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Abstract

Detection of lead(I) (Pb>*) ions in water is important for the protection of human health and environment. The growing demand
for onsite detection still faces challenges for sensitive and easy-to-use methods. In this work, a novel surface plasmon resonance
(SPR) biosensor based on GR-5 DNAzyme and gold nanoparticles (AuNPs) was developed. Thiolated DNAzyme was
immobilized on the gold surface of the sensor chip followed by anchoring the substrate-functionalized AuNPs through the
DNAzyme-substrate hybridization. The coupling between the localized surface plasmon (LSP) of AuNPs and the surface
plasmon polaritons (SPP) on the gold sensor surface was used to improve the sensitivity. The substrate cleavage in the presence
of Pb®* jons was catalyzed by DNAzyme, leading to the removal of AuNPs and the diminished LSP-SPP coupling. The optimal
detection limit was 80 pM for the sensor fabricated with 1 uM DNAzyme, corresponding to two or three orders of magnitude
lower than the toxicity levels of Pb** in drinking water defined by WHO and USEPA. By tuning the surface coverage of
DNAzyme, the sensitivity and dynamic range could be controlled. This sensor also featured high selectivity to Pb** ions and
simple detection procedure. Successful detection of Pb** ions in groundwater indicates that this method has the prospect in the
onsite detection of Pb>* ions in water. Given the variety of AuNPs and metal-specific DNAzymes, this detection strategy would
lead to the development of more sensitive and versatile heavy metal sensors.
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Introduction

Lead(IT) (Pb**) ions are highly toxic heavy metal ions widely
distributed in industrial wastewater, and they are hazardous to
human health and environment through water contamination
[1]. The maximum concentrations of lead in drinking water set
by the World Health Organization (WHO) and the United
States Environmental Protection Agency (EPA) are 48 nM
and 72 nM, respectively [2]. Detection and analysis of lead
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ions are in growing demands, but they are mostly done with
sophisticated instruments in laboratories, such as the induc-
tively coupled plasma (ICP) technique integrated with optical
emission spectrometer (ICP-OES), atomic emission spectros-
copy (ICP-AES) and mass spectrometry (ICP-MS) [3, 4], and
spectroscopic methods including atomic absorption spectros-
copy (AAS) [5] and atomic fluorescence spectrometry (AFS)
[6], as well as anodic stripping voltammetry (ASV) [7].
Although these conventional laboratory methods can provide
very low detection limits and high accuracy, most of these
methods rely on expensive equipment and relatively compli-
cated sample preparation processes. Meanwhile, these
methods require professionally trained instrument operators
and cannot be used for onsite detection [8]. Therefore, the
current research focuses more on the development of methods
for rapid detection of Pb** ions that is portable, cost-effective,
and easy to use [9, 10]. Biosensors employing biological rec-
ognition elements have emerged as a promising category of
techniques in the last few decades [11].

DNAzyme-based biosensors have been potently investigat-
ed for the detection of Pb®* ions [12]. DNAzyme is a single-
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strand DNA with the catalytic activity on specific metal ion-
DNA interactions. It features low synthesis cost and high sta-
bility against denaturing, repeated refolding, and thermal con-
ditions [13—15]. Its high specificity relies on its high catalytic
activity only when specific metal ions are present [16, 17]. For
example, the specificity of the GR-5 DNAzyme for Pb** is
40,000 times higher than that of other competing metal ions
[18], and DNAzyme with even higher specificities keeps
emerging [19, 20]. Various Pb>" ion sensors using
DNAzyme as a recognition element have been established
based on fluorescence [21-23], colorimetry [24], electro-
chemistry [25-27], and surface-enhanced Raman scattering
(SERS) [28, 29]. However, some of these methods suffer from
using contaminating reagents, false fluorescent quenching, or
tedious detection procedure. In order to solve these problems,
dissipative quartz crystal microbalance (QCM-D) with a sim-
ple and sensitive DNAzyme-functionalized sensor chip has
been developed [30].

