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� A novel “signal-on” SERS sensing
platform for Pb2þ was developed
based on CHA amplification and
DNAzymes.

� A good linear detection range for
Pb2þ in a range from 1 pM to 100 nM
with the detection limit at 0.42 pM.

� The proposed strategy can be
employed for Pb2þ detection in real
environment sample.
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In this work, a surface-enhanced Raman scattering (SERS) sensing strategy was proposed for the analysis
of lead ion (Pb2þ) with high sensitivity and specificity based on the high specificity of the catalytic nucleic
acids (DNAzymes) to Pb2þ and the catalytic hairpin assembly (CHA) amplification. First, the Pb2þ-
DNAzyme initiated the reaction by target Pb2þ and released a linear DNA (rS1). Second, the hairpin DNA 1
(H1) was immobilized on the SERS substrate surface via AgeS bond. Then, the rS1 could cyclically trigger
the allosteric effects of CHA amplification and the H1 was opened and then the R6G-labeled hairpin
probe 2 (H2) hybridized with H1 to form H1eH2 double-stranded and the released rS1 could initiate the
next cycle of CHA reaction. This process made the Raman tag of R6G close to the surface of SERS sub-
strate, and the intensity of SERS signal from R6G labels increase with the increase of concentration of
target Pb2þ. Benefiting from outstanding performances of the Pb2þ-specific DNAzymes and enzyme-free
CHA amplification system, this biosensor exhibits good sensitivity for Pb2þ with a limit of detection of
0.42 pM. More importantly, this developed detection platform could be employed for reliable analysis of
Pb2þ in real environment system.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Lead ion (Pb2þ) can lead to serious environment pollutant and
be harmful to human health even at low concentration as one of the
most toxic heavy-metal ions [1]. A very small amount of Pb2þ can
lead to serious harm to the central nervous system and brain [2].
Considering the high toxicity of Pb2þ, the United States Environ-
mental Protection Agency (EPA) has set a safety threshold level of
Pb2þ amount in drinking water to be 483 nM (100 ppb) in blood
and 72.4 nM (15 ppb) respectively [3,4]. Hence, it is considerable
important to propose strategy for sensitive and specific
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determination of Pb2þ in environment samples. Therefore, various
traditional techniques have been developed for Pb2þ analysis,
including atomic absorption spectroscopy (AAS) [5], inductively
coupled plasma atomic emission spectroscopy (ICP-AES) [6], X-ray
fluorescence spectroscopy [7], and inductively coupled plasma
mass spectroscopy (ICP-MS) [8] etc. Although those strategies are
reliable for Pb2þ analysis with high sensitivity, most of them still
have many disadvantages, including tedious sample preparation,
requiring specialized instruments and skilled operators, making
them unsuitable for on-site and real-time analysis. Hence, many
excellent sensors for the determination of Pb2þ have attracted
much attention with high sensitivity, portability, low cost, minimal
equipment requirements, and short response time in the past de-
cades [9e25]. Most of them are mainly dependent on the catalytic
nucleic acids (DNAzymes), which can be obtained by in vivo se-
lection and specifically for Pb2þ [26], making the change of detec-
tion signals, such as colorimetric [9e12], electrochemical [13e16],
fluorescent signals [17e20], and so forth (see Table S2). Benefiting
from the high specificity of DNAzymes, these DNAzyme-based
sensors exhibit good specificity for Pb2þ. However, it is pitiful
that most of them are limited by the poor sensitivity. Therefore,
exploring more sensitive sensing strategies for the analysis of Pb2þ

is very desirable.
Recently, surface-enhanced Raman spectroscopy (SERS) sensing

strategies, considered as a significant analytical platform [27e29],
have been employed for the sensitive and reliable determination of
Pb2þ, mainly benefiting from their three advantages: (1) ultrahigh
sensitivity with single-molecule level limit of detection, (2) specific
molecular fingerprint resulting in overcoming interference-related
issues, and (3) short acquisition time and nondestructive mea-
surement [21,22,30,31]. Although these SERS sensing strategies are
excellent, the sensitivity still needs to be improved, thus limiting
their practical application in the determination of Pb2þ [21,31].
Hence, it is imperative to develop SERS sensing strategy for ultra-
sensitive Pb2þ detection in real environmental samples.

