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nd selective detection of Pb2+ ions
using a novel and simple DNAzyme-based quartz
crystal microbalance with dissipation biosensor†

Hui Boon Teh,a Haiyan Lia and Sam Fong Yau Li*abc

A novel, label-free DNAzyme-based quartz crystal microbalance with dissipation monitoring (QCM-D)

biosensor was developed for the highly sensitive and specific detection of Pb2+ ions. To enhance the

performance of the sensor, oligonucleotide-functionalized gold nanoparticles were used for both

frequency and dissipation amplification. This sensor was developed by immobilizing Pb2+-specific

DNAzymes onto the QCM-D sensor surface and allowing them to hybridize with substrate-

functionalized AuNPs. The DNAzyme catalyzed the cleavage of the substrate in the presence of Pb2+

ions, causing the cleaved substrate-functionalized AuNPs to be removed from the sensor surface. Thus,

Pb2+ ions can be determined on-line by monitoring the change in frequency and dissipation signals. The

results revealed that the sensor showed a sensitive response to Pb2+ ions with detection limits of 14 nM

and 20 nM for frequency and dissipation, respectively. This QCM-D biosensor also exhibited excellent

selectivity toward Pb2+ ions in the presence of other divalent metal ions. In addition, the approach was

able to detect Pb2+ in tap water, demonstrating its great potential for monitoring drinking water quality.

The proposed sensor system described here represents a new class of lead ion sensor. Its simple

detection strategy makes it feasible for ‘pollution-free’ detection; thus, the approach could have

applications in on-line water quality monitoring.
1. Introduction

Lead (Pb2+) is considered an ubiquitous and major pollutant in
the environment. The U.S. Environmental Protection Agency
(EPA) has dened Pb2+ as a group B2 human carcinogen. Being
exposed to high levels of Pb2+ can cause serious health effects.1

Therefore, the determination of lead in the environment has
been of great concern in the past and remains an issue today. As
such, the invention of suitable sensors is of great interest as
they offer exciting opportunities for in situ and real-time
detection without exposing the operator to the risk of metal
poisoning.

A variety of recognition elements such as proteins,2 nucleic
acids,3,4 peptides,5 and small ligands6 have been employed in
various chemosensors and biosensors for the specic detection
of Pb2+ ions. Among these recognition elements, DNAzymes
have been extensively studied and have attracted wide interest
ersity of Singapore, 3 Science Drive 3,

fys@nus.edu.sg; Tel: +6565162681

A Engineering Drive 1, T-Lab Building,

efficient Polysilicate Materials, School of

y Shenzhen Graduate School, University

China 518055

tion (ESI) available. See DOI:
due to their numerous advantages.7 Since their discovery, many
DNAzyme-based sensors have been developed using various
signal transduction mechanisms to detect a wide range of metal
ions with high selectivity and sensitivity.3,8–12 One of the most
effective and widely used Pb2+-dependent DNAzymes is the 8–17
DNAzyme reported by Li and Lu.3 This DNAzyme may induce
RNA substrate cleavage in the presence of Pb2+. Several sensors
based on this DNAzyme as a recognition probe have been
developed. For example, Lu and co-workers reported a beacon
sensor with the DNAzyme and substrate strands labeled with
quencher and a uorophore. In the presence of Pb2+ ions, the
annealed substrate was cleaved into two pieces, separating the
uorophore and quencher.3 To improve the sensitivity of this
sensor, in a later piece of work an additional quencher was
added at the other end of the substrate to lower the background
uorescence.13 A DNAzyme-based electrochemical biosensor
was also reported in which the DNAzymes were labeled with the
redox-active compound methylene blue (MB).14 Although it is
selective for Pb2+, the 8–17 DNAzyme is still active in the pres-
ence of Mg2+, Zn2+, Mn2+, Co2+, and Ca2+. Recently, Lu and co-
workers found that a DNAzyme called GR-5 is more selective for
Pb2+ than the 8–17 DNAzyme.15 They found that Zn2+ was the
most active interfering metal ion; although the 8-17 DNAzyme
offers �160-fold selectivity for Pb2+ over Zn2+, the GR-5 DNA-
zyme is �40 000 times more selective for Pb2+ than Zn2+.
Applications of GR-5 are so far very limited, only a uorescent
This journal is © The Royal Society of Chemistry 2014
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sensor has been recently developed based on the GR-5 DNA-
zyme, with the use of graphene for signal amplication.16

