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g r a p h i c a l a b s t r a c t
� Portable evanescent wave optofluidic
biosensor (EWOB) was developed for
simple sensitive detection of Hg2þ.

� The influence of several key envi-
ronmental factors on Hg2þ biosensor,
such as pH, temperature, and ionic
strength, was in details investigated
to be practical in the field.

� A detection cycle for a single sample,
including the measurement and
regeneration, was under 10 min with
a Hg2þ detection limit of 8.5 nM.

� The EWOB has several advantages
including high sensitivity and selec-
tivity, portability, short assay time,
easy-to-operation, cost-effectiveness,
and robustness.

� The EWOB is also potentially appli-
cable to detect other heavy metal
ions or small molecule targets for
which DNA/aptamers could be
applied as specific biosensing probes.
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a b s t r a c t

Rapid and sensitive detection of Hg2þ in the environment and drinking water is vital because of its non-
degradability, bioaccumulation, and high toxicity. Herein, we report a portable evanescent wave opto-
fluidic biosensor (EWOB) for simple sensitive detection of Hg2þ using fluorescence labeled poly-A DNA
strand (CY-A14) and quencher labeled poly-T DNA strand (BQ-T14) as signal reporter and biorecognition
element, respectively. Both CY-A14 and Hg2þ can competitively bind with BQ-T14 based on DNA hy-
bridization and the specifical binding of Hg2þ and T bases of DNA to form T-Hg2þ-T mismatch structure,
respectively. Higher concentration of Hg2þ lead to less CY-A14 bound to BQ-T14 and thus a higher
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fluorescence intensity. The influence of several key environmental factors on Hg2þ biosensor, such as pH,
temperature, and ionic strength, was investigated in details because they were essential for practical
applications of Hg2þ biosensor. Under optimal conditions, a detection cycle for a single sample, including
the measurement and regeneration, was less than 10 min with a Hg2þ detection limit of 8.5 nM. The high
selectivity of the biosensor was showed by evaluating its response to various potentially interfering
metal ions. Our results clearly demonstrated that the portable EWOB could serve as a powerful tool for
rapid and sensitive on-site detection of Hg2þ in real water samples. The EWOB is also potentially
applicable to detect other heavy metal ions or small molecule targets for which DNA/aptamers could be
applied as specific biosensing probes.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Mercury ions (Hg2þ) can cause severe health problems such as
organic damages, growth or mental retardation, cancers, and even
death because of its non-degradability, bioaccumulation, and high
toxicity [1e7]. A major source of Hg2þ exposure originates from the
contaminated drinking water and aquatic food [8]. Traditional Hg2þ

detection methods include atomic absorption spectrometry (AAS),
inductively coupled plasma (ICP), and atomic fluorescence spec-
trometry (AFS). However, these methods have several limitations,
such as expensive instrumentation, complicated sample prepara-
tion, high cost, and time-consuming [9e12]. Therefore, it is vital to
develop rapid, sensitive, and easy-to-operation Hg2þ detection
technologies to protect the public, especially for developing coun-
tries and resource-limited areas.

Biosensors have attracted tremendous interest owing to their
distinctive simplification, rapidity, sensitivity, and specificity
[13e15]. Since Ono et al. reported the ability of Hg2þ to specifically
bind to thymine-thymine (T-T) mismatch structure to form
thymine-Hg2þ-thymine (T-Hg2þ-T) complexes [16], many Hg2þ

biosensors based on colorimetric, electrochemical, and optical
transducer have been constructed for sensitive detection of Hg2þ.
However, challenges still remain in how to simplify complicated
design and operation to afford rapid and sensitive on-site detection
of Hg2þ. To date, most researches focused on the design of Hg2þ

detection strategies [17e20], and little attention was put on the
influences of environmental factors to T-Hg2þ-T mismatch
structure-based biosensors. As we well known, several environ-
mental factors including pH, temperature, and ion strength had
significant influences on DNA hybridization efficiency, which was
unavoidable to impact the formation of T-Hg2þ-T mismatch struc-
ture as well as accuracy of Hg2þ detection. Therefore, it is also
essential to clarify their influencing mechanisms for in-field ap-
plications of Hg2þ biosensor.

