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Energy Transfer Between i-Motif DNA Encapsulated Silver
Nanoclusters and Fluorescein Amidite Efficiently Visualizes

the Redox State of Live Cells

Hari Chandana Yadavalli, Yeolhoe Kim, Il Lae Jung, Sooyeon Park, Tae-Hwan Kim,
Jin Young Shin, Riddhi Nagda, Peter Waaben Thulstrup, Morten Jannik Bjerrum,
Yong Joo Bhang, Phil Hyu Lee, Won Ho Yang,* Pratik Shah,* and Seong Wook Yang*

The redox regulation, maintaining a balance between oxidation and reduction
in living cells, is vital for cellular homeostasis, intricate signaling networks,
and appropriate responses to physiological and environmental cues.

Here, a novel redox sensor, based on DNA-encapsulated silver nanoclusters
(DNA/AgNCs) and well-defined chemical fluorophores, effectively illustrating
cellular redox states in live cells is introduced. Among various i-motif DNAs,
the photophysical property of poly-cytosines (C,,)-encapsulated AgNCs

that sense reactive oxygen species (ROS) is adopted. However, the sensitivity
of C,,/AgNCs is insufficient for evaluating ROS levels in live cells. To
overcome this drawback, the ROS sensing mechanism of C,,/AgNCs through
gel electrophoresis, mass spectrometry, and small-angle X-ray scattering

is primarily defined. Then, by tethering fluorescein amidite (FAM) and
Cyanine 5 (Cy5) dyes to each end of the C,,/AgNCs sensor, an Energy Transfer
(ET) between AgNCs and FAM is achieved, resulting in intensified green
fluorescence upon ROS detection. Taken together, the FAM-C,,/AgNCs-Cy5
redox sensor enables dynamic visualization of intracellular redox

states, yielding insights into oxidative stress-related processes in live cells.

1. Introduction

Deoxyribonucleic acids (DNAs) have
emerged as captivating materials for
crafting  bioinspired nanomachines.!
Leveraging the predictable behavior of
Watson-Crick base pairing, researchers
have forged a wide array of structural
and functional DNA-based nanomaterials.
These materials find applications in diverse
fields such as nanoelectronics,!?l material
science,l®l  photonics,[*l  biosensing, !>
and Dbioimaging.” One of the func-
tional DNA-based nanomaterials is DNA-
encapsulated fluorescent silver nanoclus-
ters (DNA/AgNCs).1%1 The compelling
photophysical properties of DNA/AgNCs,
including a substantial Stokes shift, robust
photostability, and tunable fluorescence,
have been demonstrated by several appli-
cations in biosensing for nucleic acids,

proteins, chemicals, acid-base titration, and
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more.[B1012] Several parameters such as DNA sequence,
DNA secondary structure, spatial arrangement of AgNCs, and
chemical environments, collectively influence the photophysi-
cal traits of DNA/AgNCs.[1*1°] In the case of DNA secondary
structures, many studies explored different DNA secondary
structures like duplex DNA, hair-pin DNA, G-quadruplex DNA,
i-motif DNA, and Hoogsteen triplex DNA, resulting in the
development of sensory DNA/AgNCs tailored for a wide range
of biomolecules.[1220-23] However, despite growing insights into
the arrangement of AgNCs within certain DNA structures,
achieving precise control over the synthesis of DNA/AgNCs
with predictable properties remains a challenge. For instance,
while the tunable fluorescence of cytosine-rich DNA/AgNCs has
been demonstrated in many studies,[!3172*] the addition of extra
DNA sequences for biosensing often limits the color palette or
eliminates the emission of cytosine-rich DNA/AgNCs.[11142]

Reactive oxygen species (ROS) are intriguing small molecules
within Dbiological systems. While highly toxic in excessive
amounts, ROS has a dual nature, functioning as key signal-
ing molecules in both plants and animals, orchestrating re-
sponses to diverse biotic and abiotic stimuli. ROS also plays
an essential role in developmental processes, actively participat-
ing in cellular proliferation and differentiation.!*! For instance,
the influence of ROS on cancer cells is context-dependent, with
an appropriate concentration promoting tumorigenesis and aid-
ing cancer cell progression, while an excessive concentration
leads to cellular demise.[?’] Cancer cells respond by upregulat-
ing their antioxidant systems to maintain ROS at levels con-
ducive to tumor promotion. In the intricate landscape of can-
cer, redox regulation interfaces with pivotal aspects such as tu-
mor initiation, proliferation, metastasis, programmed cell death,
autophagy, metabolic reprogramming, the tumor microenviron-
ment, therapeutic strategies, and the development of therapeu-
tic resistance, all contributing to the intricate processes of can-
cer development.[?#2°] Given their pivotal role in diseases such
as cancer, neurodegenerative disorders, and diabetes, extensive
efforts have been devoted to developing fluorescent probes for vi-
sualizing ROS levels within cells. Although conventional fluores-
cent dyes and fluorescent protein-based methods are available for
this purpose, they issue some drawbacks such as photobleaching,
photodegradation, pH sensitivity, or the requirement for genetic
encoding.

Many studies showed that protein or DNA-templated metal-
nanoclusters can be applicable for sensing redox changes. For
instance, the red fluorescence of multi-stimuli copper nanoclus-
ters was used for the redox sensor. Papain caped Ag/Au nanoclus-
ter emits red fluorescence that is quenched by sensing hydrogen
peroxide.[?”) The reversible emission change of a poly-cytosine
embedded DNA/AgNCs was used to detect hydrogen peroxide,
which is a by-product of the reaction of glucose with glucose
oxidase.®!] Moreover, several studies showed that poly-cytosine
DNA embedded in different DNA structural contexts such as
G-quadruplex, hairpin, or i-motif encapsulates fluorescent Ag-
NCs with different emission colors and photophysical proper-
ties in sensing redox changes.*?) However, none of the studies
using poly-cytosine/AgNCs reported the live cell imaging of the
redox state to date. In contrast, two studies utilizing hydrogel-
embedded AgNCs and bovine serum albumin (BSA) templated
AgNCs demonstrated the feasibility of AgNCs for redox sensing
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in live cells.['?] In this study, we found that adjusting contrast and

extending exposure time was necessary for effectively monitoring
the redox state in live cells using the fluorescence intensity of the
ROS-sensory DNA/AgNCs. To address this limitation, we con-
ducted a comprehensive analysis of the impact of DNA sequence,
DNA secondary structure, and chemical composition on the red,
blue, and green ROS-sensory DNA/AgNCs, utilizing a range of
complementary analytical techniques. Subsequently, to enhance
the sensitivity of ROS detection, we integrated the strong and sta-
ble fluorophores fluorescein amidite (FAM) and Cyanine 5 Cy5
with the ROS-sensory DNA/AgNCs. Through this approach, we
achieved yet undefined energy transfer (ET) between FAM and
AgNCs, resulting in the emission of highly stable green fluores-
cence in response to ROS in live cells.

