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ABSTRACT: We report label-free small molecule sensing on
nanoporous gold disks functionalized with stabilized Guanine-
quadruplex (G4) moieties using surface-enhanced Raman spectros-
copy (SERS). By utilizing the unique G4 topological structure, target
molecules can be selectively captured onto nanoporous gold (NPG)
disk surfaces via 7— stacking and electrostatic attractions. Together
with high-density plasmonic “hot spots” of NPG disks, the captured
molecules produce a remarkable SERS signal. Our strategy represents
the first example of the detection of foreign molecules conjugated to
nondouble helical DNA nanostructures using SERS while providing a
new technique for studying the formation and evolution of G4
moieties. The molecular specificity of G4 is known to be controlled
by its unit sequence. Without losing generality, we have selected
d(GGT),GG sequence for the sensing of malachite green (MG), a

known carcinogen frequently abused illegally in aquaculture. The newly developed technique achieved a lowest detectable
concentration at an impressive SO pM, two orders of magnitude lower than the European Union (EU) regulatory requirement,
with high specificity against potential interferents. To demonstrate the translational potential of this technology, we achieved a
lowest detectable concentration of 5.0 nM, meeting the EU regulatory requirement, using a portable probe based detection

system.

KEYWORDS: G-quadruplex moieties, nanoporous gold disks, malachite green, surface enhanced Raman scattering,

small molecule sensing

1. INTRODUCTION

The formation of DNA topological structures' has been heavily
studied for their pathogenesis implications” as well as their
potential in highly specific molecular recognition in technolo-
gies such as microarray, polymerase chain reaction, and
sequencing.”* The formation and evolution of double-stranded
DNA beta-helical nanostructures can be effectively reported by
either prelabeled oligonucleotides or postlabeling using
intercalating fluorescence dyes. Similarly, surface-enhanced
Raman Scattering (SERS) has also been employed to report
the Watson—Crick hybridization and melting of two comple-
mentary oligonucleotides.” In addition to unraveling the vast
amount of genetic information in DNA molecules, DNA
nanostructures serve as capture probes for the detection of
conjugated small molecules when a sensitive reporting
mechanism is available. For example, hairpin oligonucleotide
has been a major design employed in molecular beacon probes.
More recently, our group has developed hybridization-based
microfluidic sensors with plasmon-enhanced fluorescence and
SERS reporting mechanisms for cancer biomarker detection

and quantification.”” However, using label-free SERS for the
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detection of small molecules conjugated on DNA topological
nanostructures other than double-stranded helix has never been
demonstrated to date. Such technique not only provides novel
label-free molecular sensing capabilities with high sensitivity
and specificity, but also offers a novel tool for studying
nondouble helical DNA nanostructures.

In this paper, we explore the potential of using Guanine-
quadruplex (G4) topological structures as a capturing scaffold
for the label-free sensing of small molecules, which at the same
time report the conformation of the G4. G4s are readily formed
by the 7—n stacking of two or more G-tetrads prevalent in
guanine rich (G-rich) oligonucleotides. Such tetrameric
structures consist of a planar arrangement of four guanine
bases held together by a cyclic array of Hoogsteen hydrogen
bonds. The central core of the G4 is negatively charged due to
the orientation of the carbonyl group of each G-base toward the
center of the G-tetrad.® Hence, several cations including Na,
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Figure 1. (A) SEM image of NPG disks after dealloyed for 30 s in 70% nitric acid; (B) SEM image of the corresponding single disk; (C) diagram of
BT modified NPG disk; (D) (a) normal Raman spectra of BT and (b) SERS spectra of BT.

