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We report that complexes formed between gold nanorods (AuNRs)
and metal-mediated DNA exhibit plasmonic circular dichroism (CD)
signals up to ~400 times stronger than the molecular CD signal of
DNA. This substantial enhancement enables the detection of metal
ions, offering a promising approach to analytical applications in
chiral biochemistry.

DNA has several advantages that make it an excellent biosen-
sing probe.'” First, by designing the base sequence, DNA can
recognize various target substances such as metal ions,* small
molecules™® and proteins.” Second, DNA can undergo confor-
mational changes upon recognition of a target substance.® By
taking advantage of these features, a variety of methods have
been developed for the detection of target substances.'™ For
example, the analyte-triggered oligodeoxynucleotide (ODN)
conformational change can be converted into an optical or
electrical signal by modification with fluorophores® or electro-
active moieties.'® Plasmonic nanoparticles, such as gold nano-
particles, are also a powerful tool for converting ODN
conformational changes into an optical signal."* Due to loca-
lized surface plasmon resonance (LSPR), plasmonic nano-
particles exhibit a color change in accordance with the
distance between the particles."> This color change can be
triggered by probe ODNs on the particle surface for detection
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of target substances.”® In addition, as DNA is a chiral molecule,
its conformational changes can be directly detected with a
circular dichroism (CD) spectrometer,"* although CD spectro-
scopy suffers from low detection sensitivity. For example, for a
20-base pair double-stranded (ds)ODN, a high sample concen-
tration of ~2 uM is required to obtain a CD signal."* Thus,
CD spectroscopy has not been widely used for DNA-based
biosensors.

Induced plasmonic chirality, a phenomenon in which an
achiral plasmonic nanostructure becomes optically active in
response to chiral molecules,">'® may help overcome this
shortcoming. It is known that plasmonic CD is induced by
dipole-dipole interactions between chiral adsorbates and plas-
mon nanostructures and/or by the chiral assembly of plasmo-
nic nanoparticles.'® One notable aspect of this phenomenon is
that the intensity of the plasmonic CD is much higher than that
of the molecular CD.*”"° For example, Kneer et al. sandwiched
a DNA origami sheet between two gold nanorods (AuNRs) and
demonstrated the emergence of plasmonic CD signals
~300 times more intense than that of the DNA origami."
Chiral self-assemblies of AuNRs induced by helical polymers
showed a strong CD response in the vis-NIR region.>" Serum
albumin and AuNR complexes provided strong plasmonic
CD'®**?% and chiral assemblies of AuNRs as revealed by cryo-
transmission electron microscopy (TEM).'® However, the rela-
tionship between the protein structure and plasmonic CD of
AuNR-protein complexes remains unclear due to the complex
protein structures.”* Based on our previous studies of plasmo-
nic AUNR-DNA complexes,**>® DNA can be utilized as an ideal
molecule for the construction of nanoparticle-molecule com-
plexes to induce plasmonic CD, owing to the clearer structural
information. By leveraging these attributes, not only are the
potential applications of such complexes expanded in terms of
chiral sensing, but it also paves the way for deeper explora-
tions into chiroptical mechanisms in nanoparticle-molecule
complexes.

Although the molecular structure required to induce plas-
monic chirality remains controversial, a common feature of
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Scheme 1 Schematic illustration of this study. The AuUNR-DNA com-
plexes, showing plasmonic CD signals based on DNA conformational
changes from random coil to helix, can be used for the detection of Hg?*.

many of these molecules is a helical structure,'>™71921724:27:29,30 j¢

is well known that Hg>*, which is highly toxic to the human body,
mediates thymine mismatching and forms thymine-Hg> ~thymine
(T-Hg"-T) complexes.*** Thus, single-stranded (ss)ODN can be
hybridized to form dsDNA (helical structure) in the presence of
Hg*". Additionally, thymine-rich ssDNA adopts a random coil
structure (non-helical structure) due to weak base pair stacking
interactions.*® Based on this insight, in this study, we demonstrate
that the plasmonic CD induced by AuNR-DNA complexes can be
used for metal ion detection (Scheme 1).

First, we confirmed the structural changes in ODNgry,
(sequence: 5-TTTTTTTTTTTTTTTITTTTTTIT-3’) through recog-
nition of Hg>". We used Tris-HCI solutions for all experiments
in this study. We measured the fluorescence intensity of a
mixture of ODNgr,, (final concentration = 0.6 pM) and SYBR
Green I (SG) containing Hg”" and other metal ions (Ag®, Cr®",
Cu*", Fe**, and Zn>"). Note that the concentration of metal ions
was set to the minimum amount (6.6 uM) required for Hg”* to
mediate all of the thymine mismatches. SG stains dsDNA more
efficiently than ssDNA;** therefore, by comparing fluorescence
intensities, it is possible to confirm whether ODNyr,, adopts a
ss or ds conformation. As expected, the fluorescence intensity
of SG with Hg>" was significantly greater than that for other
metal ions or blank samples without Hg" (Fig. S1, ESI). These
results confirmed the ds formation of ODNgr,, by Hg>* even
under our experimental conditions.