2. Results and Discussion

To develop an effective ROS-sensor for monitoring the redox state
in live cells, we primarily explored a variety of DNA/AgNCs using
previously reported poly-cytosine sequences.[**3*] Among them,
we selected poly-cytosine DNA groups and two control DNAs.
The group consists of 7 poly-cytosine linear DNAs (C4, C,5, Cys,
Cig, Cy, and C,,). The two controls are C; repeat DNAs inspired
by the plant telomere sequences ([C;TA;]*) and a hairpin poly-
cytosine DNA (Locking-C,,), as shown in Table S1 (Supporting
Information). Here, poly-cytosine linear DNA refers to a single-
stranded DNA with the repetition of only cytosine (C) bases. In
the 7 poly-cytosine linear DNAs, the red fluorescence gradually
decreased over time with an increased blue fluorescence building
up except for C; DNA (Figure S1, Supporting Information). Like-
wise, the red fluorescence was converted into blue fluorescence
in the control [C,;TA,]* repeat DNA. However, the conversion did
not occur in Locking-C,, (Figure S2, Supporting Information).
From the poly-cytosine DNA templates, we specifically identified
C,, DNA as a potential sensor candidate. This selection was based
on their distinctive strong red, blue, and green fluorescence and
the relatively clear emission shift. Notably, the red fluorescence
(Ex/Em: 580 nm/650 nm) of C,,/AgNCs converted into a blue
emission (Ex/Em: 340 nm/470 nm) or a green emission (Ex/Em:
420 nm/530 nm) (Figure S2A-C, Supporting Information). Fur-
thermore, after an additional 72 h incubation of C,;/AgNCs,
we observed that no red-emitting AgNCs remained (Figure
S2A-C, Supporting Information). While [C,TA,]*/AgNCs effec-
tively underwent a conversion of their red fluorescence (Ex/Em:
580 nm/650 nm) to blue fluorescence (Ex/Em: 340 nm/470 nm)
and slight green emission (Ex/Em: 420 nm/530 nm), it slightly
retained red fluorescence even after a 72 h incubation (Figure
S2D-F, Supporting Information). As a non-i-motif structure, we
also examined Locking-C,, DNA, which features additional se-
quences that can form a hairpin structure. In this case, the red
fluorescence of Locking-C,,/AgNCs diminished, and there was a
marginal shift toward blue fluorescence over the course of the ox-
idation process (Figure S2G-1, Supporting Information). Hence,
we did not further investigate the [C;TA,]* and Locking-C,, due
to their inadequacy as a redox sensor.

Hydrogen peroxide (H,0,) is a key molecule for cellular home-
ostasis in most eukaryotes, where the balance between its produc-
tion, neutralization, and signaling holds significance.l** There-
fore, we tested whether the red-to-blue shift by time-dependent
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Figure 1. Evolution of red to blue switchable DNA/AgNCs sensors. A—C)
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Probing the change in standardized fluorescence intensity of C,,/AgNCs,

[C5TA;]*/AgNCs, and Locking- C,o/AgNCs in the presence and absence of H,0O,, respectively. The inset depicts images of DNA/AgNCs visualized

under UV illumination (Ex: 365 nm) for before (right) and after (left) adding

H,0,, respectively. D,E) Schematic representation D) and comparison E) of

the reversibility of Red-C,/AgNCs after oxidation to Blue-C,,/AgNCs, followed by double reduction with NaBH,. The X-axis in Figure (E) illustrates steps
A-E), representing the data obtained from the samples indicated in the schematic representation of Figure (D). F) The relative fluorescence intensity of
AgNCs in response to oxidation-reduction changes of C,; DNA templates. The samples were incubated for 5 min between each addition of H,0, and
NaBH,. O and R represent the oxidized C,o DNA/AgNCs, respectively. In reactions A-F) the fluorescence for 340 nm (Blue) and 580 nm (Red) excitation
intensities were recorded at the 1 h time point before and after the addition of H,O, respectively. G) Contour plot depicting excitation versus emission

for a complete redox cycle of C,q/AgNCs, respectively. The samples were

excited every 10 nm from 320 nm to 720 nm. Al represents the emission

intensity of DNA/AgNCs normalized to 1. The error bars represent the mean +standard deviation (+SD) from 3 independent experiments.

oxidation can be expedited by H,0,. Upon adding H,O,, the
red fluorescence of all the selected DNA templates rapidly de-
creased within 1 h; however, the redox-induced blue conver-
sion did not necessarily occur (Figure S3, Supporting Infor-
mation). For instance, in the first group, C,/AgNCs did not
show any blue conversion (Figure S3A, Supporting Informa-
tion). C;,/AgNCs, C,5/AgNCs, and C,,/AgNCs showed faint or-
ange emission (Ex/Em: 480 nm /590 nm) and slight green emis-
sion (Ex/Em: 420 nm/530 nm) in addition to the blue conver-
sion (Figure 1A; Figures S3B,C, S4, Supporting Information).
Besides, C,3/AgNCs showed a clear blue conversion without any
additional color emission (Figure S3D, Supporting Information).

Small 2024, 2401629 2401629

C,,/AgNCs showed green (Ex/Em: 420 nm/530 nm) and blue
emission (Ex/Em: 340 nm/470 nm) without orange emission
(Figure S3E, Supporting Information). However, C,,/AgNCs
displayed strong red fluorescence upon encapsulating AgNCs,
and transformed into blue and green fluorescence emitting Ag-
NCs after oxidation (Figure 1A,G; Figure S4, Supporting In-
formation). We further investigated the time-dependent transi-
tion between red (Ex/Em: 580 nm/ 650 nm) and blue (Ex/Em:
340 nm/ 470 nm) fluorescence intensities after oxidation. Like-
wise, [C;TA;]*/AgNCs showed clear blue fluorescence and slight
green emission (Figure 1B). The control Locking-C,,/AgNCs
lost its red fluorescence but did not generate blue fluorescence

