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ABSTRACT Analysis of molecular interaction and conformational dynamics of biomole-

cules is of paramount importance in understanding their vital functions in complex biological

systems, disease detection, and new drug development. Plasmonic biosensors based upon

hv
surface plasmon resonance and localized surface plasmon resonance have become the th\
predominant workhorse for detecting accumulated biomass caused by molecular binding
events. However, unlike surface-enhanced Raman spectroscopy (SERS), the plasmonic

biosensors indeed are not suitable tools to interrogate vibrational signatures of conforma-

tional transitions required for biomolecules to interact. Here, we show that highly tunable

plasmonic metamaterials can offer two transducing channels for parallel acquisition of optical ™"

H
° - —{ W
. N 0-H Y
Ko . N
o4 HN  H o H
< W H o ON-H
- LS o
S N N o= N
) SR Heo T
\// SN ""‘NYNH

0
<, %T

transmission and sensitive SERS spectra at the biointerface, simultaneously probing the conformational states and binding affinity of biomolecules, e.g.,

G-quadruplexes, in different environments. We further demonstrate the use of the metamaterials for fingerprinting and detection of the arginine-glycine-

glycine domain of nucleolin, a cancer biomarker that specifically binds to a G-quadruplex, with the picomolar sensitivity.

KEYWORDS: metamaterials - biosensor - G-quadruplex DNA - conformation analysis - surface-enhanced Raman spectroscopy -
refractive index sensing - localized surface plasmon resonance

he basis of life-sustaining activities

relies on accurate folding and binding

of biomolecules." Comprehensive un-
derstanding of conformational states, ex-
pressions, and binding processes of the
biomolecules will thus significantly impact
a myriad of fields including genomic re-
search, functional proteomics, clinical diag-
nosis, disease treatment, and new drug
development. Label-free surface plasmon
resonance (SPR) and localized surface plas-
mon resonance (LSPR) biosensors have
been developed to increase our knowledge
in this regard.> > Despite the undisputed
strength in providing quantitative informa-
tion, binding affinity, and kinetic rate from
molecules that change the local refractive
index, they are not well-suited to provide
information regarding conformations or che-
mical fingerprints of unknown molecules? In
contrast, plasmonic biosensors based upon
surface-enhanced Raman scattering (SERS)
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can interrogate vibrational signatures of con-
formational transitions.®” However, one of the
major concerns in SERS-based biosensing is
the problem with poor reproducibility and
controllability of the conventional SERS-active
substrates (e.g., nanoparticles).®° In addition,
by its enhancement mechanism the SERS
intensity is highly dependent on proximity
and orientation of the biomolecules with
respect to the metal surface. Therefore,
SERS-based biosensing usually suffers from a
wide distribution of enhancement factors,
thus lacking reliably quantifiable signals.®®
Therefore, multichannel and label-free de-
vices targeted for both quantitative and qua-
litative assessments that could significantly
contribute to the fields of structural biology
and analytical sciences are demanded.
Recently, metamaterials have emerged as
an excellent sensing technology that com-
plements traditional plasmonic biosensors
based on metallic colloidal nanoparticles or
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Figure 1. Schematic illustration of vis—NIR SRR metamaterials as a dual transducing mode nanosensor for the detection and identifica-
tion of biomolecules. Designed to operate in the vis—NIR region of the electromagnetic spectrum, the plasmonic metamaterials will
provide direct access to characteristic fingerprints of biomolecules, thus enabling a unique platform to execute both conformational
information and quantitative binding data simultaneously by transmission and SERS spectroscopies. The SRR nanosensor is
functionalized with AS1411, an effective anticancer drug that is currently in clinical trials for cancer treatment. Under K*-induced
conditions, AS1411 folds into a G-quadruplex, which can effectively capture the RGGy binding region of a nucleolin biomarker.

nanostructures.’®”'* Metamaterials are large-scale,
densely packed periodic “artificial atoms”, i.e., split-ring
resonators (SRRs), whose optical properties go beyond
the limitations of conventional, naturally occurring
optical materials or composites.'>~'” By engineering
the SRRs' geometry, one can independently control
their electronic and magnetic responses from micro-
wave to terahertz regimes.'®'® Especially, the plasmonic
responses of metamaterials can be tuned to the visible
—near-infrared (vis—NIR) region of the electromagnetic
spectrum,'®?® which is in resonance with available laser
frequencies widely used in spectroscopy, enabling a
strong signal enhancement for both quantitative mea-
surement and molecular identification. For instance,
tuning of the metamaterial resonances to specific vibra-
tional modes of a chemical or biological molecule has
been demonstrated for fingerprinting and detection
of small organic molecules (e.g., p-mercaptoaniline,'®
octadecanthiol®'), DNA,'® and proteins.’"*?2 However,
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capabilities in resolving primary and secondary struc-
tures, conformational dynamics, and binding affinity of
complex biological systems still remain to be addressed.

