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SERS biosensor for sensitive and selective detection of lead ions
(Pb>*) based on DNAzyme was developed by taking advantage
of the specific catalytic reaction of DNAzyme upon binding to
Pb>* ions. Detection was accomplished by SERS nanoprobe
labeled with DNA and Raman reporters for signal amplification.

Surface enhanced Raman Scattering (SERS) is a physical
phenomena based on the magnitude of the electromagnetic
field around a roughened gold or silver metal surface,' such as
gold or silver nanoparticles.? Since its discovery, SERS has
been developed into a powerful tool for the non-destructive
and ultrasensitive detection of proteins, DNA and small
molecules,>™ making it a viable alternative to fluorescence
sensors. Detection of lead ions (Pb*>*), a common environ-
mental contaminant, is very important to human health and
environmental monitoring. A number of analytical methods
have been developed including the classical atomic absorption/
emission spectroscopy.® electrochemical’ and fluorescent
techniques.® SERS has been used to detect Pb>" ions with a
4-(2-pyridylazo)resorcinol (PAR) coating modified with a
disulfide, which provided a strong anchor to a roughened
silver substrate.” The limit of detection using this method
was ~ 522 ppb. However, the selectivity is a big issue for this
method. Recently, artificially designed nucleic acid sequences
(aptamers) have been developed to either recognize target
analytes or catalyze specific chemical reactions (catalytic nucleic
acid containing ribozymes, deoxyribozymes, and aptazymes).'”
Based on the binding specificity of these artificially designed
nucleic acids to its target, various types of sensors could be
designed for the detection of proteins, small molecules as well
metal ions using fluorescent,!! electrochemical'?> and colori-
metric approaches.!* Our and other group’s published works
have shown that SERS is a powerful tool for the detection of
protein (thrombin) and small molecules (cocaine and adenosine)
based on synthesized oligonucleotides.”'* Here we report the
detection of Pb>* ions by SERS based on the artificially
designed nucleic acid sequences. We will show that a
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DNAzyme concept with SERS sensitivity will provide a new
means to detect metal ions (Pb>" ions) with high sensitivity
and selectivity.

Gold nanoparticles (AuNPs), owing to its unique optical
properties, have been widely utilized in colorimetric and
electrochemical biosensors.'>!® Due to the electromagnetic
field produced around the gold surface, AuNPs of size greater
than 20 nm have been shown to provide strong Raman
enhancement of the reporters therein.'® Because of its stability
and mono-dispersity, AuNPs could be easily conjugated with
Raman reporters and DNA sequences to detect ultra-low
concentration of contaminants.

Therefore, in this work we take advantage of the unique
optical property of AuNPs, high sensitivity of SERS and the
specfic catalytic reaction of DNAzyme upon binding to Pb**
ions, to propose a novel SERS DNAzyme biosensor for
specific and sensitive detection of Pb>* jons.

Scheme 1 details the fabrication of SERS DNAzyme
biosensor for Pb>" ion detection. DNAzyme (termed 17 E
according to the report, which is capable of cleaving a single
RNA linkage within a DNA substrate), the cleavage substrate
(17DS, a DNA/RNA chimera in which y A represents the
ribonucleotide adenosine)'” was chosen in this study. Details
of the sequence are provided in Scheme 1a. It should be noted
that the sequence of the cleavage substrate was extended on
the 5’ end to hybrid with the short DNA sequence conjugated
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Scheme 1 Schematic of the fabrication of SERS biosensor for the
detection of Pb>" ions based on the DNAzyme.
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onto the AuNPs. AuNPs with the average size of 45 nm in
diameter (Fig. S1A, ESIf) were selected as the enhancing
substrate because of its strong Raman enhancement and good
stability to enable functionalization with biomolecules and
Raman reporters.'® The conjugation of AuNPs with DNA and
Raman reporters was accomplished according to the method
reported by our pervious work'® (details in ESIT). Scheme 1b
provides a detailed account of the SERS DNAzyme biosensor
proposed for Pb*>* ion detection. The DNAzyme with thiol
group were first immobilized onto a gold-coated surface
through the strong Au—S bond. The surface was then blocked
by a small molecule 6-mercaptohexane. The cleavage substrate
(17DS) was then hybridized to the DNAzyme on the gold
surface. Due to the extension of the cleavage substrate at the
5" end, it can be used to further hybridize specifically to the
AuNPs conjugates. Upon binding of Pb>* ions to the substrate
a proportional amount of AuNPs conjugates will be cleaved
from the gold surface to result in a decreased Raman signal,
herein, to realize a sensitive and specific SERS DNAzyme
biosensor for the detection of Pb>" ions. As a first step, the
conjugation of the extended oligonucleotide sequence and the
Raman reporters to AuNPs were demonstrated by the UV-Vis
absorption spectra as shown in Fig. S1B (ESIT). AuNPs show
a typical surface Plasmon resonance (SPR) peak at 526 nm
(curve a), after conjugation with the capture DNA and the
Raman reporters, the SPR of AuNPs band was red-shifted to
530 nm (curve b), indicating the successful conjugation of
DNA and Raman reporters to AuNPs for SERS detection.
After hybridization of the AuNPs-DNA nanoconjugates to
the cleavage substrate on gold surface, AuNPs were bound
thereon, which were characterized by scanning electron micro-
scopy (SEM) as shown in Fig. 1A. The uniform distribution of
AuNPs on the gold surface indicates the interaction of
AuNPs-DNA nanoconjugates with the cleavage substrate
through the highly specific interaction to complete the sensor
construction. Upon exposure of the DNAzyme SERS biosensor
to Pb>" ions, the cleavage substrate cleaves the AuNPs
conjugates from the gold surface thereby releasing the AuNPs.
The decrease in the number of AuNPs apparent from the
magnified SEM images (inset in Fig. 1) and the related SERS
intensity of the Raman reporter could be used as an effective
indicator of the concentration of Pb*>* ions.