Many amplification methods have been proposed to further
enhance the sensitivity of Pb2þ determination, such as rolling circle
amplification (RCA) [14,32], hybridization chain reaction (HCR)
[33e35], and strand displacement amplification (SDA) [36] etc.
Although the sensitivity of these signal amplification strategies can
be significantly improved, they still have some limitations
including poor reproducibility, susceptible to reaction conditions,
expensive reagents, and complicated operation process. Very
recently, catalytic hairpin assembly (CHA) amplification was
emerged as a highly promising signal amplification strategy with
enzyme-free and simple isothermal DNA reaction. Furthermore,
CHA amplification could obtain hundreds-fold catalytic amplifica-
tion and surmounted the limitation of traditional enzymatic
amplification, for example, complicated operation, special experi-
mental conditions, and the enzyme activity-dependent reaction
time [37e42]. As a result, various CHA amplification-based sensing
strategies have been proposed to determinate many targets,
including electrochemical [43e45], fluorescent [46,47], colori-
metric [48,49], and surface plasmon resonance methods [50,51].
These CHA amplification-based sensors exhibited excellent
analytical performance with high sensitivity and specificity.

Inspired by these previous researches, a “signal-on” SERS plat-
form based on CHA amplification and Pb2þ-specific DNAzymes as
recognition element was proposed for highly sensitive and specific
Pb2þ analysis for the first time in this work. The Ag nanoparticles-
decorated siliconwafer was prepared as SERS-active substrate, with
immobilization hairpin probe 1 (H1) on the surface via AgeS bonds.
In the presence of target Pb2þ, the substrate strand (S1) was spe-
cifically cleaved by Pb2þ and one of the two fragments (rS1) being
introduced on the SERS substrate surface was hybridized with H1.
The CHA amplification could be initiated to form the H1-rS1 in-
termediate, and then catalyzed the assembly of H1 and H2 to obtain
R6G-labeled H1eH2 duplex structures followingwith the release of
rS1. The released rS1 could further initiate the next cycle to pro-
mote the CHA recycling assembly and obtain multiple CHA prod-
ucts, which remarkably reduced the distance between R6G Raman
labels and the surface of SERS substrate, producing strong R6G SERS
signal. Therefore, the Raman intensity from R6G label increased
with the increase of the concentration of target Pb2þ, allowing
sensitive and specific determination of different concentrations of
target Pb2þ. Benefiting from the advantages of CHA signal ampli-
fication and Pb2þ-specific DNAzyme, a robust SERS sensing plat-
form was proposed for Pb2þ determination with high sensitivity
and specificity. There are two main advantages for the developed
SERS platform combined with Pb2þ-DNAzyme assistant CHA
amplification. First, the DNAzyme as the specific recognition
element for Pb2þ shows robust selectivity. Second, a doubly
amplified strategy employing CHA amplification and DNAzyme can
increase signal gain and amplification efficiency, which greatly
improves the sensitivity. Comparing to the robust single-particle
detection (SPD) strategy [52e54], the developed SERS sensing
strategy exhibits a comparable sensitivity and selectivity. Moreover,
this method was employed to determinate Pb2þ in real water
samples and then shown excellent performance for Pb2þ analysis,
showing a significant potential for applications in real environment
analysis.

