, including humic acids and low
molecular-weight organic acids, also have high complexation capacities toward Hg?*
under a variety of natural conditions [55,57,59]. Because of the large heterogeneity in
binding sites, NDOM poses a main challenge for the direct deployment of
DNA-based Hg?* biosensors in the aquatic environments [56]. To account for the
interferences, a quantitative description of the complexation reactions between Hg?*

and NDOM is required, as illustrated by the speciation calculations in this study.

For a large number of natural waters, models such as the Humic lon-Binding Model
VII provide a means to estimate the binding of Hg>* to NDOM [48], if the relevant

NDOM concentrations can be determined, for example with fluorescence methods
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[60,61]. Tipping et al. [48,56] showed that the Humic lon-Binding Model VI1I was
able to explain the majority of published data on the binding of multiple metals,
including Hg?*, to NDOM from various sources. Likewise, our results of the SRFA
experiments are also successfully reproduced by this model (Fig. 2F). It should be
noted, however, that the parameter values describing Hg?* binding to NDOM in the
Humic lon-Binding Model V11 are based on a relatively small and scattered number
of published data from experiments with humic substances [56], and uncertainties are

inevitably associated with these values.

The estimated AHm for Hg?* complexation with the DNA indicates the reaction is
exothermic, which in principle should result in less Hg(11)-DNA complex formation
with increasing temperature. Complexation reactions of Hg?* with inorganic ligands
(e.g., OH, CI') [51,62] and organic ligands (e.g., cysteine) [63] are similarly
exothermic. Overall, the effect of temperature turns out to be insignificant for samples
with neutral and weakly alkaline pH (Fig. 3), because Hg?* speciation across the 5-50

°C range remains dominated by the Hg(I11)-DNA complex.

5. Conclusions

In this study, we assessed two DNA-based sensing methods for the selective and fast
detection of aqueous Hg?* under environmentally-relevant conditions. The
performance of the first, solution-based DNA method is prone to environmental
interferences that complicate the interpretation of the fluorescence measurements. The

vulnerability of the solution DNA fluorescence to variable pH, ionic strength, and
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SRFA concentrations is presumably due to their impacts on the interactions between
the DNA and SYBR Green | molecules, as well as to the formation of stable
complexes, including Hg(I1)-Cl and Hg(I1)-SRFA, that compete with the DNA for
Hg?* binding. The solution-based DNA method could nonetheless be a sensitive and
quick approach for aqueous Hg?* detection, if the measurements are conducted in a
stable solution matrix, for example by using a pH 7 buffer solution and a relatively

low sample to DNA-SYBR Green | solution volume ratio.

The second method immobilizes the DNA into a polyacrylamide hydrogel to monitor
the selective binding of Hg?* to the DNA molecule outside of the sample matrix.
While the DNA-functionalized hydrogel sensor largely eliminates the interferences
observed for the solution-based DNA method, Hg?" complexation by CI- and NDOM,
when present at sufficiently high concentrations, may effectively compete with the
DNA for Hg?*. In addition, strongly acidic conditions and high temperatures (e.g., pH
3 and 40 °C) also attenuate the fluorescence yield of the DNA-functionalized hydrogel.
However, the effects of pH, temperature and competing ligands can be accounted for
by including the temperature-dependent Hg?* complexation constant to DNA derived
in this study into equilibrium speciation calculations. This assumes, however, that
information on the abundance and binding properties of the NDOM in the

environment of interest can be obtained.

The DNA-functionalized hydrogel sensor is a promising tool for the detection of Hg?*

in natural waters, especially in combination with routine monitoring of water quality
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parameters, such as temperature, pH, conductivity and color, that help interpreting the
sensor measurements. Although further testing is required, in particular to address the
competitive binding of Hg?* to a wider range of NDOM, our results indicate that the
DNA-functionalized hydrogel sensor performs well even in complex freshwater
compositions like those of the Laurentian Great Lakes. The flexibility and stability of
the hydrogel and the straightforward incorporation of the DNA sequence into the
hydrogel support bode well for the engineering of environmental sensors that can be
deployed for the fast, sensitive and high-resolution detection of aqueous Hg?" in the

field.

Supporting Material

Additional information and results are provided.
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Figure captions

Figure 1. Performance of solution-based DNA at 25 “C under variable solution pH
(panel A), in the single inorganic ligand experiments (panels B-E), and in the presence

of Suwannee River Fulvic Acid (SRFA, panel F).The results shown correspond to Exp.