(3 0f13) © 2024 The Author(s). Small published by Wiley-VCH GmbH
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(Figure 1C). Upon adding H,0,, the red fluorescence of all the
selected DNA templates rapidly decreased within 1 h; whereas
blue fluorescence increased. The blue fluorescence of the nan-
oclusters was retained up to 72 h indicating the high stability of
the Blue-C, /AgNCs and [C;TA,]*/AgNCs. However, the Locking-
C,0/AgNCs lost its red fluorescence without generating blue fluo-
rescence (Figure S5, Supporting Information). Due to the higher
intensity of both red and blue (green) fluorescence observed in
C,0/AgNCs in comparison to the other poly-cytosine linear DNA
and [C,;TA;]* /AgNCs, we chose C,,/AgNCs for a ROS-sensor.
Next, we assessed the sensitivity of C,,/AgNCs by decreasing
the H,0, concentration in vitro. The result indicated the peak
blue conversion of C,,/AgNCs at 20 mm of H,O,. The minimal
detectable concentration of H,O, for sensing related to the lin-
ear relationship was determined to be 100 nm (Ex/Em: 340 nm/
470 nm, A.U. = 4.2 X 10?) (Figure S6A,B, Supporting Informa-
tion). Moreover, it was observed that variations in pH did not
significantly affect the red-to-blue conversion, but the highest
blue conversion was at pH levels of 6.5 and 7.0 (Figure S6C-E,
Supporting Information). Previous studies reported the repeti-
tive reversibility of oxidation and reduction reactions between red
and green emissive AgNCs.[2031] Therefore, we tested whether
the redox-dependent color conversion between the red and blue
states of C,,/AgNCs is feasible. We noted that the converting of
blue into red requires a distinct two-stepwise addition of the re-
ducing agent (NaBH,). This observation potentially indicated the
presence of a dark intermediate state of AgNCs consistent with
the previous report.2%! The first addition of NaBH, (5 mwm) con-
verted the blue AgNCs encapsulated in C,, DNA into dark Ag-
NCs. Subsequently, the second addition of NaBH, (5 mwm) re-
sulted in the complete regeneration of the red AgNCs which
stands out compared to the previous report (Figure 1D,E).[2"]
When an equivalent amount of NaBH, was added in a single
step or consecutively without a brief incubation, the blue Ag-
NCs turned into dark AgNCs without regeneration of red AgNCs
(Figure 1E). The serial red-to-blue and blue-to-red conversions
were repeated multiple times without altering the intensity and
patterns of both blue and red emissions (Figure 1F,G). These re-
sults suggested that the red-to-blue (green) conversion through
redox changes establishes C,,/AgNCs as a feasible redox sensor.
Despite the rapid production rate of H,O, in tumor cells, the en-
dogenous concentration is maintained at the range of 10-50 um,
which far exceeds that of normal cells.[**3”] Therefore, we con-
sidered that the C,,/AgNCs can be utilized to monitor cancer-
mediated or stress-induced bursts of H,0,, rather than homeo-
static changes in H, O, levels in normal cells. Hence, we explored
the potential of C,,/AgNCs as a ROS-sensor in vivo. First, we in-
troduced Red-C,,/AgNCs (Reduced) and Blue-C,,/AgNCs (Oxi-
dized) separately into HCT-116 cells, well-studied colon cancer
cells, monitoring fluorescence at 470 nm and 650 nm after 12 h
using a confocal microscope (Figure 2). While Blue-C,,/AgNCs
remained unchanged, a small portion of Red-C,,/AgNCs was ox-
idized, converting to Blue-C,,/AgNCs within the incubation pe-
riod, due to the basal ROS in the cells (Figure 2). This result mir-
rored the characteristics of C,,/AgNCs sensor observed in-vitro,
where the conversion of Red-C,,/AgNCs to Blue-C,,/AgNCs im-
mediately occurs upon exposure to ROS. In contrast, the reverse
conversion necessitates a two-step treatment, indicating the sta-
bility of Blue-C,,/AgNCs in vivo. To verify that the color conver-
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sion is induced by ROS in the cell, we treated HCT-116 cells with
Sodium Arsenite (NaAsO,), a known endoplasmic reticulum
(ER) stress inducer that rapidly elevates cellular ROS levels, in the
presence of either Red-C,,/AgNCs or Blue-C,,/AgNCs.[33%] n.
deed, we observed significantly increased conversion from Red-
C,,/AgNCs to Blue-C,,/AgNCs after 12 h (Figure 2). We verified
the functionality of the C,,/AgNCs redox sensor via three addi-
tional biological repeats (Figure S7, Supporting Information). To
further validate the feasibility of C,,/AgNCs as a ROS sensor in
other cell types and to rule out the possibility that the shift in red-
to-blue emission of C,,/AgNCs is caused by NaAsO,, we moni-
tored the ROS changes in SH-SY5Y cells, a thrice-subcloned cell
line derived from neuroblastoma cell lines.*"! In the controls, we
observed the red fluorescence from Red-C,,/AgNCs with faint
Blue-C,,/AgNCs fluorescence. The faint Blue-C,,/AgNCs fluo-
rescence observed in the controls may represent the basal level
of ROS for cellular homeostasis. However, upon the treatment
of triacylglycerol (TG), a known cellular ROS inducer, in the
form of a lipid emulsion (1-3 um), the Red-C,, /AgNCs fluores-
cence was notably converted into Blue-C,,/AgNCs fluorescence
in a concentration-dependent manner (Figure S8, Supporting
Information).[*#2] Taken together, these results clearly indicated
that the photophysical convertibility of C,,/AgNCs is functional
in live cells.

However, the intensity of fluorescence in response to ROS in
live cells was insufficient to efficiently monitor the redox state in
live cells, without a high contrast adjustment. To improve the in-
tensity of the C,,/AgNCs redox sensor, we investigated whether
photophysical convertibility by ROS is attributed to conforma-
tional changes in the structure or alternations in the size of sil-
ver clusters within C,,/AgNCs. In the gel electrophoresis anal-
ysis, the blue state of C,,/AgNCs showed migration at a level
consistent with that of the red state of C,,/AgNCs (Figure 3A).
This result indicated that conformational change in the sec-
ondary structure of C,,/AgNCs may be insignificant. By per-
forming small angle X-ray scattering (SAXS) analysis, we ob-
served a reduction in the radius of silver clusters within the Red-
C,,/AgNCs (3.24 + 0.15 nm) compared to the Blue-C,,/AgNCs
(2.76 + 0.14 nm) (Figure 3B). The volume of red and blue (green)
AgNCs were ~#147 nm? and ~88 nm?, respectively. The 60% re-
duction in the volume of AgNCs may be attributed to increased
compactness or a decrease in the number of silver atoms. Hence,
employing electrospray ionization (ESI)-mass spectroscopy, we
conducted a comparison of the number of silver atoms in both
the Blue- and the Red-C,, /AgNCs. The Red-C,,/AgNCs exhib-
ited three prominent MS peaks, Ag’ (charge —4; m/z 1616.58),
Ag'* (charge —4; m/z 1805.41) and Ag'? (charge —4; m/z 1993.78),
while the Blue-C,,/AgNCs showed prominent peaks for Ag” and
Ag? (charge —4; m/z 1643.05) (Figure 3C,D). In the ESI-mass
spectroscopy, we only detect small amount of AgNCs with less
than 8 Ag atoms, upon the sensor was exposed to ROS. The inten-
sity counts of Ag’ in the Red-C,,/AgNCs were halved in the Blue-
C,o/AgNCs (Figure 3D), however, C,,/AgNCs with Ag” (with 6 or
7 Ag") is presence in both samples indicates that these AgNCs are
not attributed to the fluorescent AgNCs. Previously, two studies
reported that Ag!* and Ag®® exhibited the highest quantum yields
for red fluorescence.[***!] Based on these studies we ruled out
the Ag" (with 8 or 9 Ag™) to be responsible for the origin of red
emission. Furthermore, our result indicated that the red-to-blue
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Figure 2. Live cell imaging of ROS using C,;/AgNCs sensor. A) HCT-116 cells were observed with confocal microscopy after transfection with Blue-
and Red-C,/AgNCs for 12 h. To induce the level of ROS in the cells, two different concentrations of Sodium Arsenite (1 and 2 um) were treated in the
transfected cells with Blue- and Red-C,,/AgNCs. All images were taken using a 20X objective with a scale bar of 50 um. The data were analyzed with
three biological replicates (n = 3). B) The emission intensity profiles for both blue (left) and red (right) fluorescence calculated for the cells at the 20X
magnification images in each set. To avoid bias, all cells were treated with lipofectamine.