SERS spectra of Raman reporters (mercaptobenzoic
acid-MBA) with different concentrations of Pb>* ions after
binding to the gold surface are shown in Fig. 2A. An obvious
decrease in the intensity of characteristic peaks (1078 and

Fig. 1 SEM images of AuNPs on gold surface before (A) and after
(B) reaction with Pb** ions at 500 nM concentration. Inset shows
magnified SEM images.

1587 cm ™!, assigned to the vg, and v}, aromatic ring vibrations,
respectively)'® of MBA attached to AuNPs could be noted
corresponding to an increase in the concentration of Pb?*
ions. As the concentration of Pb>* ions increased, the numbers
of AuNPs nanoconjugates on the gold surface decreased
proportionately, weakening the Raman signal on the gold
surface. To clearly demonstrate the detection for Pb>" ions
with this design, a semi-quantative approach was used and an
appropriate calibration curve was developed. First Raman
spectra of silica at 520 cm ™' (Sisy) were used for system
calibration.?’ Spectra of control substrate without Pb>" ions
was used as a reference for normalization. Ten replicate SERS
spectra of MBA were obtained at each concentration (from
20 nM to 1 uM) and the averaged intensity of the characteristic
peaks at 1078 cm ™! and 1584 cm™! were used to calibrate the
SERS intensity with reference of the same peak got from the
control (R = Al/l,, I,, without Pb*>¥). Based on this concept,
the calibration curve between the SERS signal intensity at
1584 cm ™! and the concentrations of Pb>" ions were obtained
as shown in the Fig. 2B, illustrating that the detection range
for Pb?>* using the SERS DNAzyme biosensor is from 20 nM
to 1 uM and the lowest concentration for Pb>" ions detection
is 20 nM, which is comparable to the reported DNAzyme
biosensor for Pb>" ions detection using electrochemical and
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Fig.2 A.SERS spectra of MBA with different concentration of Pb> "
ions (a. 0 nM; b. 20 nM; c. 50 nM; d. 100 nM; e. 500 nM; f. 1 uM). B.
Calibration curve of SERS intensity at 1584 cm™! as a function of
Pb>" ion concentration. (All of the averaged intensity was normalized
with respect to the control samples, i.e. surface without Pb>™).
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flourescent methods in the literature reported.”! The SERS
intensity was saturated when the Pb>" ions concentration was
above 1 pM. The reproducibility of the SERS signal for Pb? "
ion detection was also demonstrated as shown in Fig. S2 (ESI¥).
The large area SEM image of the gold surface shows a uniform
surface and consistent Raman signal from the different points
randomly selected for Raman measurement shows good repro-
ducibility of the fabricated SERS biosensor for Pb*>" ion
detection. One another point should be noted that saturate
absorption of DNAzyme on the gold surface is necessary and
important for sensitive Pb>* detection (ESI¥).

The selectivity of the SERS biosensor was determined in the
presence of various other divalent metal ions (Zn?**, Mn*",
Ni*", Cu®>" and Mg?") at a high concentration of 2 pM as
shown in Fig. 3A and B according to the same quantitative
method used above and typical SERS spectra for the Zn*>"
detection were shown in the Fig. S2D (ESI¥). These metal ions
were tested because they showed relatively high catalytic
activity toward the cleavage by 17 E DNAzyme.*? It can be
clearly seen that only in the presence of Pb®" ions, the SERS
signal decreased significantly, while in the presence of other
metal ions, only a minor or no decrease in signal intensity was
observed, indicating the high selectivity of the designed SERS
DNAzyme biosensor for Pb>" ion detection.

In summary, we have developed a unique and simple SERS
biosensor for the detection of Pb®>" ions based on the
DNAzyme concept. Due to the high sensitivity of SERS, as
low as 20 nM Pb>* ions can be detected. Due to the high
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Fig. 3 Selectivity of SERS DNAzyme biosensor for Pb>" detection.
The intensity ratio of vg, (A) and vy, (B) of MBA for control (PBS)
and various divalent metal ions (500 nM for Pb>" ions and 2 uM for
other metal ions, Zn?>", Mn?*, Ni?*, Cu?", Mg2+),

binding specificity of the DNAzyme to Pb*>" ions and the
portability of Raman spectroscopy, the SERS DNAzyme
biosensor scheme could be developed into a highly selective
portable devise. More importantly, the developed SERS
biosensor concept could be extended to detect multiple metal
ions using different Raman reporters, based on the DNAzyme
catalytic reaction with SERS amplification.
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