2. Materials and methods

2.1. Chemicals and reagents

All DNA oligonucleotides were synthesized by Takara Biotech-
nology Co. Ltd., and these sequences were shown in Table S1. 4-
mercaptobenzoic acid (4-MBA) was obtained from Tokyo Chemi-
cal Industry Co., Ltd. Hydrogen peroxide, sulfuric acid, AgNO3, hy-
drofluoric acid, tris-(2-carboxyethyl) phosphine hydrochloride
(TCEP), Pb(Ac)2, MnCl2, FeCl2, Cd(ClO4)2, HgCl2, NiCl2, BaCl2, CaCl2,
CoCl2, CuCl2, and ZnCl2 were obtained from Sinopharm Chemical
Reagent Co., Ltd. All these reagents were used directly. Phosphate-
doped (p-type) silicon wafers (0.01e0.05 U sensitivity) were ob-
tained from Hefei Kejing Material Technology Co., Ltd. The buffers
involved in this experiment are as follows: the hybridization buffer
for DNA hybridization reaction was 10 mM Tris-HCl (pH 7.4)
(100 mM NaCl, 1 mM EDTA, and 50 mM MgCl2), HEPES buffer
(50 mM HEPES (pH 7.4), 50 mM NaCl, and 5 mM MgCl2), and
5 � TBE buffer (pH 8.0) (225 mM Tris-Boric acid and 50 mM EDTA).

2.2. Instruments

SERS spectra were collected by the EZRaman-M portable Raman
spectrometer using a HeeNe laser (l¼ 785 nm) (Enwave Optronics,
Inc.). The laser power was 25 mW. The obtained spectra were
further handled with the Auto Base Line of EZRaman-M Raman
software. The as-prepared SERS substrate was characterized by an
atomic force microscopy (AFM) (NaNoManVs) and a scanning
electron microscopy (SEM) (Zeiss GeminiSEM 300). The gel elec-
trophoresis was carried out by an electrophoresis apparatus (Tanon
EPS 300, China) and imaged on a gel imaging analysis system
(Tanon 1600, China).

2.3. Preparation of SERS substrate

The Ag nanoparticles-decorated silicon wafer (AgNPs@Si) was
used as SERS substrate and it was fabricated via the reported
method [55], which the AgNPs was in-situ grew on a silicon wafer.
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First, the siliconwafer was further immersed into 5% HF solution for
20 min to gain H-terminated silicon wafer covered with SieH
bonds. Subsequently, the modified substrate was immediately
submerged into AgNO3 solution containing 10% HF for 3 min,
making AgNPs grow on the silicon wafer surface via reduction re-
action and obtain AgNPs@Si chip. Then the obtained chip was
washed with ultrapure water for three times.

2.4. Functionalization of SERS substrate

First, the thiolated-H1 was mixed with 10 mM Tris (pH 7.4)
containing 5.0 mM TCEP for 1 h. The as-prepared AgNPs@Si SERS
substratewas soaked in the DNA assembly buffer containing 1.0 mM
H1 probe for 24 h to conjugate the H1 probe to the surface of AgNPs.
Then, the SERS substrate was treated with phosphate buffer
including 0.1 M NaCl for 16 h to obtain sufficient self-assembly
between AgNPs and thiolated-H1. Subsequently, the treated chip
was fully washed with 100 mM PBS buffer to detach excess DNA.
Second, the substrate strand S1 (1.0 mM) and enzyme strand S2
(1.0 mM) weremixed and heated to 95 �C and remained for 5 min to
form Pb2þ-specific DNAzymes, then target Pb2þ solution containing
different concentration of Pb2þ was put into the cooled mixture
solution and reacted with 30 min at 37 �C. The cleavage reaction
between Pb2þ and DNAzymes was finished. Third, 15 mL of mixture
solution (containing rS1) was introduced onto the AgNPs@Si chip
surface for 1 h. Last, 1.0 mM H2 probe was incubated with the chip
for 60 min, the H2 induced by the strand displacement CHA
amplification was completed.

