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A sensitive biosensor with a DNAzyme for lead (1)
detection based on fluorescence turn-on

Yang Guo, Junting Li, Xiaogian Zhang, Yanli Tang*

In this paper, we described a new DNAzyme-based fluorescent biosensor for the detection of
Pb?*. In the biosensor, the bulged structure is formed between the substrate labeled with
fluorescein (FAM) and DNAzyme after being annealed. Ethidium bromide (EB), the DNA
intercalator, then intercalates into the double-stranded DNA section. Once FAM is excited, the
FRET takes place from FAM to EB, which leads to the fluorescence of FAM decreasing
greatly. In the presence of Pb2*, the substrate is cleaved by DNAzyme, which breaks the
bulged structure. Then EB is released and the FRET from FAM to EB is inhibited. In this case,
the fluorescence of FAM increases dramatically. Thus, the Pb?* ions can be detected by
measuring the fluorescence enhancement of FAM. Under optimal conditions, the increased
fluorescence intensity ratio of FAM is dependent on the lead level in the sample, and exhibits a
linear response over a Pb2* concentration range of 0-100 nM with a detection limit of 530 pM.
The sensor showed high selectivity in the presence of a number of interference ions. The river
water samples were also tested with satisfying results by using the new method. This sensor is
high sensitive and simple without any excess treatments, which provides a platform for other
biosensor based on DNAzyme.

Introduction

Heavy metals are widespread environmental pollutants, and most of
them are toxic to human health such as lead ions (Pb®*).! Pb?* could
cause serious damage to the brain and central nervous system even at
low concentration, leading to fatigue, headaches, irreversible
learning difficulties, lung tumors, and illnesses. ** According to the
Environmental Protection Agency (EPA), 15 ppb (0.07 uM) of lead
was the safety limits in drinking water. * While the International
Agency for Research on Cancer (IARC) has a lower threshold of 10
ppb (48.26 nM) in food and water. Therefore, the development of
simple, rapid and sensitive sensors plays an important role in
detection of lead ions in environmental and biological samples.
Traditional methods for detection of heavy metals have been
developed for many years, including atomic adsorption spectrometry,
inductive-coupled plasma mass spectrometry, inductive-coupled
plasma atomic emission spectrometry, voltammetric detection and
UV vis spectrometry. * &7 These methods present good sensitivity
for lead, however, most of them require time-consuming pretreat-
ment procedures and expensive instrument, which limit their on-site
and real-time detection. A lot of methods thus have been developed
for metal assay in order to provide on-site analysis. ®** Notably,
fluorescent platforms for lead detection have attracted much
attention because they have facile operation, high sensitivity, less
cell-damaging, and the ability to provide real-time information. 11
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Scheme 1. The proposed principle of Pb?* sensing.

Very recently, Zhang and Zhu published a critical review about the
development of functional nucleic acid-based sensors for the
detection of heavy metal ions.”” DNAzyme as a sensor platform for
detection of lead ions have been studied extensively for several
years.” ® And many of the DNAzyme-based sensors required using
advanced materials including quantum dots, *° gold nanoparticles, 2
2 and grapheme, % 28 etc. In addition, some methods based on
phosphorothioate modification, # strand displccement amplification
reaction, 2 rolling circle amplification or exonuclease aided
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recycling amplification 2* 2 ** provide high sensitivity, however,

limitations still exist, such as needing complicated and long-time
operation.

Herein, we developed a fluorescence turn-on method for sensitive
and selective detection of Pb?" based on 17E DNAzyme and the
cleavage substrate 17S labeled with FAM.®! In this method, ethidium
bromide (EB), a double-stranded DNA intercalator, is used as an
energy acceptor in fluorescence resonance energy transfer (FRET)
process, leading to the fluorescence of FAM decreasing. First, 17E
and 17S-FAM form a bulged structure after hybridization. EB then
intercalates into the double-stranded DNA section. When the
solution is excited at 490 nm, the FRET occurs from FAM to EB,
which leads to the fluorescence intensity of FAM decreasing
greatly.®3* In the presence of lead ions, the substance 17S-FAM is
cleaved by 17E DNAzyme, resulting in the FRET being broken.
The fluorescence intensity of FAM thus increases dramatically. This
fluorescence turn-on method exhibits excellent selectivity and
sensitivity. Furthermore, the simple and rapid technique could
provide a new platform for DNAzyme-based sensors.

