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Abstract Plasmonic circular dichroism (CD) responses of
hybrid nanostructures containing noble metal nanoparticles
and chiral molecules have received increasing interest with
various applications in nanophotonics. Chiral biomolecules
show strong CD signals typically found in the ultraviolet
region, whereas, in the visible range, they produce a weak
signal. Strengthening the CD signal in the visible region is of
high importance, which could be achieved through fabrication
of novel hybrid nanostructures. Herein, gold nanoparticles
(GNPs) have been assembled via DNA linker to investigate
the possibility of enhancing plasmonic CD signal in the visible
range. DNA-linked assemblies with pre- and postannealed con-
ditions were characterized by ultraviolet–visible spectroscopy,
dynamic light scattering (DLS), and CD spectropolarimetry. In
the presence of DNA linker with sticky ends, the aggregation
phenomenon was traced by red shifts of surface plasmon reso-
nance of nanoparticles. Time-dependent hybridization of single-
stranded “sticky ends” with DNA-conjugated GNPs and in-
creased probability of hydrogen bond formation lead to enhance-
ment of CD signals in the ultraviolet region. Complexation of
biomolecule and nanoparticle assemblies induced enhanced CD
signals in the visible range, which was noticed both before and
after purification. DLS characterization of the assemblies also
confirmed the difference in the size of aggregates, which could
be controlled by the linker molecules. This investigation encour-
ages possibility of utilizing plasmonic CD technique as a tool for
tracing fabricated nanostructure assemblies with enhanced char-
acterization possibility.
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Introduction

Plasmonic materials are known as the key platforms for ap-
plications that rely on the manipulation of light at small scales.
Materials that possess sub-wavelength metallic features sup-
port surface plasmon phenomenon [1]. The surface plasmon
resonance (SPR) characteristic arises from collective oscilla-
tions of the free electrons of the conduction band, leading to
local amplification of the incident electromagnetic by orders
of magnitude, at the metal surface [2]. This field enhancement
is useful for extraordinary optical phenomena exhibited by
metal nanostructures, such as resonant light scattering,
surface-enhanced Raman scattering, superlensing, and light
transmission through optically thick films [3].

Today, assembly of plasmonic nanoparticles is of particular
interest, since they can be tailored to exhibit a broad range of
electromagnetic properties. So far, several chemical strategies
have been employed to create assemblies of nanoparticles.
Among them, DNA has shown great potential for providing
self-assembled electronic devices and memory components at
the nanoscale level [4, 5].

Till now, conjugation of DNA nanoparticles has been ex-
tensively studied with their important applications in analyti-
cal chemistry, materials science, and nanomedicine [6]. In
1996, Mirkin and coworkers reported macroscopic aggregates
of assembled colloidal gold nanoparticles (GNPs), using DNA
as the linking elements. GNPs are routinely functionalized
with thiol-modified DNA and polymerized with linker DNA
to form large aggregates. According to the existing reports, it
is possible to control the number of GNPs and the interparticle
distance in each assembly precisely [7]. It is well known that
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SPR band of GNPs shifts progressively to longer wavelengths
upon aggregation, depending on interparticle distance.
This results in the coupling of SPR, giving distinct
color change from red to purple. Such phenomenon
could be exploited in designing ultrasensitive colorimet-
ric sensors for detection of nucleic acids, presence of
pathogens, metal ions, etc. [8].

The optical properties and phase transition of assembled
DNA-GNPs systems have attracted great interest for the re-
searchers, since understanding such properties would provide
essential information about DNA-based nanotechnology in
colloidal systems [9]. Most of the previous studies on GNPs
DNA-directed assembly have been focused on the plasmonic
absorption resonance of GNPs and their assembly at varying
temperatures [10, 11]. Configuration of GNP-DNA hybrid
systems is mostly multifaceted. However, there are only few
reports about structure of these systems. Circular dichroism
(CD) technique allows investigating conformational changes
of complex biomolecules such as peptides, proteins, DNA,
etc. Chiral biomolecules show strong CD signals, which often
arise from the helical geometry of biomolecular systems,
typically found in the UV range (∼200–300 nm) [12]. How-
ever, the biomolecules provide CD signals of weak intensity
in the visible region. Therefore, signal enhancement in the
visible region could be of high significance [13]. Plasmonic
CD is a new branch of science in the domain of nanotechnol-
ogy, which originates from hybrid of noble metal nanoparticles
and chiral biomolecules. It is generally induced by dipoles of
both nanoparticles and attached molecules (peptide, DNA, and
chiral fiber) [14]. Among the chiral molecules, DNA is nomi-
nated as the most attractive one because its programmability
provides an excellent platform for controllable construction of
hybrids with noble metal NPs [13, 14]. Previous investigations
with CD have been focused on the origin and amplification of
the self-assembled systems, whereas there is no experimental
report on dynamics of formation. Among various techniques
for investigation of configuration and transformation of nano-
structures, plasmonic CD is believed to show highest sensitivity
[15]. Therefore, conducting a survey on dynamics of self-
assembled nanostructures by CD technique could be of high
significance. Gérard et al. [16] reported plasmon-induced CD
response of oligonucleotide-conjugated gold nanoparticles and
noticed PCD enhancement of purified aggregates of
nanobioconjugates.