2.5. SERS measurements of target Pb2þ

SERS measurement was conducted on an EZRaman-M portable
Raman spectrometer using a HeeNe laser (l ¼ 785 nm) at room
temperature, employing 1 s acquisition time with 3 rounds of
accumulation. All Raman spectra in this work were calibrated by
the EZRaman-M Raman software with Auto Base Line. Each sample
measurement was performed at least for three times. Other several
metal ions were also measured as the same experimental condi-
tions as target Pb2þ detection.

2.6. Gel electrophoresis analysis

To testify the feasibility of CHA signal amplification, the se-
quences of DNA and products of the CHA amplification were eval-
uated by 5% agarose gel for 20 min.

3. Results and discussion

3.1. Principle of SERS sensor

When compared to free Au/Ag nanoparticles-based SERS sub-
strates, silicon-based SERS substrates including silicon nanowire
arrays, or metallic nanoparticle-decorated silicon wafers, simulta-
neously feature strong SERS enhancement, good uniformity,
adaptable reproducibility, and superior sensitivity [56]. As a result,
the AgNPs@Si was prepared as SERS substrate for constructing the
SERS sensing platform. The principle of the CHA amplification-
based SERS sensing strategy for Pb2þ analysis is illustrated in
Scheme 1. First, the SERS substrate is prepared by a reported HF-
etching strategy [57]: the AgNPs were immobilized on the silicon
wafer surface. Afterward, the thiolated-H1 probe is linked on the
AgNPs surface via AgeS bond, which is called SERS chip. Second,
the substrate strand (S1) is specifically cleaved by Pb2þ in the
presence of target Pb2þ, leading to releasing of one of the two
fragments (rS1). Subsequently, the rS1 is introduced into the
surface of SERS chip and then hybridizes with H1 probe to active
the CHA amplification and forms H1-rS1 immediate. The H1-rS1
immediate is unstable and the exposed sequence of H1 hybridizes
with R6G-labeled H2 probe to form H1eH2 duplexes and the rS1 is
released. More importantly, the liberated rS1 is available for the
next amplification circulation and can unfold another H1 probe to
initiate the assembly of H1 and H2 via CHA reactionwhich results in
forming many H1eH2 complexes, making the Raman label R6G
close to the surface of SERS substrate and the feature Raman signals
of R6G (Raman peaks at 1361 cm�1 and 1509 cm�1) generate, thus
the SERS intensity of R6G is strongly enhanced induced by the
silicon-assisted plasmon resonance and the Ag NP plasmon reso-
nance. As a result, the SERS intensity of R6G continually increases
with the increase of target Pb2þ concentration. As we all known,
this is first report of “signal-on” SERS sensing platform based on
CHA amplification for the detection of Pb2þ.

3.2. Characterization of the AgNPs@Si chip

The feature of the AgNPs@Si SERS substrate was characterized
by SEM and AFM. As illustrated in Fig. 1A and B, the AgNPs are
distributed uniformly on the silicon wafer surface and the AgNPs
size is evaluated to be ~90 nm (inset in Fig.1B), which is achieved by
the random measurement of 300 AgNPs in the SEM image. In
addition, it concludes that the AgNPs@Si SERS substrate contains Si
and Ag element, which is identified by the EDX spectroscopy
(Fig. 1C). The Ag peak is assigned to the element from AgNPs while
the Si peak originates from the silicon wafer. The result of EDX
spectroscopy indicates that the AgNPs@Si chip includes Si and Ag
with different ratios: ~2.05% Ag in atomic ratio and ~8.69% Ag in
weight ratio. In addition, the EDS mapping result to display the
distribution of Ag and Si elements on the substrate was shown in
Fig. S8.

Moreover, the SERS performance of AgNPs@Si SERS substrate
was also investigated. First, the reproducibility of SERS substrate
was studied by collecting the SERS spectra of 4-MBA from 100
random spots on the surface of SERS substrate. As displayed in
Fig. 1D, the spectra of 4-MBA are almost identical of AgNPs@Si chip
and the relative standard deviation (RSD) value of Raman intensity
of 4-MBA at 1073 cm�1 was ~5.42%, indicating the achieved SERS
substrate has a good reproducibility and uniformity of Raman sig-
nals. The robust reproducibility of the SERS-active substrate is
mainly attributed to the deposition of AgNPs on the surface of sil-
icon wafer, largely preventing them from random aggregation.