The surface plasmon resonance (SPR) sensor is another
type of sensor widely used for the detection of metal ions
[31]. In a typical SPR metal ion sensor system, the angle or
spectral characteristics of the light reflected by the prism/
sensor chip interface convey information about the interac-
tions between molecules involving the recognition element
and metal ions. Compared with other sensors, SPR has the
advantages of simple sample preparation and label-free, direct
analysis in real time, which enables rapid detection and onsite
applications [32]. More importantly, the SPR sensor can be
miniaturized into low-cost chips [33] and even integrated with
a smart phone for economical and efficient portable detection
[34]. At present, the research of SPR sensors is mainly focused
on selecting and designing a recognition element to improve
the selectivity and sensitivity of target detection [35].

Gold nanoparticles (AuNPs) demonstrate a special pres-
ence of SPR due to the localized surface plasmon (LSP).
Since Natan's group reported that AuNPs significantly en-
hanced the sensitivity of SPR sensors [36], electromagnetic
interactions between AuNPs and SPR sensor chips have been
widely used to improve the sensitivity of biosensors [37, 38].
Wang and co-workers have reported that AuNPs lowered the
mercury ion detection limit by two orders of magnitude [39].
In addition to the extra mass and refractive index introduced to
the sensor surface by AuNPs, electronic coupling interaction
between the LSP of AuNPs and the surface plasmon
polaritons (SPP) of the gold sensor chip (LSP-SPP coupling)
has contributed to the signal amplification [40]. This AuNP-
induced plasmonic amplification is unique for SPR sensors
compared with other sensors such as electrochemical and
QCM-D sensors. However, a DNAzyme-based SPR sensor
for Pb* detection with AuNP amplification has not been
reported.

To cope with the growing demand for detection of Pb**
ions in water, it is important to design an easy-to-use detection
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method with high sensitivity. In this work, we report an SPR
sensor based on GR-5 DNAzyme as a recognition element
and AuNPs as a signal amplifier for ultrasensitive and selec-
tive detection of Pb**. The surface coverages of DNAzyme
and AuNPs are characterized and optimized to determine their
effects on sensor performance. The signal amplification due to
LSP-SPP coupling is proposed. The feasibility of this sensor
for the field samples of groundwater is also tested. This label-
free detection strategy would benefit rapid heavy metal detec-
tion, especially when onsite measurements are desired.

Experimental
Materials

The oligonucleotides used in the present study were synthe-
sized and HPLC-purified by Shanghai Sangon Biotechnology
Co., Ltd. (Shanghai, China). The DNAzyme and substrate
sequences were 5'-HS-(CH,)s-TTTACATCATCTCT
GAAGTAGCGCCGCCGTATAGTGA-3" and 5'-
HS-(CH,)-TTTTTTTTTTTTTCACTATrAGGAAGAG
ATGATGT-3', respectively. In order to facilitate the LSP-SPP
coupling, the DNAzyme sequence had a shorter thymine-rich
spacer sequence compared with the literature [30]. HEPES,
phosphate buffer solution (PBS) containing KH,PO, and
Na,HPO, (0.05 M, pH =7.4), tris(2-carboxyethyl) phosphine
(TCEP), 6-mer-captohexanol (MCH), and all metal salts were
purchased from Aladdin (Shanghai, China). AuNPs were pur-
chased from Abace Biology (Beijing, China). All chemicals
were of analytical-reagent grade. Ultrapure water with a resis-
tivity of 18.2 MS2 cm (Millipore) was used in the experiments.

