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ABSTRACT: The duplex formation mediated by Hg** in a c 2 .

properly designed ssDNA generates a stable hairpin structure,
which greatly alters the translocation profile of the ssDNA through
a-hemolysin nanopore. From the 2D-events contour plot, the
presence of Hg”* can be confirmed in as little as 30 min at
~7 nM or higher. The sensor is highly selective to Hg2+, without
interference from other metal ions. It can be fabricated from readily
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available materials, without the processes of synthesis, purification, probe-making, and so forth. This sensing strategy opens new

possibilities for detecting many types of analytes which have specific interactions with DNA molecules.

B INTRODUCTION

Mercury, present in a variety of different forms (metallic,
inorganic, and organic), is a widespread bioaccumulative pollu-
tant. Mercury not only appears in industrial operations, but also
exists in our lives such as batteries, thermometer, cosmetics, food,
and water.' > In recent years, water pollution is regarded as one
of the major environmental concerns. Solvated mercuric ion
(Hg™"), one of the most stable inorganic forms, draws special
attention, as Hg”" is a neurotoxin and can cause severe adverse
effects on human health through food-chain accumulation or
high dose exposure.*”® Thus, a convenient and sensitive detec-
tion of Hg”" is central to the environmental monitoring of natu-
ral water resources and aquatically derived food safety.

So far, numerous techniques have been reported for Hg**
detection by employing fluorophores,” chromophores,'® gold
nanopar‘cicles,11 single-walled carbon nanotubes, ™~ semiconduc-
tor nanocrystals,' pol7ymers,14 cyclic voltammetry,'* microcanti-
levers,'® DNAzyme,'” and so forth. Recently, a Hg**-specific
thymine—thymine (T—T) base pair has shown its power in the
design of sensitive Hg*" sensing platforms. Ono developed a
T-rich DNA fluorescence probe functionalized with a fluoro-
phore and a quencher at 3’ and 5 ends, respectively.'® Introduc-
tion of Hg”" brought the fluorophore and quencher moieties
close to each other and thus quenched the fluorescence. Colori-
metric detection of Hg”* using DNA-functionalized gold nanopar-
ticles and DNA-based machines was also reported.''>* Hg*'-
mediated DNA duplex formation triggered the color change of
the probes and thus realized the detection. On the basis of a
similar rationale, a highly sensitive and selective catalytic beacon
derived from a uranium-specific DNAzyme'® and regenerable
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DNA-functionalized hydrogels were developed for Hg”" detec-
tion and removal.*

Single-channel electrical recording has proven to be a power-
ful tool in molecules detection. Bayley’s group pioneered in the
stochastic sensing of various analytes, such as metal ions,*" pro-
teins,”> DNA,* and organic molecules,* using an a-hemolysin
(aHL)-based nanopore system. When an analyte binds within
the protein pore, the ionic current will be modulated and current
fluctuation events can be recorded. The frequency of the events
reveals the concentration of an analyte and the characteristic
current signature reveals its identity. For most molecular sensing
activities, engineered aHL pores or adapters are required to
provide the binding elements. Braha and colleagues reported
simultaneous detection of three different divalent metal ions with
a single sensor element inside an aHL mutant.>* However, this
elegant but somewhat serendipitous work is difficult to imitate.
Recent protein nanopore-based researches include single-mole-
cule chemistry studies,” monitoring the conformational change
of biomolecules inside the nanopore cavity,”® and others mainly
focused on single-molecule nanopore DNA sequencing.” Here-
in, we gresent a highly sensitive and selective detection method
for Hg"" with aHL-based single-channel recording in the pre-
sence of deliberately designed DNA oligomers.

B RESULTS AND DISCUSSION

Prompted by the successful applications of the T—Hg”"—T pairing
(Figure 1A) and the wealth of information about single-stranded
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Figure 1. Design of DNA sequences for HgZJr detection. (A) Reaction scheme of HgZJr binding with thymine base pairs. (B) Sequences of DNA1—4.
Upon Hg** binding, DNA1 and DNA2 can form hairpin structure through Thymine—Hg”* —Thymine pairing; DNA3 forms natural hairpin through
Watson—Crick base pairs; DNA4 is a control with low secondary structure. (C) Scatter plot of the events (normalized current blockage I/, versus event
durations) caused by DNA1 and DNA2 (DNA final concentration 1.0 M), respectively, in presence of 7.0 «M Hg>" in 1 M KCI, 25 mM Tris, pH 8.0

buffer (number of individual experiments 1 = S).