Here, we show that a tunable vis—NIR metamater-
ials-based nanosensor with a complementary nature of
dielectric sensing and SERS molecular identification
can be realized, thereby improving the specificity of
biodetection and providing the basis for label-free
conformational resolving and quantitative detection
within a single plasmonic platform with picomolar
sensitivity. We select a guanine-rich oligonucleotide
(GRO), namely, AS1411 (26 mer, 7.8 kDa), as a plasmo-
nic response modulator because of its biophysical and
biological significance upon conformation change. In the
presence of monovalent ions such as K™ or Na™, single-
stranded AS1411 oligonucelotides fold into four-stranded
G-quadruplexes via Hoogsteen hydrogen-bonded G-tet-
rad (or G-quartet) squares (Figure 1).%* The transition from
unfolded to folded state of the G-quadruplex results in a
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Figure 2. Fabrication and characterization of SRRs. (A) Representative SEM micrographs of U45 SRRs with average width
w = 45.2 + 2.6 nm measured from 20 structures (from left to right, the scale bars are 1 um and 200 nm, respectively).
Transmission spectra of the U35 (black curves), U45 (red curves), and U55 SRRs (blue curves) from experimental measure-
ments (B) and theory calculation by finite difference time-domain (FDTD) (C). The ER and MR modes are marked with black and
red asterisks, respectively. (D) Simulation of electromagnetic field enhancement for three different sized SRRs using the DDA
method. The simulation is performed at excitation wavelength of 785 nm; the E-field polarization is parallel to the gap. (E)
Experimental Raman spectra of the SRRs attached to 10 «M thiolated AS1411. The U45 SRRs generate the strongest Raman

signal, which agrees well with the simulation result.

distinct structural and chemical nature that can conse-
quently be detected and identified by transmission and
Raman scattering spectroscopy using metamaterials.
Furthermore, when the G-quadruplex DNA is formed, it
can tightly bind to proteins such as nucleolin, the most
abundant nucleolar phosphoprotein in the nucleus of all
eukaryotic cells and that is often overexpressed at a high
level in human cancer cells,* via RNA binding domains
and an arginine-glycine-glycine (RGGy peptide) region
with high specificity.® It has been suggested that the
binding of an AS1411 G-quadruplex aptamer interferes
with the normal functions of nucleolin and strongly
inhibits cancer cell proliferation, enabling the AS1411
G-quadruplex to be an effective anticancer drug that is
currently in clinical trials for renal cell carcinoma and acute
myelogenous leukemia.**?® Based on this, G-quadruplex
DNA will be used as a capturing element for detection and
identification of the RGGy domain of nucleolin by the dual-
mode SRR nanosensor (Figure 1).