Experimental
Reagents and instruments

1.1 Materials and Measurements

The oligonucleotides were purchased from Takara. HEPES-Na,
ethidium bromide (EB) and other chemicals were purchased
from Shanghai Sangon Biological Engineering Technology Co.
Ltd. Lead (IlI) acetate trihydrate were purchased from
Sinopharm Chemical Reagent Co. Ltd. The oligonucleotide
sequences used in our experiments as follows: 17S-FAM, 5°-
FAM-(CH,)s-ACT CAC TAT rAG GAA GAG ATG; 17E, 5°-
CAT CTC TTC TCC GAG CCG GTC GAA ATA GTG AGT.
31 The oligonucleotide 17S-FAM could form a specific bulged
structure with 17E. The concentrations of all oligonucleotides
were determined by measuring the absorbance spectra at 260
nm using a PekinElmer Lambda 35 spectrophotometer. The
fluorescence spectra were recorded on a Hitachi F-7000
spectrophotometer equipped with a xenon excitation source. All
solutions were prepared with ultrapure water purified using a
Millipore filtration system.

1.2 Condition Optimization

In 2.0 mL HEPES-Na buffer (100 mM) at pH 7.2, 20 nM
(strand concentration) 17S-FAM and 20 nM 17E were
incubated for 5 min at room temperature. Then 1 uM EB was
added and incubated for 3 min. The fluorescence emission
spectrum was measured with the excitation wavelength of 490
nm. The measurement of fluorescence spectra at different
concentrations of EB (2 uM, 3 uM, 4 uM and 5 pM) were done
according to the same process.

1.3 Pb?* Assay

20 nM 17S-FAM and 20 nM 17E were incubated in 100 mM
HEPES-Na buffer at pH 7.2 for 5min at room temperature.
Then the solution was treated with an aliquot of Pb?* (1 ~ 400
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mol/L) for 20 min at room temperature. After incubation,
ethidium bromide (EB) was added into the solution, and the
fluorescence spectra of these samples were achieved on a
HITACHI F-7000 fluorescence spectrophotometer with the
excitation wavelength of 490 nm.

1.4 Assay for Pb?" as a Function of Incubating Time

The catalytic strand 17E (20 nM) was incubated with the
substrate strand 17S-FAM (20 nM) to form 17E-17S-FAM
duplex in HEPES-Na buffer (100 mM, 2 mL, pH 7.3) at room
temperature for 5min. The solution of the 17E-17S-FAM
duplex (4.0 = 10® M) was treated with Pb?* at room
temperature (400 nM) for 0, 5, 10, 15, 20, and 25 min,
respectively. After incubation, EB (4 uM) was added. The
fluorescence spectra of these samples were achieved on a
HITACHI F-7000 fluorescence spectrophotometer with the
excitation wavelength of 490 nm. The fluorescence spectra
measurements after certain incubation time at different
concentration of Pb2* (10, 100, and 200 nM) were carried out
according to the same process.

1.5 Selectivity Assay

To verify the specificity of Pb?* to DNAzyme, we used Mg?*,
Mn?*, K*, Ni?*, cd?*, ca?', Ccu?*, Hg*, Na', Zn*, Co®" and
their mixture to replace Pb?* to react with 17E-17S-FAM
duplex. According to the fore-mentioned experimental
procedure, the fluorescence spectra were measured at the same
condition.

1.6 Real Sample Assay

River water samples were collected from Xi’an, Shaanxi
province, PR, China. The concentrations of lead in these
samples were detected by the above-mentioned procedures.

Results and discussion

As shown in Scheme 1, 17E DNAzyme was first hybridized
with its substrate 17S-FAM to form the 17E-17S-FAM duplex.
When FAM is excited, the strong green fluorescence was
observed at 520 nm. It is well-known that ethidium bromide
can intercalate within the grooves of double-stranded DNA
(dsDNA). 32 After addition of EB, EB intercalates within
dsDNA section among the 17E-17S-FAM duplex, then the
FRET from FAM to EB occurs upon excitation of FAM at 490
nM because of the desirable spectral overlap between FAM
emission and EB absorption (Fig. S1 in Supplemental
Information).®® 3 Meanwhile, the fluorescence of FAM
decreases greatly. In this case, EB functions as an energy
acceptor to decrease the FAM signal intensity. Compare to
fluorescence quencher-labelled method, *° this assay frees the
quencher from labelling on the end of nucleotides, which makes
the detection simpler and cost-effective. Upon addition of Pb**
in the test solution, the DNAzyme is activated and then the
substrate strand is hydrolyzed into two parts at the cleavage site
(rA), which leads to the fluorescein-labeled substrate strand and
the DNAzyme strand are separated.®® In this case, EB is
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released from dsDNA and stays away from FAM, which blocks
the FRET from FAM to EB when FAM is excited at 490 nM.
Accordingly, the fluorescence of FAM increases. Therefore, the
fluorescence signal recovery makes it possible to detect Pb*" by
fluorescence spectroscopy.