Herein, we report a novel portable evanescent wave optofluidic
biosensor (EWOB) for simple, rapid, and sensitive on-site detection
of Hg2þ based on fluorescence resonance energy transfer principle.
Evanescent wave optofluidic biosensors, integrating the advantages
of evanescent wave fluorescence, optofluidic, and biosensor,
possess several features such as high sensitivity, low background
signal, immunity to electromagnetic interference, robustness, and
portability for on-site measurements. To simplify the design of the
Hg2þ biosensor, one poly-T base DNA strand labeled with quench-
ing molecule and one poly-A base DNA strand labeled with fluo-
rescence molecule were regarded as biorecognition element and
signal reporter, respectively. Based on fluorescence resonance en-
ergy transfer principle, the sensitive detection of Hg2þ was realized
using the EWOB because of the specific interactions between Hg2þ

and T bases of DNA to form T-Hg2þ-T mismatch structure. The
influencing of pH, temperature, and ion strength on the Hg2þ

detection were investigated in details to obtain optimal detection
2

conditions. Finally, the proposed method was applied for the sim-
ple on-site detection of Hg2þ in real water samples.

2. Experimental section

2.1. Materials and chemicals

Poly-T base DNA strand labeled with quenching molecule (50-
TTTT TTTT TTTT TT-BHQ3-30, BQ-T14) and its complementary
strand, poly-A base DNA strand labeled with fluorescence molecule
(50-Cy5.5-AAAA AAAA AAAA AA-30, CY-A14), were synthesized
from Shanghai biotechnology (Shanghai, China). 0.01 M 3-(N-
Morpholino) propanesulfonic acid (MOPs) buffer solution
(pH z 6.0) was prepared. Hg(NO3)2 solution was purchased from
Shanghai Macklin Biochemical Co. Ltd (Shanghai, China). A series of
Hg2þ standard solutions were prepared by diluting stock Hg2þ so-
lution using MOPs buffer. The 0.5% sodium dodecyl sulfate (SDS)
with pH 1.9 was used to regenerate the fiber optic probe. Unless
specified, all other chemical reagents with analytical grade were
purchased from Beijing Chemical Agents.

A TG16-WS desktop high-speed centrifuge (Hunan Xiangyi
Centrifuge Instrument Co. Ltd, China) and a temperature-constant
mixer (Hangzhou Youning Instrument Co., Ltd, China) were used.

2.2. Design of portable EWOB and biosensing mechanism of Hg2þ

The portable EWOB was developed based on the evanescent
wave all-fiber fluorescence platform previously described [21]
(Fig. S1). In this platform (Fig. 1A), a 635-nm laser with pigtail was
launched into a tapered fiber probe (Preparation method was
shown in Supporting Information) through a single multi-mode
fiber coupler (SMFC). The incident light transmitted in the fiber
probe via total internal reflection, and the electromagnetic field
extended out from the fiber probe interface into the solution
because of the non-zero Fresnel transmission coefficients for the
transverse electric wave and the transverse magnetic wave [22].
This electromagnetic field, named as evanescent wave, decayed
exponentially with distance from the surface and was sufficient to
excite molecules in close vicinity to the fiber probe surface. Part of
fluorescence coupled back into the fiber probe and was detected by
the EWOB.