RESULTS AND DISCUSSION

Au U-shaped SRRs with different line widths of ~35,
~45, and ~55 nm (abbreviated U35, U45, and U55) were
fabricated by electron beam lithography (see Figure S1 for
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geometrical parameter and periodicity values). Figure 2A
shows the representative SEM images of the U45 SRRs
with a uniformity of device width of 45.2 4 2.6 nm across
the arrays. The experimental transmission spectra
(Figure 2B) show two resonance peaks located at the
visible region and near-infrared region corresponding
to electric resonance (ER) and magnetic resonance (MR),
respectively. These two modes have been well assigned
and discussed in the literature: The ER is due to the
collectively charged oscillation of the free conduction
electrons within the nanometer-sized metallic structure,
and the artificial MR is caused by the molecular loop
current when the electric polarization is along the gap-
bearing side of SRRs.'” 19?28 As the size of the SRRs
increases from ~35 to ~55 nm, the resonance modes
systematically shift to longer wavelength (Figure 2B),
which can be explained using an LC circuit model.'®"®
The finite difference time-domain (FDTD) transmission
simulations based on MEEP codes® for three different
sizes of the U-shaped SRRs are also shown in Figure 2C,
indicating a good agreement with the experimental
observations. The slight difference in resonance peak
position is attributed to the topological deviation be-
tween the experiments and the calculations. In addition,
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Figure 3. Conformation analysis of G-quadruplex DNA using vis—NIR SRR metamaterials. (A) Vis—NIR analysis of the
functionalized SRRs. Electric resonances of the bare U45 SRRs, after immobilization of 10 uM thiolated AS1411, after the
thiolated AS1411 folded into a G-quadruplex in K* buffer, and after regeneration are 844, 895, 970, and 889 nm, respectively.
The black arrows indicate artifact peaks in the spectra caused by the Craic 20 microspectrophotometer. (B) Raman scattering
spectroscopy using a U45 SRR surface for the identification of DNA conformation in water and in K* buffer.

sensitivity to the refractive index (RI) of the ER mode
increases from 137 to 339 nm per refractive index unit
(RIV) as the feature size increases. This value is similar to
that of conventional LSPR biosensors, of which the
sensitivities usually do not exceed 100 to 300 nm per
RIU3'239732 More interestingly, the MR mode that is not
present in natural plasmonic nanostructures was found
to be more sensitive to the RI, which increases from 378
to 655 nm per RIU (Figure S2).

Basically, hot spots with high local electromagnetic
field intensities are present in any LSPR nanostructures.
However, the greatest local field enhancement in SERS
is obtained only when the Raman excitation wave-
length is close to the resonance frequency of the LSPR
nanostructures.>*33* To study the correlation of SERS
to the resonance wavelength, a 785 nm diode laser was
used as the excitation source with a parallel polariza-
tion to the gap of the SRRs. The local electric field |£[*
contour mapping conducted by discrete dipole approx-
imation (DDA)*>~*” indicates that U45 SRRs generate the
strongest local field enhancement (Figure 2D). Figure 2E
shows that the experimental SERS spectra of the 10 uM
thiolated AS1411 DNA attached on the SRRs are consis-
tent with the simulation, in which the SERS spectrum of
AS1411 DNA on the U45 SRRs demonstrates the greatest
intensity. It should be noted that under the same 785 nm
laser excitation no Raman signal for the AS1411 DNA could
be obtained in both solution phase and dry state when the
SRR substrate is not in use (Figure S3). Therefore, to
calculate the electromagnetic enhancement factor (EF),
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the SRR metamaterials were examined by performing
SERS with a covalently self-assembled monolayer of a
Raman-active chemical, 2-naphthalenethiol (Figure 54).3
The ring—ring stretching band at 1380 cm ™' of 2-naphtha-
lenethiol was selected to investigate the EF. More details
about the EF calculation are presented in the Supporting
Information. The EF for the U45 SRRs was found to be
~6.5 x 107, which is the highest value compared to that of
U35 and U55. This EF value is comparable to, or even larger
than, those obtained from other SERS nanomaterials for
the naphthalenethiol analysis>***° and is strong enough to
allow a sensitivity of detection down to the single-mole-
cule regime.2® A comprehensive study on the electromag-
netic tunability and enhancement will be presented
elsewhere. Therefore, the U45 SRR was selected as the
substrate for the demonstration in this paper.