Preparation of substrate-functionalized gold
nanoparticles

Substrate-functionalized gold nanoparticles (S-AuNPs) were
prepared according to literature with some modifications [30].
TCEP was added to the substrate solution and reacted at room
temperature for 1 h to reduce disulfide bonds. The treated
substrate solution (100 puL, 36 uM) was added to 900 pL
AuNP solution, incubated at 4 °C for 16 h followed by the
addition of NaCl (0.5 M, 300 uL) and PBS (250 pL). After
aging at 4 °C for 40 h, the S-AuNP conjugate was centrifuged
at 13,000 rpm for 30 min followed by removing the superna-
tant and re-dispersing the red precipitate into a working buffer
solution containing 25 mM HEPES solution and 100 mM
NaCl (pH =7.4). This washing process was repeated three
times for the unbound substrate to be thoroughly washed away
before being stored at 4 °C. The UV-visible absorption spectra
of AuNPs before and after the functionalization with the sub-
strate were scanned using a Shimadzu 2600 spectrometer.
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Sensor fabrication

The SPR102-AU sensor chips (45-nm gold-coated glass
slides, BioNavis, Tampere, Finland) were cleaned with a so-
lution containing ammonia and hydrogen peroxide (1:1:5
30% ammonia/30% hydrogen peroxide/water) for 10 min,
rinsed thoroughly with ultrapure water, and dried with nitro-
gen gas. The cleaned sensor chips were incubated with the
prepared thiolated DNAzyme solution in PBS for 16 h at
4 °C. The sensor chip surfaces were then passivated with
1 mM MCH for 60 min. Subsequently, the DNAzyme-
MCH-modified sensor chips were incubated with the prepared
S-AuNP solution in an 80 °C water bath for 15 min and cooled
slowly down to room temperature. The fabricated sensor chip
was then incubated in a working buffer for 1 h at 37 °C to
remove any physisorbed substrate strands and dried by nitro-
gen gas.

SPR detection of Pb%*

SPR measurements were conducted on a Kretschmann-type
SPR instrument (SPR Navi 200, BioNavis, Tampere, Finland)
equipped with a polarized laser diode (LD) with a wavelength
of 670 nm as the light source and a prism with a refraction
index of 1.61. The sensor chip was consisting of a glass slide
coated with a 50-nm-thick gold layer and a 5-nm titanium
sublayer as the adhesive layer. The glass side of the chip
was mounted to the prism/chip/flow cell assembly for easy
handling, and the gold surface was in direct contact with so-
lutions flowing in the flow cell channels. Buffer and sample
solutions were injected into the testing channel of the flow cell
through an injector valve and a sample loop of 1 mL. The
control channel for noise referencing was not used in this
study so that the noise level could be comparable with a por-
table SPR instrument. After equilibration with the working
buffer, the sensor surface was incubated with various concen-
trations (10~1000 nM) of Pb** in working buffer for 25 min,
after which the flow was switched back to the working buffer.
The entire detection procedure was performed at 37 °C with a
flow rate of 40 puL min ', and the SPR angular reflective
intensity curves were recorded. The selectivity of this sensing
system was also evaluated by measuring the SPR response of
the system towards other common metal ions.

Characterization of sensor chips

The X-ray photoelectron spectroscopy (XPS) spectra were re-
corded using an ESCALAB 250Xi system (Thermo Fisher,
UK) with monochromatic Al K« X-ray radiation
(1486.6 eV). The analysis zone consisted in a 900-pm-
diameter spot. Survey scans (binding energy from 1100 to
0 eV) and high-resolution scans (for Au 4f, C 1s, N Is, O 1s,
S 2p, and P 2p regions) were acquired at room temperature. The

binding energies were corrected with reference to the Au 4f;,
peak at 83.9 ¢V. A field emission scanning electron microscope
(FESEM) (Supra 55, Carl Zeiss, Germany) was used to obtain
the topographic images of the sensor chips in different steps of
the detection strategy. The magnification was 50K.