The biosensing mechanism of Hg2þ detection using the EWOB is
demonstrated in Fig. 1B. When no Hg2þ existed in the sample, CY-
A14 hybridized with BQ-T14, resulting in fluorescence quenching
due to FRET and few detectable fluorescence intensities. When
Hg2þ existed in the sample, Hg2þ competitively bound with BQ-T14
to form a stable “T-Hg2þ-T00 mismatch structure, resulting in that
some of the CY-A14 couldn’t hybrid with BQ-T14. The free CY-A14
was excited by evanescent wave generated on the surface of the
fiber probe, and a relative strong fluorescence intensity was
detected by the EWOB. The higher the Hg2þ concentration was, the



Fig. 1. Design of portable EWOB and biosensing mechanism of Hg2þ. (A) Schematic of portable EWOB. Its photo is shown in Supporting information. (B) Biosensing mechanism of
Hg2þ using EWOB based on T-Hg2þ-T mismatch structure and FRET principle. (C) Typical signal traces of Hg2þ detection: Blue line, 30 nM CY-A14; Red line, the mixture of 30 nM CY-
A14 and 45 nM BQ-T14; Green line, the mixture of 30 nM CY-A14, 45 nM BQ-T14 and 185 nM Hg2þ. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Y. Zhou, H. Wang, D. Song et al. Analytica Chimica Acta 1155 (2021) 338351
more free CY-A14 was, thus resulting in a higher fluorescence in-
tensity. According to the relationship between the fluorescence
intensity and the Hg2þ concentration, the quantitative detection of
Hg2þ could be realized.

The detection process of the EWOB was as follows. First, a
tapered fiber probe was installed in the optofluidic cell, then MOPs
buffer solution was introduced over the fiber probe surface for
cleaning and the baseline was obtained (Step I in Fig. 1C). Second,
50 mL CY-A14, 75 mL BQ-T14, and 75 mL different concentrations of
Hg2þ solutions were mixed and incubated for a certain time. The
mixture was injected into the optofluidic cell for detection, and the
fluorescence intensity was real-time detected by the EWOB (Step II
in Fig. 1C). Third, SDS solution was pumped into the optofluidic cell
to regenerate the fiber probe (Step III in Fig. 1C). Finally, the fiber
probe was cleaned by MOPs buffer for next detection (Step IV in
Fig. 1C).
3

2.3. Effects of pH, temperature and ion strength on the Hg2þ

detection

To investigate the effect of pH, MOPs with different pH (adjusted
with HNO3 or NaOH solution, and the desired pH ¼ 2, 3, 4, 5, 6, 7, 8,
9, 11) were used to prepare CY-A14, BQ-T14 and different concen-
tration Hg2þ solutions. Then, 50 mL CY-A14, 75 mL BQ-T14, and 75 mL
Hg2þ solutions of different concentrations were mixed and incu-
bated for 7 min. Then, the mixture was introduced into the opto-
fluidic cell for fluorescence detection.

To investigate the effect of temperature, the mixture of CY-A14,
BQ-T14, and Hg2þ was incubated under 15 �C, 20 �C, 26 �C, 30 �C,
and 35 �C, respectively, and then their fluorescence intensities were
detected by the EWOB.

To investigate the effect of ion strength, the ion strength of
various solutions was adjusted with NaNO3, and the mixture of CY-
A14, BQ-T14 and Hg2þ had final ionic strength ranged from
0.05 mol/kg to 1.00 mol/kg (Table S1). After incubation, the
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fluorescence intensity of the mixture was detected by the EWOB.
2.4. Mercury ion analysis

Water samples spiked by different concentrations of Hg2þ were
mixed with CY-A14 and BQ-T14 at a fixed concentration. After
incubated for 7 min, the mixture was introduced into the opto-
fluidic cell and allowed to detect its fluorescence intensity. The fiber
probe surface was then regenerated with a SDS solution (0.5%, pH
1.9) for 60 s and washed with a MOPs solution.

