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An oligonucleotide-functionalized carbon
nanotube chemiresistor for sensitive detection of
mercury in salivat

Dawit N. Wordofa,? Pankaj Ramnani, 1 Thien-Toan Tran® and
Ashok Mulchandani*®©

Divalent mercuric (ng+) ion and monomethyl mercury (CHsHg*) are two forms of mercury that are
known to be highly toxic to humans. In this work, we present a highly selective, sensitive and label-free
chemiresistive biosensor for the detection of both, Hg>* and CHsHg* ions using DNA-functionalized
single-walled carbon nanotubes (SWNTs). The SWNTs were functionalized with the capture oligo-
nucleotide, polyT, using a linker molecule. The polyT was hybridized with polyA to form a polyT:polyA
duplex. Upon exposure to mercury ions, the polyT:polyA duplex dehybridizes and a T-Hg?" T duplex is
formed. This structure switch leads to the release of polyA from the SWNT surface and correspondingly a
change in the resistance of the chemiresistive biosensor is observed, which is used to quantify the
mercury ion concentration. The biosensor showed a wide dynamic range of 0.5 to 100 nM for the detec-
tion of CH3Hg™ ions in buffer solution with a sensitivity of 28.34% per log (nM) of CHsHg*. Finally, real
world application of the biosensor was demonstrated by the detection of ng+ and CHsHg" ions in simu-
lated saliva samples spiked with a known concentration of mercury ions.

Introduction

Mercury (Hg) is a toxic metal-pollutant in the environment
that can exist in elemental, inorganic and/or organic forms
and each form is known to have a distinct toxicity profile."
While the inorganic form of mercury (HgCl,) is toxic to
kidneys,” organic forms such as methylmercury are primarily
neurotoxins that affect the central nervous system.’ Methyl-
mercury is also known to have genotoxic effects and fetal
exposure can cause intrauterine poisoning at lower exposure
levels.* Methylmercury has a strong affinity to amino acids and
eventually binds to proteins and polypeptide chains.” Humans
are exposed to different forms of mercury due to natural
causes such as off-gassing from the earth’s crust and anthro-
pogenic sources such as environmental pollution caused by
industrial utilization and the use of pesticides in agricultural
practices.® Mercury is methylated by the microorganisms
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present in water and bioconcentrated via the aquatic food
chain.” This eventually results in human exposure due to the
consumption of fish and contaminated water. Incidents of epi-
demic outbreaks due to mercury poisoning have been reported
in the past. In the mid-1950s, waste containing methylmercury
was discharged into the Minamata Bay in Japan by Chisso
Corporation, a large acetaldehyde producing factory, leading to
bioaccumulation of the toxic chemical in the shellfish and
fish. When these fish were consumed by the local population,
it resulted in large scale mercury poisoning among the resi-
dents of Minamata Bay in Japan.® In 1972, a similar incident
of mass poisoning by methylmercury was reported in Iraq due
to direct contamination of food from the use of pesticides con-
taining methylmercury in agriculture.” As a consequence,
about 6500 patients were hospitalized and nearly 460 people
died. Recent studies demonstrate that there is still a concern
of exposure to methylmercury and elemental mercury from
industrial activities. Silver/gold-mercury amalgam dental fill-
ings are another potential source of mercury exposure receiv-
ing scrutiny.'® It is hypothesized that Hg® vapors emitted from
amalgams are first converted to Hg>" and then transformed to
CH3Hg" by oral bacteria."* Hence, the detection of mercury in
several matrices including human saliva is an indispensable
task."

The commonly used techniques used for mercury detection
include cold-vapor atomic absorption spectroscopy,™ atomic
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fluorescence spectrometry,' and inductively coupled plasma
spectrometry.'> These techniques though highly sensitive and
reliable have certain limitations such as complex sample
preparation, use of expensive instruments, need for well-
trained technicians and longer assay times. Hence, it is very
important to develop a highly selective, sensitive, rapid and
cost effective sensor for the detection of mercury.