conversion has a correlation between the disappearance of the
Ag'* peak and the emergence of the Ag?® peak. Thus, we specu-
lated that the blue and red emission comes from Ag® (with 8 Ag*)
and Ag! (with 6 or 7 Ag"), respectively (Figure 3C,D). These re-
sults were consistent to the 60% reduction in the volume of Blue-
C,/AgNCs compared to Red-C,,/AgNCs with the SAXS data
(Figure 3B). We assumed that variations in the distribution of
Ag*/Ag® or differences in the structural arrangements of Ag be-
tween blue and green AgNCs could potentially modify the photo-
physical properties, despite the involvement of the same number
of Ag atoms. Cytosine-rich sequences often give rise to quadru-
plex DNA structures involving Cytosine—Cytosine base pairing,
known as i-motif DNA structures.[*] This structure has previ-
ously been demonstrated to encapsulate redox-responsive fluo-
rescent AgNCs on multiple occasions.[?'*] Hence, we explored
the potential involvement of the i-motif structure in the con-
version of red and blue AgNCs. Using circular dichroism (CD)
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spectroscopy, we analyzed the red and blue states of C,,/AgNCs.
The characteristic CD signature, featuring negative and positive
peaks at ~#265 nm and ~285 nm, respectively, is exhibited by i-
motif DNA structures.[*>*] We observed the formation of the i-
motif structure in both the non-clustered C,, DNA control and
the Red-C,,/AgNCs, displaying a positive peak at 282 nm and a
negative peak at 263 nm (Figure 3E,F). In contrast, upon oxida-
tion, both the structural confirmation of C,, DNA and the Blue-
C,,/AgNCs underwent significant changes, showing no positive
peak but only a negative peak at ~#270 nm. The DNA confor-
mation was restored completely when the Blue-C,,/AgNCs were
reduced to the Red-C,,/AgNCs (Figure 3F). The reversible con-
version between two conformations of DNA/AgNCs can be ob-
served through multiple cycles of oxidation/reduction (Figure
S9A, Supporting Information). Using UV/Vis spectrophotome-
try, we observed the absorbance of Red-C,,/AgNCs at 374 nm,
443 nm, and 540 nm (Figure 3G). We speculated that the

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Correlations among fluorescent shift, absorbance, cluster size, and the numbers of silver atoms within C,5/AgNCs during the oxidation and
reduction process. A) In-gel fluorescence assay of Red- and Blue-C,,/AgNCs. The blue band corresponds to the oxidation of Red-C,,/AgNCs prior to gel
electrophoresis. Samples in all lanes except 2 and 4 were treated with SYBR Gold (SYBR) DNA staining solution. The intensified region highlighted in
red features single and double asterisks, illustrating the structures encapsulating both red- and blue- fluorescent AgNCs. B) SAXS analysis of C,5/AgNCs
before and after oxidation along with a table depicting their respective size measurements. C,D) ESI-Mass spectroscopy shows the number of silver atoms
in Red-C,3/AgNCs and Blue-C,,/AgNCs E,F) CD spectroscopy of C,g DNA and C,,/AgNCs during oxidation and subsequent reduction processes. G)

UV absorption spectra of C,5/AgNCs during redox changes.

absorption peak at 540 nm corresponds to the Red-C,,/AgNCs,
while the 443 nm absorbance is likely associated with minor
green AgNCs species. However, upon oxidation, the absorbance
at 540 nm decreased notably, and a new absorption peak emerged
at 339 nm (Figure 3G). This observation aligned with the re-
duced fluorescence of Red-C,,/AgNCs and the appearance of
Blue-C,,/AgNCs with an excitation wavelength of 340 nm. Upon
reducing the Blue-C,,/AgNCs with a reductant, the absorbance
peak at 374 nm, 443 nm, and 540 nm reappeared (Figure 3G).
We confirmed that the absorbance conversion between red and
blue AgNCs can be repeated over multiple cycles (Figure S9B,
Supporting Information). Notably, the alteration of the i-motif
structure in C,, DNA upon oxidation was distinguishable from
pH-induced alterations (Figure S9C, Supporting Information).
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These results clearly demonstrated the correlation between the
DNA secondary structure and the red-to-blue (green) conversion
upon oxidation. For instance, in reduced conditions, the i-motif
structure of C,;, DNA encapsulates red emissive AgNCs. How-
ever, upon oxidation, the alteration of the i-motif structure in C,,
DNA prevents the embedding of Ag,'* resulting in the genera-
tion of blue emissive AgNCs. In summary, we posit that the con-
formational change in the i-motif structure of C,, DNA appears
to be a prerequisite to the emission conversion of C,,/AgNCs in
response to redox changes. Based on these findings, we specu-
lated that the emission intensity of C,,/AgNCs may be difficult
to sensitize solely through simple template sequence substitu-
tion, nucleic acid modification, or adjustments to the properties
of AgNCs without the incorporation of additional fluorophores.
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Figure 4. Development of ROS sensing system based on homogenous FRET or NSET using FAM-C,,/AgNCs-Cy5 sensor. A-D) The excitation/emission
profiles of Cyg, FAM-Cy4, C5p-Cy5, and FAM-Cyy-Cy5 DNA only, E-H) in the presence of H,0,, (I-L) after the formation of DNA/AgNCs and M-P) after
the DNA/AgNCs were treated with H,O,. All schematics of the predicted structures have been shown on the left of their respective figures to indicate the
excitation profiles and the energy transfers between the molecules. BF, GF, and RF indicate blue fluorescence, green fluorescence, and red fluorescence,
respectively. The white and pink circles denote homogenous FRET or NSET, respectively. The downward arrows represent the excitation profile of the
sample observed. The samples were excited and monitored every 10 nm from 320 nm to 720 nm.