Results and discussion
Detection strategy of the SPR biosensor

The GR-5 DNAzyme and substrate were used for Pb>* ion
sensor fabrication. To improve the sensor sensitivity,
substrate-functionalized AuNPs (S-AuNPs) were used to am-
plify the SPR signal. Spherical AuNPs were selected due to
the advantage of isotropic dielectric properties and
orientation-independent plasmonic signals compared with
nanorod [41]. The 5'-end of the substrate was extended with
a thymine-rich spacer sequence and modified with thiol
groups for efficient binding to AuNPs. The UV-visible ab-
sorption peaks of AuNPs undergo a slight red shift after mod-
ification with the substrate, indicating that the substrate suc-
cessfully binds to AuNPs (see Electronic Supplementary
Material (ESM) Fig. S1). The schematic diagram of the detec-
tion strategy and signal amplification mechanism is shown in
Fig. 1. For the sensor fabrication, the GR-5 DNAzyme was
firstly immobilized on the SPR sensor chip through the strong
Au-S bond between the thiol terminal of DNAzyme and the
gold surface of SPR sensor chips, followed by treatment with
6-mercaptohexanol (MCH) for coverage control.
Subsequently, the obtained DNAzyme monolayer was
annealed with S-AuNPs for efficient hybridization. In the
presence of Pb**, the cleavage of the substrate strand at the
rA position leads to the removal of AuNPs from the sensor
surface.

The immobilization of thiol-modified DNAzyme on the
gold chip surface was characterized by XPS. XPS is an effi-
cient technique for studying the density and coverage of thiol-
modified DNA on gold surfaces. The XPS survey spectra of
the bare (blank) and DNAzyme-modified sensor chips are
shown in Fig. 2. In each spectrum, the most obvious peaks
can be identified at a binding energy of 83.9 eV and 87.6 ¢V,
corresponding to the Au 4f;, and Au 4f;), transitions of me-
tallic gold, respectively. The energy splitting of 3.7 eV be-
tween the two peaks is characteristic for Au 4f;, and Au
415, of the same Au chemical state. The appearance of C 1s
(284.5-285.0 eV), N 1s (400.0400.5 eV), and O 1s (532.4-
532.6 V) peaks indicated the presence of DNAzymes on the
gold surface. The formation of DNAzyme films on the chip
surface was further verified by the high-resolution XPS spec-
tra. Peaks observed around 161.9 and 133.7 eV are ascribed to
S 2p and P 2p, respectively, as shown in Fig. S2 (see ESM).
The binding energies of all these peaks are consistent with
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Fig. 1 Detection strategy of the
Pb”* sensor based on DNAzyme
and SPR with LSP-SPP coupling
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published results for self-assembled thiol-modified DNA
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According to the stoichiometry for DNAzyme (C367 N134
0261 P37 S1) and MCH (C6 O1 S1), the atomic ratios of C/O
were used to estimate the molecular percentage of DNAzyme
and MCH (Table 1). Carbon and oxygen were selected for the
estimation because of the high signal-to-noise ratio of their
XPS spectra, regardless of the negligible adventitious hydro-
carbons on the DNA films. To determine the coverage of
DNAzyme and MCH, sulfur was used as the reference signal
and the S 2p/Au 4f intensity ratio was calculated. The obtained
ratio of (6.4+1.2)x 1073 agrees well with the theoretical
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Fig. 2 XPS spectra of sensor chips modified with DNAzyme of various
concentrations
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(0.0061) and measured (0.0063) intensity ratios of S 2p/Au
4f for the saturation coverage of octanethiol on gold [44, 45].
Given the molecular percentage of DNAzyme in Table 1 and
the saturated S coverage of 4.6 x 10'* atoms/cm? on gold sur-
face reported by Kawasaki’s work [44], the DNAzyme cov-
erage was simply obtained from the product of them. The
coverage values in Table 1 are comparable with the reported
DNA coverage (5.2 x 10'2-7.6 x 10"> molecules/cm?) of sim-
ilar MCH-treated monolayer of thiol-modified single-strand
DNA on a gold surface. As expected, the DNAzyme coverage
on the SPR chip surface increases with the concentration of
DNAzyme solution. These results demonstrate that the surface
coverage of DNAzyme has been tailored using MCH and
different DNAzyme concentrations. Controlling the surface
coverage of DNAzyme would contribute to optimizing that
of AuNPs through DNAzyme-substrate hybridization and
consequently the sensitivity of SPR sensors.

Table 1  Surface coverage of DNAzyme based on elemental and
molecular ratios on sensor chips prepared with different concentrations
of DNAzyme solutions

Concentration (uM)  C/O DNAzyme DNAzyme coverage
percentage (%)  (* 10"2 DNA/cm?)