K*, Pb*, and small cationic organic molecules are favored to
conjugate with the G4 structure.””"" It is suggested that G4
moieties could be used as a capture scaffold for specific small
molecules by varying its loop size and conformation such as
parallel, antiparallel, and hybrid conformations.'*"® For
example, N-methyl mesoporphyrin IX (NMM) is known to
conjugate to parallel G4 that is formed by the GGG TGG GTA
GGG TGG G sequence, crystal violet (CV) to antiparallel G4
that is formed by the GGG TTA GGG TTA GGG TTA GGG
sequence, and malachite green (MG) to the d(GGT);G
sequence. Therefore, highly specific small molecule sensors
might be envisioned on custom-designed G4 nanostructures.
Bhasikuttan et al. have elucidated the effectiveness of
conjugating MG to G4 using a fluorescence technique.'* This
specific interaction has not been observed on single/double-
stranded DNA and thus provides an effective means for the
identification of G4 formation. However, this specific G4—MG
conjugation has neither been studied using SERS, nor has SERS
been demonstrated to be an effective monitoring technique for
G4 conformation. Compared to the traditional fluorescence
technique, the captured MG molecules would provide
remarkable fingerprint peaks by SERS rather than one broad
peak, which further advocates for the high specificity and
sensitivity of the latter method.

Without losing generality, we select d(GGT),GG sequence
as an example to demonstrate sensitive and specific SERS
detection of malachite green (MG), a well-known triphenyl-
methane dye with good antibacterial, antifungal, and anti-
parasitic properties."”'® MG is commonly employed as an
active ingredient in veterinary drugs to resist fungal and
parasitic infections in aquaculture due to its low cost and
availability.'”'® However, many countries ban or restrict the use
of MG in fish farmin% due to its potential carcinogenic and
mutagenic properties.”~ Despite its potential threat to human
health, hundreds of cases of illegal use of MG have been
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reported by the European Union’s (EU) Rapid Alert System for
Food and Feed (RASFF) from 2003 to the present.”’
Therefore, the EU has mandated a sensor detection limit of 2
parts per billion (ppb) (~5.48 nM) for total MG and its
reduced leuco-form. In addition, the U.S. Food and Drug
Administration (FDA) prohibits the use of MG in aquaculture.
Therefore, a more robust and reliable analytical technique is
needed for a thorough and effective detection of MG residues
in aquaculture products.

SERS can boost the sensitivity of Raman scattering to a
molecular level, and it has been demonstrated as a powerful
analytical tool for many analytes.”' > The enhanced Raman
scattering primarily originates from localized field enhancement
around nanostructures of a noble metal, such as gold and silver,
and highly depends on the size, shape, composition, and
assembly of those nanostructures.”*** A critical advantage of a
SERS sensor lies in its potential for a label-free detection, which
can profoundly impact molecular imaging and sensor
technologies. To materialize these advantages, several SERS
substrates have been designed to detect MG.*® For example,
Huang and co-workers used graphene oxide/gold nano-
composites as substrates to enhance the signal of MG through
electrostatic interactions and 7—7 stacking conjugation.”” They
demonstrated a lowest detectable concentration of 2.5 uM,
which is three orders of magnitude above the EU regulation.
Guo and co-workers designed a large-scale three-dimensional
TiO, nanorod scaffold with decorated silver nanoparticles as a
SERS substrate to identify MG with a detection limit of 1.0 pM.
However, the specificity and the feasibility of such systems in
real-world samples have not been tested.”® Hence, it is our goal
to develop a label-free SERS sensor with both high sensitivity
and specificity for MG sensing.

Nanoporous gold (NPG) films have unique semirandom
ligaments and porous channels that give rise to interesting gold
nanostructures, which exhibit high surface-to-volume ratios.
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Figure 3. (A) SERS spectra and (B) image of different modified NPG disks; (a) MCH functionalized NPG disks immersed in MG solution (i.e,, no
G4); (b) G4-functionalized NPG disks immersed in buffer solution (i.e., no MG); (c) G4-functionalized NPG disks immersed in MG solution. (C)

The corresponding SERS intensity from panel B at 1175 cm™, 1397 cm™

,and 1613 cm™". The intensities from panels a and b were multiplied by 10

to be visible. The G4 concentration and MG concentration were 1.0 M and 50 uM, respectively. Laser wavelength, 785 nm; power, 22.1 mW; lens,

60X objective; acquisition time, 10 s; accumulation time, 60 s.