To evaluate potential matrix effect of environmental samples on
Hg2þ biosensor, spiked samples of tap water, commercially avail-
able bottled water, lake water, and underground water were
detected at various concentrations ranged from 75 to 185 nM. To
assess the biosensor’s specificity, we investigated its responses to
potentially interfering metal ions such as Ca2þ, Zn2þ, Cu2þ, Mg2þ,
Cd2þ, and Pb2þ at a concentration up to 3.5 mM.
Fig. 2. Effect of pH on the Hg2þ biosensor. (A) Fluorescence intensity measured by the
EWOB at various pH values. Experimental condition: 26 �C, NaNO3 ¼ 150 mM, and the
concentration of Hg2þ, CY-A14 and BQ-T14 is 375 nM, 30 nM and 45 nM, respectively.
(B) Dose-response curves of Hg2þ biosensor at different pH. The concentration of Hg2þ

ranges from 0 to 550 nM. Error bars correspond to SD of data points for triplicate
experiments (n ¼ 3).
3. Results and discussion

3.1. Feasibility characteristics of Hg2þ detection mechanism

To verify the feasibility of Hg2þ detection using the EWOB based
on the specific interactions between Hg2þ and T-T mismatch
structure and FRET principle. Various control experiments were
performed (Fig. 1C). When free CY-A14 was introduced into the
optofluidic cell, a maximum fluorescence intensity (DI1) was ob-
tained because most of the fluorescence molecules labeled on the
free CY-A14 were excited by the evanescent wave and no fluores-
cence was quenched. Previous references demonstrated that the
tapered fiber probe with a matching V number greatly enhanced
the excitation and collection efficiency of the fluorescence. The
fluorescence intensity was over 390 (a.u.) when the free CY-A14
was 30 nM, indicating that the EWOB had a high sensitivity for
free CY-A14 using the tapered fiber probe as optical transducer.
Then, few fluorescence intensities (DI2) could be observed when
the mixture of CY-A14 and BQ-T14 was added, indicating that CY-
A14 and BQ-T14 could hybridize to form double strand structure
and Cy5.5 was quenched by BHQ3 due to the FRET effect. Our re-
sults demonstrated that when the ratio of CY-A14 and BQ-T14 was
1.5, the fluorescence of CY-A14 could be well quenched by BQ-T14
(Fig. S2). OnceHg2þ existed in the mixture, a high fluorescence in-
tensity (DI3) was detected. This contributed to the formation of T-
Hg2þ-T mismatch structure, which limited the hybridization be-
tween BQ-T14 and CY-A14. The free CY-A14 could be effectively
excited by the evanescent wave. When CY-A14, BQ-T14 and Hg2þ

were mixed, the detectable fluorescence intensity reached a
plateau after incubation for 7 min (Fig. S3). These results confirmed
that the biosensor, consisted of CY-A14 and BQ-T14, could be
applied for the Hg2þ detection using the EWOB based on the FRET
principle.

The net fluorescence intensity DI used for determination of
dose-response curves was calculated according to Equation (1):

DIm ¼ Fluorescence intensity value e Baseline value (1)

Here, m ¼ 1, 2 or 3.
m ¼ 1 means the net fluorescence intensity of CY-A14
m ¼ 2 means the net fluorescence intensity of CY-A14þBQ-T14
m ¼ 3 means the net fluorescence intensity of CY-A14þBQ-
T14 þ Hg2þ
4

3.2. Effect of pH on the Hg2þ biosensor

Because pH affected the DNA hybridization and the formation of
T-Hg2þ-T structure, we investigated the effect of pH on the per-
formance of Hg2þ biosensor. The fluorescence intensities of free CY-
A14 (DI1) and the fluorescence intensities of CY-A14 þ BQ-T14 (DI2)
under various pH conditions were regarded as the references. As
expected, under low pH conditions (<3), all the fluorescence in-
tensity of Hg2þ biosensor, including DI1, DI2 and DI3, were very low
(Fig. 2A). Moreover, all the DI3 under such pH were almost un-
changed even if 375 nM Hg2þ was added (Fig. 2B). Therefore, it is
impossible to apply such biosensor to detect Hg2þ in water sample
when its pH is less than 3.