0.5 2339 1482 6.8

1.0 2281 1.603 74

2.0 2.144 1964 9.0




A label-free lead(ll) ion sensor based on surface plasmon resonance and DNAzyme-gold nanoparticle conjugates

Immobilization of S-AuNPs through the hybridization of
DNAzyme with the substrate is essential for sensor fabrica-
tion. Surfaces of the fabricated sensor chips before and after
Pb** detection were characterized by SEM for comparison
(Fig. 3). As compared with the bare sensor surface (ESM
Fig. S3a), a large number of AuNPs covered the sensor chip
surface after the sensor fabrication (Fig. 3a). AuNPs evenly
distributed on the surface of the SPR sensor chip, indicating
limited aggregation of AuNPs. The SEM image demonstrates
the successful immobilization of DNAzyme-S-AuNP conju-
gates on the sensor chip. The coverage of AuNPs is estimated
to be 6.7 x 10'° particles/cm” by counting the particles in the
SEM image. This coverage is sufficient to achieve a high
sensitivity of SPR sensors [36].

In the presence of Pb*, the removal of AuNPs from the
sensor surface due to the cleavage of the substrate strand was
monitored by SPR reflectivity curves. Each of the SPR curves
features a typical “SPR dip” with a reflectivity minimum at the
SPR angle (Fig. 4). The SPR angles for 10-1000 nM Pb**
shift negatively associated with recovery in reflectivity com-
pared with that for the blank sample. The negative shift of the
SPR angle was because of the decrease in the refractive index
of the sensing layer due to the removal of S-AuNP. Since the
amount of cleaved substrate depends on the concentration of
Pb*", the SPR angle changes with the concentration of Pb?*,
which confirms the proposed sensing principle. In order to
verify the change of the SPR response signal, the SEM image
was obtained for the SPR chip surface reacted with 1000 nM
of Pb** (Fig. 3b). The number of AuNPs on the SPR chip
surface reduced significantly, resulting in the coverage of
2.6 x 10" particles/cm?. The reduced amount of AuNPs led
to a shift in the SPR response signal due to a quasi-linear
relationship between AuNP coverage and SPR angle shift
[36]. In contrast, the blank sample did not alter the surface
coverage of AuNPs (ESM Fig. S3b).

Sensor capability of Pb** detection

In order to study the performance of the fabricated SPR sensor,
the SPR sensors were incubated with Pb** solutions of different
concentrations, and the changes of the SPR response signal were
monitored online. The incubation time was optimized and set to

Fig. 3 SEM topographic images
of fabricated sensor chips a before
and b after detection of 1000 nM
pb2+
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Fig. 4 SPR angular reflectivity curves corresponding to the detection of

Pb>* with different concentrations (only 0, 10, 50, 100, 500, and 1000 nM
are shown for clarity)

25 min for the substrate cleavage reaction to reach equilibrium,
and the shift in SPR angle was recorded. Figure 5 shows the
changes in SPR angle against the concentration of Pb** for the
three groups of sensors modified with DNAzyme concentration
of0.5, 1, and 2 uM. As the Pb>* concentration increased from 10
to 1000 nM, the change in SPR angle gradually increased and
reached the saturation of the cleaving reaction sites at the rA
position on the substrate. For each group of sensors, a linear
relationship (R*> 0.95) between the SPR angle changes and
the logarithm of Pb** concentrations was observed before the
SPR response reached saturation. The slope of the linear fit and
the standard deviation (o) of blank measurements are shown in
Table S1 (see ESM). Based on 3o7/slope, the detection limits of
the three SPR sensors were 209 pM, 80 pM, and 198 pM for
DNAzyme concentration of 0.5, 1, and 2 uM, respectively. The
detection limits are two or three orders of magnitude lower than
the toxicity levels of Pb** in drinking water defined by WHO and
USEPA. The dynamic range was up to 1000 nM, 100 nM, and
2000 nM for 0.5, 1, and 2 uM DNAzyme, respectively. At least
four orders of magnitude in Pb** concentration were covered by
all of the three sensors.