To address these issues, electrochemical biosensors that
incorporate a variety of bioreceptors and transducers for the
detection of heavy metals have been discussed in the litera-
ture."®"” In particular, electrochemical biosensors based on
carbon nanotubes as the transducer element have been widely
used for effective, rapid and robust analysis of environmental
samples.'®'® Owing to their high surface area to volume ratio,
the electrical properties of carbon nanotubes are highly sensi-
tive to any surface perturbations or binding events and enable
label-free detection of analytes. Gong et al.>® reported a DNA-
based SWNT biosensor for label-free, selective and highly sen-
sitive detection of Hg”* using a polyT:polyA duplex functiona-
lized SWNT. In this paper we use a similar detection scheme
for the detection of both Hg®" and CH;Hg" in phosphate
buffer and simulated saliva. A detailed detection scheme is
shown in Fig. 1. Briefly, the SWNTs are functionalized with the
capture oligonucleotide polyT, which hybridizes with polyA to
form a DNA duplex. Upon exposure to mercury (Hg>* and
CH;Hg"), a structure switch occurs as the polyT:polyA duplex
dehybridizes to form a T-Hg>'-T complex*"** and polyA is
released from the SWNT surface. These events lead to a
change in the resistance of the chemiresistive biosensor which
is used to quantify the concentration of mercury. We demon-
strate the real world application of the proposed biosensor by
evaluating the performance against mercury ions spiked in
simulated human saliva samples. The present work is original
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and significantly different from the previous publication®® of
Hg>" detection by using a structure switching DNA based
chemiresistor biosensor in the following respects. (1) This is
the first demonstration of methyl mercury (CH;Hg") detection
by using a structure-switching polyT:polyA DNA duplex reco-
gnition element. (2) It is the first report of label-free electronic
detection of CHzHg" by a chemiresistor biosensor. (3) This is
the first time a SWNT chemiresistor/electronic biosensor is
applied for the detection of mercury in biological samples. (4)
It uses a new protocol for preparing a SWNT network chemi-
resistor transducer device based on 3-Aminopropyltriethoxysi-
lane (APTES)-directed self-assembly of 95% semi-conducting
SWNTs instead of AC dielectrophoretic driven network for-
mation of 66% semi-conducting SWNTs, producing a much
denser and uniform network of carbon nanotubes and conse-
quently a higher sensitivity.

Experimental section
Materials and apparatus

All the chemicals used in this study were reagent grade and
purchased from Fisher Scientific unless stated otherwise. Mer-
curic chloride (HgCl,) crystals (99.5%) were used to prepare
different concentrations of Hg”" solution samples. Mono-
methyl mercury (CH;Hg") stock solution was prepared by dis-
solving a desired mass of methylmercury-chloride (CH;HgCl)
(Crescent Chemical; >96%) in deionized water. Single-walled
carbon nanotube (SWNT) solution (0.01 mg ml™, 95% semi-
conducting) was purchased from Nanolntegris Inc. PolyT
(5-TTT TTT TTT TTT TTT-3') and polyA (5-AAA AAA AAA AAA
AAA-3") oligonucleotides were purchased from Integrated
DNA Technologies Inc. (IDT). Blocking reagents, including

MCH blocked Au
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Fig. 1 Schematic illustration of SWNT chemiresistive label-free biosensor surface functionalization and detection.
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6-mercapto-1-hexanol (MCH, 97%), ethanolamine (EA, 99%)
and Tween 20 were purchased from Sigma Aldrich, Acros
Organics and  Bio-Rad  respectively.  3-Aminopropyl-
triethoxysilane (APTES, 99%) was purchased from Acros Organ-
ics. 1-Pyrenebutanoic acid succinimidyl ester (PBASE) was
purchased from Invitrogen Inc. A CHI660 electrochemical
workstation was used to obtain the current-voltage (I-V)
characteristics and a scanning electron microscope (Leo 1550)
was used to examine the morphology of the SWNTs.

Simulated human saliva preparation

Simulated human saliva was prepared based on the compo-
sition reported previously.>® The simulated saliva consisted of
0.6 g L™ of sodium phosphate dibasic, 0.6 g L' of anhydrous
calcium chloride, 0.4 g L™" of potassium chloride, 0.4 ¢ L™" of
sodium chloride, 4 g L™" of mucin and 4 g L' of urea dis-
solved in DI water. The pH was adjusted to 7.2 and the solu-
tion was stored in the refrigerator until use.

Device fabrication and surface functionalization

The SWNT devices were fabricated using the protocol
reported by Ramnani et al.>* Briefly, the interdigitated electro-
des fabricated using standard lithography were incubated with
APTES to assist uniform and dense immobilization of SWNTs
on the substrate. Subsequently, the APTES functionalized
chips were incubated with 50 pL of SWNT solution (0.01 mg
ml ™) for 30 min, followed by annealing in air at 250 °C. To
prevent any non-specific binding of proteins and mercury ions
to the gold pads, the SWNT functionalized chips were incu-
bated with 2 mM MCH solution prepared in dimethyl-
formamide (DMF) for 30 min. Next, the SWNT network was
non-covalently modified with the bilinker molecule, PBASE
(6 mM solution prepared in DMF) through n-rx bond formation
between pyrene and SWNTs. The PBASE-modified SWNTs were
incubated overnight with 100 nM of amine-labeled polyT
(5'-/5SAmMC6/TTT TTT TTT TTT TTT-3') in phosphate buffer
(PB, 10 mM, pH 7.4) at 4 °C. The oligonucleotide was immobi-
lized covalently via an amide bond between the amine at the
5" end and the ester groups of PBASE. The device was
further treated with 0.1 mM EA to block excess ester groups
and 0.1% Tween 20 to prevent non-specific binding to SWNTSs.
Finally, the polyT captured on the SWNT surface was hybri-
dized with polyA (5-AAA AAA AAA AAA AAA-3') by incubating
with 100 nM polyA in PB for 2 hours at room temperature to
form a DNA duplex. The above fabrication and functionali-
zation steps were monitored by recording the current-voltage
(I-V) characteristics of the device between —0.1 and +0.1 V
after each incubation step using a CHI660 electrochemical
workstation.

