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Herein, we present a gold nanoparticle (GNP)-based DNA nanosen-
sor to detect the formation of an i-motif from the random coil
structure by small molecules at physiological pH. The nanosensor
shows a distance dependent fluorescence turn-off response in the
presence of a ligand, indicating conformational changes from the
C-rich single stranded DNA into an i-motif.

i-Motifs are interspersed tetrahelical DNA secondary structures
that are stabilized by hemi-protonated and intercalated cytosine
base pairs (C:C")."™ The in vitro stability of i-motifs strongly
depends on chemical and physical environmental factors such
as acidic pH, low ionic strength, molecular crowding, low temp-
erature, etc."™* These conditions are not available in cellular
environment to stabilize i-motif structures. Thus, the existence
of i-motifs within genomic DNA is still a matter of scientific
debate. Recent studies show that i-motifs are stable and they
exist in the nuclei of living human cells.”” These findings
suggest that i-motifs could be potential targets for gene regu-
lations. The non-canonical DNA i-motifs are also hypothesized
to be involved in several cancer-related processes.*® In this
regard, ligands that preferentially target and induce the i-motif
formation in genomic DNA in the cellular environment would
be useful in i-motif-targeted anti-cancer therapeutics. Such
ligands"®"® would also provide detailed insights into the poten-
tial impact of i-motif structures on physiological processes.
Thus a simple and fast high-throughput screening method can
be used to identify i-motif inducing ligands at physiological pH.

Circular Dichroism, '"H NMR spectroscopy and FRET-based
techniques (like FRET-based DNA melting assay, SmFRET,
etc.)'*'° are currently used as standard methods to detect
ligand mediated i-motif formation and stabilization. However,
NMR and CD spectroscopy techniques are time-consuming,
have low throughput and require precise control of experi-
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mental setups. FRET based assays are generally used to detect
i-motif stabilization under acidic conditions. In comparison to
these traditional detection methods, gold nanoparticle (GNP)-
based nanosensors are extremely attractive because of the ease
of detection, minimal interference, high sensitivity and poten-
tial for high-throughput analysis.

GNP-based sensors are of particular interest due to the
unique features of gold nanomaterials such as distinct optical
and physicochemical properties, controllable size, ease of syn-
thesis and versatile surface chemistry that allow multi-
functionalization with a wide range of organic or biological
molecules.””* Each of these attributes of GNPs enables
researchers to develop novel cost effective probes for the selec-
tive binding and detection of small molecules and biological
targets."”” " We herein report the design and fabrication of a
high throughput GNP-based DNA sensor for the identification
of i-motif inducing ligands. To our knowledge, GNP-based
sensors have not been reported so far to detect induction of
the i-motif structure at physiological pH.

In this study, the GNP-based DNA probe was devised by
grafting random coil cytosine-rich DNA sequences onto the
surface of water-soluble gold nanoparticles (GNPs) via thiol-
gold covalent bonds (Fig. 1). We have used a 5'-thiolated C-rich

° >
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NN\
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Fig. 1 Schematic illustration for the detection of ligand-mediated
i-motif folding using gold nanoparticles (GNPs) coated with 5'-thiolated
and 3'-FAM labelled C-rich DNA sequences.
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Table 1 DNA sequences used

DNA Sequence (5'......3")

C-rich TC,AC,T,C,AC;TC,ACSTC,A

DNA [10 mM sodium cacodylate, 10 mM NacCl, pH 5.5; i-motif
(i)
[MilliQ water; single stranded C rich DNA (ssC)]

TACF ThiC6-TC,AC,T,C4AC,TC,AC,TC,A-FAM
[MilliQ water]

FdCT’ FAM-TC,AC,T,C4AC;TC4AC;TC,A-TAMRA

TdCF-dG Strand 1: ThiC6-TC,4AC,T,C4AC;TC,AC;TC,A-FAM; TdCF
Strand 2: TG,AG,TG,AG;TG,A,G,TG,A; dG
[10 mM Tris. HCI, pH 8]

dc-dac Strand 1: TC,AC,T,C,AC;TC,AC;TC,A; dC

Strand 2: TG4AG3TG,AG;TG4A,G,TG,A; dG
[10 mM Tris. HCI, pH 8]