Afterward, the SERS enhancement factor (EF) of the AgNPs@Si
SERS substrate was also studied. As illustrated in Fig. S1, obvious
Raman signal of 4-MBA on the AgNPs@Si chip can be seen, while
the intensity dispersed on the naked silicon wafer without AgNPs
disposition is much weaker. The SERS EF is estimated to be
~2.1 � 106 (the detail calculation of EF is shown in the Supporting
Information). This significant SERS enhancement may be attributed
to the huge electromagnetic field that are produced by effectively
coupled between AgNP itself and interaction AgNPs with the silicon
chip [58].

3.3. Feasibility of the CHA amplification system

Two component DNA hairpins were first analyzed by the Oligo
Analyzer 3.1 to forecast their conformations and other parameters
(Fig. S2). The parameters are DH (enthalpy change), DG (gibbs free
energy), and DS (entropy change) respectively. According to the
Gibbs�Helmholtz (G-H) equation: DG ¼ DH e TDS, the designed
hairpin structure is more stable and has rarely other secondary
structure when the values of parameters are smaller, which is
benefit for the CHA reaction to decrease the background signal



Scheme 1. Schematic illustration of CHA amplification-based SERS sensing platform for Pb2þ detection.

Fig. 1. (A) An AFM image of the as-prepared AgNPs@Si SERS substrate. The AFM image is obtained from an area of 5 � 5 mm2. (B) An SEM image of the as-prepared SERS substrate.
(C) The elemental ratio of AgNPs@Si chip calculated by EDX spectroscopy. (D) SERS spectra of 4-MBA from 100 random spots on the surface of AgNPs@Si substrate.
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[51,59]. Based on the aforementioned principle, H1 and H2 are
designed and their structures are shown in Fig. S2. As exhibited in
Fig. S2, themelting temperature of H1 and H2 are 66.7 �C, and 69 �C
respectively, which are much higher than the reaction temperature
(37 �C).
To further testify the feasibility of the CHA reaction, the se-

quences and products of CHA amplification are characterized by
employing 5% agarose gel. As illustrated in Fig. S3A, lane 1e8
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represent DNA marker, H1, H2, DNAzymes (S1eS2),
H1þH2þDNAzymes, H1þH2þPb2þ, H1þH2, and H1þH2þthe
products of Pb2þ and DNAzymes respectively. In the absence of
target Pb2þ, H1 and H2 maintain stable, indicating the cross-
reaction between H1 and H2 is negligible (lane 7). Upon addition
of the products of Pb2þ and DNAzymes, a mixture of H1 and H2
appears a new band (lane 8), suggesting that the products of Pb2þ

and DNAzymes can trigger the CHA amplification. In addition, the
feasibility of the Pb2þ-DNAzyme assistant CHA amplification sys-
tem was further verified by Raman spectrum and the result was
illustrated in Fig. S3B. These results indicate the CHA-based SERS
sensing strategy for the analysis of Pb2þ is feasible.