Chen and co-workers have illuminated that the SERS intensity
of polypyrrole was greatly enhanced on such NPG films.”’
However, the NPG in the form of semi-infinite thin films
exhibits a weak plasmonic extinction and little tunability in the
plasmon resonance frequency. To overcome these limitations,
patterned NPG disks with subwavelength diameter and sub-100
nm thickness offer a large specific surface area and high-density
sites of enhanced electric field, which together could greatly
promote plasmon—molecule interactions.””*" A highly uniform
SERS enhancement factor approaching 10° has been
demonstrated on NPG disks.”> Fundamentally, NPG disks
provide a convenient “knob” for effective plasmonic engineer-
ing by varying the porous nanostructures, which has not been
possible in others.”>** In addition, the surface modification
protocol of NPG disks with a metal layer or a layer of
nanoparticles can improve its plasmonic resonance. For
example, small gold nanoparticles (AuNPs) that are loaded
onto NPG disks can form additional hot-spots and further
enhance the SERS performance. These results attest to NPG
disks as a versatile class of high-performance SERS substrates.*®

In this paper, we report the use of NPG disks functionalized
with stabilized G4 moieties as a scaffold to capture MG
molecules for label-free SERS sensing. The unique topological
structure and loop size of G4 moieties can provide high
specificity for binding to MG. However, the high-density hot-
spots in NPG disks can contribute to the high sensitivity of the
sensor. The novelty of this work is demonstrated in four
aspects. First, this is the first example of SERS sensing of small
molecules captured by nondouble-helical DNA nanostructures

(e.g, G4). Second, the role that G4 plays in our approach
differs from SERS sensing using aptamers, which are usually
designed to capture large molecules such as proteins. Third,
G4’s capturing specificity with respect to small molecules has
never been studied by SERS. Fourth, the sensing technique
provides unprecedented sensitivity and specificity in real-world
samples using a portable Raman system, which strongly
advocates for potential field translation.

2. RESULTS AND DISCUSSION

2.1. Characteristics of the NPG Disks. The morphology
of the NPG disks was investigated by scanning electron
microscopy (SEM). As shown in Figure 1, panel A, the NPG
disk structure with a diameter of 360 nm formed a semirandom
array on the surface of a silicon wafer. The nanoporous network
with pore sizes of ~15 nm can be observed in each individual
disks, which offered a high surface-to-volume ratio for loading
molecules (Figure 1B). These results are consistent with results
in other published works by our group.”"*’

To investigate the SERS performance of NPG disks, the
enhancement factor (EF) was estimated using a benzenethiol
(BT) self-assembled monolayer formed on the surface of NPG
disks. In our study, NPG disks substrates were immersed in 1.0
mM BT solution for 30 min, followed by thorough rinsing with
ethanol and deionized water to remove any excess of BT.
Figure 1, panel D displays the average SERS spectrum from a
single NPG disk. The EF was calculated from 1574 cm™ to be
5.49 x 10° according to the eq 1:°**
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Where Igggg and I, represent the intensity of the SERS signal
from a single disk and normal Raman signal, respectively. Ngggs
and N, are the number of molecules that contributed to the
SERS and normal Raman signals, respectively. Furthermore, the
EF values at 1075 and 418 cm™" were calculated to be 7.38 X
10% and 2.51 X 10°, respectively. Details on the calculation of
Isgry Tneaw Nsprg and Ny, are presented in the Supporting
Information.