DNA (TdCF), which is tagged with FAM at 3’-end (Table 1).
GNPs were synthesized through the reduction of HAuCl, via
sodium citrate.”® The GNPs are around 40 nm in size (Fig. S17)
and contain ~120 strands per particle. The DNA-grafted GNP
nanosensor generates a distance-dependent fluorescence
quenching signal in response to the i-motif formation by a
ligand. When TdCF DNA (Table 1) is in the unfolded state, the
tagged fluorophore remains away from the GNP surface giving
a high fluorescence response. The folding of TdCF into an
i-motif (iM) in the presence of a ligand brings the fluorophore
close to the GNP surface that quenches the FAM fluorescence
(Fig. 1). This indicates the ligand’s ability to induce the for-
mation of an i-motif from the random coil C-rich DNA.

We have used a pyrrolidine mono-triazolyl carbazole deriva-
tive, ligand 1, which was developed by in situ cycloaddition
using an i-motif DNA-nanotemplate.>® Fluorescence studies
revealed that 1 shows high affinity for i-motifs with a Ky value
of 0.25 pM (Fig. S2t). Interestingly, Forster Resonance Energy
Transfer (FRET) melting analysis® revealed that ligand 1 is
capable of folding a C-rich sequence to an i-motif under phys-
iological conditions. In the FRET study, a dual-labeled C-rich
DNA sequence (FACT’) was used under both folded (pH 5.5,
iM) and unfolded (pH 7.4, ssC) conditions. At acidic pH (pH
5.5), the i-motif (iM) exhibited a T, value of 47.5 °C, while the
C-rich DNA (ssC) remained unfolded at pH 7.4, showing no
measurable T, value (<37 °C) (Fig. S3a and bf). At pH 5.5, 1
significantly stabilized the i-motif, showing a AT, value of
18 °C (T, of 65.5 °C) at 0.5 uM concentration and a AT, of
29.5 °C (Ty, of 77 °C) at 1 pM concentration (Fig. S3af).
Moreover, it showed a maximum stabilization potential for iM
(T of 93 °C) at a concentration of 3 pM (Fig. S3at). FRET
studies further illustrated that 1 gradually increased the T,
values of unfolded C-rich DNA (ssC) at physiological pH. It was
observed that the T, of FACT' (pH 7.4, ssC) increased to
58.5 °C at 1 pM, 78.4 °C at 5 uM and 82.3 °C at 10 pM concen-
tration of 1 (Fig. S3b¥). These results indicated that 1 is able to
stabilize the i-motif structure and is also able to fold the
unfolded form (ssC) into an i-motif (iM) at physiological pH.

Circular Dichroism (CD) spectroscopy further confirmed
the ability of 1 to fold the i-motif structure. The C-rich DNA
(dC) folded at pH 5.5 (i.e. the iM DNA) showed a positive
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maximum at 288 nm and a negative peak in the range of
260-267 nm in the CD spectrum, corresponding to a typical
i-motif conformation®' (Fig. S3cf). Upon addition of 1, no
spectral shift was observed, suggesting that 1 stabilizes iM and
does not perturb its conformation. At pH 7.4, the CD spectrum
of C-rich oligonucleotides (ssC) showed a positive signal at
277 nm and a negative signal at 236 nm, indicative of a
random coil type structure (Fig. S3dt). Upon addition of 1,
gradual bathochromic shifts in both positive and negative
signals were observed. With increasing concentrations of 1 (0
to 1 equiv.), the negative peak at 236 nm was shifted to
261 nm, and the positive maximum was red-shifted to 288 nm
with an increase in ellipticity (Fig. S3df). This reveals that 1
could promote and stabilize the folded conformation of
i-motif DNA under neutral and acidic conditions.