Next, we investigated the formation of DNA complexes with
AuNRs via electrostatic interactions. We prepared cationic
AuNRs (size: ~40 nm x ~10 nm, zeta potential: +13.8 mV,
16 nM) by the surface exchange of
cetyltrimethylammonium bromide (CTAB)-covered AuNRs with
primary amine-terminated hexaethylene glycol thiol ligands, to
make them both more stable and controllable. Then, the
cationic AuNRs were added into the Tris-HCI buffer solution
containing ODNgr,, to form AuNR-DNA complexes. Dynamic
light scattering (DLS) was used to characterize the complexes.
As shown in Fig. 1A, AuNR alone showed DLS peaks at ~1 nm
and ~39 nm. The former results from rotational motion and
the latter results from translational motion.*> The mixture of
AuNRs and ODNgr,, showed a DLS peak at ~150 nm,

final concentration =

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm
(A) (B)
2.0
—_ \’J
S AuNR alone
S 15
2 S — AuNR alone
= s
g P s — +ODNgrz,
€ ©1.0 "
£ (— B —+Hg
S| +ODNyp £
I3} ]
% B EHL 0.5
@ —
+H924
0
1 10~ 100 1000 400 500 600 700 800 900
Size (nm) Wavelength (nm)
(C) (D)

S IHITRY
e
=y

N -

\ 1

"l.//
IS
W \511,

Fig. 1 (A) DLS profiles of AuNR alone (black line) and AUNR—ODNgr22
complexes prepared in the absence (blue line) or presence (red line) of
Hg?*. (B) Extinction spectra of AuNR alone (black line), and AuNR-
ODNgr22 complexes prepared in the absence (blue line) or presence (red
line) of Hg?*. (C) and (D) Typical STEM images of the AUNR—ODNgr22
complexes prepared in the absence (C) and presence (D) of Hg?*. (AuNRs:
16 nM; ODNyr22: 0.6 uM; H92+: 6.6 uM).

indicating complex formation. The position of this peak was
almost completely independent of the Hg>* concentration. We
then measured the extinction spectra of AuNR alone and the
AuNR-ODNyr,, complexes (Fig. 1B). AuNR alone showed a
transverse (T)-LSPR peak at ~510 nm and a longitudinal
(L)-LSPR peak at ~760 nm. In contrast, AUNR-ODNgr,, com-
plexes exhibited a T-LSPR peak around ~ 530 nm and a L-LSPR
peak around ~ 660 nm, regardless of the presence or absence
of Hg*". The shift in the L-LSPR peak to a shorter wavelength
indicates that the AuNRs assembled in a side-by-side
manner.>®*” This was also supported by scanning transmission
electron microscopy (STEM) imaging (Fig. 1C and D). The above
DLS and extinction spectra results demonstrated the successful
formation of AuUNR-DNA complexes.

Although the size and morphology of the AuNRs assemblies
did not differ markedly (Fig. 1), there was a clear difference
between the optical activities of the AuUNR-ODNgr,, complexes
with and without Hg>". Fig. 2A shows their CD spectra. Note
that all CD spectra shown in this work have been smoothed
using the Savitzky-Golay method (Fig. S2, ESI1).*® In the
absence of HgZ+, neither AuNR alone nor the AUNR-ODNgs,
complexes showed plasmonic CD in the visible region (Fig. 2A).
In contrast, the AuUNR-ODNyr,, complexes with Hg>* showed
negative couplet CD with a dip at ~720 nm and a peak at
~620 nm. In the UV region, the AuNR-ODNyr,, complexes
with Hg?* exhibit similar but distinct CD characteristics to
those without AuNRs in the same region due to the large
electromagnetic field near the Hg*"-mediated DNA.?° Indeed,
similar results were observed in the AuUNR-dsDNA complexes in
which dsDNA was formed by ODNgr,, and ODNgyj,,, (sequence:
5/-AAAAAAAAAAAAAAAAAAAAAA-3') (Fig. S3A, ESIT).

Here we emphasize three important characteristics. First, the
plasmonic CD was much larger than the molecular CD of the DNA
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Fig. 2 CD spectra for (A) 16 nM AuNR alone (black line), AuNR and 0.6 uM
ODNgr22 complexes (blue line), AUNR and ODNgt2, complexes with
6.6 uM Hg?* (red line), (B) 20 pM ODNgro» alone (blue line) and with
220 uM Hg?* (red line).
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in the UV region (the plasmonic CD was detected even though the
DNA was below the detection limit). To quantitatively compare the
plasmonic CD with the CD of the DNA, we used the following
equation:'’*°

_ AC]D(plasmon) / C(DNA)
ACD(pna)/ coipna)