In the range of pH 4e9, DI2 was by far less than DI1, indicating
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the fluorescence of the CY-A14 could be quenched well based on
the FRET effect after incubated with BQ-T14. The DI3 was high than
DI2, which could contribute to the formation of T-Hg2þ-T structures
and reduced hybridization of CY-A14 and BQ-T14. The free CY-A14
were excited by the evanescent wave and the emission fluores-
cence was detected by the EWOB. From Fig. 3A, the fluorescence
intensity DI3 increases with the pH when pH is less than 6. If pH
further raised, the DI3 decreased. When pH was higher than 9, the
fluorescence quenching efficiency was obviously degraded. Espe-
cially for pH ¼ 11, DI2 was still high, indicating that the hybridiza-
tion of CY-A14 and BQ-T14 could not be formed and only part of CY-
A14 was quenched. Therefore, the high pH solution was also un-
suitable for the Hg2þ biosensor.

Studies demonstrated that thymine deprotonation could be
brought about at pH 6.8, below the pH at which thymine becomes
Fig. 3. Effect of temperature on the Hg2þ biosensor. (A) Fluorescence intensity
measured by the EWOB at different temperature. Experimental condition: pH ¼ 6,
NaNO3 ¼ 150 mM, and the concentration of CY-A14, BQ-T14 and Hg2þ is 30 nM, 45 nM
and 375 nM, respectively. (B) Dose-response curves of Hg2þ biosensor at different
temperature. Testing condition: pH ¼ 6, NaNO3 ¼ 150 mM, and the concentration of
Hg2þ ranges from 0 to 375 nM. Error bars correspond to SD of data points for triplicate
experiments (n ¼ 3).
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deprotonated (the pKa of the proton at N3 position of thymine is
9e10), because initial Hg2þ binding to O4 and/or O2 positions of the
canonical tautomer of thymine can acidify the proton at the N3
position [23,24], which was coherent with our experimental phe-
nomena obtained at pH 4e9. The DI3 at various pH were different
(Fig. 2B). We assumed that pH could affect the thymine deproto-
nation process in the formation of T-Hg2þ-T structure. The depro-
tonation could contributed to the formation of HgeOH, and
different pH might lead to different composition of [Hg(H2O)x]2þ in
solution, thus affecting the DI3. Furthermore, we performed the
dose-response experiments at various pH values. As shown in
Fig. 2B, the dose-response curves of Hg2þ detection could be ob-
tained when pH was ranged from 4 to 9. Obviously, the dose-
response curves at pH 4, 5, and 9 could not be applied for the
Hg2þ detection in real samples because they either had low fluo-
rescence intensity or narrow detection range. Considering the
fluorescence intensity and dynamic detection range, the suitable
pH for Hg2þ biosensor based on T-T mismatch structure ranges in
6e8.

3.3. Effect of temperature on the Hg2þ biosensor

Tanaka et al. showed that the formation of T-Hg2þ-T structure
originated from the Hg2þ replacing the imino protons of the resi-
dues [25]. The Hg2þ surrounded by structured water molecules
could be dehydrated, and the protons at the N3 position of the two
thymine bases in T:T might release. Then, the dehydrated Hg2þ

bound with the two deprotonated thymine bases to form
N3eHgeN3, in which the Hg2þ dehydration was an entropy
enhancement process [26e29]. In addition, the formation of DNA
base pairs was driven by enthalpy and entropy and sensitive to the
temperature. Therefore, the thermal stability and formation of the
T-Hg2þ-T structure might be affected by the temperature.

