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ABSTRACT: Reversible plasmonic circular dichroism
(CD) responses are realized for the first time based on
temperature-dependent assembly and disassembly of Au
nanorod (Au NR) and DNA hybrids. Compared with the
conventional UV—vis absorption spectra, the changes in
both intensity and line shape of plasmonic CD signals are
much more pronounced, leading to a preliminary
detection limit of DNA as low as 75 nM. The mechanism
and influence factors of reversible plasmonic CD responses
are explored.

he plasmonic circular dichroism (CD) responses of the

hybrid nanostructures containing noble metal nano-
particles (NPs) and chrial molecules have received increasing
research interest at the frontier of both nanophotonics and
conventional spectroscopy,' stemming from various applica-
tions in chemistry, biology, and optics of these novel
metamaterials.” The plasmonic CD responses are generally
believed to originate from the chiral current inside noble metal
NPs, which is induced by the dipole of the attached chiral
molecules including cysteine, peptide, DNA, and chiral fiber."”
Among the above chiral molecules, DNA is the most attractive
one because its programmability provides an excellent platform
for constructing the hybrids with noble metal NPs in a
controllable way.”® Nevertheless, previous studies on the
plasmonic CD responses have been mostly focused on their
origin, transcription, and ampliﬁcation,l’é_9 and there is no
report on dynamic and reversible responses until now, though
they are very important for future application. Herein, we
fabricate the hybrid of Au nanorods (Au NRs) and DNA, and
demonstrate that the dynamic assembly of DNA modified Au
NRs gives rise to reversible change of plasmonic CD responses
including the peak shape and intensity. Impressively, the
reversible change of plasmonic CD responses could be used as
a new detection method for ultrasensitive sensors.

Figure 1 illustrates the reversible plasmonic CD responses of
Au NRs and DNA assemblies by changing the temperature.
First of all, Au NRs (Figure Sla) with the mean aspect ratio of
3.0 are modified with single-strand (SS-) DNA (sequence A,
blue curves in Figure 1, see Supporting Information (SI) for
detailed sequence) due to strong interaction between Au and
mercapto group of DNA.** Subsequently, SS-DNA stabilized
Au NRs are incubated with its cDNA (green curves in Figure 1,
see SI for detailed sequence) containing the sticky end of four
extra bases (red curve in figure 1) to form double-strand (DS-)
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Figure 1. Scheme of reversible plasmonic CD responses based on
dynamic assembly and disassembly of double-strand DNA modified
Au NRs (yellow column) at different temperature. Au NRs are
modified with single-strand DNA (blue curves) and its complementary
DNA (green curves) with the sticky end (red curves).

DNA modified Au NRs. Such DS-DNA modified Au NRs
remain separate in solution if the solution temperature (60 °C)
is higher than its melting temperature (50 °C).*® Since DNA is
a chiral molecule with distinct CD signals at UV region (the
maxima of the bisignated CD peaks are, respectively, located at
247 and 271 nm, Figure $2),°® the coupling between surface
plasmon resonances (SPR) of Au NRs and the chiral signal of
DNA will induce generation of plasmonic CD at the visible
region (red line in Figure 2a). As expected, there are two CD
peaks appearing at 512 and 698 nm, corresponding to peak
positions of transverse and longitudinal SPR of Au NRs,
respectively.® Because the sticky end of DS-DNA can further be
complementary with each other when the temperature is
cooled to 20 °C, spontaneous aggregation of Au NRs without
the predominant structure occurs, which is confirmed by both
scanning electron microscope (SEM) and dynamic light
scattering (DLS) observations (Figures S3—S6). With the
random aggregation, it is reasonable that the length of DNA is
much shorter than that of Au NRs, so that DNA cannot
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Figure 2. Reversible plasmonic CD (a) and corresponding UV—vis
absorption spectra (b) of DNA modified Au NRs at 20 °C (black line)
and 60 °C (red line). Au NRs with mean aspect ratio 3.0 are modified
with single-strand DNA (sequence A) and its complementary DNA
with the sticky end. The insets are the enlarged UV spectra. CD
intensity at 512 nm (c) and 750 nm (d) cycled at 20 °C (black dots)
and 60 °C (red dots). The concentrations of Au NRs and the
complementary DNA with the sticky end are 0.18 nM and 75 nM,
respectively.