Herein, a hybrid of GNPs and DNA has been fabricated
using linker DNA, at a fixed concentration of salt solution.
Structure and kinetics of the self-assembled system has been
monitored via spectroscopic techniques such as ultraviolet–
visible (UV-vis), CD, plasmonic CD, and dynamic light scat-
tering (DLS). Enhancement of PCD signal was traced both
with and without the washing process. This report introduces
plasmonic CD responses as a novel detection method for
ultrasensitive nanobiosensors.

Materials and Methods

Materials

All DNA samples of high-performance liquid chromatogra-
phy grade were procured from Bioneer. DNA sequences and
modifications are listed in Table 1. Trisodiumcitrate dehy-
drate, dithiothreitol, and NaCl were purchased from Merck.
HEPES, tetrachloroauric acid (HAuCl4), cetyltrimethyl am-
monium bromide, silver nitrate, sodium borohydride, ascorbic
acid, and other chemicals for buffer preparation were pur-
chased from Sigma-Aldrich.

Synthesis and Characterization of GNPs

Gold nanoparticles were synthesized by the citrate reduction
of HAuCl4 according to Mirkin et al [7]. GNPs were also
characterized by a UV-vis absorption spectrophotometer (Cary
100 spectrophotometer). The spectra were recorded within
400–700 nm wavelength range. Transmission electron micros-
copy images were recorded on a TE 2000 Ziess TEM. Prior to
imaging, GNPs were centrifuged at 15,000 rpm for 15 min, and
the purified sample was sonicated for several minutes. Sample
was deposited on a carbon-coated copper grid and left
undisturbed for TEM characterization.

Preparation and Characterization of Linker DNA

The Linker DNA (DNA 3 and 4) is a double-stranded se-
quence, which has one 10 base pair overlap (A-T rich) and 8-
base single-stranded “sticky ends” that are complementary to
the oligonucleotides attached to GNPs (DNA 1 and 2). Stock
solutions of Linker DNAwere prepared in hybridization buff-
er A (50 mMHEPES, pH 7.8, and 50 mMNaCl) according to
the annealing program by a thermoblock.

Preparation and Functionalization of GNPs

For nanoparticle assembly, two batches of GNPs (with aver-
age diameter of 10 nm) were chemically modified with 3′
thiol-capped 8 base DNA strands (DNA 1 and 2), as previ-
ously reported by Mirkin’s group [7]. To remove unbound
DNA fragments, 50 μL of both sets of functionalized GNPs

Table 1 The DNA sequences and modifications

Name Sequences and modifications(listed from 3′ to 5′)

DNA1 SH-CTACTG AT

DNA2 SH-GTTGCT GA

DNA3 T10TCA GCAAC

DNA4 A10ATC AGTAG
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was centrifuged at 15,000 rpm for 15 min. Thiol-DNA
functionalized GNPs were mixed (1:1 ratio) and dis-
persed in 500 μL of buffer B (25 mM HEPES,
pH 7.6, 300 mM NaCl). Surface plasmon resonance of
GNPs conjugated with thiol-modified DNA immediately
after dispersed in buffer B was monitored by UV-vis
spectroscopy as a function of time.

GNPs Assembly

In order to monitor the GNPs assembly, addition of the linker
DNA is necessary to initiate the process. Therefore, after 48 h,
two sets of oligonucleotide functionalized GNPs were mixed
at 1:1 ratio, as previously reported by Mirkin’s group. Then,
1 μL of 10 μMDNA linker solution was added to give a final
concentration of 200 nM [7].