3.4. Optimization of experimental conditions

The property of this developed SERS sensing platform can be
potentially affected by the concentration ratio between H1 and H2,
the pH value of reaction system, the CHA incubating time, and the
reaction time with Pb2þ. Different analytical conditions were
optimized in this work. First of all, the concentration ratio between
H1 and H2 is investigated. As shown in Fig. S4, as the concentration
ratio between H1 and H2 increases (from 1:4 to 1:1), the value of
normalized Raman intensity (Iwith Pb2þ/IBG) first increases and then
decreases (after 1:1). This is because increasing concentration ratio
between H1 and H2 can lead to the production more H1eH2
complexes upon CHA amplification. However, a higher concentra-
tion ratio between H1 and H2 can result in an inadequate hybrid-
ization between H1 and H2, and thus decreased signal responses
are observed. These results indicate that the optimum concentra-
tion ratio between H1 and H2 is 1:1. Second, the pH value of re-
action system is an important factor to the Pb2þ cleavage reaction,
and the activity of DNAzyme is largely affected by the pH value [60].
Therefore, the effect of pH on the sensing platform is further
studied. As illustrated in Fig. S5, the normalized Raman intensity
increases with the increase of pH value and achieves maximum at
pH 7.4 while it decreases with the further increasing pH, indicating
the optimum pH value of sensing system is 7.4. Owing to Pb2þ has
already precipitated at high pH value, therefore, it is unnecessary to
obtain a meaningful value at high pH. The signal amplification of
the sensing platform and the detection of the target are highly
affected by the CHA incubating time. Therefore, the influence of
CHA incubating time is also investigated in Fig. S6. As the increase
of incubating time, the normalized Raman intensity ascends. When
the incubating time exceeds to 60 min, the value of normalized
Fig. 2. (A) SERS spectra of R6G of the Pb2þ with different concentrations (1 pM-100 nM). B
1361 cm�1) with logarithmic Pb2þ concentrations.
Raman intensity reaches maximum value. Hence, 60 min is the
optimal incubating time for CHA amplification. Furthermore, the
cleavage time of Pb2þ is a significant factor in this experiment. The
cleavage time between substrate oligonucleotide and Pb2þ directly
influent the efficiency and the detecting result. In this work, ex-
periments were conducted with different Pb2þ cleavage time
ranging from 10 to 60 min for optimization of the Pb2þ cleavage
time. Experimental date is exhibited in Fig. S7 and the result in-
dicates that the normalized Raman intensity obtains a peak value at
30 min, suggesting that 30 min is the optimum Pb2þ cleavage time.

3.5. Determination of target Pb2þ

Under the optimal experimental conditions, this developed
enzyme-free SERS platform was employed to detect different con-
centrations of target Pb2þ. In this work, to reduce systematic errors,
the normalized Raman intensity (Iwith Pb2þ/IBG) is used. Obviously, a
perfect linear relationship between Iwith Pb2þ/IBG and the logarith-
mic concentration of target Pb2þ is achieved and the linear range is
from 1 pM to 100 nM (Fig. 2B). The corresponding regression
equation is Y ¼ 63:25þ 5:09Log10X (R2 ¼ 0.998). Moreover, the
robust sensing strategy possesses highly sensitivity because of its
relatively good SERS enhancement and the merit of CHA amplifi-
cation, making the detection of target Pb2þ with a limit of detection
(LOD) of 0.42 pM (S/N ¼ 3) (the detail of LOD calculation method is
shown in the supporting information), suggesting the excellent
sensitivity for Pb2þ determination. A comparison with other stra-
tegies for the detection of target Pb2þ employing different tech-
niques are shown in Table S2. Compared to most of other prevalent
methods for Pb2þ detection, including colormetric [61], electro-
chemical [62,63], and fluorescent [64] etc., the CHA-based SERS
sensing strategy proposed in our work has a comparatively lower or
at least a similar detection limit. More importantly, this proposed
SERS sensing platform avoids sophisticated instrument and
complicated operation, providing an on-site, sensitive, and specific
approach for Pb2þ determination with a portable Raman
spectrometer.