Although all the above-mentioned DNAzyme-based strategies
show high sensitivity, most of them operate in the solution
phase and require labeling of substrate. This makes them
impossible to reuse and subject to high background signal as
washing to remove the cleavage product is not allowed. The
need to label the substrate also makes them less cost effective.
Therefore, the development of sensitive and label-free sensors is
receiving more attention.

Among the label-free assay techniques, the quartz crystal
microbalance (QCM) has been extensively investigated as a
transducer for heavy metal detection in aqueous media. QCM is
a mass-sensing device that operates based on the piezoelectric
properties of quartz crystals. The change in resonant frequency
is proportional to the mass of the absorbed material on the
sensing area. It is a cost-effective and simple method that offers
opportunities for on-line analysis and quantication of target
molecules. Recently, a few QCM sensors have been developed
for the detection of Hg2+ using thymine-rich oligonucleotides as
sensing probes.17,18 A polymer-graed QCM chemosensor was
also developed for heavy metal ions such as Pb2+, Cu2+, Cr3+,
and Cd2+.19 However, the selectivity of this sensor was poor. To
the best of our knowledge, QCM sensors based on Pb2+-
dependent DNAzymes have not been reported thus far.

QCM with dissipation monitoring (QCM-D) could provide
information on the viscoelastic properties of the boundmass by
simultaneous measurements of the frequency and dissipation
factor.20 There have been relatively few efforts made to adapt
QCM-D to biosensor development, especially for metal ion
detection.18 Therefore, in this work, a DNAzyme-based QCM-D
sensor is developed for the detection of Pb2+ ions. The GR-5
DNAzyme is used as a recognition probe for this proposed
sensor due to its high sensitivity and selectivity.
2. Experimental
2.1. Chemicals and materials

All oligonucleotides were purchased from Integrated DNA
Technologies (IDT) and HPLC-puried. The DNAzyme sequence
was 50-HS-(CH2)6-TTTTTTTTTTTTACATCATCTCTGAAGTAG
CGCCGCCGTATAGTGA-30, and the substrate sequence was 50-
HS-(CH2)6-TTTTTTTTTTTTTCACTATrAGGAAGAGATGATGT-30.

Sodium citrate, hydrogen tetrachloroaurate (HAuCl4$4H2O),
HEPES, potassium phosphate monobasic, potassium phos-
phate dibasic, tris(2-carboxyethyl)phosphine (TCEP), 6-mer-
captohexanol (MCH), lead nitrate (Pb(NO3)2) and other metal
salts were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All chemicals were of analytical-reagent grade. Ultra-pure water
at a resistivity of 18.2 MU cm was used in the experiments.
2.2. Preparation of Au-nanoparticles (AuNPs) and substrate-
functionalized AuNPs

AuNPs were synthesized by the citrate reduction of HAuCl4. A
solution of HAuCl4 (100 mL, 0.01%) was heated to 100 �C for
20 min. Subsequently, 2 mL 0.1 M sodium citrate was added,
This journal is © The Royal Society of Chemistry 2014
and the solution was stirred rapidly as it kept boiling. Aer the
colour change, the solution was stirred for an additional 30
min, allowed to cool to room temperature and stored at 4 �C
before use. The average diameter of the gold nanoparticles
(14 � 1 nm) was conrmed by transmission electron micros-
copy (TEM) using a JEOL JSM-6701F (Fig. S1A†).