Acp

where Acp is the enhancement factor, ACDjasmon) iS the difference
between the peak and dip values of the plasmonic CD signal, ¢pna)
is the concentration of DNA in the AUNR-DNA complexes solution,
ACD(pny) is the difference between the peak and dip values of the
molecular CD signal of DNA alone, and copna) iS the concentration
of the DNA alone. As a result, the Acp from AuNR-ODNyr,,
complexes at a Hg*" concentration of 6.6 M was calculated to be
97, indicating a significant advantage in terms of detection. Second,
a clear change in plasmonic CD in the visible region was observed
even with a low Hg®" concentration (Fig. 2A), although the molecular
CD of ODNyry, was almost unchanged with Hg>" (Fig. 2B). However,
dsDNA formation with ODNy,,, caused a clear change in molecular
CD (Fig. S3B, ESIt). Third, compared with SG fluoresce method (Fig.
S1, ESIt), no strong background signal was observed in this system
(Fig. 2A). These results suggest that the AUNR-DNA complexes not
only enhance the CD signal intensity of DNA but also recognize
conformational changes in metal-mediated DNA, as a plasmonic CD
signal, with greater sensitivity; thereby demonstrating their potential
applications in metal ion detection.

In order to test the analytical performance with regard to
metal ion detection using the AuNR-DNA complexes, the
plasmonic chiroptical activities of the AuNR-ODNgr,, com-
plexes were recorded upon addition of Hg?" at different con-
centrations (Fig. 3A). Even when the Hg>" concentration was
changed, the zero-crossing (~670 nm) and peak (~610 nm)
positions remained nearly identical. In addition, as shown in
Fig. S4 (ESIt), the zero-crossing and the L-LSPR peak were well
matched. Fig. 3B plots the ACD(pjasmon) Versus Hg”' concen-
tration, which shows that the plasmonic CD began to be
detected around the Hg>" concentration of 2 uM. This is
consistent with the Hg>* concentration at which ODNgr,
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Fig. 3 (A) CD spectra for AUNR-ODNgr2, complexes prepared at differ-
ent concentrations of Hg?*. (B) Plots of ACD versus Hg?* or other metal
jon concentrations (6.6 pM).

began to form double strands (Fig. S1B, ESIt). When the
concentration of Hg>* was over 6.6 uM, ACD reached its largest
value (~25 mdeg). The saturation may be explained by the fact
that ssODNgr,, was completely consumed in the presence of
6.6 UM of Hg”". It is also worth noting that the plasmonic CD
signal in our system did not decrease, as in the fluorescence
method, in the presence of high Hg>" concentrations (Fig. S1,
ESIT), indicating its good stability with regard to Hg”>" detec-
tion. We also tested the plasmonic CD responses to the other
potential interfering compounds, including Ag*, Cr®*, Cu®",
Fe*', and Zn**, under the same reaction conditions. Interest-
ingly, except for Hg*" with reproducibility (Fig. S5, ESIt), no
obvious plasmonic CD signal was obtained in the presence of
the other interfering ions (6.6 uM) in the sensing systems,
indicating good selectivity toward Hg*" (Fig. 3B). These results
indicated that the AuNR-DNA complex system shows high
analytical performance with regard to metal ions.

The advantage of our detection method is that the ion of
interest can be changed simply by changing the base sequence.
To demonstrate this, we performed an experiment using Ag" as
another model ion. For this experiment, a probe ODN with the
sequence 5’-CCCCCCCCCCCCCCCCCCCCCC-3" (ODNgycpy) Was
used (Fig. 4A). ODNyc,, underwent a conformation change caused
by Ag" as Ag"” mediates cytosine mismatching and formed cytosine-
Ag*-cytosine (C-Ag'-C) base pairs,*® as confirmed by CD measure-
ments (Fig. 4B). As shown in Fig. 4A, the AuUNR-ODNjy,, complexes
showed no plasmonic CD in the absence of Ag*. However, in the
presence of Ag', the AUNR-ODNyc,, complexes exhibit negative
couplet plasmonic CD. The Acp from AuNR-ODNyc,, complexes at
Ag" concentration of 6.6 UM was calculated to be 400. It is
noteworthy that the AUNR-ODNy,, complexes exhibit a marked
plasmonic CD. Specifically, AuUNR-ODNyc,, complexes with Ag"
(6.6 uM) show a higher value of g-factor (1.0 x 10~ %), which
represents the dissymmetry, whereas the AUNR-ODNr,, complex
with Hg”" (6.6 M) shows a lower value (0.09 x 10~ %) (Fig. S6)
(details are in the ESIY). This value is comparable to that of the
AuNR-protein complex system, which has side-by-side AuNR chiral
assemblies (1.9 x 107?).%

In summary, we have demonstrated that conformational
changes in DNA can be observed by the induced plasmonic optical

This journal is © The Royal Society of Chemistry 2024
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activity from AuNR-DNA complexes, which has afforded the ability
to detect metal ions (Hg?* and Ag") with no significant background
signal. Importantly, the induced plasmonic CD in the visible region
was much larger than the molecular CD of the ODN in the UV
region. It is also noteworthy that clear changes in plasmonic CD
could be caused even with metal-mediated ODNs that show little
molecular CD change. We believe that this study will inspire further
research on chiral plasmonic applications and facilitate exploration
into the chiroptical mechanisms.
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