DNA (ssDNA) translocated throu%h aHL nanopore, we envi-
sioned that a simple but efficient Hg*" sensor could be fabricated
with readily available materials. The duplex formation within a
ssDNA mediated by Hg”* would generate a stable hairpin
structure on the strand (Figure 1B), which might greatly alter
the translocation profile of the ssDNA. To test this hypothesis, a
26-base T-rich nucleic acid (DNA1, Figure 1B) was designed
for Hg2+ detection according to literature.'® Indeed, in a single-
channel recording with aHL WT-D8H6 at +100 mV (for
preparation of aHL and single-channel recording conditions,
see Experimental Section), a large number of events with pro-
longed dwell time appeared outside the normal ssDNA translo-
cation region in the presence of 7.0 uM Hg*"* (Figure 1C). The
occurrence of these long events is very likely due to the duplex
formation of DNAI mediated by 7 T-Hg**-T pairs and 4
guanine—cytosine (G—C) pairs, which necessitates the unzip-
ping process prior to translocation. Considering a hairpin-shaped
nucleic acid with a single-stranded overhang might ease the
unzipping process during the DNA translocation to afford more
discernible signals,”®*” we added a 20-base poly(C) tail to the 3'-
end of DNAI to become DNA2. DNA2 was then tested in the
same experiment under identical conditions. A new cluster with
a distinct boundary in the scatter diagram can be readily distin-
guished. We also tried some other nucleic acids (DNAS—7,
Supporting Information Table S1), but none of them gave better
results than DNA2 (see Figure S1 for examples).

With the initial success in hand, we set out to fully investigate
and evaluate this strategy for Hg** detection. Figure 2A shows
the results of a control experiment, that is, DNA2 translocation in
the absence of Hg2+. The DNA with random coil conformation
gives an average current blockage of ~80% and the most
probable translocation time (,) of 0.16 £ 0.01 ms (n = 8).
Figure 2B illustrates the unzipping and translocation of DNA2 in

the presence of 7.0 uM Hg”". A large number of markedly
prolonged events could be observed in the current trace (~24 ms
in Figure 2Bc). The average residual current drops to ~10% of
the open pore current and the t, increases to 10—30 ms (1 = 8).
More prominently, a new region is generated on the 2D event-
distribution contour map which unambiguously indicates the
presence of Hg”" in solution (Figure 2Bd). To compare the trans-
location profile of the T—Hg”" —T stabilized hairpin with natural
Watson—Crick base pair hairpin, we replaced half of the T in
DNA2 with adenine (A) to form DNA3 (Figure 1B). The
unzipping and translocation of DNA3 through aHL was carried
out under the identical conditions. The scatter plot data shown in
Figure S2 further supports the analogy of hairpin formation of
natural A—T base pairs and T—T mismatches mediated by Hg"*.
The current blockage is slightly larger (~5%) than that of free
DNA2 and the translocation time lies within the range of 2—
10 ms, in good agreement with literature values.”® On the 2D
contour map, A—T hairpin translocation produces an explicit but
inseparable area. To be sure that the results shown in Figure 2B
are exclusively effected by the T—Hg”*—T pairing, we per-
formed another control experiment with DNA4, which was
designed by replacing all the T in DNA2 with C. The transloca-
tion of DNA4 through aHL was conducted in the presence of
7.0 uM ngJr under the standard conditions. The results are in
close approximation to that in Figure 2A, confirming the role that
the T—Hg*" —T pairings play in the Hg”" detection (Figure S3).

It is known that the transmembrane potential has a profound
effect on the translocation of DNA molecules.*®**° Thus, we
carried out the Hg** detection experiments with DNA2 at
different potentials (Figure S4A). When potentials are lower
than +100 mV, the translocation events become scarce even for
an hour recording (~600 events/1 h at 80 mV; ~1000 events/
1 hat 90 mV; ~1600 events/1 h at 100 mV). With the increase of
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Figure 2. Representation of the translocation of ssDNA (DNA2), T—Hg>" —T containing DNA hairpin (DNA2—Hg**), and natural DNA hairpin
(DNA3) through a single ¢HL nanopore. [A—C] (a) Schematic illustration of DNA2, Hg** —~DNA?2, and DNA3 passing through adHL. [A—C]
(b) Representative single-channel current traces of the translocation of DNA2, Hg2+—DNA2, and DNA3. [A—C] (c) Expanded view of the events
indicated in the current trace by a red arrow. [A—C] (d) Corresponding 2D event-distribution plots associated with DNA2, Hg2+7DNA2, and DNA3
translocation through the pore. The distribution of events is plotted according to current blockage (I/I > 0.70) and dwell time (7og > 300 us). The
density of events at each coordinate is indicated by the color code. All experiments were conducted in the buffer of 1 M KCl and 25 mM Tris, pH 8.0, with
the transmembrane potential held at +100 mV. DNA1 and DNA2 (DNA concentration 1.0 #M) were preincubated with Hg>" (final concentration
7.0 uM) for 1 h at room temperature before addeing into cis chamber. DNA3 was annealed at 95 °C for 3 min and slowly cooled to room temperature

prior to use. The number of individual experiments n = S.