It has been widely accepted that the photoluminescence (PL)
quenching of molecular fluorophores by non-emissive gold
nanoparticle (AuNP) acceptors is not solely attributed to a clas-
sical Fluorescence Resonance Energy Transfer (FRET) process.
The potential explanations of the phenomena encompass FRET,
Nanosurface Energy Transfer (NSET), and neither of these
processes.[*’% Recently, several studies reported various forms
of energy transfer between chemical fluorophores and gold nan-
oclusters. For instance, the significant enhancement of AuNCs
luminescence rather than the expected quenching of the chem-
ical fluorophores. AuNCs act as FRET donors for dyes and
AuNPs.P! Likewise, Amaro et. al., showed a possibility of the
energy transfer from AgNCs to Yb** Ions in Co-Doped GeO,-
PbO Glasses.[?l Hence, we hypothesized that the FRET between
two stable fluorophores, FAM and CyS5, can be an adjustable bea-
con by adopting the photophysical convertibility of AgNCs in
the C,, DNA template. First, we separately labeled fluorophores
either at the 5’end and 3’end of the C,, DNA template, re-
ferred to as FAM-C,, DNA and C,,-Cy5 DNA, respectively. We
observed the typical green fluorescence from FAM-C,, DNA
(Ex/Em: 480 nm/520 nm, A.U. = 2.6 x 107) and deep red fluo-
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rescence from C,,-Cy5 DNA (Ex/Em: 660 nm/700 nm, A.U. =
4.2 x 107), while the C,, DNA without fluorophores exhibited
no fluorescence (Figure 4A-C; Figure S10A, Supporting Infor-
mation). When the C,, DNA was tethered with both the FAM
and Cy5, referred to as FAM-C,-Cy5 DNA, we observed a dis-
tinct FRET between FAM as a donor and Cy5 as an acceptor. The
green fluorescence of FAM (A.U. = 2.6 X 107) excited at 480 nm
was dropped by 70% (A.U. = 1.1 x 107) because the emitted en-
ergy of FAM transferred to Cy5, resulting in the emission of deep
red fluorescence (Ex/Em: 480 nm/700 nm, A.U. = 6.4 x 10°).
The deep red fluorescence from C,,-Cy5 DNA (A.U. = 2.4 X 10),
when it was excited at 480 nm, was only 4% of that observed with
FAM-C,,-Cy5 DNA (A.U. = 6.4 x 10°), confirming the FRET be-
tween FAM and Cy5 (Figure 4D; Figure S10A, Supporting Infor-
mation). If FAM-C,,-Cy5 DNA was directly excited at 660 nm, it
also generated deep red fluorescence (A.U. = 2.5 x 107). How-
ever, the intensity is 60% of that observed with C,,-Cy5 DNA
(A.U. = 4.2 x 107). Furthermore, to rule out the possible influ-
ence of redox change on FAM and Cy5 dyes, we treated H,O,
on the four C,; DNA templates: C,, DNA, FAM-C,, DNA, C,,-
Cy5 DNA, and FAM-C,,-Cy5 DNA without encapsulating AgNCs.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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The green and red fluorescence from the C,; DNA tethering the
stable chemical dyes remained unaltered, showing the insensitiv-
ity of these dyes to ROS. When FAM-C,,-Cy5 DNA was excited
at 480 nm, it generated deep red emission at 700 nm (A.U. = 2.5
x 107), showing that the FRET between FAM and Cy5 remained
unaffected even in the presence of ROS (Figure 4E-H; Figure
S10B, Supporting Information). Next, we used the four C,; DNA
templates for encapsulating AgNCs. As shown earlier, we ob-
served the red fluorescence from Red-C,,/AgNCs (Figure 4I).
The green fluorescence of FAM-C,; DNA (A.U. = 2.6 x 107)
was unaltered in FAM-C,,/AgNCs (A.U. = 2.5 X 10’). In the
case of C,,/AgNCs-Cy5 (Ex/Em: 660 nm/700 nm, A.U. = 4.0 X
107), it showed almost the same level of deep red fluorescence
as that of C,; DNA-Cy5 (Ex/Em: 660 nm/700 nm, A.U. = 4.2
x 107) (Figure 4J,K; Figure S10A,C, Supporting Information).
These results indicated that no FRET occurs between FAM and
Red-C,,/AgNCs and between Cy5 and the Red-C,,/AgNCs. Next,
we investigated the influence of AgNCs on the fluorescence of
FAM-C,,-Cy5 DNA. FAM-C,,/AgNCs-Cy5 showed nearly identi-
cal levels of green (Ex/Em: 480 nm/520 nm, A.U. = 1.2 X 107)
and deep red fluorescence (Ex/Em: 660 nm/700 nm, A.U. =
2.2 X 107) compared to those of FAM-C,,-Cy5 DNA (Figure 4L;
Figure S10C, Supporting Information). These results confirmed
that Red-C,,/AgNCs do not affect the fluorescence of FAM and
Cy5, and vice versa. Upon the treatment of H,0, to the AgNCs-
embedded C,, DNA templates, the red fluorescence from Red-
C,0/AgNCs was converted into the blue and green fluorescence
from Blue-C,,/AgNCs (Figure 4M). Besides, the green fluores-
cence from FAM-C,,/AgNCs remained unaltered when excited
at 480 nm (A.U. = 2.7 X 107), and the deep red fluorescence
from C,,/AgNCs-Cy5 were maintained at 660 nm (A.U. = 4.1
x 107) (Figure 4N,0; Figure S10D, Supporting Information). In
the case of FAM-C,,/AgNCs-Cy5, upon treatment with H,0, and
excited at 480 nm, the quenched FAM emission (A.U. = 1.1 x
107) was dramatically increased by around three folds (A.U. =
3.4 x 107) (Figure 4P; Figure S10D, Supporting Information). Re-
markably, the emission intensity of FAM-C,,/AgNCs-Cy5 (A.U.
= 3.4 X 107) was one thousand times higher than the blue fluo-
rescence of C,,/AgNCs (A.U. = 4.1 x 10*) in response to H,0,
(100 nm) (Figure S10E, Supporting Information). Despite the sig-
nificantly higher intensity of FAM-C,,/AgNCs-Cy5 compared to
the C,,/AgNCs sensor, the minimal concentration of H,0, for
sensing, as determined by the linear relationship, was found to be
100 nm (Figure S10F, Supporting Information). The rationale be-
hind this finding is justified, as the sensing mechanism for H, 0,
relies on the photochemical properties of the C,,/AgNCs sensor.
Upon adding H,O,, the green fluorescence of FAM-C,,/AgNCs
increases rapidly by 20 min and stabilized up to 72 h, indicating
the high stability of FAM-C,,/AgNCs-Cy5 (Figure S10G, Support-
ing Information). Furthermore, FAM-C,,/AgNCs-Cy5 emitted
40% higher deep red fluorescence (Ex/Em: 480 nm/700 nm, A.U.
= 9.8 X 10°) compared to that of FAM-C,,/AgNCs-Cy5 without
H,0, (Ex/Em: 480 nm/700 nm, A.U. = 6.3 x 10°) (Figure S10C,
Supporting Information). Based on these results, we considered
a scenario for the mechanism responsible for the intensified
green fluorescence and enhancement of deep red fluorescence in
FAM-C,,/AgNCs-Cy5. Upon the H, O, treatment, C,,/AgNCs ox-
idized to generate green emission (Ex/Em: 480 nm/530 nm) that
transfers energy to FAM, possibly through homogenous FRET
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(Homo-FRET) or NSET, intensifying the green fluorescence of
FAM. This speculation can be evidenced by three factors. First,
the green emissions of C,,/AgNCs (Ex/Em: 480 nm/520 nm
A.U. = 1.1 x 10*) were increased three-fold by H,O, treat-
ment (Ex/Em: 480 nm/520 nm A.U. = 3.9 x 10*) (Figure S10D,
Supporting Information). Second, even though previous studies
mainly reported that the energy transfer from chemical dyes to
metal nanoclusters,!*3] in our observation, the energy seemed to
transfer from FAM to C,,/AgNCs was insignificant. For instance,
there was no big difference between the emission intensity of
FAM-C,, DNA and FAM-C,,/AgNCs at 480 nm excitation. Third,
the 40% increase in deep red emission of FAM-C,,/AgNCs-Cy5
at 480 nm excitation may indicate the occurrence of energy trans-
fer from C,,/AgNCs to Cy5 via FAM. This inference is supported
by the deep red fluorescence observed at 480 nm excitation in
C,o/AgNCs-Cy5 with (A.U. = 8.4 x 10%) or without H,0, treat-
ment (A.U. = 9.8 x 10*), which did not show any direct sign of
energy transfer between C,,/AgNCs and CyS5 (Figure 40; Figure
S11C-D, Supporting Information). Although the energy trans-
fer from C,,/AgNCs to FAM was undefined, we evidently ob-
served that FAM-C,,/AgNCs-Cy5 shows three-fold higher green
fluorescence than that of FAM-C,,-Cy5 DNA, upon treatment of
H, 0, (Figure S11D, Supporting Information), implying the criti-
cal role of AgNCs. Given that the plasmonic enhancement of Ag-
NCs on FRET between two chemical fluorophores in the previous
study,> the nanosurface energy transfer between AgNCs and
FAM could be one of the potential answers for this phenomenon.