Next, the efficacy of the DNA nanosensor to detect the iM
formation from the random coil structure (ssC) by ligand 1
was monitored by fluorescence spectroscopy (Fig. 2a). The
DNA-linked GNPs (TdCF-GNP) exhibit a strong characteristic
fluorescence signal for FAM (A = 488 nm and Ay, = 542 nm)
at physiological pH (Fig. 2b). Upon addition of 1, a noticeable
decrease in fluorescence intensity of FAM was observed
(Fig. 2b and c) and the fluorescence signal was quenched by
5-fold in the presence of 1 pM of 1 (Fig. 2d). The quenching
may arise from the molecular interactions between FAM and
ligand 1. However, fluorescence titrations of free TACF DNA
(not grafted on GNPs) with the ligand 1 showed only a 1.4-fold
decrease in the fluorescence intensity of FAM (Fig. S47). Taken
together, these results indicate that the observed fluorescence
quenching of the GNP-based system is due to the folding of
the random C-rich coil into the i-motif conformation by 1.

(a) (b)
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Fig. 2 (a) Chemical structure of 1. (b) Fluorescence titration of TdCF
DNA linked GNPs (TdACF-GNP) with 1 showing fluorescence quenching
and induction of i-motif formation on the GNP surface (DNA conc. 100
nM). dex = 488 nm, milliQ water (c) normalized fluorescence response of
TdCF-GNP in the presence of increasing concentrations of 1. (d) Bar
diagram showing the normalized fluorescence responses of TACF-GNP
alone and 1 bound TdCF-GNP (iM-GNP).
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To further examine the sensitivity of the GNP-based system,
we developed a ligand-specific label-free fluorescence based
assay by employing Thioflavin T (ThT) as a signal transducer.
ThT, containing benzothiazole and dimethylaminobenzene
rings, has been reported as a fluorescent sensor for human
i-motif DNA.*> ThT showed negligible fluorescence changes
with ssC at pH 7.4 and exhibited a 6-fold fluorescence
enhancement with the iM DNA (pre-folded at pH 5.5)
(Fig. S51). These observations indicate that ThT selectively
interacts with the i-motif structure (iM) over a single stranded
C-rich oligonucleotide (ssC). In contrast, ligand 1 is initially
fluorescent and its fluorescence was quenched significantly
upon addition of either the random coil C-rich DNA (ssC, pH
7.4) (Fig. S61) or the iM DNA (pre-folded at pH 5.5)
(Fig. S21).>> We further observed that 1 and ThT could be a
possible donor-acceptor pair as the absorption spectrum of
ThT (Aex = 412 nm and A, = 486 nm) overlaps with the emis-
sion spectrum of 1 (4e, = 290 nm and Aey, = 375 nm).

Molecular docking studies revealed that 1 interacted with
the groove region of an i-motif (PDB: 1YBL**) with a binding
energy of —10.16 kcal mol™" (Fig. S7t). ThT could bind to
another groove region of the i-motif with a binding energy of
—4.77 keal mol™". Docking studies performed with both the
ligands illustrated that 1 and ThT could simultaneously bind
at different groove regions of an i-motif structure (Fig. S77).
We, therefore, hypothesized that if 1 could induce the i-motif
formation at physiological pH, ThT would then exhibit a fluo-
rescence turn-on response upon interaction with i-motif DNA
(folded by 1) at pH 7.4 (Fig. 3a). In this context, we prepared a
mixture of 1 (100 nM) and ThT (1 pM) and monitored the fluo-
rescence spectra of the resulting mixture upon excitation at
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Fig. 3 (a) Proposed mechanism for the induction and stabilization of
the i-motif structure by 1 and subsequent binding to Thioflavin T (ThT)
showing a fluorescence turn-on response. (b) Fluorimetric curves of 1
(0.1 uM) and ThT (1 pM) [excitation at 290 nm] with the ssC sequence
(milliQ water). (c) Diagram of the normalized fluorescence intensities of
1 and ThT alone and with DNA at 375 nm and 486 nm, respectively.
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290 nm (A of 1) (Fig. 3b). Upon incremental addition of ssC
to this mixture at pH 7.4, the fluorescence intensity of 1 (Aey, =
375 nm) gradually quenched, and simultaneously, there was
an increase in the fluorescence intensity of ThT (Aey =
486 nm). This suggests that iM was formed from ssC by 1 and
then ThT interacted with iM DNA, exhibiting a turn-on
response (Fig. 3b and c). In addition, the fluorescence inten-
sity of ThT was not altered with the gradual addition of 1, indi-
cating no molecular interactions between ThT and 1.
Collectively, these studies illustrate that 1 can induce and
stabilize i-motif DNA at physiological pH and further indicate
that the GNP-based method can be used for screening of com-
pounds to identify ligands with the ability to induce the
i-motif formation.