The high sensitivity of the reported SPR sensors is attributed
to the AuNPs bound to the sensor surface through the
DNAzyme-substrate linkage. Signal amplification is partly
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Fig. 5 Responses of SPR sensors fabricated with 0.5, 1, and 2 uM

DNAzyme for Pb?* detection. Error bars are standard deviations of
three repetitive experiments

due to the additional mass of AuNPs and an increase in the
refractive index near the sensor surface [46]. Moreover, the
plasmonic coupling between the LSP of AuNPs and the SPP
on the gold chip surface plays a more important role in inducing
a greater SPR incident angle shift. This effect has been verified
by studies comparing AuNPs with non-resonant particles such
as latex particles. The findings imply that the increase in bound
mass is not the only factor resulting in SPR signal amplification
[47]. The LSP-SPP coupling is very strong when the distance
between AuNPs and the gold surface is within ~ 50 nm [48].
Since the length of hybridized DNAzyme-substrate is within
20 nm, the AuNPs with LSP (evidenced by ESM Fig. S1) are in
the range of coupling with the SPP. Therefore, the LSP-SPP
coupling could be expected to occur. The effects of coupling on
SPR signals depend on multiple factors including the size,
shape, and surface coverage of AuNPs as well as AuNP-
surface distance, and wavelength of the laser used in SPR sen-
sors [48-50]. For instance, gold nanorod demonstrates more
intensive LSP-SPP coupling [40].

The dependence of the sensitivity on the DNAzyme con-
centration is consistent with the similar sensing method using
QCM-D [30]. The sensitivity and dynamic range of sensors
are always influenced by the surface density of recognition
elements [51]. For 0.5 uM DNAzyme, the surface density of
DNAzyme and consequently the DNAzyme-S-AuNP conju-
gates on the sensor surface may be insufficient, so the SPR
shift due to AuNP removal was insignificant. With the surface
density of DNAzyme increased to 1 uM, the SPR signal was
enhanced by the increased amount of DNAzyme-S-AuNP
conjugates, but it tended to saturate for high Pb®* concentra-
tions due to the consumption of DNAzyme-S-AuNP conju-
gates. When the density of DNAzyme was so high as 2 uM,
binding of S-AuNPs might have been blocked by the steric
hindrance effect [52, 53]. Moreover, one 15-nm AuNP could
be capped by numerous thiol-functionalized oligonucleotides
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[54]. Given the much higher surface density of DNAzyme
compared with that of AuNPs, one AuNP could bind to the
sensor surface through multiple DNAzyme-substrate struc-
tures, implying that the DNAzyme concentration would also
determine the strength of AuNP binding on the sensor surface.
Excessive DNAzyme-substrate bindings would require high-
concentration Pb>* ions for efficient removal of AuNPs, so the
sensor sensitivity was lowered by the high DNAzyme concen-
tration, and the Pb>* capacity of the sensor was enlarged as
shown by the widened dynamic range. Therefore, an optimal
DNAzyme concentration is essential for maintaining the ap-
propriate surface density of DNAzyme-S-AuNP conjugates,
and the sensor performance is controllable by tuning the cov-
erage of DNAzyme.