become the chiral template for three-dimensional (3D)
arrangement of Au NRs. These results also reveal that the
mechanism of chiral placement of nanoparticles in 3D
geometry is not the key factor for generation of plasmonic
CD in our system. The black curve in Figure 2a shows a
significant change in plasmonic CD response after Au NRs
aggregate. The longitudinal plasmonic CD peak separates into
two bands at 750 and 670 nm with the opposite sign and
remarkably increased intensity, while the transverse one keeps
almost unaltered. The bisignated line shape for the CD
spectrum stands for the coupling of chiral signal of DNA with
longitudinal SPR of Au NRs at both symmetric (antibonding
m*-peak) and antisymmetric (bonding 7-peak) hybrid modes
(Figure S7)."° The reason behind different changes in the
longitudinal and transverse plasmonic CD responses is that the
hotspot enhancement happens mainly at the end of Au NRs
during aggregation, because SPR of Au NRs mostly distribute at
their end parts.'' Therefore, the transverse peak is not sensitive
to aggregation of Au NRs as compared to its longitudinal
counterpart, and the similar result is found in the
corresponding UV—vis absorption spectra (Figure 2b). Never-
theless, different changes in plasmonic CD responses at
different wavelength regions will benefit the target detection;
for example, the insensitive CD signal at 512 nm can be used as
an internal standard. It should be noted that both the
symmetric line shape of the longitudinal plasmonic CD and
the unchanged transverse plasmonic CD sign indicate that the
retardation effect and the coupling between the longitudinal
and transverse modes during Au NR aggregation may not be
very strong.® Furthermore, the same change trend in plasmonic
CD responses is universal for DNA with different length and
sequence (Figures S8, S9).
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As comparison, Figure 2b shows the UV—vis absorption
spectra of DS-DNA modified Au NRs and their assembly at
varying temperature. When the temperature is decreased from
60 to 20 °C, the transverse peak in UV—vis spectrum is red-
shifted from 511 to 516 nm with slightly increased intensity,
and meanwhile, the longitudinal peak becomes broad with
reduced intensity (Figure 2b and the insets). Evidently, the
change in UV—vis absorption features is much smaller than that
in plasmonic CD responses with respect to both the line shape
and intensity of the peaks. One of the most convincing causes is
that in addition to electronic transitions (these are the basis for
UV—vis absorption characterization), plasmonic CD responses
are much more sensitive to the configuration transformation of
nanostructures.'> Therefore, plasmonic CD responses could be
used as a substitute of conventional UV—vis absorption in the
ultrasensitive sensors such as target DNA detection. Mean-
while, because the CD spectra are very sensitive to chiral
molecules, the signal change of plasmonic CD could be used as
a sensor for recognizing chiral molecules, which is very difficult
to accomplish using UV—vis detection. As an example, the
concentration of complementary DNA with the sticky end used
in Figure 2b is 75 nM, which is comparable and even lower
than that of classical UV—vis detection methods based on Au
NP aggregation.*® It is noteworthy that the above preliminary
results are obtained without any optimization, and it can be
expected that the detection limit will be further improved by
controlling the experimental conditions such as the temperature
of the solution (Figure S10) and salt concentration.

One of the important characteristics of DNA-based assembly
is its reversibility. Since aggregation of Au NRs is based on the
interaction between the sticky ends of DS-DNA, they will be
presumed to separate from each other when the solution
temperature is changed back to 60 °C. As a result, concomitant
plasmonic CD should change reversibly with the temperature.
The experimental results with five cycles between 20 and 60 °C
confirm that the CD signal at 512 nm is almost unchanged
(Figure 2c), while the CD signal at 750 nm switches between
2.5 and 0 stably (Figure 2d).