the potential, the translocation time t, decreases considerably
(Figure S4B). So as to enhance the detection confidence with the
new strategy, we chose +100 mV as the standard potential be-
cause most distinct difference can be observed on the 2D-events
contour map at this value (Figure 2Bd).

A method adapted from literature®' was used to conduct the
quantitative analysis of Hg>*. Scatter plot showing current
blockage and dwell time is depicted in Figure 3A. An oval,
specified as “Hg”" signal region”, was drawn to contain >95% of
the translocation events of the Hg**-stabilized DNA2. It should
be noted that only the events with current blockage greater than
70% were selected to constitute the “ngJr signal region”, as the
short partial blockades were proposed to be associated with DNA
molecules colliding with, but not fully translocated through the
pore.®" Also, to avoid the intervention of normal ssDNA trans-
location, the events with duration less than 3 ms were chopped
off for plotting an optimized signal region (Figure 3A; for
unedited data, see Figure SS). The oval could also be used as a
boundary to count the number of events derived from the trans-
location of Hg**-stabilized DNA2 hairpin. The number of events
located in the signal region was then divided by the total number
of DNA translocation events to give a probability, Py, which
should be associated with the concentration of Hg*". Almost no
events of normal ssDNA translocation (without Hg*) fell into

this region, indicating little interference from the background
noise (Figure 3B; for unedited data, see Figure SS). Experiments
with various concentration of Hg2+ were carried out under other-
wise identical conditions. The results are shown in Figure 3C.
The existence of Hg”" can be unambiguously confirmed at
~0.7 uM or higher (indicated with an arrow in inset).

The detection limit of other sensors based on T—Hg**—T
pairing typically ranges from few nM to about 100 nM." 161820
Our sensing system exhibits relatively low sensitivity due to two
possible reasons. First, the background noise of DNA transloca-
tion is relatively high, especially when the metal concentration is
low. Those prolonged events in the control experiments, which
are indistinguishable from Hg**-mediated hairpin translocation
events, are detrimental for detecting low concentration Hg2+.
Second, it is known that Cl~ can bind ngJr to decrease its
effective concentration.** In our experiments, the salt solution
contains 1 M CI, which might deteriorate the effect when the
concentration of Hg>" is very low. Therefore, we sought to
improve the sensitivity of the sensor using different strategies.
Initial attempt to lower the KCI concentration to 0.1 M was not
successful due to the low signal-to-noise ratio (Figure S6). We
then tried to use a noncoordinating anion salt KNOj3 to weaken
the binding effect. However, KNOj itself has a profound yet
unknown effect on the DNA translocation (Figure S7). Much
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Figure 3. Quantification of Hg>". (A) Illustration of “Hg>" signal
region” specified by an oval with 95% confidence level. Note that data
with current blockage smaller than 70% and duration shorter than 3 ms
were truncated. The experiments were carried out in the buffer of 1 M
KCl and 25 mM Tris, pH 8.0, at +100 mV, in the presence of 70 uM
Hg”* (DNA concentration 1.0 uM). (B) Generation of the Hg*" signal
oval in the control group (data truncated as (A), see Data Analysis
section). (C) Plot of Pyyg versus Hg2+ concentration (number of indivi-
dual experiments 1 = 6). The control group value has been offset to zero.
The existence of Hg”" can be confirmed at ~0.7 uM or higher.