Fig. 1. showed the fluorescence emission spectra of 17E-
17S-FAM duplex/EB in the absence/presence of Pb?*". The 17E-
17S-FAM duplex (20 nM) emit strong fluorescence when it is
excited at 490 nm. The concentration of EB was optimized by
detecting the FRET ratio from FAM to EB when the
concentration of the 17E-17S-FAM duplex was fixed at 20 nM.
As shown in Fig. S2. (Supplementary Information), when the
concentration of EB is 4 uM, the FRET ratio reaches the
plateau. Therefore, 20 nM 17E-17S-FAM duplex and 4 uM EB
were selected for the following analytical purposes. Possibly
due to the 17E-17S-FAM forming bulge structure, the
unfavourable chain length and orientations result in the relative
low fluorescence emission of EB. However, the FAM
fluorescence intensity still can be quenched dramatically by
FRET. As shown in Fig. 1, in the solution of 17E-17S-FAM
duplex, EB was added and then the fluorescence spectrum was
recorded. Because the EB can intercalate into the dsDNA, it is
unquestionable that the FRET is observed from FAM to EB
when FAM is excited. Accordingly, the fluorescence intensity
of FAM decreases dramatically. In the presence of Ph?, the
17S-FAM substrate is cleaved by Pb?* resulting in the release of
EB. Therefore, the FRET is inhibited because of the long
distance between FAM and EB, leading to the great
enhancement of FAM fluorescence intensity that is the same as
the 17E-17S-FAM duplex without EB. Thus, a simple and
sensitive fluorescence turn-on platform is set up to detect Ph?".

72004
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——17S-FAM + 17E + EB
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Fig. 1. (a) Fluorescence spectra of 17E/17S-FAM/EB in the
absence and presence of lead ions. [17S-FAM] = 2 x 108 M,
[17E] = 2 x 10® M, [EB]=4 x 10° M, [Pb*]= 300 nM. The
excitation wavelength is 490 nM. (b) Fluorescence photographs
of 17E/17S-FAM/EB in the absence and presence of lead ions.
[17S-FAM] =2 x 107 M, [17E] =2 x 107 M, [EB]=4 x 10> M,
[Pb*]= 3 mM.
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Fig. 2. (a) Fluorescence emission spectra of 17E/17S-FAM /
EB in HEPES-Na (100 mM, pH 7.26) with addition of aqueous
of Pb?"; (b) Linear relationship between the increased ratio of
fluorescence intensity and low Pb?* concentrations. [17S-FAM]
=2x10®% M, [17E] = 2 x 10® M, [EB] = 4 x 10°® M. The error
bars represent the standard deviations of three parallel
measurements. The excitation wavelength is 490 nm;

As shown in Fig. 2, the fluorescence spectra of 17E-17S-FAM
duplex/EB were recorded at different concentrations of Pb?*
from 0 to 400 nM. When the concentration of lead ion increases,
the fluorescence intensity of FAM increases from around 620 to
6930 because of more and more 17E-17S-FAM duplex being
hydrolyzed by lead ions. Fig. S3 showed the increased
fluorescence intensity ratio of FAM (I/1,-1) at 520 nm is
dependent on lead ion concentration. At the range of 0-150 nM,
the ratio I/l,-1 increases dramatically with the increasing
concentration of lead ion. When the concentration of lead ion
was added to above 150 nM, the ratio still increases but the
change is not obvious. When the concentration of lead ion is
greater than 300 nM, the fluorescence intensity isn’t enhanced
further and a plateau is reached. As shown in Fig. 2b, at the low
concentration of lead ions with a range from 0 to 100 nM, the
increased ratio is linearly dependent on the concentration of
lead ion. The fitting equation is y = 0.00655 + 0.03605x (R? =
0.998). Thus, the detection limit of 530 pM was obtained
reasonably, which is lower than most of that reported
previously by Li et al.® (5 nM), Zhang et al. 3! (10 nM), Wu et
al.¥” (1.5 nM), Fu et al.*®® (10 nM) Ali et al. *° (20 nM) and by
Chai et al. *° (100 nM). Although some sensors reported lower
LOD, such as 61.8 pM (report by Wang et al.),** 200 pM
(reported by Li et al.),®® and 37 pM (reported by Zhuang et
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al.),*? one of the sensors showed the linear response of recovery

rate was linearly dependent on the logarithm of the Pb?* ions
concentration,** and some of them required complicated and
time-consuming procedures.?® *2 Obviously, our method is
sensitive for the detection of Pb?" ions and also is simple
without any excess operations and washing procedures.