As a next step, we validated whether the FAM-C,,/AgNCs-
Cy5 can be functional as a redox sensor in live cells, compar-
ing its performance to C,,/AgNCs. Under normal conditions for
12 h followed by transfection of Red-C,,/AgNCs maintained its
red fluorescence, possibly due to its relatively weak sensitivity.
Likewise, FAM-C,,/AgNCs-Cy5 showed basal green fluorescence
(520 nm) from FAM and a relatively higher deep red fluores-
cence (700 nm) from Cy5. However, we were unable to see the
red fluorescence (650 nm) from AgNCs in FAM-C,,/AgNCs-Cy5
(Figure 5). Upon induction of internal ROS using Sodium Srsen-
ite (1 pM), Red-C,,/AgNCs immediately converted into Blue-
C,0/AgNCs, emitting blue fluorescence, consistent with previ-
ous observations (Figure 2). In the case of FAM-C,,/AgNCs-
Cy5, the redox change in the cells led to a dramatic increase in
the green fluorescence from FAM, while the deep red fluores-
cence was slightly enhanced when excited at 660 nm. However,
we were unable to see the blue fluorescence AgNCs in FAM-
C,0/AgNCs-Cy5 (Figure S10D, Supporting Information). Using
FAM-C,,/AgNCs and C,,-Cy5/AgNCs as controls, we confirmed
the ROS-induced intensification of green fluorescence by AgNCs
in live cells (Figure S11A, Supporting Information). The inten-
sity of green and deep red fluorescence of FAM-C,,/AgNCs and
C,,-Cy5/AgNCs, respectively, was unaffected by the treatment of
Sodium Arsenite (Figure S11B, Supporting Information). Fur-
thermore, we tested the functional property of FAM-C,,/AgNCs-
Cy5, compared to MitoSOX, a cell-permeable ROS indicator that
selectively targets mitochondria. As shown in Figure S12 (Sup-
porting Information), FAM-C,,/AgNCs-Cy5 can be comparable
to other chemical redox sensors for two reasons: permeabil-
ity and intensity. We believe that the dual-channel feature of
FAM-C,,/AgNCs-Cy5 with both green and deep red fluorescence
serves two purposes. The green channel indicates at change in
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Figure 5. Live cell imaging of ROS using FAM-C,,/AgNCs-Cy5 sensor. A) Confocal microscopic images of HCT-116 cells untreated or treated with Red-
C,0/AgNCs and FAM-C,,/AgNCs-Cy5 for 12 h. To induce the level of ROS in the cells, Sodium Arsenite (1 um) was treated in the transfected cells with
Red-C,y/AgNCs and FAM-C,,/AgNCs-Cy5. To avoid bias all the cells were treated with lipofectamine. All images were taken at a 20X magnification with
a scale bar of 50 um. B) The emission intensity profile green fluorescence by FAM, calculated for a cell, is depicted for the 20X magnification images in

each set.

the redox state, while the deep red channel ensures the distri-
bution of the sensor inside cells. This dual-channel capability is
expected to be advantageous for comprehensive redox sensing
applications.

3. Conclusion

Many studies have employed poly-cytosine encapsulated fluores-
cent AgNCs for redox sensing. Ritchie et.al., utilized C;, DNA
and reported the blue shift in the emission color of red emis-
sive AgNCs due to oxidation.>®] Similarly, Choi et.al., found that
C,, DNA-encapsulated nanoclusters exhibit varying responses to
different oxidants, generating blue-emissive AgNCs.[?}] Further-
more, Lim et.al., recently demonstrated that C,, DNA induces
the conversion of red emissive AgNCs to blue emissive AgNCs
over time.[??] Despite the efforts made in the aforementioned
studies, the detailed mechanism underlying the red-to-blue emis-
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sion conversion of poly-cytosine DNA/AgNCs in response to re-
dox changes has remained uncharted. Moreover, practical ap-
plications as a redox sensor in live cells have been scarcely ex-
plored. In this study, we proposed several important findings
through diverse approaches. First, the disruption and reforma-
tion of the i-motif of C,, DNA are repetitively convertible in
response to redox changes, determining the size of embedded
AgNCs. Second, the number of silver atoms confined in the i-
motif emitting red fluorescence is tentatively 14; if the AgNC
is oxidized and the i-motif is disrupted, the confined number
of silver atoms reduces to 8, emitting blue and green fluores-
cence, depending on the excitation wavelength. Third, the red-
to-blue (green) conversion of C,,/AgNCs is insensitive to a wide
range of pH changes (pH: 5 to 10), ensuring that the specificity
of C,,/AgNCs for redox sensing. When the metallic nanoparti-
cles are illuminated with light, they can support surface plas-
mons. The presence of surface plasmons can enhance the local
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electromagnetic field around the nanoparticles. This enhanced
field, in turn, affects the excitation and emission of nearby flu-
orophores involved in FRET. This phenomenon has potential
applications in various fields, including biosensing, imaging,
and nanophotonics, where precise control over energy trans-
fer processes is desired.’®%’] Several studies showed a mech-
anism that Energy Transfer (ET) acceptor/sensitization proper-
ties of gold nanoclusters are attributed to FRET or NSET.5U
Moreover, a recent study reported that quantum-size silver nan-
oclusters with delocalized electrons could lead to a possible plas-
mon coupling.’®! Here, we demonstrated the feasibility of FAM-
C,,/AgNCs-CyS5 serving as a redox sensor where FAM and Cy5
dyes are tethered to C,,/AgNCs. Under normal conditions, the
strong green fluorescence of FAM is quenched by the proxi-
mal Cy5, regardless of the red-emissive AgNCs embedded in
the C,, DNA template. However, in the presence of ROS, the
red-emissive C,,/AgNCs convert to blue- and green-emissive
C,y/AgNCs. When it is excited at 480 nm, the green emission
from the C,,/AgNCs efficiently transfers energy to FAM and Cy5,
enhancing the FRET between FAM and Cy5. The enhancement
consequently results in the amplification of green fluorescence
from FAM, possibly due to an undefined energy transfer mech-
anism between AgNCs and FAM. Unlike the previous studies,
a new finding is that the energy transfer occurs from AgNCs
to FAM and Cy5. Remarkably, this mechanism remains func-
tional inside cells. Hence, we propose that the combinatorial in-
tegrations of various DNA templates, colorful AgNCs, and well-
studied chemical fluorophores may pave the way for new ad-
vancements in biosensing and cellular imaging. Furthermore, we
believe that a detailed photophysical analysis of the undefined en-
ergy transfer mechanism will be the next challenge.

4. Experimental Section

Oligonucleotides and Chemicals: All oligos were obtained from
mBiotech, (IDT company, Korea) or Bioneer Co., Ltd., Korea. Oligos were
dissolved in DEPC water to obtain a stock concentration of 100 um.
FAM and Cy5 labeled oligonucleotides were purified using HPLC be-
fore receiving. Silver Nitrate (AgNO3, >99.99%), Sodium Borohydride
(NaBHy, 99.99%), and Sodium Arsenite (NaAsO, >90%) were purchased
from Sigma-Aldrich. Hydrogen peroxide (H,0,, 30% w/V) was obtained
from FUJIFILM Wako Pure Chemical Corporation. 40% Acrylamide: Bis-
acrylamide (19:1) was purchased from Sigma Aldrich (Yongin City, Korea),
TEMED (tetramethylethylenediamine) from Bio-Rad (Hong Kong, China).