Here, we investigated the response of Hg2þ biosensor to the
temperature ranging in 15 �Ce35 �C. As shown in Fig. 3, all the DI2
are low, indicating the CY-A14 are quenched. The quenching effi-
ciency slightly decreased with the increase of temperature. These
results demonstrated that the temperature had little influence on
the DNA hybridization under the experimental temperatures. It
was well known that DNA hybridization dynamics was the best in
the temperature range of 20 �Ce25 �C [30], and high temperature
might cause the hybridization difficult. The DI3 exhibited a strong
temperature dependence across the experimental range
(15 �Ce35 �C). TheDI3 at 15 �Cwas the lowest, indicating that the T-
Hg2þ-T structurewas difficult to form at such low temperature. This
further verified the entropy enhancement of the Hg2þ dehydration.
When temperature was 30 �C, the DI3 was nearly the same as the
DI1, indicating that all the CY-A14 in the detection system were
almost free. Therefore, the proper increase of temperature might be
beneficial for Hg2þ biosensor, which promoted the dehydration of
hydrated Hg2þ as well as the formation of the T-Hg2þ-T structure.
However, when temperature was higher than 35 �C, the DI3
decreased instead, which might contribute to that higher temper-
ature could destroy thermal stability of the T-Hg2þ-T structure.
Kratochvílov�a et al. showed that the interaction between bases
would be weakened with increasing temperature, because it
increased the possibility of charge transfer in a more suitable po-
sition [31]. It was consistent with our experimental results.

Fig. 3B displayed the dose-response curves at different tem-
peratures. When temperature was between 20 �C and 30 �C, good
dose-response curves could be obtained. At lower and higher
temperature, the dose-response curves could not be applied for the
Hg2þ detection in real samples because they either had low fluo-
rescence intensity or narrow detection range. Considering the
fluorescence intensity and dynamic detection range, the most
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suitable temperature for Hg2þ biosensor based on T-T mismatch
structure was 30 �C.

3.4. Effect of ion strength on the Hg2þ biosensor

Ion strength is one of the most important factors for Hg2þ

biosensor because it not only determines the hybridization effi-
ciency and stability of DNA double strands, but also affects the
formation of T-Hg2þ-T structure. Fig. 4A shows the fluorescence
intensity measured by the EWOB under ion strengths ranging in
0.05 mol/kg ~1.0 mol/kg. The DI1 initially decreased and then
increasedwith increasing the ion strengths, whichmight be related
with electrostatic repulsion and compression of the electrostatic
double layer surrounding the DNA and the silica surface. For the
experimental ion strength range, all of the DI2 were low, indicating
that the CY-A14 hybridized well with the BQ-T14. TheDI2 decreased
Fig. 4. Effect of ion strength on the Hg2þ biosensor. (A) Fluorescence intensity
measured by the EWOB at different ion strengths. Experimental condition: 26 �C,
pH ¼ 6, and the concentration of CY-A14, BQ-T14 and Hg2þ is 30 nM, 45 nM and
375 nM, respectively. (B) Dose-response curves of Hg2þ biosensor at various ion
strengths. The concentration of Hg2þ ranges from 0 to 375 nM. Error bars correspond
to SD of data points for triplicate experiments (n ¼ 3).
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with increasing the ion strength because the increase of ion
strength reduced the electrostatic repulsion between the nega-
tively charged phosphate groups of DNA backbone, improved the
flexibility of DNA, and reduced the resistance of hybridization
[32e35].

Although high hybridization efficiency of the CY-A14 and the
BQ-T14 is important for reducing the background signal and
increasing signal/noise ratio, the effective binding between the BQ-
T14 and Hg2þ is also essential for developing a sensitive Hg2þ

biosensor. From Fig. 4A, low ion strength is obviously conducive for
the Hg2þ biosensor. When the ion strength was higher than
0.15 mol/kg, the DI3 significantly decreased with increasing the ion
strength. When the ion strength reached 1.0 mol/kg, DI3 was very
low evenwhen the Hg2þ concentrationwas 375 nM, indicating that
the Hg2þ could not compete with CY-A14 for binding with BQ-T14.
To improve the detection performance of Hg2þ biosensor, a balance
between the hybridization efficiency of DNA and the response ef-
ficiency of Hg2þ biosensor needed to be carefully weighed.