Substrate-functionalized gold nanoparticles (S-AuNPs) were
prepared according to procedures in the literature, with some
modication.21 The thiol-modied substrates (0.4 mM, 100-fold
molar excess) were mixed with 1 mL of synthesized AuNPs
(z4 nM) aer pre-treatment with TCEP for 30 min at room
temperature. Aer 16 h, the solution was added with concen-
trated NaCl and phosphate buffer to make the nal solution
containing 0.1 M NaCl and 10 mM phosphate (pH 7.4) and
allowed to stand for another 40 h to increase the density of the
substrates immobilized on the AuNPs. Subsequently, the solu-
tion was centrifuged at 14 000 rpm for 30 min to remove the
excess free substrates. The red oily precipitate was washed and
recentrifuged three times with working buffer (25 mM HEPES
including 100 mM NaCl, pH 7.4) and redispersed in 1 mL of
working buffer. The AuNPs were scanned using UV-visible
absorption spectrometry to characterize their change in prop-
erties before and aer modication by the substrate strands
(Fig. S1B†).
2.3. Sensor fabrication and QCM-D detection procedure

QCM-D experiments were performed using a Q-Sense E4 QCM-D
instrument (Q-Sense AB, Västra Frölunda, Sweden) with a 5
MHz AT-cut gold-coated quartz crystal. The sensors were
prepared offline, and the detection procedure was monitored
on-line in the ow-through model. Prior to modication, the
quartz crystal was cleaned with a heated solution (30%
hydrogen peroxide, 28% ammonia and deionized water in a
volume ratio of 1 : 1 : 5) for 5 min, rinsed thoroughly with
deionized water and dried with nitrogen gas. From our
preliminary experiments, 1 mM DNAzyme was chosen as the
optimum condition for sensor fabrication (see ESI Fig. S2†).
Hence, the cleaned gold surface was immediately treated with a
solution composed of 1 mM of DNAzyme, 20 mM phosphate
buffer (pH 7.4), and 100 mM TCEP for 2 h at room temperature
to allow the self-assembly of a DNA monolayer on the gold
surface. TCEP was added to reduce disulde bonds. The surface
was then soaked in 1 mM ethanoic MCH for 1 h. Subsequently,
the DNAzyme monolayer surface was incubated with the S-
AuNPs in a 80 �C water bath for 10 min and allowed to cool
slowly to room temperature over 2.5 h. The sensor was dried and
placed into the ow cell.

Prior to using the prepared sensor for Pb2+ sensing, it was
allowed to incubate in working buffer for 1 h at 37 �C in the ow
cell to remove any physisorbed substrate strands. Aer equili-
bration with working buffer, the sensor surface was allowed to
react with various concentrations of Pb2+ in working buffer for
40 min, aer which the ow was switched back to the working
buffer. The entire detection procedure was performed at 37 �C
with a ow rate of 120 mL min�1, and both frequency and
dissipation measurements were recorded. The selectivity of this
Analyst, 2014, 139, 5170–5175 | 5171
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sensing system was also evaluated by measuring the frequency
response of the system towards other common metal ions.

2.4. Characterization of the QCM-D surface

During the modication procedures, the QCM-D sensor surface
was characterized using cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). The CV and EIS
measurements were performed using an Ivium Potentiostat. An
Au electrode, Pt wire and Ag/AgCl (1 M KCl) electrode were used
as the working electrode, counter electrode and reference elec-
trode, respectively. The experimental details are given in
Fig. S3.†

2.5. Analysis of tap water samples

The practicality of the proposed method was evaluated by
analyzing tap water. Concentrated buffer was added to collected
tap water samples to result in nal concentrations of 25 mM
HEPES including 100 mM NaCl. Subsequently, the tap water
samples were spiked with different concentrations of Pb2+ ions.
The samples were then analyzed by QCM-D using the above
described method. The samples were also analyzed by ICP-MS
to assess the accuracy of the proposed method.