It is challenging to fulfill the requirements of easy to use and
high sensitivity in one heavy metal ion sensor. Previous studies
on label-free, DNAzyme-based Pb** detection in water report-
ed a detection limit of 14 nM with AuNP-enhanced QCM-D
[30], 1.0 nM with silver nanoparticle-modified SERS [55], and
0.25 nM and 46 pM with the ferrocene-functionalized electro-
chemical sensors [56, 57]. Label-free SPR sensors were also
reported with detection limits ranging from sub-micromolar to
0.01 nM using composites of graphene oxide [35, 58]. Sensors
with even higher sensitivities have also been reported [59-61].
However, most of these methods have undergone time-
consuming and multi-step secondary signal amplification dur-
ing or after the reaction with sample solutions. Onsite labeling
and processing of DNA-containing solutions may also intro-
duce experimental error to the sensors. A summary of detection
modes, detection limits, and dynamic ranges of more previous
studies is given in Table S2 (see ESM). Our method can direct-
ly detect Pb** with high sensitivity using sensor chips fabricat-
ed in advance. While sensitivities of our sensors are not as high
as the methods incorporating active labels using electrochemi-
cal and SERS techniques, the benefits of this label-free and
direct detection method should be highlighted. Meanwhile,
the detection performance of commercial portable SPR devices
[33] is comparable with that of the current instrument used
without reference channel correction. Given the quick progress
in the miniaturization of SPR sensors [34, 62], it would be
feasible to utilize this method for the development of portable
Pb>* sensing devices. Moreover, the sensitivities of our SPR
sensors could be further improved by tuning the near-field cou-
pling effects [63]. For example, the use of gold nanostars and
nanocubes has achieved attomolar detection by SPR [64, 65].
The LSP-SPP interactions would also become more significant
at incident wavelengths close to the LSP resonance of the
AuNPs [66].

Selectivity and real sample analysis

By detecting several higher concentration (1000 nM) di-
valent metal ions (Co>*, Cd**, Cu®*, Fe**, Ni**, and
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Ba"), the selectivity of this sensor for Pb** was studied
using the optimized sensor fabricated with 1 pM
DNAzyme. As shown in Fig. 6, the SPR response of other
metal ions changed very little, even though their concen-
trations were 10 times higher than that of Pb%* (100 nM).
Moreover, the disturbing ions did not influence the SPR
response when mixed with Pb*. The results prove the
negligible interference of these metal ions on the
DNAzyme-based SPR sensor. This demonstrates the ex-
cellent selectivity of this method for Pb**.

To evaluate the practical performance of the SPR sen-
sor for detecting Pb>*, groundwater samples from Bao’an
District of Shenzhen City were analyzed. After passing
through a 0.45-um filter membrane, the groundwater was
spiked with 25, 50, and 100 nM Pb>* solutions, respec-
tively. Freshly fabricated SPR sensors were used to detect
Pb* in the solutions. As shown in Table 2, the recovery
rate of this method is between 96.8 and 108.5%.
Meanwhile, the analysis of Pb%* in the same solutions
by ICP-MS showed that the data had satisfactory accura-
cy and consistency. These results indicate that the SPR
sensors reported in this work have a reliable performance
for detecting real samples.

Table 2  Determination of Pb** concentration in groundwater samples
Added (M)  Measured Recovery (%)  ICP-MS (nM,
(nM, mean® + SD?) mean® + SD®)
0 0 / 0.002 +0.001
25 24.2+0.10 96.8 24.83+0.07
50 51.8+0.28 103.6 50.60+0.15
100 108.5+1.09 108.5 100.72+0.20

*Mean: average value of three individual experiments

°SD: standard deviation of three individual experiments

Conclusions

In summary, we have developed a sensitive, selective, and
easy-to-use DNAzyme-based SPR sensor for the detection
of Pb”* ions in water. This method benefits from the label-
free nature of the SPR technique and its highly intense cou-
pling with LSP of AuNPs. The detection limit is 80 pM for the
optimal sensor without the need for sample labeling or sec-
ondary signal amplification. The sensitivity and dynamic
range of the sensors are controllable by tuning the surface
density of DNAzyme. The sensor is also extremely selective
for Pb>* compared with other metal ions. The satisfactory
results of groundwater analysis provide this method with the
possibility of practical applications. Compared with conven-
tional technologies, this method has more potential for devel-
oping cost-effective and miniaturized devices, enabling the
onsite and rapid detection of Pb>* ion in water. The sensitivity
of'this method would be further improved by tuning the shape
and surface coverage of AuNPs as well as optimizing SPR
incident wavelength. Moreover, given the diversity of metal-
specific DNAzymes, the detection strategy is also versatile for
detecting a wide range of metal ions.
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