Figure 3A displays the transmission spectra of the
functionalized SRRs. Respectively, the ER and MR peaks
of the U45 SRRs shift from 844 to 895 nm and from
1620 to 1678 nm after the immobilization of 10 uM
thiolated AS1411 as the sample was treated in water.
As treated with K™ buffer containing free single-
stranded AS1411 (see Methods), the ER mode further
red-shifts to 970 nm while the MR mode shifts to over
1700 nm, which is out of the spectral coverage of the
Craic 20 microspectrophotometer. The large wave-
length shift (~75 nm in ER) corresponds to the refrac-
tive index change caused by both (i) the Kt buffer
(generating a shift of ~52 nm; see Figure S5) and (ii) the
formation of possible intermolecular G-quadruplex
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structures from the single-stranded and unfolded
AS1411 DNA. The black arrows point to the spectral
artifacts of the microspectrometer. Previously, there
has been an attempt to utilize LSPR spectral shifts on
silver nanoprisms fabricated by nanosphere lithogra-
phy for the conformation analysis of calmodulin
protein;**! however it was unable to draw any conclu-
sion about the secondary or tertiary conformation
changes. In our study, by parallel acquisition of the
transmission and SERS from large functionalized SRR
arrays, not only the binding adsorptions but also the
conformational dynamics and chemical signatures of
biomolecules in their natural environment can be
revealed. Indeed, a significant difference between un-
folded single-stranded AS1411 and the folded AS1411
G-quadruplex was observed by Raman scattering spec-
troscopy (Figure 3B). As treated in water, the unfolded
AS1411 possesses an intense Raman peak at 1005 cm ™"
due to C—C stretching vibration of the deoxyribose
backbone,** suggesting that the single-stranded DNA
stays in close proximity on the SRR metal surface. Other
noticeable bands located at 1128 and 1237 cm™' are
assigned to unpaired dT (N3) residues,’** and the
1274 cm ™" band is due to C—H deformation of thymine.*?
The strong peak observed at 1374 cm ™" is responsible for
the virtual coincidence of a C2'-endo/syn dG with the
C2'-endo/anti dT markers.** Especially, no Raman signal
from the thiolated AS1411 was detected from a 30-nm-
thick Au film on the same chip under the same conditions
(black line, Figure 3B) and also from the AS1411 DNA
samples without using the SRR substrate (both in solution
phase and on a Si substrate; see Figure S3). Therefore, the
high-quality Raman spectra are solely attributable to a
typical local electromagnetic enhancement derived from
the SERS effect.

When K* ions are introduced, dramatic changes in
the Raman signal of AS1411 are observed with a sharp
and strong peak centered at 1482 = 3 cm™', which is a
diagnostic marker of the C8=N7—H2 Hoogsteen hydro-
gen bonding of the folded G-quadruplex structure.”**~*
This band was not obtained in the AS1411 sample treated
in water, where only weak hydrogen bonding of the
guanine N7 was observed at 1492 cm™ ' instead.”> We
also observed no Hoogsteen-type hydrogen bonding
when AS1411 was incubated in Li* buffer or hybridized
with its complementary DNA sequence (Figure S6). The
G-quadruplex formation in K™ was also confirmed by
circular dichroism (CD) spectroscopy (Figure S7), and the
K* buffer does not affect the final SERS spectrum of
AS1411 (Figure S8). Furthermore, the C2'-endo/syn dG
mode at 1374 cm ™' shifts to 1363 cm ™', which is a
marker band of C2'-endo/anti dG and is sensitive to
antiparallel conformation and G-tetrad stacking.**** Ac-
companying the strong band markers corresponding
to the formations of G-tetrads and G-quadruplex, another
important observation is the diminishment of the
deoxyribose vibration band of the DNA backbone at
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1005 cm ™" and its shift to 993 cm ™" with much lower
intensity. This might be attributed to a “standing-up”
orientation of the AS1411 G-quadruplex rather than
the “lying-flat” configuration of the unfolded AS1411
on the SRR surface.” Furthermore, the U-shaped SRR
metasensors can detect the reversible spectral mod-
ulations in response to the conformational changes of
the AS1411 G-quadruplex. As shown in Figure 3B, the
intensity of the Hoogsteen hydrogen bond deformation
band at 1482 cm ™" is reduced when the G-quadruplex-
functionalized SRRs were mildly rinsed in water. This is
because the K* ions are slowly released, resulting in the
loss of hydrogen bonding between N7 and H2 of the
guanine residues and thus leading to a randomly loosen-
ing state between the G-tetrad planes. The diagnostic
Hoogsteen band is completely ruptured as the functional
SRRs are subsequently treated in water at 90 °C for 10 min.
This observation is consistent with the increase in the
intensity of the Raman band around 993—1005 cm ™',
corresponding to the deoxyribose vibration modes, sug-
gesting that the DNA conformation is switched from the
“standing-up” topology of the G-quadruplex to the “lying-
down” or unfolded configuration of the AS1411 on the
metallic SRR substrate. Other predominant Raman fea-
tures of the AS1411 are also restored to their initial states
after a stringent wash at 90 °C. In addition, the ER reversi-
bly shifts back to ~889 nm due to the disassembling of the
G-quadruplex structure (Figure 3A).