3. Results and discussion
3.1. Sensor fabrication and design strategy

Two DNA strands are used in the sensor fabrication, GR-5
DNAzyme and the substrate (Fig. 1). One end of the GR-5
DNAzyme was modied with a thiol group to facilitate its
immobilization on the gold surface of the sensor. Since the
mass of DNA is quite light compared to bacteria and proteins,
the mass change that arises from substrate cleavage in the
presence of Pb2+ is negligible. Therefore, signal amplication is
required to improve the sensitivity of the sensor. Gold nano-
particles have been widely used in various biosensors for signal
amplication due to their desirable biocompatibilities. In this
study, oligonucleotide-functionalized AuNPs were used to
amplify the detection signal. The 50-end of the substrate was
extended and modied with a thiol group to bind to the AuNPs.
The UV-vis absorption peak of the AuNPs experienced a slight
Fig. 1 Schematic of the fabrication of the QCM-D biosensor for the
detection of Pb2+ ions based on the DNAzyme.

5172 | Analyst, 2014, 139, 5170–5175
red shi aer modication with substrates (Fig. S1B†), indi-
cating the successful conjugation of substrates to AuNPs.

The rationale of the AuNPs-enhanced QCM-D sensor for Pb2+

is shown in Fig. 1. GR5-E was rst immobilized onto QCM-D
sensor and the surface was then backlled with blocking agent,
6-mercaptohexanol (MCH). The resulting DNAzyme monolayer
was then hybridized with S-AuNPs. Each step in the above
procedures was characterized by CV and EIS. As shown in
Fig. S3,† the peak potential separation and Nyquist diameter
increase gradually aer modication with DNAzymes, MCH,
and S-AuNPs. The results imply that the capability of charge
transfer of the redox pair Fe(CN)6

3�/4� over the sensor surface is
becoming difficult, indicating the successful modication of
DNAzyme and S-AuNPs onto the QCM-D sensor. In the absence of
Pb2+, the substrates stayed intact and the entire strands and
AuNPs remained on the sensor surface; hence no change in
frequency and dissipation can be observed (upper route in Fig. 1).
In the presence of Pb2+, the substrates will undergo cleavage at rA
position, causing the AuNPs attached on the cleaved-substrates
to be removed from the sensor surface. The decrease in the
number of AuNPs on sensor surface resulted in an increase in
frequency signal and a decrease in dissipation factor (bottom
route in Fig. 1). The increase in frequency is due to huge mass
loss of S-AuNPs from the sensor surface, while the decrease in
dissipation is due to the release of “so” substrate chains
conjugated on AuNPs and the large coupling of water molecules
that are trapped in between the oligonucleotide chains. Since the
amount of substrate cleavage relies on the concentration of Pb2+

ions, it is possible to determine the concentration of Pb2+ ions in
the solution by monitoring the frequency and dissipation
changes of the QCM-D sensor. In order to conrm that the
changes in frequency and dissipation resulted from substrate
cleavage, SEM images of the sensor surface before and aer
reaction with Pb2+ were compared. As shown in Fig. 2, the
number of AuNPs on the sensor surface was decreased aer
reaction with Pb2+, which was in accordance with the proposed
principle. The uniform distribution of AuNPs on the sensor
surface also indicated that the AuNPs were well distributed on
the sensor surface without evidence of aggregation.

3.2. The performance of the DNAzyme-QCM-D sensor for
Pb2+ detection

To study the performance of the proposed sensor, the sensors
were treated with Pb2+ at different concentrations. The Pb2+
Fig. 2 SEM topographic images of QCM-D sensor before (A) and after
(B) reaction with Pb2+ at concentration of 2000 nM.

