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Abstract. Circular dichroism spectroscopy is a simple way to study G-quadruplex
structure and is very useful for monitoring the conformational changes in G-quadruplex
structure induced by modi�cations to the environment. Plasmonic nanoparticles with
Localized Surface Plasmon Resonance (LSPR) can create strong electromagnetic �elds
at the surface of plasmonic metals, which remarkably inuence the optical properties of
molecules. Plasmonic CD is a new CD signal, which originates from the dipole-dipole
interactions between surface plasmons of NPs, and chiral biomolecules have received interest
in various research �elds of nanotechnology. In this paper, we study the interactions
between Gold NanoRods (GNR) and two types of G-quadruplex (parallel and antiparallel)
to monitor the alterations in DNA conformation and plasmonic CD signal upon formation
of GNR-quadruplex nanobioconjugate. The results from this study indicate the plasmonic
CD signals in visible regions are more sensitive than Far-UV CD signals to detect the
spatial conformational state of G-quadruplex-GNR nanobioconjugate.
© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Plasmonic Nanoparticles (NPs) have o�ered a variety
of applications in biosensing technologies. Among
metal nanoparticles, gold nanostructures with rod mor-
phology have drawn great interest due to their shape-
dependent optoelectronic properties [1-3]. Up to now,
there have been many reports about di�erent appli-
cations of DNA-gold nanorods (GNR) bioconjugation
in biological and biochemical sensing [4]. Although
the mechanism of interaction between GNRs and
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biomolecules has not yet been fully understood, the rod
morphology of GNRs might induce some changes in the
biomolecules' structure [5]. In order to investigate the
secondary structure alterations of biomolecules after
bioconjugation with GNRs, Circular Dichroism (CD)
is a proper technique. In biomolecules, CD signals
typically appear in the UV range while the intensity of
CD signals in the visible region is weak. The intensity
of CD response in the visible regions could be enhanced
by interactions between the chiral biomolecules and
plasmonic NPs due to interactions between surface
plasmons of NPs and chiral biomolecules [6].

Nucleic acid aptamers are generally obtained by
in vitro selection. Some of them have G-rich consensus
sequences with ability to be folded in the four-stranded
structures known as G-quadruplexes. The repetitive
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Scheme 1. Di�erent geometries of PS2.M G-quadruplex
in the presence of K+ and Pb2+ cations.

part in this structure is a square plane called G-quartet,
consisting of 4 guanines held together by guanine
Hoogsteen hydrogen bonding [7]. In fact, G-quartet
is a broad aromatic surface, which is highly prone to
��� stacking interaction between adjacent surfaces [7].
Apart from the order and number of guanines in
the G-quadruplex prone oligonucleotide, quadruplex
inducing factors, i.e. metal ions, alcohol, etc., are
also parameters that cause variations in quadruplex
families [8].

It is commonly accepted that the conformation
of a G-quadruplex structure (parallel, antiparallel, or
mixed) can be roughly assigned from the position
and magnitude of the CD bands. Hence, a positive
band at 260 nm is commonly assigned to a parallel
conformation, whereas a positive band at 295 nm and
a negative band at 260 nm are indicative of an an-
tiparallel conformation [8-9]. PS2.M is 18 nucleotides
guanine-rich sequence capable to form anti-parallel
and parallel G-quadruplexes in the presence of various
concentrations of metal ions (Scheme 1) [10].

Herein, an alteration in secondary structure and
plasmonic CD signals of two types of G-quadruplex
(parallel and antiparallel) upon interactions with
GNRs has been monitored via circular dichroism spec-
troscopy.

2. Material and methods

2.1. Material and reagents
PS2.M oligonucleotide with sequence as:

GTGGGTAGGGCGGGTTGG

was procured from Bioneer chemical Co. Lead
(II) acetate trihydrate (PbAc), potassium chlo-
ride (KCl), 4-(2-hydroxyethyl) piperazine-1-ethane-
sulfonic acid hemisodium salt (HEPES), HAuCl43H2O
(99.9%), NaBH4 (99%), ascorbic acid (99%), hexade-
cyltrimethylammonium bromide (CTAB) (99%), and
AgNO3 (99%) were purchased from Sigma.