3.6. Selectivity of the Pb2þ assay

To further study the specificity of the proposed strategy, many
kinds of other metal ions including Cu2þ, Zn2þ, Ca2þ, Ni2þ, Co2þ,
Ba2þ, Mn2þ, Cd2þ, Hg2þ, and Fe2þ were added into the sensing
system, respectively. As displayed in Fig. 3, only Pb2þ can cause a
ackground (BG) stands for distilled water. (B) The linear fitting of Raman intensity (at



Fig. 3. (A) SERS spectra and (B) corresponding Raman intensities at 1361 cm�1 in the presence of various kinds of metal ions (Pb2þ, Cu2þ, Zn2þ, Ca2þ, Ni2þ, Co2þ, Ba2þ, Mn2þ, Cd2þ,
Hg2þ, and Fe2þ, 1.0 nM for each ions) and a mixture of these metal ions. BG represents background signal. Error bar stands for the standard deviation of measurement collected from
three independent experiments.
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remarkable SERS increase, but other metal ions cannot cause
obvious SERS response. Moreover, the SERS intensity of to Pb2þ in
the presence of all other metal ions is almost the same as that in the
presence of Pb2þ only. Those results demonstrate that the selec-
tivity of the developed SERS sensing platform is excellent.

3.7. Reproducibility

It is well known that the reproducibility of SERS signal is highly
significant for SERS sensor. Herein, the reproducibility of the
Fig. 4. (A) SERS spectra from 40 random spots on the surface of chip with the concentration
from 40 different spots. (C) SERS spectra and (D) histogram for the value of I1361 from 10 d
developed SERS sensing strategy is investigated for the analysis of
Pb2þ and the RSD value is estimated to be 8.73% (Fig. 4B), which is
obtained by collecting from 40 random spots on the probe surface
toward target Pb2þ with the concentration of 1.0 nM (Fig. 4A).
Moreover, the reliability of the proposed SERS platform was eval-
uated via collection from 10 different SERS chips in the same
experimental conditions (Fig. 4C). As shown in Fig. 4D, the RSD of
the values of I1361 is 8.65%, indicating the satisfactory reproduc-
ibility of the proposed sensing strategy.
of 1.0 nM target Pb2þ and (B) corresponding histogram for the value of I1361 collected
ifferent SERS chips.
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3.8. Reusability

Besides to the sensitivity, selectivity, and reproducibility of the
proposed SERS sensing platform, the reusability is also significant
in its practical applications. Fortunately, the proposed SERS plat-
form has a good reusability upon supplementation of target Pb2þ to
forming R6G-labeled H1eH2 duplexes. As illustrated in Fig. S9a,
after washing with water once, the washed SERS probe was then
used to another round of determination. Fig. S9b shows three-
cycles Raman spectra of the CHA-based SERS strategy in the
determination of 1.0 nM Pb2þ. During each cycle, the Raman in-
tensity of R6G at 1361 cm�1 sharply decreased when washed with
water, while its intensity readily recovered almost to the initial
state after addition of the Pb2þ-assisted CHA product. The RSD
value of the developed SERS signals is 8.1% within three cycles
(Fig. S9c), demonstrating the good reusability of the proposed
sensing strategy.

3.9. Application in real samples

To demonstrate the practical application of the developed
strategy, it was applied to detect the spiked with different Pb2þ

concentrations in real environment water samples, which were
obtained from Wujiang River (Chongqing, China). These samples
were analyzed by employing our developed sensing platform and
the ICP-MS, respectively. As shown in Table S3, these data achieved
by the developed method indicate a good agreement with these
detected by ICP-MS. This result indicates the proposed sensing
strategy can be applied for Pb2þ determination in real environment
water samples with good reliability and accuracy.

4. Conclusions

In this system, a robust SERS sensing platform has been devel-
oped for highly sensitive and specific analysis of target Pb2þ based
on a Pb2þ-DNAzyme assistant CHA amplification. This proposed
method combined the high specificity of Pb2þ-based DNAzymes
with the signal amplification of CHA reaction, which achieved the
excellent performance for highly sensitive and specific determi-
nation of Pb2þ. Taking advantages of the Pb2þ-specific DNAzymes
and CHA signal amplification, a LOD of 0.42 pM for target Pb2þ has
been obtainedwith awide linear range and a good selectivity is also
achieved. Moreover, this proposed sensing method for Pb2þ

determination can be applicable to the real environment system
and the recovery was satisfactory.
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