2.2. Detection Mechanism for MG Molecules. The
sensing scheme on NPG disks with functionalized G4 moieties
is shown in Figure 2. Herein, the DNA sequence rich in G is
selected to form G4 as the cagturing scaffold. K ions are used
to stabilize the G4 moieties,” and 6-mercaptohexanol (MCH)
is applied to block the nonspecific binding of small molecules.*”
Exposure of the G4-decorated NPG disks to MG molecules
causes the electron-rich phenyl rings of MG to effectively bind
on the face of the G4 moieties to form G4-MG conjugations
through z—7 stacking; this conjugation renders rigidity to the
planar structure of the MG molecule, thereby centering the
charged MG molecule within G4. The electrostatic interaction
between MG molecules and the G4 scaffold can further
improve the stability of G4—MG conjugations.'* A remarkable
SERS signal can be observed from the captured MG molecules
on the G4-functionalized NPG disks. In contrast, no SERS
signal, except for that from MCH molecules, is detected in the
absence of MG molecules due to the lack of MG molecules
being captured by G4 moieties. As a result, a highly sensitive
and specific SERS sensor can be developed to identify MG
molecules.

2.3. Feasibility of the Label-Free SERS Sensing
Platform. SERS data were collected after the steps depicted
in Figure 2. As shown in Figure 3, panel A, only one significant
SERS peak (about 1100 cm™") from MCH was detected in the
absence of MG (Figure 3Ab). Similar results were obtained in
the absence of G4 moieties (Figure 3Aa), which suggest that
MG molecules could not be immobilized effectively onto the
surface of NPG disks without G4 as the capturing scaffold as
well as the effectiveness of MCH as a blocking-agent. Several
SERS peaks are observed in the presence of MG molecules and
G4 moieties (Figure 3Ac). Among these peaks, the conspicuous
peaks at 1175 em™}, 1397 ecm™), and 1613 cm™ are assigned to
the in-plane modes of C—H bending, N-phenyl stretching, and
ring C—C stretching of MG molecules, respectively. The
medium-intensity bands at 797 and 913 cm™" are assigned to
ring C—H out-of-plane bending.** The results suggest that MG
molecules were captured by G4 moieties and assembled on the
surface of NPG disks successfully. These results were further
confirmed by examining their corresponding images (Figure
3B) collected by our line-scan Raman microscope (LSRM).""**
LSRM provides the capability of simultaneously monitoring
133 1-um® spots, an essential capability for robust measure-
ments and statistical analysis. In each image, the x-axis and y-
axis correspond to the wavenumber and location, respectively.
In other words, these images consist of 133 SERS spectra, each
from a 1 um? spot. Only a significantly single peak from MCH
molecules was observed in the absence of MG or G4 moieties
(Figure 3Bab) over the range of 760—1650 cm™, whereas
several remarkable MG peaks appeared in the presence of MG
(Figure 3Bc). Note that the MCH peaks do not overlap with
any of the MG peaks, thereby providing unambiguous

N, SERS
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interpretation. The intensities at 1175 cm™}, 1397 em™, and
1613 cm™ of G4 functionalized NPG disks with MG were
much greater than that of without MG or G4 moieties (Figure
3C), which indicated that SERS signals from MCH molecules
and G4 moieties would not interfere with MG detection.

To further confirm the interaction between G4 and MG
molecules, the SERS spectra with and without G4 were
examined. As can be seen from Figure S1, several salient peaks
from MG molecules were observed in the absence of G4, which
was caused by nonspecific binding of MG molecules. However,
these peaks were near the noise level after incubation with the
MCH solution (see inset in Figure S1), which suggest that the
physisorbed MG molecules were replaced by MCH molecules
through the strong binding affinity of the thiolated headgroup
of MCH molecules. In contrast, the SERS intensity had no
significant variation in the presence of G4 before and after
incubating with the MCH solution, which indicated that the
MCH molecules could not replace MG molecules that are
captured by G4 moieties. In other words, the MG molecules
were conjugated onto the surface of NPG disks through an
interaction with G4 moieties rather than nonspecific binding on
the surface of NPG disks, a key factor for high specificity.