We then focussed our attention on devising a DNA nano-
sensor to investigate the i-motif formation from G-C-rich
duplex DNA. Double stranded regions of the human genome
can adopt iM/G, structures, and the formation of these struc-
tures is in equilibrium with duplex DNA.** In order to prepare
the nanosensor, we first immobilized G-C-rich duplex DNA
(TdCF-dG) on the surface of GNPs (Fig. 4a). The duplex DNA
(TdCF-dG) was prepared by annealing the 5'-thiol and 3'-FAM
containing TdCF sequence and its complementary untagged
dG DNA sequence in 10 mM Tris-HCl buffer, pH 8. The
TdCF-dG DNA-grafted GNP system (TdCF-dG-GNP) showed a
high FAM fluorescence (Fig. 4b). Upon gradual addition of 1,

(a)

N

L
ligand

—

dG
@ =GNP @ =FAM
AR =dC.dG

Qﬂ = j-motif
TdCF.dG:

5'-ThiC6-TC,AC,T,C,AC,TC,AC,TC,A- FAM-3'
3-AG,TG,A,G,TG,AG,TG,AG,T-5'

TdCF.dG-GNP

Fluorescence ON

iM-GNP

Fluorescence OFF

(b) (c)

1x10°

w

gl |

550 600 650 TdCF.dG- TdCF.dG-
wavelength (nm) GNP GNP+1

Fig. 4 (a) Schematic representation of the designed FAM-tagged G-C-
rich duplex DNA immobilized GNPs (TdACF-dG-GNP) to detect the for-
mation of the i-motif. (b) Fluorescence titration of G-C-rich duplex DNA
linked GNPs (TdCF-dG-GNP) with 1 showing fluorescence quenching
and induction of the i-motif formation on the GNP surface [DNA conc.
200 nM (100 nM TdCF and 100 nM dQG)]. Aex = 488 nm, buffer: 10 mM
Tris:HCL buffer, pH 8. (c) Bar diagram showing the normalized fluor-
escence responses of TdACF-dG-GNP alone and with 1.
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the fluorescence signal of the DNA sensor was significantly
quenched 5.2-fold (Fig. 4c). However, the fluorescence response
of FAM was not considerably altered when 1 was titrated with
TdCF-dG DNA, Fig. S8.1 These further indicate that 1 is able to
promote i-motif folding from G-C-rich duplex DNA.

The underlying reason for the quenching was studied using
a well-known anticancer agent doxorubicin (Dox). Dox showed
fluorescence quenching in the presence of duplex DNA,
G-quadruplex and i-motif DNA as well as with unfolded G-rich
and C-rich DNA (Fig. S9-S121).”* Free Dox exhibited an intrin-
sic high fluorescence signal (1ex = 480 nm and Ay, = 590 nm)
and upon incremental addition of dC-dG duplex DNA
(sequence listed in Table 1), a dramatic decrease in the fluo-
rescence intensity of Dox was observed (Fig. 5a). Intriguingly,
upon addition of 1 in this state (Fig. 5b), it was observed that
the fluorescence intensity of the Dox-dC-dG DNA complex was
increased. These results suggested that 1 could release Dox
from duplex DNA and restore the fluorescence of Dox. We also
observed that the fluorescence intensity of free Dox was hardly
altered in the presence of 1, indicating negligible molecular
interactions between Dox and 1 (Fig. S131). CD experiments
were further performed with dC-dG DNA and ligand 1 to vali-
date the formation of the i-motif from duplex DNA. The dC-dG
duplex DNA exhibited a positive peak at 270 nm and a negative
peak at 240 nm. In the presence of 5 eq. of ligand 1, a broad
positive band with a significant decrease in molar ellipticity
was observed. We have hypothesized that this kind of broad
spectrum may arise from a mixture of unfolded and/or par-
tially folded structures (Fig. S141). Upon addition of a higher
concentration of 1 (10 eq.), a spectrum of mixed peaks
appeared: a major peak at 288 nm, which corresponds to
the i-motif conformation and a broad minor peak near