After demonstrating the label-free and conformation-
resolving plasmonic nanosensor by SERS, we further
examine its potential for quantitative detection and
identification of RGGy peptide. The RGGy peptide
exhibits two predominant bands at 1038 and
1170 cm™' (Figure 4A, bottom trace), which are char-
acteristic bands of C-NH5* antisymmetric stretching and
—NH;" wagging modes, respectively.*® Upon binding to
the AS1411 G-quadruplex immobilized on the SRR sur-
face to form G-quadruplex-RGGg complexes, the result-
ing Raman spectrum exhibits the fingerprinting bands of
RGGs at 1038 and 1172 cm ™' (Figure 4A, upper trace). A
few Raman bands increase significantly, which can be
assigned to the vibrational modes of the RGGg peptide,
such as the amide Ill vibration at 1220 cm™' © and the
Co2H-> wagging vibration at 1303 cm ™' Such enhance-
ment is probably caused by the different conformational
arrangement of molecules with respect to the metal
surface upon binding, leading to a stronger SERS effect.
The intense Hoogsteen hydrogen band located at
1485 cm™ " in the upper trace indicates that the G-quad-
ruplex structure is maintained after the binding.

Quantitative analysis and determination of binding
affinity have been done by incubating various 10-fold
dilutions of the RGG, peptide ranging from 0to 107> M
with the AS1411 G-quadruplex attached on U45 SRRs.
Figure 4B shows typical transmission spectra of the
metasensor versus RGGg concentrations, where the ER
Amax Shifts to the lower frequency regime with increasing
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Figure 4. Detection of RGGg binding domain of the nucleolin cancer biomarker using the vis—NIR SRR nanosensor. (A) Raman
scattering spectroscopy using the U45 SRR nanosensor for the fingerprint identification and detection of the RGG binding
domain of the nucleolin cancer biomarker. (B) Representative transmission spectra of vis—IR metamaterials for the detection
of the RGGy binding domain of the nucleolin cancer biomarker at various 10-fold-diluted concentrations. The dashed
rectangle marks the spectral artifact region caused by the microspectrophotometer. (C) Normalized relation of either
fractional coverage values of the RGGy molecule (0 = AR/AR,ax) or AR as a function of RGGg concentration. Three different

sets of U45 SRRs were used.

concentration of RGGe. The highest wavelength shift
ARmax (Where AR = Anax(after binding) — Aax(before
binding)) was found to be ~85 nm, corresponding to the
surface-saturated RGGy concentration of 1076 M. Three
different sets of the U45 SRR have been investigated, and
the dose response was observed with a reasonable
coefficient of variation (less than 12%) across the devices.
Figure 4C illustrates the normalized relation of fractional
coverage values of the RGGy molecule (6) or AR as a
function of RGGy concentrations. With an assumption
that the binding of RGGg and AS1411 G-quadruplex is a
1:1 interaction, the experimental data points were then fit
(red sigmoidal curve) according to the Hill—Langmuir

binding isotherm:324”

AR [RGGo]

0 = =
ARmax Kb + [RGGo]

From this fitting, the equilibrium dissociation con-
stant (Kp) for the RGGg—AS1411 G-quadruplex interac-
tion is obtained as 2.9 x 10~ '° M, which is comparable
to the value reported in the literature.® The high
binding affinity is benefited from a stable G-quadru-
plex structure of AS1411,%* it supports as evidence that
nucleolin is the primary molecular target of AS1411
G-quadruplex in vivo,?® and such binding will not
readily dissociate at physiological conditions. Because
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of this, the RGGy peptide could be detected with
concentrations spanning from the lowest detectable
concentration of 107" M to 107® M (5 orders of
magnitude), in which the detection limit is ~100-fold
lower and the dynamic range is much broader than the
traditional gel mobility shift assay.?