GNPs assembly was traced 24 h after addition of DNA
linker, when the macroscopic nanoparticle aggregates were
formed, with a color change of red to purple, with recorded the
SPR alterations of the assembled GNPs by UV-vis
spectroscopy.

Far-UV Circular Dichroism Studies

Interaction of a chiral molecule with polarized light is
very specific and can be utilized as an important tech-
nique for monitoring macromolecular structures. With
the help of circular dichroism spectropolarimeter, any
conformational changes that might be induced in the
structure of macromolecules could be assessed [12]. To
investigate alterations in the secondary structure of oli-
gonucleotide strands in the DNA linker and assembly
process (both DNA linker and thiol-modified DNA),
time-dependent CD experiments were performed on a
Jasco J-715 spectropolarimeter. It should be noted that
concentration of DNA linker was adjusted at 4 μM (in
50 mM HEPES buffer, pH 7.8, and 50 μM NaCl).

Plasmonic CD Studies

Plasmonic CD of hybrid nanostructures containing noble
metals and chiral molecules has received increasing interest
in nanophotonics. In this study, conjugation of GNPs with
thiol-modified DNA and assembly of GNPs with DNA-linker
was traced using plasmonic CD in the UV-vis region (200–
900 nm). DNA-modified GNPs were centrifuged twice to
remove unreacted DNA from the solution and redispersed in
500 μL of buffer B (25 mM HEPES, pH 7.6, 300 mM NaCl).
DNA linker (4 μL, 30 μM) was added to the solution of
GNPs. Final spectra were obtained by subtracting the buffer
contribution from the original spectra. Data were smoothed
and analyzed by J-715 software, using fast Fourier transform
to prevent data distortion.

Dynamic Light Scattering

Size of DNA-GNPs clusters in aqueousmedia was determined
by DLS. This allows monitoring the hydrodynamic diameter
of materials in solution. DLS measurements were performed
on a Malvern Zetasizer Nano series ZS instrument, equipped
with a HeNe laser operating at 632.8 nm and a scattering
detector at 173°. Prior to mixing, samples of DNA-modified
GNPs were filtered through a 0.22-μm acetate membrane to
remove any dust particles. DNA-linked GNPs aggregate sam-
ples were also prepared as described above.

Results and Discussion

Assay Formats and UV–Visible Studies

Formation of the gold nanoparticle was characterized by
transmission electron microscopy and UV-vis spectroscopy
(Fig. 1). Typical surface plasmon absorption band of GNPs
in the visible region appeared at 520 nm. The average diam-
eter of GNPs was estimated to be 10 nm (see the inset of
Fig. 1).

Formation of GNPs aggregate is outlined in Scheme 1.
First, batches of GNPs were chemically modified with thiol-
capped 8-base DNA strands (DNA 1 and 2), as mentioned in
the previous section. The DNA-modified GNPs solutions are
red in color, with a plasmon band positioned at 535 nm. The
aggregation phenomenon starts when the DNA linker is in-
troduced to the particles. The 8-base “sticky ends” of DNA
linker sequences (DNA 3 and 4) were designed to be comple-
mentary to the DNA attached to the nanoparticles (DNA 1 and
2) with a “duplex spacer” portion of 10 bases (A-T rich).

At the first stage, formation of duplex spacer portion of the
DNA linker was confirmed by monitoring its absorbance in
the region at 200–300 nm (Fig. 2a). It is well known that
absorbance of nucleic acid strands undergoes hypochromicity
upon hybridization with their complementary strands. Since
the population of single bases is remarkable compared to that
of base pairs, it is not expected to observe meaningful
hypochromicity in this study.

Figure 2b and c depicts formation of functionalized GNPs
with thiol-modified DNA as a function of time, and DNA-
linked gold nanoparticle aggregates, bymonitoring the surface
plasmon band in the visible region. According to Fig. 2b,
upon functionalization with thiol-modified DNA, the surface
plasmon band of GNPs slightly red shifted with remarkable
decrease in intensity. The reason behind this is sensitivity of
nanoparticles with plasmonic nature to trace changes in the
refractive index of the surrounding medium. Therefore, in the
vicinity of functional biomolecule, the characteristic surface
plasmon absorption band of GNPs undergoes wavelength
shifts and experiences decrease in intensity [17].
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Figure 2c shows the aggregation phenomenon, which oc-
curred via DNA hybridization in the presence of DNA linker,

leading to gradual red shift of the SPR band from 535 to
567 nm.