Sensing protocol

SWNTs functionalized with the polyT:polyA duplex were incu-
bated with increasing concentrations of Hg** and CH;Hg" ion
samples in PB for 30 min at room temperature. Following incu-
bation, the chips were rinsed with PB three times to remove
the unbound mercury ions and the resistance was measured
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by taking the inverse of the slope of the I-V curve from —0.1 V
to +0.1 V under wet conditions, ie. the sensing area covered
with PB. A schematic of the device fabrication and sensing pro-
tocol is shown in Fig. 1.

For the detection of mercury in biological samples, simu-
lated human saliva was spiked with different concentrations of
Hg”*/CH;Hg" and incubated on DNA-duplex-functionalized
SWNTSs.

Results and discussion

The current-voltage (I-V) characteristics were recorded after
each step of surface modification during fabrication and sub-
sequently when exposed to CH;Hg' in PB for sensing. As
shown in Fig. 2(A), the resistance of the device increased fol-
lowing each treatment step, i.e. MCH, PBASE, polyT, EA, Tween
20 and polyA. The increase in resistance for the above steps is
attributed to the change in the work function of gold due to
the formation of Au-S bonds, n—r interaction between SWNTs
and pyrene moieties in PBASE, electron donation from amine-
labeled polyT, EA, Tween 20 and polyA resulting in a decrease
of the charge carrier concentration of the p-type SWNTs and/or
electron scattering from these molecules. In the final step,
the DNA duplex functionalized devices were incubated with
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Fig. 2 (A) Change in resistance observed after each device functionali-
zation step and upon exposure to CHzHg*; (B) calibration curve for
detection of CHzHg" in PB. Each data point is an average of measure-
ments from 8 independent sensors and error bars represent +1 standard
deviation.
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different concentrations of CH;Hg" in PB solution (10 mM, pH
7.4). Similar to Hg*" (Fig. S11), upon incubation of the DNA
duplex functionalized biosensor with increasing concen-
trations of CH;Hg  a decrease in device resistance was
observed. To verify that the change in resistance upon
exposure to CH;Hg' was specifically due to the displacement
of polyA from the polyT:polyA duplex, a control experiment
was performed where the response of the polyT-functionalized
SWNTs was measured for increasing concentrations of
CH;Hg' in the absence of polyA. As shown in Fig. S2,7 SWNTs
functionalized with only the capture oligonucleotide (polyT)
showed no significant changes in resistance upon incubation
with CH3;Hg'. Another control experiment was performed
where the response of SWNTs to CH;Hg' in the absence of
polyT and polyA was measured. A negligible change in resist-
ance with increasing CH;Hg" concentrations (data not shown)
confirmed the absence of any non-specific binding between
SWNTs and CH;Hg'. These control experiments confirmed
that the DNA duplex was primarily responsible for the nano-
biosensor response to CH;Hg'. In a separate control experi-
ment, the effectiveness of blocking of gold pads using
6-mercapto-1-hexanol (MCH) was evaluated. Without MCH
treatment, the devices showed an increase in the device
resistance upon exposure to CH;Hg', which was attributed to
CH;Hg" binding to gold electrodes, changing the work func-
tion of gold. However, this non-specific binding was
almost eliminated when the gold pads were blocked with MCH
(Table $1).>® Similar to the mechanism in the case of Hg”",
the decrease in the device resistance upon incubation
with CH;Hg" is hypothesized to be a result of dehybridization
of the polyT:polyA duplex and subsequent release of
polyA from the SWNT surface due to its binding to polyT
and possibly the formation of a thymine-CH;Hg '-thymine
duplex.