2.2. G-Quadruplex formation protocol
Formation of G-quadruplex occurred in special bu�er
25 mM HEPES, 100 mM NaCl, and various concen-
trations of KCl or PbAc as the stabilizer agent for

four stranded structures. To initiate formation of G-
quadruplex structure, PS2.M was heated at 80�C for
10 min in various concentrations of K+ or Pb2+ solu-
tions and gradually cooled down to room temperature.

2.3. Preparation of Au seeds and nanorods
Short gold nanorods were synthesized via sequential
seed mediated growth method. The protocol has been
formerly described by a number of authors [11,12]. The
procedure started with preparation of small spherical
gold nanoparticles of sizes below 5 nm (to be used as
seeds). In a test tube, 250 �L of an aqueous 0.01
M solution of HAuCl4.3H2O was added to 7.5 mL of
a 0.095 M CTAB solution. Immediately, 600 �L of
aqueous 0.01 M ice-cold NaBH4 solution was added and
the reactants were mixed by rapid inversion for 2 min.
Meanwhile, evolved gas was allowed to escape at the
time of mixing. The solution developed a pale brown-
yellow color. The test tube was then kept at room
temperature. It took the minimum of 2 h for seed
particles to grow in the solution. Appropriate quan-
tities of CTAB solution, HAuCl4, AgNO3, ascorbic
acid, and seed solutions were prepared for the growth
stage. In a typical experiment, 9.5 mL of 0.095 M
CTAB, 400 L of 0.01 M HAuCl4:3H2O, and 60 �L
of 0.01 M AgNO3 solutions were added respectively
and mixed very gently. At this stage, the solution
gave an intense color. The procedure was continued by
addition of 64 �L 0.10 M ascorbic acid. Ascorbic acid
with its key role in further reduction in gold changed
the appearance to a colorless solution. Finally, 40 �L
of seed particles were added. The reaction mixture
in the test tube was shaken gently for 10 s and kept
undisturbed for 3 h. Intense purple-brown color started
to appear within a couple of minutes.

2.4. Puri�cation of gold nanorods
Gold nanorods were prepared in the presence of excess
amount of CTAB as a cationic surfactant. In order
to remove excess of CTAB and to separate unreacted
gold ions from the solution, samples were puri�ed with
two rounds of centrifugation (12,000 rpm, 6 min). The
�rst-round supernatant was decanted and gold nanorod
sample was diluted with deionized water; in the second
round, dilution was made with phosphate bu�er to keep
pH adjusted at 6.2.

2.5. TEM and UV-Vis characterization
Transmission Electron Microscopy (TEM) study was
performed with a TE 2000 Ziess electron microscope.
Prior to TEM preparation, the sample was puri�ed
by two rounds of centrifugation and re-dispersion in
DI water. Dilute sample was deposited on a carbon
coated copper grid and left undisturbed for solvent
evaporation. Gold nanorods were also characterized by
UV-Vis absorption spectrophotometer (Cary 100). The
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spectra were recorded within 400-900 nm wavelength
range.

2.6. Circular dichroism spectroscopy
The interaction of GNR with quadruplex was moni-
tored in two di�erent regions with circular dichroism
spectroscopy. The spectra were recorded from 200 to
320 nm (Far-UV) for studying the inuence of GNR
on the conformational changes of G-quadruplexes. To
investigate the conjugation of GNR with quadruplex,
plasmonic circular dichroism was recorded in visible
region (400-900 nm). Circular dichroism and plasmonic
CD experiments were carried out via J-715 spectropo-
larimeter; CD data were smoothed with J-715 software.
The CD spectra were obtained in a cell with 0.1 cm
path length at room temperature. The background CD
spectrum of bu�er was subtracted for each sample.