To optimize the hydrolysis time of DNAzyme, the
fluorescence emission spectra of 17E-17S-FAM duplex / EB
were measured after 17E-17S-FAM duplex incubating with
lead ion for different time. In this case, different concentrations
of Pb?" from 10 nM to 400 nM are investigated, respectively.
Firstly, concentration of Pb%* is fixed at 400 nM, which can
ensure that 17E-17S-FAM duplex will be cleaved completely.
As shown in Fig. 3, the intensity of FAM increases gradually
with prolonging the incubation time. When the duplex is
hydrolyzed for 20 min, the intensity of FAM reaches the
highest value. Even the solution is incubated for another 5 min,
the intensity keeps constant, which means 20 min is enough for
17E-17S-FAM duplex hydrolysis by lead ion. Also, the
increased intensity ratios reach the plateau at the 20 min.
Obviously, the same results were obtained at other
concentrations of Pb?*, such as 10 nM, 100 nM and 200 nM. As
a result, the 20 min reaction time was selected for the analysis.
which demonstrates this method is easy and rapid.

—a— 10 nM
124 —e—100 nM

—4— 200 NnM
104 —v— 400 nM

o] =
<o) /

0 5 10 15 20 25
Time (min)
Fig. 3. Ratio of fluorescence at 520 nm as a function of ADA
reaction time at different concentrations of Pb?*. [17S-FAM] =
2 x10® M, [17E] = 2 x 10® M, [EB] = 4 x 10°® M. The error
bars represent the standard deviations of three parallel
measurements. The excitation wavelength is 490 nm.

To estimate the selectivity of the new biosensor for Pb*
analysis, we have challenged it against other metal ions
including Mg, Mn?*, K*, Ni?*, Cd*", Ca*", Cu*, Hg?*, Na",
Zn?*, Co®" and their mixture according to the same procedure.
These metal ions were chose because they all showed relatively
high catalytic activity toward the cleavage. Fig. 4 shows the
intensity of FAM does not increase any more in the presence of
other metal ions except Co?* and Zn?*. However, the increased
ratios caused by Co?* and Zn?" are also pretty limited relative to
target Pb®". Therefore, this assay presents the quite high
selectivity for Pb?*. In addition, to study the selectivity of this

4 | Analyst, 2015, 00, 1-5

assay in the complicated system, other metal ions such as Mg?",
Mn?*, K*, Ni?*, Cd*, Ca®*, cu®", Hg*", Na*, Zn%", Co?" were
added into this biosensor system at the concentration of 400 nM,
respectively. As shown in Fig. 4b., when other metal ions were
added into the system, no obvious fluorescence enhancement of
FAM could be observed in the absence of Pb?*. Whereas, when
we added Pb?* into the mixture solution, we can observe the
great fluorescence enhancement at 520 nm from the
fluorescence emission spectra, which means Pb%* can
excellently activate the DNAzyme to cleave the substrate even
in the presence of other metal ions. These results reveal that the
biosensor can sever as a novel fluorescence sensor for sensitive
and selective Pb?* detection.

12
da

Pb*Mg”Mn™K" Ni** Cd™ Ca*'Cu™Hg”Na’ Zn™'Co™ BI. Mixture

75004 b
;:\ 6000—- — othjr mixed metal ions
o) —— Pb™" + other metal ions
24500 - . PR
‘B
c
© 3000+
£
—1 1500
m 4

0

510 540 570 600 630

Wavelength (nm)
Fig. 4. (a) Selectivity of proposed DNAzyme method toward
Pb®" ions; (b) Fluorescence emission spectra of 17E-17S-FAM /
EB in the Pb?*, Pb®*/other mixed metal ions, and other mixed
metal ions, respectively. [17S-FAM] = 2 x10® M, [17E] = 2 x
10 M, [EB] = 4 x 10% M, [Pb*] = 3 x 107 M. The
concentration of each of the other metal ions was 3 x 107 M.
The error bars represent the standard deviations of three parallel
measurements. The excitation wavelength is 490 nm. The BI. is
the abbreviation of blank.

In order to test the applicability of our method, the recovery
experiments with spiked Pb®* in river water samples were
performed using the same experimental procedure. The results
are shown in Fig. S4 River water was simply filtered to get rid
of the insoluble materials then was diluted in the final assay
mixture, and an aliquot of standard Pb%* content were added,
respectively. Good recovery rates from 101.1% to 107.0% were
obtained by using this method (Table S1), and the CV for three
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