Synthesis of DNA/AgNCs:  For the synthesis of fluorescent AgNCs, a
reaction mixture of 25 L containing 15 um of DNA oligo, was denatured
at 95 °C for 10 min and annealed at 25 °C for 20 min. Then AgNO; and
NaBH, were added and vortexed each to a final concentration of 250 pum in
areaction mixture of 50 uL. These samples were prepared systematically to
obtain optimal results. The concentration of nucleic acid here is given for
a total reaction volume of 50 pL. The DNA/AgNCs were incubated for 1 h
at 25 °C and eventually used for further analysis. The excitation and emis-
sion spectra were measured after dilution to 200 pL using DEPC water. All
fluorescent measurements were carried in a 96-well disposable plate using
CLARIOstar from BMG Labtech.

Time-dependent & Chemical Oxidation Studies: Samples were prepared
as mentioned above for both time-dependent and chemical oxidation stud-
ies. For time-dependent oxidation studies, fluorescence of samples was
measured at 1, 12, 24, 48, and 72 h time points (after AgNCs were synthe-
sized). Later, for oxidation studies, 20 mm H,0, (30% w/V) was added to
the fluorescent DNA/AgNCs, and the fluorescence for 340 nm and 580 nm
excitation intensities were recorded at the 1 h time point. In all reactions,
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15 um of DNA oligo, 250 um AgNO;, and NaBHy, in a final volume of
50 pL were used. All fluorescent measurements were carried in a 96-well
disposable plate using CLARIOstar from BMG Labtech.

Reaction Kinetics of the DNA/AgNCs in the Presence of H,0,: A reac-
tion mixture of 25 uL containing 15 um of DNA oligo, was denatured at
95 °C for 10 min and annealed at 25 °C for 20 min. Then AgNO; and
NaBH, were added and vortexed each to a final concentration of 250 um
in a reaction mixture of 50 uL. 20 mm H, 0O, (30% w/V) was added to the
fluorescent DNA/AgNCs, and the fluorescence for 340 nm and 580 nm ex-
citation intensities were recorded at the 1, 12, 24, 48, and 72 h time points
(after oxidation). The excitation and emission spectra were measured af-
ter dilution to 200 pL using DEPC water. Origin-2017 software was utilized
for fitting exponential models to experimental data of various time points.
All fluorescent measurements were carried in a 96-well disposable plate
using CLARIOstar from BMG Labtech.

pH Optimization of C,,/AgNC Sensor:  Samples were prepared as men-
tioned above for pH and concentration optimization studies. For pH-
dependent oxidation studies, fluorescence of samples was measured at
various pH ranging from 5 to 10 (using Tris Acetate buffer). Later, for ox-
idation studies, 20 mm H,0, (30% w/V) was added to the fluorescent
DNA/AgNCs, and the fluorescence for 340 nm and 580 nm excitation in-
tensities were recorded at the 1 h time point. In all reactions, 15 um of
DNA oligo, 250 um AgNO; and NaBHy, in a final volume of 50 uL were
used. All fluorescent measurements were carried in a 96-well disposable
plate using CLARIOstar from BMG Labtech.

Determining Concentration Limit of H,O, for DNA/AgNC Sensor:
When testing the minimum and maximum concentration limit, varying
concentrations of (0, 0.1, 0.5, 1, 5, 25, 50, 100 um) and (5, 10, 20,
40,80 mm) H,0, (30% w/V) were added to Red-C,,/AgNCs and the fluo-
rescence for 340 nm and 580 nm excitation intensities were recorded at the
1 h time point. For fluorescence emission spectra measurements, DEPC
water was added (final volume 200 uL) to all DNA/AgNCs samples and
transferred to a 96-well disposable plate for fluorescence measurements.
Origin-2017 software was utilized for fitting linear models to experimental
data of various concentration points. All fluorescent measurements were
carried in a 96-well disposable plate using CLARIOstar from BMG Labtech.

Reduction of C,o Templated DNA/AgNCs: A sample at each oxidation
state was prepared with an overall control. The reduction was achieved
by adding different amounts of NaBH, (5, 10, and [5+5] mm) at different
time intervals and for each step to the respective samples in a final vol-
ume of 55 pL. Every set of samples was incubated at room temperature
for different time periods at 10, 5, and 10 min respectively. Samples were
checked frequently to analyze reduction. In all reactions, 15 um of DNA
oligo, 250 um AgNO; and NaBH,, in a final volume of 50 uL were used.
All fluorescent measurements were carried in a 96-well disposable plate
using CLARIOstar from BMG Labtech.

Oxidation-Reduction Studies: A sample at each oxidation point was
prepared using their respective control. Oxidation-reduction cycling was
done once the first set of Red-DNA/AgNCs, and Blue-DNA/AgNCs with
the highest Ex/Em were prepared as controls. Oxidation-reduction was
achieved by adding 20 mm H,0, (30% w/V) and 10 mm of NaBH, for
each cycle. The concentrations mentioned here were for a final volume of
200 pL. The samples were incubated for 5 min between each addition of
H,0, or NaBH,_ In all reactions, we used 15 um of DNA oligo, 250 um
AgNOj3, and NaBHy,, in a final volume of 50 L. All fluorescent measure-
ments were carried in a 96-well disposable plate using CLARIOstar from
BMG Labtech.

CD Spectroscopy:  Four samples of 50 uL each were prepared as men-
tioned above and combined to a final volume of 200 uL with the DNA con-
centration of 15 um. 20 mm H,0O,, 10 mm of NaBH, were used for oxida-
tion and reduction respectively. JASCO J-815 spectropolarimeter equipped
with a CDF-426S Peltier Type CD/fluorescence cell holder maintained at
25 °C was used to obtain the circular dichroism spectra. Quartz Hellma
(105250QS) cuvettes were used to measure the samples.

SAXS Analysis:  The final concentration of the samples synthesized for
DNA-AgNCs was scaled up to 1 mg mL™! of DNA. DNA probes (200 pL)
were denatured at 95 °C for 10 min, followed by annealing at 25 °C for
20 min. Equimolar concentrations of 250 um AgNO; and NaBH, were
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added to a final reaction volume of 200 uL. 20 mm H,O, was used to con-
vert red DNA/AgNCs to blue DNA/AgNCs. The reaction mixtures were
incubated at room temperature for an hour. For SAXS analysis, the sam-
ples were prepared as described above and were transferred into a stan-
dard quartz X-ray capillary tube with a diameter of 1.0 mm. The SAXS mea-
surements were conducted on a microfocused rotating anode-type labora-
tory source with a monochromatic (Cu-Ka radiation) X-ray beam (Rigaku,
NANOPIX model). The sample-to-detector distance was 40 cm, which cov-
ered the g range of 0.015 < g, A-1< 0.45. The background intensity was
subtracted from the sample intensity. Silver behenate (AgBe) was used to
calibrate the g range.