3. Results and discussions

3.1. Conformational characterization of
PS2.M G-quadruplexes

Circular dichroism spectroscopy is a sensitive way
to study G-quadruplex structure and is very use-
ful for monitoring the conformational changes in G-
quadruplex structure induced by modi�cations of the
environment [8]. Since CD spectroscopy is very sen-
sitive to base stacking [7-9], di�erent con�gurations
of quadruplex (such as parallel, antiparallel, and hy-
brid forms) have their speci�c characteristic of CD
spectrum [8,9]. Figure 1 depicts the CD spectra of
PS2.M in various concentrations of potassium ion. In
the Far-UV CD spectra of PS2.M in the presence of
low potassium ion concentrations, 295 nm positive
and 260 nm negative bands are well representative
of antiparallel quadruplex, and 260 nm positive and
240 nm negative bands of PS2.M in the presence of

Figure 1. CD spectra of PS2.M in various concentrations
of K+.

40 mM K+ are characteristics of parallel conformation.

3.2. Characterization of gold nanorods
Gold nanorod samples were characterized by trans-
mission electron microscopy and UV-Vis spectroscopy.
Depending on the polarization of the incident, light
electron oscillation can occur in two directions [13].
The excitation of surface plasmon oscillation along
the short axis induces an absorption band in the
visible region (520 nm). When the surface plasmon
of the nanostructure oscillates along the other axis, an
absorption band of much stronger intensity appears at
a longer wavelength (712 nm). These absorption peaks
could be referred to as the transverse and longitudinal
plasmon resonance bands, respectively, being charac-
teristic of the rod morphology of gold nanostructures
(Figure 2). Transmission electron microscopy also
con�rms the formation of gold nanorods (Figure 3).

3.3. Circular dichroism spectroscopy of the
interaction between GNR and quadruplex

Figure 4 indicates far-UV CD spectra of G-quadruplex

Figure 2. Surface plasmon resonance of gold nanorods.

Figure 3. Transmission electron micrograph of puri�ed
gold nanorods.
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Figure 4. Circular dichroism spectra of parallel
quadruplex (with 40 mM K+) and antiparallel quadruplex
(with 1 uM Pb2+) before and after interaction with GNRs.

Figure 5. Plasmonic circular dichroism spectra of
interaction between GNRs and parallel quadruplex (with
40 mM K+) or antiparallel quadruplex (with 1 uM Pb2+)

before and after interaction with GNRs, in the presence
of 40 mM K+ and 1 �M Pb2+.

Before its interactions with GNRs in the presence
of KCl, the G-quadruplex shows extremely signi�cant
parallel CD signal at 260 nm, while in the presence of
PbAc, there are two CD signals with apposite sings,
positive band at 295 nm and negative band at 260 nm,
which are responsible for the antiparallel conforma-
tional state of quadruplex. After interaction with
GNRs, both parallel and antiparallel conformations are
modi�ed and the new CD signals, similar to single
stranded DNA, appear. Figure 5 shows plasmonic
circular dichroism spectra of GNRs, before and after
the interactions with G-quadruplex in the presence of
40 mM K+ or 1 �M Pb2+.

GNRs show two weak plasmonic CD signals that
appear at 540 nm and 680 nm, respectively. These
signals could be responsible for transverse and lon-

gitudinal SPR bands of GNRs, respectively. After
interactions between GNRs and G-quadruplex, in the
presence of K+ (parallel quadruplex), the intensity
of transverse plasmonic CD band increases and the
longitudinal plasmonic CD peak shifts to longer wave-
lengths. In the presence of Pb2+, not only the intensity
of both transversal and longitudinal plasmonic CD
peaks increases, but also the shape and position of the
peak are modi�ed.

4. Conclusion

The present study reports the circular dichroism of
interactions between GNRs and PS2.M quadruplexes
within two di�erent wavelength regions. Comparison
of CD signals in the Far-UV region (200-320 nm)
indicated that the conformation of quadruplex changed
after interaction with GNRs. The changes were noticed
to be approximately similar for both parallel and anti-
parallel quadruplex structures. Upon interaction of
GNRs with quadruplex structures, intensity of CD
signal increased in the visible region, which could
be attributed to the coupling of surface plasmon
resonance of GNRs and the chiral signal of DNA.
Furthermore, after the interaction, parallel and anti-
parallel quadruplex structures developed di�erent CD
spectra in this region. Circular dichroism study of
G-quadruplex-GNR nanobioconjugate system revealed
that plasmonic CD signals in the visible regions were
more sensitive to detect the spatial conformational
state of G-quadruplex than Far-UV CD signals.
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