lower DNA capture rate and some extraordinarily long events
were observed in 1 M KNOj; under otherwise identical condi-
tions. We also tried to thread DNA2 from trans to cis in the
presence of Hg*" in trans (Figure S8). Again, the frequency of
DNA translocation was reduced to about 1/10 of that of cis to
trans and the background noise also exists in the recordings.
Finally, one strategy developed on solid-state nanopores at-
tracted our attention. Meller et al. used a salt gradient to focus
unlabeled DNA into nanopores, thus, drastically lowering the
detection limit of DNA molecules.”® We speculate that this
strategy might also work on the protein nanopore system to
improve the sensitivity. Interestingly, almost same frequency of
DNA translocation events was observed for 10 nM DNA2 (cis) in
a salt gradient of 3 M trans/0.15 M cis KCl compared with 1 uM
DNA2 in 1 M trans/1 M cis KCI under optimized conditions
(Figure 4A). DNA2 (1 uM) in 1 M trans/1 M cis KCI affords
~1600 events/h, while DNA2 (10 nM) in a salt gradient of 3 M
trans/0.15 M cis KCI produces ~1700 events/h. Prompted by
this result, we carried out three Hg** detection experiments at
concentrations of 7, 70, and 700 nM, respectively. The results are
shown in Figure 4B (for scatter plot data, see Figure S9). It is
remarkable that with the asymmetric salt gradient conditions, the
detection limit of Hg*" could be lowered down to around 7 nM.
The sensitivity of the sensor can be improved by about 2 orders
of magnitude without adding any complexity to the sensing
system. It should be noted that when DNA concentrations are
above 100 nM under salt gradient conditions (tran/cis = 20/1),
recordings of DNA translocation can be interrupted by frequent
long-lived blockades, many of which require clearing by brief
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Figure 4. Detection of Hg2+ at low concentrations. (A) Comparison of
the frequency of DNA translocation under symmetrical and asymmetric
salt concentration conditions. (B) Plot of Pyyg versus HgZJr concentration.
Experiments were carried out with DNA2 (10 nM) in cis under 3 M trans/
0.15 M cis KCl conditions. The control group value has been offset to zero
(number of individual experiments 1 = S). The existence of Hg2+ can be
confirmed between ~7 and 700 nM range under the above conditions.
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Figure 5. Histogram representation of DNA2 translocation in presence
of 7uM Hg™* (A) or interfering metal ions Pb>" (B), Cd*" (C), and Cr**
(D). Upon addition of Hg*", a noticeable peak appeared in the histogram,
with a characteristic dwell time of ~10—30 ms. For either of Pb**, Cd**,
and Cr**, no similar peak was observed. Data for other common metal
ions are shown in Figure S10. Note that only events with current blockage
over 70% and dwell time longer than 300 s are selected. All experiments
were performed at +100 mV in 1 M KCl and 25 mM Tris, pH 8.0 (DNA
concentration 1.0 #M; number of individual experiments n = 3).

potential reversal. Thus, the asymmetric salt gradient is more
suitable for detection of low concentration ngJr (~7—700 nM),
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Figure 6. Detection of Hg*" in the absence and presence of an analyte
matrix. (A) Detection of 10.0 4uM Hg>* was carried out in the buffer of
1 M KCl and 25 mM Tris, pH 8.0, at +100 mV. The calculated Py, is
15.0% (B) An analyte matrix composed of Pb**, Cd**, Zn**, Cu**, Cagz Y
Mgh, APP*, Ni**, Ba**, and Fe>* (final concentration of each metal ion is
100 uM) was mixed with Hg”" for the detection experiments. The
calculated Py is 14.9%. The difference between the two Py, values is
within experimental error range (DNA concentration 1.0 uM for all
experiments; number of individual experiments n = 3).

while the symmetrical salt condition works better for detection of
Hg”* between 0.7 uM and 1 mM range.

Next, we investigated the selectivity of this sensing platform
toward Hg". Several metal ions with the final concentration of
7 uM were added to the assay and evaluated for selectivity. The
results are shown as histograms of M""—DNA?2 translocation in
Figure S and Figure S10. It is apparent that the environmentally
relevant metal ions such as Pb>*, Cd**, Cr** and other common
metal ions Zn**, Cu®*, Ca**, Mg, Ni’*, Ba**, AP’*, and Fe**
(Figure S10) do not interfere with ssDNA2 translocation. To mimic
a realistic sample in which the concentration of other metal ions
might be higher than Hg**, we composed an analyte matrix by mix-
ing HgZJr and all other metal ions including Pb**, Cd*, Cr*', Zn®,
Cu™", Ca™*, Mg™, Ni**, Ba™*, A**, and Fe®* which are 10 times
concentrated and carried out the Hg™* detection experiments under
the standard conditions (Figure 6). The difference between the cal-
culated Py, caused by the absence and presence of the analyte mat-
rix is within experimental error range. Therefore, this DNA-based
sensing device is highly selective for Hg>* detection.