X-ray photoelectron spectroscopy (XPS) was used to obtain
compositional information on the surface of NPG disks after
various modification steps including G4 functionalization,
MCH blocking, and MG binding (Figure S2). In the S 2p
region (Figure S2D), no significant peak was observed for the
blank NPG disks (curve a in Figure S2D). On the other hand,
two apparent peaks centered at 161.9 eV (S 2p;,,) and 163.0
eV (S 2py),) appeared after incubating NPG disks with G4
(curves b—d in Figure S2D), which are typical for sulfur bound
to a gold surface” and confirm the immobilization of G4
moieties on the surface of NPG disks. In the C 1s regions
(Figure S2B), the peak centered at 284.9 eV is attributed to the
methylene carbons of the sugar group in the DNA sequence.
The other peak centered at 286.9 eV is a result of C—N bonds,
C—O bonds, and sugar—phosphate bonds of G4 moieties. In
the N 1s region (Figure S2C), a broad peak, which consists of
two peaks, was observed after NPG disks were functionalized
with G4 moieties. Further, the peak centered at 399.3 eV is
assigned to conjugated N—C bonds (sp’; C=N-C), and the
peak centered at 400.4 eV is designated to N—H bonds. To
further examine changes after each modification step, the ratios
of C 1s/Au 4f, N 1s/Au 4f, and S 2p/Au 4f were calculated to
demonstrate the surface compositional variations at different
modification stages, and the data are summarized in Table S1.
The ratios of C 1s/Au 4f, N 1s/Au 4f, and S 2p/Au 4f
significantly increased after the disks were immersed into the
G4 solution (b in Table S1) when compared to the blank NPG
disks (a in Table S1), which verified the successful assembly of
G4 moieties on the surface of NPG disks through the specific
Au—S bond. With the addition of the MCH solution, without
MG molecules, the ratios of C 1s/Au 4f and S 2p/Au 4f
increased as well, which is caused by the binding of MCH
molecules. Meanwhile, the N 1s/Au 4f ratio slightly decreased
in ¢ (c in Table S1), which may be caused by the replacement
of nonspecific bound G4 moieties by MCH molecules.
Furthermore, in the presence of MG molecules, a further
increase of the C 1s/Au 4f ratio was observed (d in Table S1),
which is accompanied by no obvious increase of the N 1s/Au 4f
and S 2p/Au 4f ratios when compared with that of without MG
(c in Table S1). The reason might lie in the fact that MG
molecules are mainly composed of carbon atoms and a very low
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Concentrations of AO, CV, R6G, and MG were 2.0 uM.

percentage of nitrogen atoms. These results provide an
independent assessment of the surface composition throughout
all the modification steps.

2.4. Effect of G4 Concentration on the SERS Sensor.
The effect of G4 concentration was examined since it directly
influences the surface density of capturing sites. The data
summarized in Figure S3 revealed that the SERS intensity was
enhanced sharply with increasing DNA concentration in the
range of 100 pM to 100 nM due to an increase of capturing
sites formed on the NPG disks. However, the intensity increase
decreased and reached a plateau in the range from 100 nM to
1.00 #M. To achieve the best performance, 1.00 yuM was used
for all subsequent experiments. Additionally, a detectable SERS
signal, with a signal-to-noise ratio larger than 3 (SNR > 3), was
obtained in the presence of very low G4 concentration (100
pM). The results not only indicate that G4 moieties are highly
effective in capturing MG molecules, but also suggest that this
SERS sensing platform can be explored to report the formation
of G4 moieties.