The above results were further confirmed by the dose-response
results of Hg2þ biosensor at various ion strengths (Fig. 4B). When
the ion strength was over 0.5 mol/kg, the responses of biosensors
for different concentrations of Hg2þ significantly degrade, and the
limit of detection increased and the dynamic detection range
became narrow. If increasing the ion strength to 1.0 mol/kg, the
biosensor had no response for Hg2þ because of too strong binding
between DNA double strands. When the ionic strength was
0.15 mol/kg, the changing trend of DI3 with the increase of Hg2þ

concentration was more obvious than other ion strength condi-
tions, indicating that the biosensor would obtain the best perfor-
mance at this ion strength condition.

3.5. Dose-response curve for Hg2þ detection

Once the general assay parameters were optimized, quantitative
analysis of Hg2þ was performed using the EWOB. Fig. 5A demon-
strates the typical fluorescence signal traces when the mixture
consisted of CY-A14, BQ-T14 and Hg2þ of various concentrations is
introduced over the tapered fiber probe in the optofluidic cell. A
test cycle, including the introduction of MOPs, the detection of
fluorescence intensity of the mixture, and the fiber probe regen-
eration, only needed 3 min using the EWOB. One could see that
with increasing Hg2þ concentration, the fluorescence intensity
detected by the EWOB proportionally increased as expected. This
contributed to that the more BQ-T14 bound with Hg2þ to form the
T-Hg2þ-T mismatch structure, and the higher concentration of free
CY-A14 existed in the homogenous solution. The latter was effec-
tively excited by evanescent wave, thus resulting in a higher fluo-
rescence intensity.

Fig. 5B shows the calibration curve for Hg2þ detection, which is
normalized by expressing the signal of each standard point as the
ratio to that of the blank sample containing no Hg2þ, as following.

SI ¼ DI3/DI1 (2)

The proportionally increasing fluorescence intensity as the
concentration of Hg2þ established a dose-response curve for
quantification of Hg2þ over a concentration range from 0 to 375 nM.
The limit of detection (LOD) of 8.5 nM was obtained from the
calibration curve based on a signal-to-noise ratio of 3. Therefore,
this novel biosensor can directly detect Hg2þ in drinkingwater with
the ability to meet even the most stringent EPA requirement
(10.0 nM). The LOD is comparable to those of the other biosensors
(Table S2). Compared to these biosensors, however, the proposed
biosensor has several advantages. First, simple sensitive detection
of Hg2þ can be realized by simply mixing the CY-A14, BQ-T14, and



Fig. 5. (A) Typical signal curves of Hg2þ detection using the EWOB; (B) Dose-response
curve of Hg2þ detection. Experimental condition: 26 �C, pH ¼ 6, NaNO3 ¼ 150 mM, the
concentration of CY-A14 and BQ-T14 is 30 nM and 45 nM respectively. The error bars
corresponded to the standard deviation of the data points in three repeated experi-
ments (n ¼ 3).

Fig. 6. Comparison of fluorescence intensity in the presence of various metal ions. The
concentration of Hg2þ is 115 nM, and the concentration of other metal ions is 3.5 mM.
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sample and detecting its fluorescence intensity using the EWOB.
Second, the complex biorecognitionmolecule immobilization is not
required because of its homogenous detection, which generally
decreases the activity of biomolecules and the sensitivity of
biosensor. Third, the use of evanescent wave fluorescence platform
can greatly improve the signal-to-noise ratio and reduce the effect
of solution matrix due to the limited penetration depth. Fourth, the
application of the synthesized CY-A14 and BQ-T14, regarded as a
biorecognition element and signal reporter for Hg2þ detection, al-
lows it to be as low as $ 0.05 per test. In addition, the portable
EWOB is much simpler and faster (<10 min).
3.6. Selectivity of Hg2þ biosensor