B CONCLUSION

In summary, we have designed a mercury (Hg2+) sensing
platform based on the T—Hg”* —T pairing using single-channel
recording technique. The duplex formation mediated by Hg*" in
a properly chosen ssDNA generates a stable hairpin structure,
which greatly alters the translocation profile of the ssDNA
through ¢ HL nanopore. The presence of Hg** can be confirmed
in as little as 30 min at ~7 nM or higher. In the low concentration
range, the sensitivity can be improved by employing asymmetric
electrolyte gradients. The sensor can be fabricated from readily
available materials, without the processes of synthesis, purifica-
tion, probe-making, and so forth. Only wild-type aHL is required
to form the nanopore, which is also a big advantage. The sensor is
highly selective for Hg2+, without interference from other metal
ions. This sensing strategy opens new possibilities for detecting
many types of analytes which have specific interactions with
DNA molecules.

B EXPERIMENTAL SECTION

Materials. All DNA samples (Table S1) were purchased from
Tsingke Technologies (Beijing, China) and purified by PAGE. aHL

Wildtype-D8H6 was produced by expression in BL21 (DE3) pLysS
Escherichia coli cells and self-assembled into heptamers. 1,2-Diphyta-
noyl-sn-glycero-3-phosphocholine (DPhPc) was purchased from Avanti
(Beijing). Barium chloride, manganese chloride tetrahydrate, calcium
nitrate tetrahydrate, mercury(II) perchlorate trihydrate, zinc chlo-
ride, magnesium nitrate hexahydrate, aluminum chloride, nickel(II) nit-
rate hexahydrate, and cadmium perchlorate hexahydrate were obtained
from Alfa Aesar. Copper(Il) sulfate anhydrous and iron(III) nitrate
nonahydrate were purchased from Sigma-Aldrich.

Buffer Preparation. A total of 7.45S g of KCI (99.999%, Sigma-
Aldrich) and 0.394 g of Tris-HCI (99.0%, Sigma-Aldrich) were dis-
solved in ca. 80 mL of deionized water (Millipore, MA), followed by
titration with concentrated NaOH (99.996%, J&K) until the pH of the
solution was adjusted to 8.0. The solution was diluted with deionized
water to 100 mL to obtain a buffer consisting of 1 M KCl and 25 mM
Tris, pH 8.0.

Protein Preparation. aHL WT-D8HG6 was expressed in the E. coli
BL21 (DE3) pLysS strain, followed by purification through Ni column
and oligomerization.** The monomer and heptamer proteins were sepa-
rated by 8% SDS—PAGE and the heptamer band was cut from the gel.
Mini protein gel extraction kit was used to extract the protein. The puri-
fied heptamer was conserved in buffer (10 mM Tris-HCI, pH 7.9, 50 mM
NaCl) and stored at —70 °C.

Single-Channel Recording. All the recordings were carried out at
15 °C. 1,2-Diphytanoyl-sn-glycero-3-phosphocholine was used to form a
bilayer on an aperture 100—150 um in diameter in a 20-um thick
polytetrafluoroethylene film (Goodfellow, Malvern, PA). Each face of
the polytetrafluoroethylene film was pretreated with 10% (v/v) hex-
adecane in pentane and both compartments were filled with 1 mL of
buffer consisting of 1 M KCl and 25 mM Tris-HCI, pH 8.0. aHL
heptamer and the mixture of DNA (final concentration 1 #M) and Hg2+
or other ions (final concentration 7 uM unless otherwise stated) were
added to the cis compartment which was connected to ground. For
asymmetric salt concentration experiments, DNA concentration is
10 nM and KClI concentration in cis is 0.15 M and in trans 3 M. The
electrical current was detected with two Ag/AgCl electrodes, recorded
with a patch-clamp amplifier (Axopatch 200B; Axon instruments, Foster
City, CA), filtered with a low-pass Bessel filter with a corner frequency of
S kHz, and then digitized with a Digidata 1440A A/D converter (Axon
Instruments) at a sampling frequency of 20 kHz. The potential was
held at +100 mV.

Hg?* Detection Experiments. DNA samples (final concentra-
tion 1 M) were incubated with various concentrations of Hg*" (final
concentrations 70, 7,0.7,0.07,0.007 M) or other metal ions (7 uM) for
an hour at room temperature before use. Single-channel recordings were
conducted on a patch-clamp amplifier.

Data Analysis. Current traces were analyzed with Clampfit 10.2
software (Axon Instruments). Events were detected using a threshold
level that was 20% of the open-pore current. Origin and Clampfit were
used for histogram construction, curve fitting and graph presentation.
Generation of the Hg** signal oval from raw data: (1) cut off the data
points with current blockages smaller than 70%; (2) remove the data
points with duration shorter than 3 ms; (3) generate the “signal oval”
using Origin 8.0. The function of the oval could be fitted by Matlab 7.1.
With this function, the oval can be re-generated in the unedited data plot
and the control group. Data points inside and outside the oval could be
counted using this function.

B ASSOCIATED CONTENT
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