2.5. Sensitivity for MG Detection. To demonstrate the
sensitivity of our technique, SERS measurements were obtained
from a series of MG concentrations. In Figure 4, the SERS
intensity increased with the MG concentration in the range of
50 pM to 5.0 uM; the intensity then reached a plateau after 5.0
uM, which suggests a slower binding event of MG molecules
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onto the surface of G4-functionalized NPG disks beyond 5.0
UM. Moreover, a good linear relationship between SERS
intensity and the logarithm of MG concentration was observed
in the range of 0.5-2000 nM. The prominent peak at 1175
cm™" can be observed at 50 pM of MG, the best high-specificity
lowest detectable concentration ever reported by SERS.
Additionally, when compared to 50 nM of MG, an obvious
sparsity of SERS image with 50 pM of MG was identified
(Figure S4), a strong indication of single molecule detection.™
The high sensitivity may be attributed to three factors: (1) the
high enhancement of local electromagnetic fields from high-
density hot-spots on NPG disks; (2) the high affinity of G4
moieties formed by the unique G-rich DNA to MG molecules;
or (3) the nanoporous structure of NPG disks provides a high
surface-to-volume ratio for loading more G4 moieties, thus
capturing more MG molecules onto the surface of NPG disks.*

2.6. Specificity Study. To assess the specificity of our
designed platform toward MG molecules, several common dyes
and metal ions were examined. The test included 2.0 uM of
acridine orange (AO), crystal violet (CV), rhodamine 6G
(R6G), MG, and 50 mM Na* and K*. Furthermore, we used
the intensities of two SERS peaks at 1175 and 1397 cm™" as
points for comparison. Figure 5 shows that the SERS intensities
of interferents, except for CV, are over an order of magnitude
lower than that of the target MG molecules. On the other hand,
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are 0.0 nM, 5.0 nM, 50 nM, 500 nM, 2000 nM, S.0 #M, and 20 uM, respectively; (C) plot of SERS intensity at 1179 cm™! versus MG concentration,
inset: linear range of SERS intensity at 1179 cm™" versus MG concentration 5.0—2000 nM. (D) SERS spectra of fish samples spiked with various
MG concentrations; from a—g are 0.0 nM, 5.0 nM, 50 nM, 500 nM, 2000 nM, 5.0 M, and 20 uM, respectively; (E) Pplot of SERS intensity at 1179
cm™! versus MG concentration. Laser wavelength, 785 nm; acquisition time, 0.5 s; accumulation time, 30 s.

CV, albeit having a molecular structure similar to MG, only
produced about ~'/ of the peak height of MG at 1175 cm™,
which suggests good specificity. Furthermore, we have also
carried out experiments to investigate the potential competition
between various coexisting dye molecules. As shown in Figure
S, panel B, the relative standard deviations (RSDs) of the
intensities at 1175 and 1397 cm™ were 6.45% and 10.08%,
respectively, which further confirm the high specificity. The
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unique topological structure and loop size of G4 moieties has
been shown to play a decisive role in the binding interaction, *°
which strongly favors MG. Therefore, the high specificity for
MG detection by our technique is attributed to two salient
features: (1) the SERS spectra provide the fingerprint for
different species; (2) the G4 moieties show high efficiency for

capturing MG molecules.
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2.7. Sensor Performance in Complex Samples. To
further evaluate the translational value of our sensor in
complex, real-world samples, fish meat spiked with MG, were
employed as a model.*” Zhong et al. used flexible AuNPs
substrates to detect MG on the surface of fish that were
immersed in MG contaminated aqueous medium. However,
their lowest detection limit of MG in aqueous medium was 100
nM, which is two orders of magnitude higher than that of the
European Union (EU) requirement (~$548 nM). In our
experiments, purchased fish were turned into a homogenate.
Then the fish homogenate (2 g) mixed with 10 mL of PBS
buffer solution was incubated at room temperature overnight.
After that, the solution was filtered through a 022 um
membrane filter to remove the residue. Various MG
concentrations were used to spike the resulting supernatant
and measured using our sensor. As shown in Figure 6, the SERS
intensity increased as MG concentration increased over the
range of 500 pM to 5.00 uM and then increased slowly beyond
5.0 uM concentration. The trend is consistent with that
obtained from using PBS buffer solution, which suggests that
the sensor functions well in complex samples. Therefore, the
proposed sensing system may be extended to other target
assays in the biological and environmental fields while taking
into account the possible need to modify the G4 sequence to
accommodate for the target analyte.