By enabling subwavelength light localization and
strong electromagnetic field enhancement, LSPR bio-
sensors have opened up a new realm of possibilities for
a broad range of chemical and biological sensing
applications. Although significant progress has been
made, fundamental and practical challenges still re-
main to be addressed. For instance, the LSPR is a
nonselective sensing platform; the lack of molecular
specificity has limited their use as tools for providing
information regarding conformation or chemical fin-
gerprinting of biomolecules.® Furthermore, conventional
LSPR relies on either colloidal metallic nanoparticles or
nanopatterned arrays of simple geometries 330~ 3248-30
Although the plasmon-enhanced absorbance and local
electromagnetic fields of the LSPR substrates have been
used for SERS,>” the functionality and reproducibility of
the sensors are limited because of weak plasmonic
resonances, spectral broadening, or uncontrollability of
the hot spot's intensity and distribution. In the case of
silver film over a nanosphere (AgFON) that has previously
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described LSPR and SERS substrates,*>3* the thickness of
the deposited silver layer (~200 nm) prevents the AGFON
substrate from being optically transparent; therefore the
substrate is not highly compatible with functionalities
such as microfluidics or transparency requirements. Un-
like other conventional LSPR materials, the SRR metama-
terials demonstrated in this paper possess not only the
electric response due to the collectively charged oscilla-
tion of the free conduction electrons within nanometer-
sized metallic structure but also the artificial magnetic
response caused by the molecular loop current when the
electric polarization is along the gap-bearing side of SRRs.
The magnetic response is even more sensitive to changes
in dielectric surrounding than the electric resonance that
promises a sensitivity boost in LSPR-based assays.
Furthermore, using electron beam lithography, the opti-
cally active multimodal SRR metamaterials could be
fabricated on transparent substrates with controllable
electromagnetic hot spots, high periodicity, reproducible
electric field enhancement, high tunability, and less
geometry variation from chip to chip (see Figure S9 for
reproducible SERS signals of AS1411 immobilized on the
U45 SRRs). These features are ideal for LSPR and SERS
measurements and could not be achieved by those using
aggregations of metallic nanoparticles.

In addition to the AS1411, there are many other
GROs that may have a similar or better antiprolifera-
tive effect upon binding to nucleolin;?® however their

METHODS

Biological Materials and Reagents. Purified oligonucleotides
AS1411 (5-GGT GGT GGT GGT TGT GGT GGT GGT GG-3),
thiolated AS1411 (5’ thiol modifier C6 S-S-GGT GGT GGT GGT
TGT GGT GGT GGT GG-3'), and a complementary sequence of
AS1411 (5'- CCA CCA CCA CCA CAA CCA CCA CCA CC-3') were
purchased from Integrated DNA Technologies, Singapore. RGGo
peptide (41 amino acids, 3.7 kDa) was obtained from SBS
General Store, Nanyang Technological University, Singapore.
NAP-5 columns were purchased from GE Healthcare, Singapore.
Dithiothreitol (DTT) and other essential chemicals were of
analytical grade and obtained from Sigma-Aldrich, Singapore,
unless otherwise stated. All experiments were done using DNA-
free water (1st Base, Singapore).

Fabrication of U-Shaped SRR-Based Plasmonic Substrate. The
U-shaped SRRs with different line widths of 35, 45, and 55 nm
were fabricated on 0.7-mm-thick ITO glass over an area of
40 um x 40 um by electron beam lithography. Commercial
electron beam resist polymethyl methacrylate (950 PMMA A 4,
MicroChem, USA) was spin-coated at 4000 rpm for 1 min on ITO
glass and baked at 180 °C for 20 min. The designed structures
(geometrical parameters and periodicity of the unit cell are
described in the SI, Figure S1) were written using a JEOL 7001F
SEM equipped with a nanometer pattern generation system
and then developed in 1:3 methyl isobutyl ketone/isopropyl
alcohol developer (MicroChem, USA) for 90 s. After the develop-
ment, a 30 nm Au film with 2 nm of Cr as an adhesive layer was
deposited using thermal evaporation deposition (Elite Engineer-
ing, Singapore) at a base pressure of 3 x 1077 Torr. Finally, the
sample was immersed in acetone for at least 3 h for lift-off and
washed thoroughly with isopropyl alcohol and water.

Preparation of DNA-Functionalized SRR-Based Nanosensors. The 100
uM thiolated AS1411 was first mixed with 150 mM dithiothreitol

CAO ET AL.

functions and mechanisms have not yet been studied
systematically. The vis—NIR metamaterials demonstrated
in this study therefore could be a versatile and powerful
tool for not only the characterizations of conformational
states and functions of the existing GROs for rational
design of new anticancer drugs with better chemother-
apeutic efficiency but also the label-free affinity binding
analysis and detection of cancer biomarkers with high
sensitivity.