To investigate potential interferences from other metal ions, we
evaluated the sensor’s response to 3.5 mM Ca2þ, Zn2þ, Cu2þ, Mg2þ,
Cd2þ, and Pb2þ. As seen from Fig. 6, our biosensor exhibits high
selectivity toward Hg2þ with no significant response to the other
7

metal ions tested, although the concentrations of other metal ions
are 30 times higher than that of Hg2þ. This selectivity contributed
to the high selective binding of Hg2þ to T-T mismatches, which
allowed the formation of stable T-Hg2þ-T complexes.

3.7. Environmental water samples analysis

Since the presented Hg2þ biosensor has demonstrated high
specificity and sensitivity, we further investigated the potential
application to real water samples. To evaluate possible matrix effect
of water samples [36], several samples spiked with Hg2þ were
tested using the EWOB. The water samples were tap water, bottle
water, lake water, and underground water samples, and were
spiked with Hg2þ from its stock solutions at concentrations of 75,
115, and 185 nM. These samples were detected Hg2þ content as
described above. As shown in Table 1, the results reveal good
agreement between the actual and measured Hg2þ concentrations.
These data confirmed that the EWOB could be applicable for Hg2þ

detection with enough precision and accuracy without significant
matrix effect in real environmental samples. Although we only
demonstrated the detection of Hg2þ in this study, the proposed
biosensing strategy was in principle easy to extend to detect other
targets (e.g. other metal ions or proteins) by replacing the T-Hg2þ-T
complexes with other specificity structures that selectively bound
the other targets. This biosensing strategy should be an alternative
tool for the analysis of Hg2þ in environmental samples.

4. Conclusions

In this study, a portable EWOB was developed for simple, rapid,
and sensitive on-site detection of Hg2þ using CY-A14 and BQ-T14 as
signal reporter and biorecognition element, respectively. The in-
fluence of several key environmental factors on Hg2þ biosensor,
such as pH, temperature, and ionic strength, was in details inves-
tigated in order to obtain optimal detection conditions. Under
optimal conditions, a detection cycle for a single sample, including
the measurement and regeneration, was under 10 min with a Hg2þ

detection limit of 8.5 nM. The high selectivity of the biosensor was
showed by evaluating its response to various potentially interfering
metal ions. Our results clearly demonstrated that the portable
EWOB could serve as a powerful tool for simple, rapid and sensitive
on-site detection of Hg2þ in real water samples, andwas potentially
applicable to detect other heavy metal ions or small molecule tar-
gets for which DNA/aptamers could be applied as specific



Table 1
Detection results of water samples spiked with Hg2þ.

Origin Hg2þ added to the samples (nM) Hg2þ determined by biosensor (nM) CV (%) Recovery (%)

Tap water 75 73.6 4.0 98.2
115 107.8 0.9 93.7
185 194.9 3.1 105.4

Bottle water 75 78.3 3.9 104.4
115 102.5 4.8 89.2
185 193.7 3.5 104.7
75 65.4 3.3 87.2

Lake water 115 91.8 4.4 79.8
185 162.6 1.4 87.9

Underground water 75 83.5 3.3 111.4
115 95.7 4.4 83.2
185 176.8 1.4 95.6

The initial concentration of Hg2þ in all samples was undetectable (<2.1 nM). The reliability of data is expressed as coefficient of variation (CV, %; n ¼ 3).
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biosensing probes. The EWOB satisfies various key analytical pa-
rameters, such as high sensitivity and selectivity, portability, short
assay time, easy-to-operation, cost-effectiveness and robustness,
which is a long-standing unmet challenge for the detecting of
heavy metal ions, especially for in field detection. Our ongoing
work will be to develop an automated portable device to carry out
parallel detection of multiple heavy metal ions using evanescent
wave multicolor fluorescence technology.
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