This journal is © The Royal Society of Chemistry 2014
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solutions were allowed to ow through the surface of the
prepared sensors on the QCM-D instrument, and the frequency
and dissipation changes were monitored on-line. Based on the
response prole obtained, it is apparent that a longer ow
through time of the Pb2+ solution on the sensor surface may
result in greater frequency and dissipation response as more
substrates are cleaved. Hence, in this experiment, the Pb2+

solution was allowed to ow through the sensor surface for 40
min in order to achieve enough sensitivity within a certain
period of time. Fig. 3A shows the frequency change upon
detection with the Pb2+ concentration ranging from 0 to 3000
nM. The frequency change increased gradually with increasing
Pb2+ concentration as an increasing number of substrates were
cleaved by DNAzymes; this result is in accordance with the
principle of the method. A linear relationship between
frequency change and Pb2+ concentration was obtained from
46–3000 nM Pb2+ (R2 ¼ 0.997). The frequency response reached
saturation at concentrations above 3000 nM as most of the
substrates on the sensor were cleaved. The detection limit of the
Fig. 3 On-line frequency (Df) (A) and dissipation (DD) (B) responses of
the QCM-D biosensor for Pb2+ detection at concentrations of 0, 100,
200, 500, 1000, 2000 and 3000 nM. Insets: the linear relationships
between the frequency change and dissipation change against Pb2+

concentration. Error bars are standard deviations of three repetitive
experiments.

This journal is © The Royal Society of Chemistry 2014
sensor was determined to be 14 nM based on 3s/slope, which is
lower than the US EPA dened toxicity level for Pb2+ in drinking
water (72 nM); this detection limit is either comparable or better
than previously reported Pb2+ sensors.3,14,19,22–26 Similar to the
frequency response, an obvious increase in dissipation change
was observed with increasing Pb2+ concentration as the sensor
surface became more “rigid” aer the removal of the substrates
of “so” nature conjugated on AuNPs (Fig. 3B). The dissipation
response was linearly related to the concentration of Pb2+ ions
in the range of 66–3000 nM (R2¼ 0.994) with a detection limit of
20 nM. Herein, the dissipation change that resulted from the
oligonucleotide-functionalized AuNPs was investigated to
provide a novel and alternative quantication parameter for the
development of oligonucleotide sensors. Compared to dissipa-
tion, the frequency response gives better sensitivity and repro-
ducibility. Although the sensitivity of dissipation is relatively
low, it can serve as a complementary method to support the
accuracy of the frequency results by providing viscoelastic
information about the sensor surface. This is rather important
in the analysis of real water samples containing complex
matrices asmany external factors could give rise to false positive
results. The use of dual-signal measurements could help
conrm that the responses indeed arise from Pb2+, eliminating
the possibility of false-positives. Meanwhile, in the control
experiment, no evident changes in frequency and dissipation
were observed in the absence of Pb2+ ions (curve of 0 nM). This
result further conrms that the binding of S-AuNPs with the
DNAzymes is a highly specic interaction.

Many reported immobilized sensors suffer from time-
consuming and multistep processing as the signal amplica-
tion step is introduced during or aer the reaction with the
target.17,18,25,27 Compared to these sensors, our approach does
not require lengthy hybridization procedures or the handling of
DNA-containing solutions during the detection procedure;
instead, our procedure can be used for direct assay detection of
Pb2+ aer sensor preparation, and the sensor can be prepared
ahead of time and stored. The attachment of DNAzymes to the
sensor surface also allows the regeneration of the sensor by
Fig. 4 Selectivity of the QCM-D sensor for Pb2+ detection; the
frequency change between the blank and the solutions containing
different metal ions. Concentration of Pb2+: 1 mM, concentration of
other metal ions: 10 mM. Error bars are standard deviations of three
repetitive experiments.