7.0x10 6.0x10° 1

3.5%10° 3.0%10°

Dox Emission
Dox Emission

500 600 700 500 600 700
Wavelength (nm)

c) Dox
| rl'\
~ Ao “fYal |
1027

Ialalal

Dox : dC.dG Free

dC.dG duplex i-motif Dox

dC.dG duplex : 5-TG,AG,TG,AG,TG,A,G,TG,A-3’
3 AC,TC,AC,TC,AC,T,C,AC,T-5'

Fig. 5 (a) Fluorescence titration of Dox with dC-dG duplex DNA
showing a decrease in fluorescence intensity (lex = 480 nm, buffer
10 mM Tris-HCl, pH 8). (b) Restoration of Dox fluorescence after addition
of 1, which converts the dC-dG duplex into i-motif DNA. (a) Schematic
representation of 1 induced i-motif formation from G-C rich duplex DNA
(dC-dQ) and subsequent release of Dox.
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250-265 nm, which may correspond to unstructured single-
stranded topology and/or G-quadruplex structures. Based on
these results, we could infer that the duplex DNA confor-
mation is perturbed in the presence of 1, thereby triggering
the formation of stable i-motif DNA (Fig. 5c).

To investigate the applicability of the TdCF-GNP system, we
next carried out a screening experiment with a library of 25
structurally relative carbazole derivatives (1-25) (Fig. S15%) for
their ability to induce the i-motif formation. In the screening,
un-annealed C-rich DNA grafted GNPs (TdCF-GNP) were mixed
with 1.0 pM of each ligand in 10 mM sodium cacodylate
buffer, 10 mM NacCl, pH 7.4 in multi-well plates. After 30 min
incubation, in the dark, the fluorescence intensities of each
well were recorded. For each ligand, control experiments were
carried out by monitoring the fluorescence response of the
mixture of ligand and free C-rich random coil in the same
buffer, indicating whether the ligands would have some intrin-
sic quenching effect on FAM fluorescence. By monitoring the
normalized fluorescence quenching for each ligand
(Fig. S1671), we observed that ligand 1 was the top hit in this
screening, showing 69% fluorescence quenching. The next-
best hit after 1 was found to be 8 containing aliphatic amine
chains, showing a quenching of 56% followed by 5 that exhi-
bits a fluorescence quenching by only 20%. To validate the
results, FRET melting assay was performed with these ligands
(1 pM conc.) at pH 7.4. Of all the ligands tested, 1 has the
highest Ty, value (58.5 °C) for FACT' DNA (Ty, < 37 °C; could
not be determined), followed by 8 (T,, = 43.7 °C) and 5 (Ty, =
38.3 °C). Other carbazole ligands did not show any difference
in the melting temperature of C-rich random coil DNA.
The FRET melting results are consistent with the GNP-based
screening, indicating the applicability of the sensor to identify
i-motif inducing ligands at physiological pH.

Conclusions

In summary, we have developed a GNP-based DNA nanosensor
for the identification of ligands capable of triggering the
i-motif formation from a random coil C-rich DNA sequence at
physiological pH. The DNA nanosensor produces confor-
mation-specific fluorescence readout in the presence of an
i-motif inducing ligand. However, a ligand may interact with
the fluorophore of the nanoprobe, which can cause undefined
changes in fluorescence. This can be nullified by monitoring
the fluorescence response of free FAM tagged DNA in the pres-
ence of a ligand. It is noteworthy to state that the ligand
should not have any spectral overlap with the used fluoro-
phore, so careful selection of the fluorophore is highly desir-
able. The UV-vis absorbance of the tested ligands should be
examined to invalidate these misleading observations.
Nevertheless, this assay could be considered as a reliable and
high-throughput screening method for the identification of
i-motif folding and stabilizing ligands. Moreover, we also envi-
sage that this GNP-based screening platform could find versa-
tile applications in designing biomolecular nano-devices.

This journal is © The Royal Society of Chemistry 2021
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