CONCLUSION

In conclusion, we have successfully demonstrated
the artificial tunable SRR metamaterials as dual trans-
ducing mode nanosensors for resolving characteristic
vibrational fingerprints and conformational states of
the G-quadruplex and for quantifying the aptamer—pep-
tide binding affinity. With unprecedented spatial and
structural resolution the SRR metamaterials will enable
new exciting capabilities for reliable, reproducible, and
label-free analysis that could be implemented in funda-
mental research of conformational dynamics and molec-
ular interactions of biomolecules (ligand—receptor,
DNA—DNA, DNA—protein, etc.). Furthermore, the fabrica-
tion of metamaterials is compatible with microfluidics and
microsystems, enabling the transition of advances in
plasmonic materials into fully integrated and miniaturized
microdevices with huge potential applications in discov-
ery of new drugs and disease diagnosis.

at room temperature for 2 h to deprotect the terminal thiol
group. After the deprotection, the thiolated AS1411 was de-
salted and purified using a NAP-5 column. Then 0.4 uL of freshly
deprotected thiolated AS1411 oligonucleotides (10 uM) was
spotted on clean Au SRR samples and incubated overnight in a
humid chamber to avoid evaporation. The samples were subse-
quently washed with DNA-free water to remove any unbound DNA.

Analysis of G-Quadruplex Formation. The thiolated AS1411 DNA
immobilized on the SRRs was studied in different solutions:
DNA-free water, K* buffer (50 mM HEPES buffer pH 7.4, 40 mM
KCl, 400 mM Nadl, 0.1% Triton X-100, 2% dimethyl sulfoxide),
and Li" buffer (90 mM LiCl, 30 mM H;PO,, pH 7.1). The samples
were heated to 90 °C for 10 min and then slowly cooled to room
temperature for 8 h in the presence of 10 M AS1411 to allow
any potential GROs to form G-quadruplex structures. Formation
of a duplex structure was also performed by hybridizing the
immobilized AS1411 with its complementary sequence in
50 mM HEPES buffer (pH 7.4). The samples were then mildly
washed by the corresponding buffers, dried with nitrogen gas,
and then measured by transmission and SERS spectroscopies.

Detection of RGG, Binding Domain of Nucleolin Cancer Biomarker Using
Vis—NIR SRR Metamaterials. The U45 SRRs attached with the
K*-induced AS1411 G-quadruplexes were used as plasmonic
nanosensors for the detection of RGGy peptide. The RGGg peptide
was prepared in 25 mM HEPES buffer (pH 7.4) containing 10 mM
KCl, 100 mM Nadl, and 0.05% Triton X-100. Subsequently, 0.4 uL of
various 10-fold dilutions of the RGGy peptide (10°=107° M) was
incubated with the functionalized nanosensors in a humid cham-
ber at room temperature for 2 h. The nanosensors were then
washed by the HEPES buffer, dried with nitrogen gas, and then
measured by transmission and SERS spectroscopies.

Transmission and SERS Measurements. The transmission spectra
on the SRR substrates were collected using a microspectrom-
eter (Craic 20) in the range 400—1700 nm. The Raman scattering
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spectroscopy was performed on the SRR substrates using a micro-
Raman spectrometer (Horiba-JY T64000) excited with a diode laser
(A = 785 nm) in the backscattering configuration. The backscat-
tered signal was collected through a 50x objective lens and
dispersed by a 1800 g/mm grating. The laser power on the sample
surface was measured at about 3 mW; acquisition time was 100 s.

Simulation. The electromagnetic field of the metamaterials is
simulated by the discrete dipole approximation method using
the DDSCAT program (version 7.1),>*>” and 2 nm grids were
used for all simulations. The average and maximum electric field
intensities over the nanoparticle surface were calculated for
isolated metamolecules in a homogeneous dielectric environ-
ment where the substrate effect was included explicitly by
effective media theory. The data were used to produce contour
plots of the intensity on and around the nanoparticle to
visualize the location of the hot spots. The transmission curves
of metamaterials with different sizes are computed based on a
finite difference time-domain open source MEEP code.
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