Fig. 2(B) shows the calibration curve, normalized change in
resistance [(R — R,)/R,, where R is the resistance after incu-
bation with CH;Hg" and R, is the resistance after hybridization
between polyT and polyA] as a function of log concentration of
CH;Hg' (in nM). The sensor showed a linear response over the
range of CHz;Hg' concentrations varying from 0.5 nM to
100 nM and a linear regression equation of y = —0.2834x —
0.1055 (R*> = 0.9697) was obtained. The biosensor sensitivity
for CH;Hg" was slightly higher than that for Hg>" (Fig. S17).
As shown in Fig. S1,f a linear response was observed for
Hg>" concentrations varying from 1 nM to 1000 nM and
a linear regression equation of y = —0.2164x — 0.2549 (R*> =
0.9145). Thus, the DNA-switching based biosensor
responds to both mercury ions and would be suitable
for measuring total mercury concentration but not for
speciation of the mercury ion species. Further, the sensitivity
achieved for Hg®>" was higher than that reported by
Gong et al®® due to the improved device performance
resulting from the use of high purity SWNTs (95% vs. 66%)
and a denser network of SWNTs obtained through APTES-
assisted assembly compared to the dielectrophoresis align-
ment method.
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Detection of mercury in simulated saliva

As discussed earlier, the most common sources of mercury
poisoning among humans is via consumption of fish that
contain mercury and amalgam dental fillings. Detection of
mercury in body fluids such as urine, saliva and/or blood can
serve as a diagnostic tool for the early detection of health
issues. Although analysis of urine samples is a universally
accepted diagnostic tool to assess exposures to a broad range
of toxic metals particular mercury, over the recent years there
has been a growing interest in the detection of disease bio-
markers/toxins in saliva due to the ease of sample collection
in a noninvasive manner.>® The use of SWNT chemiresistor-
based biosensors for the detection of stress biomarkers in
saliva (salivary a-amylase) has been reported by our group.® In
this work, we evaluated the performance of our biosensor
against simulated saliva samples spiked with mercury (both,
Hg”" and CH;Hg") to demonstrate its practical application.
The DNA-functionalized SWNT biosensor was tested for the
detection of mercury in simulated saliva samples spiked with
varying concentrations of both Hg>" and CH;Hg". It is critical
to note that mucins, a large group of glycoprotein molecules
present in saliva, are known to non-specifically interact with
nonpolar/hydrophobic
adsorption is low on uncharged polar groups such as hydroxyl
(-OH),*” the blocking of gold pads using 6-mercapto-1-hexanol
(MCH) makes the surface hydrophilic and alleviates the non-

surfaces. Since this non-specific
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Fig. 3 Calibration curve for detection of (A) CHzHg* and (B) Hg?" in
simulated human saliva. Each data point is an average of measurements
from 7 (in the case of CHsHg") and 6 (in the case of Hg?*) independent
sensors and error bars represent +1 standard deviation.
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specific binding of mucin on gold. A negative control experi-
ment was performed to test the response of DNA-functiona-
lized biosensor to simulated human saliva in the absence of
Hg>" ions. As shown in Fig. S3,} in the absence of Hg>" ions,
the response to simulated saliva was <1%, which confirms the
absence of any non-specific binding of proteins. As shown in
Fig. 3, for simulated saliva spiked with Hg>* ion concen-
trations varying from 1 nM to 500 nM, a linear response with a
regression equation of y = —0.1342x — 0.2583 (R> = 0.9531) and
good reproducibility (evidenced by low standard deviation) was
obtained. The sensitivity of 13.42% per log (nM) of Hg”* was
40% lower than the sensitivity of 21.64% per log (nM) of Hg*"
in buffer solution. Similarly for saliva samples spiked with
CH;Hg" ion concentrations varying from 1 nM to 500 nM a
linear regression equation of y = —0.2481x — 0.0671 (R®> =
0.9704) was obtained. Further, the biosensors had good repro-
ducibility. The sensitivity of 24.81% per log (nM) of CH;Hg"
was comparable to the sensitivity of 28.34% per log (nM) of
CH;Hg" in buffer solution but higher than for Hg*" in saliva.
These results demonstrate the high selectivity, specificity and
reproducibility of the proposed biosensor which allows for
detection of Hg®>" and CH3;Hg" in a complex matrix without
any sample pretreatment.

Conclusions

We have demonstrated a sensitive, selective and label-free
SWNT-based chemiresistive biosensor for the facile detection
of divalent mercuric (Hg®>) and monomethyl mercury
(CH;Hg") ions in simulated saliva. The device utilizes the
novel structure-switching mechanism of polyT oligonucleo-
tides upon specific interactions with mercury ions to induce
dehybridization of polyA oligonucleotides from the preformed
polyT:polyA duplexes at the SWNT surface. This structure-
switch causes a measureable change in device resistance
which is used to quantify the mercury concentration. Overall,
the biosensor exhibited good selectivity and sensitivity for
CH;Hg" and Hg”" ions in simulated saliva with a linear detec-
tion range of 1 nM to 500 nM and a sensitivity of 24.81% and
15.68% per log (nM) of CH;Hg" and Hg>", respectively. This
detection strategy is the first report for the quantification of
Hg ions in saliva without the use of labels while eliminating
complex assay procedures. Therefore, the biosensor reported
here provides a viable tool for mercury detection in biological
samples.
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