Analyst, 2014, 139, 5170–5175 | 5173
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Table 1 Determination of Pb2+ in tap water samples using the proposed QCM-D sensor and ICP-MS. The mean and standard deviation values
are based on three repetitive experiments

Pb2+ concentration

Added concentration Measured (mean � SD) Recovery (%) ICP-MS (mean � SD)

50 nM 49.7 � 1.6 99.5 53.0 � 0.1
200 nM 199.7 � 7.5 99.9 202.7 � 0.9
500 nM 474.6 � 15.3 94.9 476.5 � 1.9
2000 nM 1800.4 � 14.1 90.0 1914.3 � 15.6
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washing off the cleaved substrates and replacing them with new
substrates. By changing the DNAzyme probe, the design of this
sensor could also be extended to detect other metal ions such as
Cu2+, Cd2+ and Hg2+.

The selectivity of this sensor for Pb2+ was also investigated by
detecting several environmentally relevant metal ions
(including Zn2+, Co2+, Cd2+, Mg2+, Cu2+, Ni2+, Fe2+, Hg2+ and
Ba2+) at a higher concentration (10 mM) under the same
conditions. As shown in Fig. 4, the frequency changes for the
other metal ions were very small, even though they were present
at concentrations 10 times more than Pb2+ (1 mM). This indi-
cates that these metal ions have negligible effects on the
proposed sensor. This result suggests that the approach offers
excellent selectivity towards Pb2+ ions, giving it potential for
future use.
3.3. Detection of Pb2+ in tap water

To demonstrate the practical application of this sensor in water
analysis, the performance of the proposed method was evalu-
ated by analysing tap water. Tap water samples were spiked with
different concentrations of Pb2+ ions and analyzed by the QCM-
D sensor. As tabulated in Table 1, the values obtained using the
proposed method showed good agreement with the added
values and good recoveries. In addition, these results showed
good consistency with the ICP-MS measurements. These results
demonstrate that this method has a good accuracy for the
determination of Pb2+ ions in drinking water.
4. Conclusions

In conclusion, we have developed a simple, label-free, sensitive
and selective DNAzyme-based QCM-D sensor for the rapid
detection of Pb2+. This method combines the high selectivity of
DNAzymes with the high sensitivity of piezoelectric detection,
making it possible for pollution-free detection in water. To our
best knowledge, this is the rst example of a DNAzyme-based
QCM biosensor for Pb2+. Based on this method, detection limits
as low as 14 nM and 20 nM are achieved for frequency and
dissipation, respectively, which are lower than the EPA regu-
lated level for Pb2+ in drinking water. This sensor also offers
excellent selectivity toward Pb2+ in relation to other potentially
coexisting metal ions. The satisfactory results obtained for the
analysis of tap water demonstrate the feasibility of this
approach for the determination of Pb2+. The proposed work
5174 | Analyst, 2014, 139, 5170–5175
extends the application of QCM-D to metal ion sensing by
providing high sensitivity and dual-signal measurement.
Compared to conventional techniques such as ICP, this label-
free detection strategy is much more cost-effective and smaller
in size, providing the possibility for on-site and real-time
detection of Pb2+. This simple detection strategy could nd
applications in on-line water quality monitoring that requires
the continuous measurements of contaminants in water.
Acknowledgements

We acknowledge nancial support from the National University
of Singapore, National Research Foundation and Economic
Development Board (SPORE, COY-15-EWI-RCFSA/N197-1), and
Ministry of Education (R-143-000-519-112).
Notes and references

1 H. L. Needleman, Human Lead Exposure, CRC Press, Boca
Raton, Florida, 1992.

2 P. Chen, B. Greenberg, S. Taghavi, C. Romano, D. van der
Lelie and C. A. He, Angew. Chem., Int. Ed., 2005, 44, 2715–
2719.

3 J. Li and Y. Lu, J. Am. Chem. Soc., 2000, 122, 10466–10467.
4 A. K. Brown, J. Li, C. M. B. Pavot and Y. Lu, Biochemistry,
2003, 42, 7152–7161.