The plasmonic CD responses can be manipulated by altering
the experimental parameters. First, different amount of
complementary DNA with the sticky end is added to the
solution containing SS-DNA modified Au NRs. When the
amount of complementary DNA with the sticky end is
increased (Figure 3a), the intensity of the longitudinal
plasmonic CD peak is simultaneously enhanced. This is easily
understood because increasing amount of complementary DNA
with the sticky end induces large aggregation of Au NRs, which
consolidates the coupling between DNA helix and Au NRs.’
Second, Au NRs with different aspect ratios are used for
assembly. When the aspect ratios are reduced from 2.8 to 2.1
(Figure S1), the longitudinal plasmonic CD signals of Au NRs
at the aggregate state show an obvious blue shift (Figure 3b).
The zero-crossing points of the longitudinal plasmonic CD
peaks are around 636, 652, and 675 nm for assemblies of Au
NRs with aspect ratios 2.1, 2.4, and 2.8, respectively. The blue
shift of plasmonic CD responses is reasonable considering that
the longitudinal SPR peak of Au NRs with a small aspect ratio
is located at the short wavelength. When the aspect ratio is 2.4,
the intensity of the longitudinal plasmonic CD peaks is the
strongest. This phenomenon originates from two counteractive
effects: (1) As the aspect ratio of Au NRs increases, their
longitudinal SPR signals are enhanced. (2) The coupling
between longitudinal SPR of Au NRs and chiral signal of DNA
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Figure 3. CD and corresponding UV—vis absorption spectra of Au NR
assemblies at 20 °C with varying concentration of complementary
DNA containing the sticky end (a) or varying aspect ratio of Au NRs
(b). In panel a, black, red, and blue curves stand for 50, 75, and 100
nM complementary DNA with the sticky end in the solutions,
respectively. The concentration of SS-DNA (sequence A) modified Au
NRs with the aspect ratio of 3.0 is 0.18 nM. In panel b, black, blue, and
red curves correspond to the DNA-based assemblies containing Au
NRs with the aspect ratios (AA) of 2.1, 2.4, and 2.8, respectively. The
concentrations of SS-DNA (sequence B) modified Au NRs with
different aspect ratios are around 0.2 nM. The concentrations of its
complementary DNA with the sticky end in the solutions of Au NRs
are 75 nM.

is reduced as the difference in the wavelengths of the
absorption peaks between DNA (260 nm) and Au NRs
(630—687 nm) becomes large.®

Finally, To prove that the change in plasmonic CD responses
at different temperature originates from the coupling between
DNA and Au NRs, a series of control experiments are carried
out. First, when complementary DNA without the sticky end is
added to the solution of SS-DNA stabilized Au NRs, CD
spectra remain unchanged with the temperature (Figure S11).
This is because without the sticky end, DS-DNA modified Au
NRs cannot spontaneously aggregate at 20 °C and Au NRs
keep isolated in solution regardless of the temperature changes.
Second, all the assembly conditions to obtain reversible
plasmonic CD responses are the same, except that spherical
Au NPs with the mean diameters of 18 and 35 nm are used as
the substitutes of Au NRs. Interestingly, there are no obvious
temperature-dependent CD responses appearing during
assembly and disassembly of DS-DNA modified Au NPs
(Figures S12—S14). It is understood that the plasmonic
coupling of Au NPs is much weaker than that between Au
NRs,'? and thus, the change in plasmonic CD responses at
varying temperature is also not so evident. This result highlights
the crucial role that the anisotropic shape of Au nanocrystals
play in generation of strong plasmonic CD signals and the
corresponding temperature-dependent change.

In conclusion, we have demonstrated that the hybrids of
DNA and Au NRs produce remarkable plasmonic CD signals at
the visible light region. With the help of complementary DNA
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with the sticky end, the plasmonic CD responses could be
tuned reversibly at different temperature. As the DNA-guided
NP assembly has been broadly used for constructing complex
structures and for detecting target molecules, the plasmonic CD
responses obtained by the DNA and Au NRs hybrids will shed
light on creating intelligent materials with unique optical
responses as well as fabricating ultrasensitive sensors.
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Detailed experimental methods, DNA sequences, TEM, SEM,
DLS, and CD spectra. This material is available free of charge
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