S-11to S-VIl in Table 1.
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Figure 2. Performance of DNA-functionalized hydrogel at 25 °C under variable
solution pH (panel A), in the single inorganic ligand experiments (panels B-E), and in
the presence of Suwannee River Fulvic Acid (SRFA, panel F). The dashed lines show
the distributions of the major Hg?* species derived from the equilibrium calculations;
Hg(11)-DNA denotes the bridging complex between Hg?* and the DNA molecules and
Hg(11)-SRFA the complexes between Hg?* and SRFA. The results shown correspond

to Exp. G-Il to G-VII in Table 1.
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Figure 3. Performance of the DNA-functionalized hydrogel at variable solution
temperature and three pH values (3, 7 and 9). The dashed lines show the distributions
of the major Hg?* species derived from the equilibrium calculations; Hg(11)-DNA
denotes the bridging complex between Hg?* and the DNA molecules. The results

shown correspond to Exp. G-VIII in Table 1.
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Figure 4. Fluorescence intensity detected by the DNA-functionalized hydrogel in the
Laurentian Great Lakes analog solutions (ASW-1 and ASW-II) spiked with 50 or 100
nM Hg**. ASW-1 and ASW-II share the same inorganic compositions; ASW-II
solutions additionally contain 10 mg DOC L of Suwannee River Fulvic Acid (SRFA).
The dashed lines show the distributions of the major Hg?* species derived from the

equilibrium calculations; Hg(11)-DNA denotes the bridging complex between Hg?*
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and the DNA molecules and Hg(11)-SRFA the complexes between Hg?* and SRFA.

The results shown correspond to Exp. G-1X and G-X in Table 1.
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Figure 5. Fluorescence intensity versus ionic strength in the solution-based DNA
experiments with inorganic ligands added. The results shown correspond to Exp. S-111

to S-VI in Table 1. The solid lines are exponential fits to the measured data.
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Table captions

Table 1 Summary of experimental design.

Solution-based DNA

Hg** DNA SYBR Inorganic | SRFA" | Temperature
(nM) (nM) Greenl | pH ligands (mg (C)
(nM) a (mg LY DOC
L)
Exp.S-1| 10- 100 600 7 - - 25
¢ 500
Exp. 90 100 600 3- - - 25
S-11 10
Exp. 90 100 600 7 Cl:05- - 25
S-111 250
Exp. 90 100 600 7 | SO4:05 - 25
S-Iv - 250
Exp. 90 100 600 8 | HCOs:1- - 25
S-V 500
Exp. 90 100 600 7 H2PO4™: - 25
S-VI 0.05- 10
Exp. 90 100 600 7 - 0.1-50 25
S-VII
DNA-functionalized hydrogel
Hg?* DNA SYBR Inorganic | SRFA" | Temperature
(nM) (nM) Greenl | pH ligands (mg (C)
(nM) a (mg LY DOC
L
Exp. 10- | 3000+20 610 7 - - 25
G-19 | 500
Exp. 100 | 3000+20 610 3- - - 25
G-l 10
Exp. 100 | 3000+25 610 7 Cl:05- - 25
G-l 250
Exp. 100 | 3000+22 610 7 | SO4#:05 - 25
G-IV - 250
Exp. 100 | 3000+20 610 8 | HCOs:1- - 25
G-V 500
Exp. 100 | 3000+20 610 7 H2PO4™: - 25
G-VI 0.05-10
Exp. 100 | 3000+25 610 7 - 0.1-50 25
G-V
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Exp. | 100 | 3000+23 | 610 | 3, - - 5-50
G-Vl 7.9

Exp. | 50, | 300025 | 610 ASW-1 (no SRFA) © 25
G-IX | 100

Exp. | 50, | 3000£25| 610 | ASW-II(SRFA 10 mg DOC 25
G-X | 100 LY)e

Notes: & pH buffers used: pH 3-6, 8 mM sodium citrate, and pH 7-10, 8 mM Tris
nitrate; in addition, in Exp. S-1I the following buffer was also used for comparison:
pH 3-10, 8 mM sodium phosphate; ® Suwannee River Fulvic Acid (SRFA) used as a
proxy of DOM in natural waters; © Used to derive the calibration curve for the
solution-based DNA sensing method; ¢ Used to build the calibration curve for the
hydrogel-based sensor; ¢ Artificial surface water type I (ASW-I) was prepared based
on the hydrochemistry of the Great Lakes given in Table 2 and ASW-II prepared by
adding SRFA with a final concentration of 10 mg DOC L to ASW-I.
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Table 2 Representative hydrochemistry of the Laurentian Great Lakes used in EXxp.

G-IX and G-X in Table 1.

Alkalinit Total

Nat K Ca Mgt o sor Y Nos ,
Lake  pH  (mg (mg (Mg (mg (mg (Mg o0 (mg o

Lt L1 Lt Lt L1 L1 L1
) ) ) ) A )y

Superior 6.3 1.38 0.51 13.62 2.83 1.42 3.85 419 1.73 0.003
Michigan 7.5 6.02 1.41 35.95 11.28 12.05 24.01 107.9 1.46 0.003
Huron 8.3 3.57 0.94 26.40 7.46 6.58 15.83 78.5 1.64 0.004
East Erie 8.2 7.16 1.43 32.11 8.89 1458 22.81 88.9 1.15 0.009
Ontario 6.9 11.41 1.50 33.55 8.61 1956 25.54 90.1 2.04 0.004

Notes: 2 Na* concentration was adjusted to achieve

PHREEQC-3 calculations.
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