5 S. Deo and H. A. Godwin, J. Am. Chem. Soc., 2000, 122, 174–
175.

6 R. Metivier, I. Leray and B. Valeur, Chem. Commun., 2003,
996–997.

7 X. B. Zhang, R. M. Kong and Y. Lu, Annu. Rev. Anal. Chem.,
2011, 4, 105–128.

8 A. Ono and H. Togashi, Angew. Chem., Int. Ed., 2004, 43,
4300–4302.

9 H. B. Teh, H. Wu, X. Zuo and S. F. Y. Li, Sens. Actuators, B,
2014, 195, 623–629.

10 A. Ono, S. Cao, H. Togashi, M. Tashiro, T. Fujimoto,
T. Machinami, S. Oda, Y. Miyake, I. Okamoto and
Y. Tanaka, Chem. Commun., 2008, 4825–4827.

11 C.-W. Liu, C.-C. Huang and H.-T. Chang, Anal. Chem., 2009,
81, 2383–2387.

12 T. Li, E. Wang and S. Dong, J. Am. Chem. Soc., 2009, 131,
15082–15083.

13 J. W. Liu and Y. Lu, Anal. Chem., 2003, 75, 6666–6672.
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4an00922c


Paper Analyst

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t P

ol
itè

cn
ic

a 
de

 V
al

èn
ci

a 
on

 2
9/

10
/2

01
4 

10
:1

3:
05

. 
View Article Online
14 Y. Xiao, A. A. Rowe and K. W. Plaxco, J. Am. Chem. Soc., 2007,
129, 262–263.

15 T. Lan, K. Furuya and Y. Lu, Chem. Commun., 2010, 46, 3896–
3898.

16 X.-H. Zhao, R.-M. Kong, X.-B. Zhang, H.-M. Meng, W.-N. Liu,
W. Tan, G.-L. Shen and R.-Q. Yu, Anal. Chem., 2011, 83, 5062–
5066.

17 Z. Sheng, J. Han, J. Zhang, H. Zhao and L. Jiang, Colloids
Surf., B, 2011, 87, 289–292.

18 Q. Chen, X. J. Wu, D. Z. Wang, W. Tang, N. Li and F. Liu,
Analyst, 2011, 136, 2572–2577.

19 L. Sartore, M. Barbaglio, L. Borgese and E. Bontempi, Sens.
Actuators, B, 2011, 155, 538–544.

20 M. Rodahl, F. Hook, C. Fredriksson, C. A. Keller, A. Krozer,
P. Brzezinski, M. Voinova and B. Kasemo, Faraday Discuss.,
1997, 107, 229–246.
This journal is © The Royal Society of Chemistry 2014
21 J. J. Storhoff, R. Elghanian, R. C. Mucic, C. A. Mirkin and
R. L. Letsinger, J. Am. Chem. Soc., 1998, 120, 1959–
1964.

22 J. Richardson, A. Drake, C. Lazo-Miller, J. Hand, T. Morgan
and I. Lagadic, Sens. Actuators, B, 2011, 158, 271–277.

23 Y. L. Wang and J. Irudayaraj, Chem. Commun., 2011, 47,
4394–4396.

24 D. P. Wernette, C. B. Swearingen, D. M. Cropek, Y. Lu,
J. V. Sweedler and P. W. Bohn, Analyst, 2006, 131, 41–
47.

25 H. L. Wang, L. M. L. Ou, Y. R. Suo and H. Z. Yu, Anal. Chem.,
2011, 83, 1557–1563.

26 P. Zuo, B. C. Yin and B. C. Ye, Biosens. Bioelectron., 2009, 25,
935–939.

27 H. X. Zhang, B. Y. Jiang, Y. Xiang, J. Su, Y. Q. Chai and
R. Yuan, Biosens. Bioelectron., 2011, 28, 135–138.
Analyst, 2014, 139, 5170–5175 | 5175

http://dx.doi.org/10.1039/c4an00922c

	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c

	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c

	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c
	Highly sensitive and selective detection of Pb2+ ions using a novel and simple DNAzyme-based quartz crystal microbalance with dissipation biosensorElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an00922c