Fig. 1 UV–visible spectrum of
GNPs with characteristic TEM
image

Scheme 1 Schematic
representation of DNA-linked
assembly of GNPs
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It is worth to mention that, before the formation of macro-
scopic DNA-linked aggregates, the color of GNPs solution
was red, whereas, after annealing, the solution develops pur-
ple color. Such optical changes could be explained as a result
of DNA hybridization, leading to changes in interparticle
distance and couple of plasmon waves of nanoparticles. On
the other hand, quality of change in the surface plasmon band
is inversely dependent on the distance between GNPs [8].

Circular Dichroism Studies

The early steps of GNPs aggregation might not be reflected by
UV-vis spectroscopy. Therefore, CD spectroscopy was uti-
lized to investigate the importance of DNA hybridization in
this study. CD spectroscopy could be a useful tool for tracing
the annealing process [12]. The technique can monitor signals

from nucleic acid hybridization, which is responsible for
aggregation of GNPs.

At the very first step, formation of the complementary
portion in DNA linker must be confirmed by investigating
changes in the secondary structure of nucleic acid. Figure 3a
illustrates the CD spectrum of DNA linker and its single
stranded (DNA 3) in the wavelength region of 200–300 nm.

Circular dichroism revealed that DNA duplex is in a B-
form conformation, as evidenced by a negative band at
245 nm and a positive band at 280 nm. After the formation
of duplex portion in DNA linker, the positive peak at 280 nm
increased, whereas the negative peak at 245 nm did not show
any significant change in the CD signal compared to that of
single stranded DNA. Such data confirmed formation of hy-
drogen bonds between the complementary place of two
strands (AT-rich internal region).

Fig. 2 UV–visible spectra of a DNA linker and its single strands, b DNA functionalized GNPs, and c GNP-DNA aggregates
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In the next step, kinetics of GNPs functionalization with
thiol-modified DNA (DNA 1 and 2) was investigated by
monitoring the CD signals. The bisignated CD peaks of
DNA remained the same after attachment to the surface of
GNPs (Fig. 3b). The negative CD signal at 248 nm gradually
decreased with a red shift after immobilization of thiol-
modified oligonucleotides on GNPs, while the positive peak
at 288 nm did not show any significant shift. Such alterations
in CD intensity and peak position could be correlated with
attachment of nanoparticles, leading to alterations in the con-
formation of oligonucleotides. Further time-dependent inves-
tigations (up to 24 h) showed that there is no more shift in the
CD peak positions of nanobioconjugates. Appearance of shifts
during different time intervals could be considered as a useful
tool for tracing functionalization of GNPs with thiol-modified
DNA.

Figure 3c depicts kinetics of GNPs aggregation by moni-
toring the CD signal of hybridization between single-stranded
“sticky ends”with DNA-conjugated GNPs (DNA 1 and DNA
2). In the presence of DNA linker, the bisignated CD peaks
were observed at 248 and 283 nm, with increase in the
intensity of both negative and positive peaks. Kinetic studies
of the aggregation phenomenon increase in CD intensity.
Twenty-four hours after the assembly process, samples were
centrifuged for purification. CD spectrum of the purified self-
assembled nanostructures retained its characteristic peak po-
sitions with lower intensity, which could be correlated with
removal of less efficient self-assembled nanobioconjugates, or
loss of unhybridized DNA linkers.

This is easy to understand, since a series of dynamic
geometry changes appear upon hybridization of single-
stranded “sticky ends” of DNA linker with DNA conjugated

Fig. 3 CD spectra of a DNA linker and its single strands, b GNPs-DNA bioconjugate, and c GNP-DNA aggregates
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GNPs (DNA 1 and 2). Therefore, in the presence of DNA
linker, CD intensity alterations could be correlated with in-
creased number of hydrogen bonds between the complemen-
tary bases pairs and higher degree of DNA helix formation
during the aggregation process. Formation of DNA helixes
itself induces decrease of interparticle distance and geometric
alterations of GNPs, leading to stronger CD signals in the
ultraviolet region [12].