2.8. Reproducibility. To evaluate the SERS performance of
the proposed sensing platform, we explored its reproducibility
on different NPG disks samples. The data summarized in
Figure SS represent five sensing experiments obtained from
different NPG disks substrates. The RSDs of the intensities at
1175 em™, 1397 em™, and 1615 cm™ were 3.76%, 5.77%, and
6.4%, respectively, which indicate good reproducibility for both
MG detection and MG sensor preparation.

2.9. Sensor Performance Using a Portable Fiber Based
Probe System. Although the above-mentioned SERS sensor
exhibited excellent sensitivity and good specificity, a laboratory
Raman system was employed. To demonstrate real time, on-
site measurement in the field, a portable Raman system with an
optical fiber probe was tested.”"™>° Figure 7, panel B displays
the SERS signals with different MG concentrations that were
collected in PBS buffer solutions using the fiber probe. The
fiber probe gave results similar to the laboratory Raman system.
In the absence of MG, no significant Raman peak was detected
(curve a in Figure 7B). After incubation with MG, several
Raman peaks at 795 cm™, 919 ecm™, 1179 em™, 1400 cm™,
and 1613 cm™' were detected, which were attributed to the
captured MG molecules on the surface of the NPG disks. The
peaks at 1179 cm™, 1400 cm™, and 1613 cm™" appear as single
peaks and not as double peaks that are detected by the LSRM
system, which might be caused by the wider slit used in the
fiber probe system. An increase in the MG concentration causes
the SERS intensity to increase accordingly since more MG
molecules are captured by G4 moieties on NPG disks. When
MG molecules occupy all surface-bound G4 moieties, the SERS
intensity reaches a plateau. A linear range was identified
between the intensity and the logarithm of MG concentration
from 5.0—2000 nM (inset in Figure 7C). The lowest detectable
concentration was 5.0 nM, which suggests that this sensor can
be employed with a portable Raman system. The difference
between the linear relationships reported in Figure 4 and that in
Figure 7 is due to the lower sensitivity of the portable Raman
system compared to the line scan system.

To further examine the performance of the portable Raman
system with respect to real-world samples, MG spiked fish
solutions were also used as an example of a complex sample
model. Results obtained were consistent with that in PBS buffer
solutions (Figure 7D and 7E). The SERS intensity increased
first and then reached a plateau beyond 5.0 uM. The lowest
detected concentration was 5.0 nM, which meets the current
EU regulatory requirements. These results demonstrate the
feasibility of an on-site monitoring of MG for industrial and
environmental applications.

3. CONCLUSIONS

In conclusion, a label-free SERS sensor for the detections of
small molecules is first described using G4 moieties function-
alized on NPG disks as a capturing scaffold. G4 is known to
bind to various small molecules with high specificity when its
sequence is properly designed. Herein, G4 moieties with
d(GGT),GG sequence are employed to capture MG
molecules. The unique topological structure and loop size of
G4 moieties provide good specificity, even in the presence of
other common dyes, such as acridine orange, crystal violet, and
rhodamine 6G, which further confirms the preferential binding
of MG to G4 moieties. The impressive lowest detectable
concentration at 50 pM, the lowest ever reported, has been
achieved with good specificity. Furthermore, the sensor
performance has been shown to meet the EU regulatory
requirement by testing against real samples using a portable
fiber probe, which suggests its high potential for field
applications. Considering the emerging applications of MG
molecules in biological fields, such as bacterial identification,
site-specific inactivation of RNA transcripts, and intracellular
Raman reporters, the presented SERS sensing system has the
potential to be extended to other biological analysis and
diagnoses. More importantly, the strategy provides a new path
for the development of label-free SERS sensors using DNA
topologically functionalized plasmonic nanostructures.
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