Plasmonic CD Measurement

Plasmonic CD responses could be used as a new method for
detection of morphological changes in DNA-GNPs assembly
[14]. Typical plasmonic circular dichroism of bare DNA and
GNPs are shown in Fig. 4a. GNPs show a single plasmonic
signal at 530 nm, and unlike GNPs, DNA do not show any

particular CD signal in the visible region. Figure 4b illustrates
immobilization of thiolated DNA onto the surface of GNPs by
plasmonic CD. Such spectrum arises due to the coupling of
SPR signal of GNPs and the chiral signal of DNA in the
visible wavelength region (500–600 nm). Figure shows the
characteristic plasmonic CD spectra of GNPs before and after
functionalization with DNA. A clear change in the spectral
intensity has been observed, which could be correlated with
nanoparticle–biomolecule interaction.

Kinetic plasmonic CD spectra of DNA-GNP assembly are
depicted in Fig. 4c with TEM image. After 2 h, the PCD signal
starts to develop changes, showing the progress of the assem-
bly process. At the beginning, GNPs shows weak CD signal in
the visible region, with notable increase in intensity after 3 h.
Extension of time interval to 24 h showed that PCD intensity
does not change considerably after 24 h. PCD spectrum of the

Fig. 4 Plasmonic CD of a bare DNA and GNPs, b GNP-DNA bioconjugate, and c GNPs assembly with TEM image
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purified assembled samples (by washing) also showed
maintenance of the signal in its characteristic region.
Although results of this investigation indicate existence
of plasmonic CD signals even before the washing pro-
cess, Gérard et al. [16] reported appearance of such
signal only after the purification process. Transmission
electron microscopy image of the self-assembled nano-
structures is shown in the inset of Fig. 4c.

The reason for enhancement of plasmonic CD signals is
that NP–NP coulomb coupling in a chiral NP assembly splits
plasmon resonances of individual NPs and creates preferen-
tially left-handed collective plasmonic modes on the one side
and right-handed modes on the other side of the plasmon
resonance [13, 16]. In fact, enhancement of plasmonic CD
signals arises due to the coupling of chiral signal of DNAwith
SPRwaves of GNPs in the visible region, being very sensitive
to the geometry of complex. The SPR coupling itself is mainly
related to the interparticle distance of GNPs. Presence of DNA
linker with sticky ends in the reaction medium results in
hybridization of DNA strands, followed by decrease in

interparticle distance. This could justify formation of hotspot
cross-section during the aggregation phenomenon [14–16].

Dynamic Light Scattering Measurements

Dynamic light scattering was performed to compare the
size of GNPs before and after assembly (Fig. 5). Consid-
ering sensitivity of DLS technique (below 1 μm), size of
the macroscopic precipitate is quite out of the range
(approximately 3 μm) and cannot be detected accurately
by this technique.

The initial aggregations rates suggested that sizes of the
preannealed aggregates are significantly different compared to
the post annealing. Results of DLS experiments showed that, in
the presence of DNA linker before the annealing process, the
average hydrodynamic size of GNPs was 64.74 nm (Fig. 5a).
The size further increased to 256 nm when annealing was
applied (Fig. 5b). The rate of aggregate growth in this system
is very complex and depends upon a number of factors. The
binding rate of DNA linker (k1) and the subsequent growth of

Fig. 5 DLS results of GNPs a
before and b after assembly
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the aggregates (K2) could be considered as the top most critical
factors [11].

In conclusion, we have demonstrated that hybrid of DNA
and GNPs produce remarkable plasmonic CD signals in the
visible region of wavelength. The assembly process will in-
crease the number of hydrogen bonds between the pair bases
and formation of DNA helixes, which strengthens the CD
signal. Enhancement of CD signal in the visible region
(plasmonic CD) occurs via the coupling of SPR waves on
the surface of GNPs, when the interparticle distance decreases
as a consequence of DNA hybridization. Assembly of DNA-
conjugated gold nanoparticles have been widely used for
construction of complex structures and detection of target
molecules. Plasmonic CD responses of such assemblies will
shed light on creation of intelligent materials with unique
optical properties, as well as fabrication of ultrasensitive bio-
sensors. Results of this investigation could be further extended
to synthesize a new series of directed nanostructure assem-
blies of DNA (or any other biomolecule of interest), in con-
jugation with gold, silver, or alloy nanoparticle clusters. This
will lead to high levels of diversity in chemical, physical, and
biological applications in nanotechnology.
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