ESI-MS Analysis:  DNA-encapsulated silver nanoclusters underwent
analysis via Electrospray lonization Mass Spectrometry (ESI-MS) in the
negative mode utilizing a SolariX XR Bruker mass spectrometer with a
lower and upper event limits between 150 m/z and 4000 m/z. DNA silver
nanoclusters were prepared as described and used without additional pu-
rification. Samples ranging from 5 uL to 25 uL from the preparation were
immediately before the measurement diluted with 300-600 pL of 5 mm
ammonium formate (pH 7) and then injected directly into the SolariX XR
Bruker mass spectrometer at a flow rate of 420 uL h~'. The MS was op-
erated at a drying gas temperature of 200 °C at 4 L min~" along with a
capillary voltage of 3400 V. Operating parameters included an in-source
collision energy of 60 V. Data acquisition involved 16 to 64 scans within a
collection window typically spanning 400 to 800 m z~! around the signals
of interest. Data collection and subsequent analysis were conducted using
Compass ftms control and the Compass data analysis software. In all reac-
tions, 15 um of DNA oligo, 250 um AgNO; and NaBH,, in a final volume
of 50 uL were used. 20 mm H, 0O, was used to convert red DNA/AgNCs to
blue DNA/AgNCs.

In-Gel Fluorescence Assay: For the detection of i-motif and random
coil structures of the as-synthesized DNA/AgNCs were analyzed using
native polyacrylamide gel electrophoresis (PAGE) (12%) in a MiniPRO-
TEAN Tetra Cell system (Bio-Rad) with TBE buffer (Tris base (44.5 mm),
Boric acid (44.5 mwm), EDTA (1 mm)). DNA/AgNCs were prepared as de-
picted above. To half of the 50 uL reaction mixture, with 2.25 uL of 50%
glycerol and 0.5 pL of 200X SYBR Gold dye (SYBR Gold Nucleic Acid Gel
Stain, Thermo Fisher Scientific S11494) were added. NATIVE PAGE was
performed at 90 V/1 h followed by visualization under the UV transillu-
minator. A Canon EOS 750D DSLR camera with an EF-S 18-55 mm lens
was used to capture the gel images under UV light. In all reactions, 15 um
of DNA oligo, 250 um AgNOj;, and NaBHy, in a final volume of 50 pL
were used. 20 mm H,0O, was used to convert red DNA/AgNCs to blue
DNA/AgNCs.

ROS Sensing System Based on Homogenous FRET or NSET Using Flu-
orescent Tagged C,o DNA:  For determining homogenous FRET or NSET
using FAM or Cy-5 tagged C,,/AgNCs, the samples were prepared as men-
tioned above. 250 um of AgNO; and NaBH, were not added to DNA only
but were compensated with DEPC water. Additionally, Oxidation was per-
formed using 20 mm H,0O,. The excitation and emission spectra were
measured at the 1 h time point after dilution to 200 uL using DEPC water.
All fluorescent measurements were carried in a 96-well disposable plate
using CLARIOstar from BMG Labtech.

Cell Culture:  The human colorectal carcinoma cell line (HCT-116, SH-
SY5Y) was purchased from the American Type Culture Collection (ATCC,
Gangnam-gu, Korea). All cell lines were cultured in DMEM high glucose
medium with 1% penicillin-streptomycin and 10% Fetal bovine serum
(FBS) in a humidified CO, incubator under sterile conditions. DMEM
media used for cell culture was purchased from Welgene (Gyeongsan-
si, Korea). HCT-116 colon cancer cells were cultured in DMEM (Dul-
becco’s Modified Eagle Medium) supplemented with 10% FBS (fetal
bovine serum). The cell lines were maintained in a humidified atmosphere
containing 5% CO, at 37 °C. The cells were seeded at 2 x 10° cells in 2 mL
of growth media (1 x 10° cells mL™") and grow it to optimal density for
transfection. Cell culture media used was Welgene’s DMEM high glucose,
10% Gibco’s fetal bovine serum, and 1% penicillin-streptomycin.

Live Cell Imaging of ROS Using Redox Sensor DNA/AgNC Probes: In a
well with 2 mL culture media of a 6-well plate, 135 L of Opti-MEM media
were cultured for 24 h. A transfection reagent with a final volume of (10 uL)
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lipofectamine and 300 nm of Red- and Blue-C,,/AgNCs was first prepared
or FAM-C,y-AgNCs-Cy5 and incubated at RT for 5 min. Then the cells were
incubated with transfection reagent for 12 h. The cells were incubated with
and without respective concentrations of NaAsO, and incubated at RT for
1 h. The cells were washed three times with 1X PBS prior to imaging. To
avoid bias, all cells including controls were treated with lipofectamine. It
was the same method of treatment for all cells, except that DNA/AgNCs
were not added to the untreated cells. All cell culture experiments were
performed thrice (n = 3 biological replicates) with consistent results every
time. The microscope used for confocal imaging was Carl Zeiss Confocal
laser scanning microscope-880. Zen Blue (V 3.4) software was used to
obtain the Merged images and their intensity profiles.

Live Cell Imaging of Triacyglycerol-Induced ROS Using C,,/AgNCs Sensor:
The cells were cultured and transfected with Red-C,,/AgNCs as mentioned
above. The cells were incubated with 3 different concentrations of Tria-
cylglycerol. Culture medium and Hanks’ Balanced Salt Solution (HBSS)
were used as negative controls. The cells were washed three times with
1X PBS prior to imaging. To avoid bias, all cells including controls were
treated with lipofectamine. All cell culture experiments were performed
thrice (n = 3 biological replicates) with consistent results every time. The
microscope used for confocal imaging was Carl Zeiss Confocal laser scan-
ning microscope-880. Zen Blue (V 3.4) software was used to obtain the
Merged images and their intensity profiles.

Mito-Tracking Dye and FAM-C,,-Cy5/AgNCs for Enhanced Redox Sensing:
The cells were cultured and transfected with Red-C,/AgNCs as mentioned
above. HCT-116 cells were treated with FAM-C,,-Cy5/AgNCs at RT for
12 h. The cells were incubated with MitoSOX red (1 h) dye in the ab-
sence and presence of T um Sodium Arsenite. The cells were washed three
times with 1X PBS prior to imaging. To avoid bias, all cells including con-
trols were treated with lipofectamine. All cell culture experiments were per-
formed thrice (n = 3 biological replicates) with consistent results every
time. The microscope used for confocal imaging was Carl Zeiss Confo-
cal laser scanning microscope-880. Zen Blue (V 3.4) software was used to
obtain the Merged images and their intensity profiles.

Examination of Fluorescence Across Multiple Channels: Blue fluores-
cence by Blue-C,,/AgNCs, detected using the DAPI channel with excitation
at 405 nm, with an emission range of 440-480 nm; green fluorescence by
FAM, observed using the AF 488 channel with excitation at 488 nm, with
an emission range 490-540 nm; red fluorescence by Red-C,,/AgNCs, de-
tected using the AF 594 channel with excitation at 561 nm, with an emis-
sion range 630-670 nm; and far-red fluorescence by Cy5, observed using
the Cy5 channel with excitation at 650 nm, with an emission range 670—
720 nm range. The fluorescence emitted by MitoSOX red was observed
by a custom filter with excitation at 396 nm, with an emission range 580—
630 nm.

Statistical Analyses: Statistical analyses and Figures were generated
using Origin 2017 software. The quantitative data analysis was made
based on three independent experiments representing mean + standard
deviation (SD). In each figure, specific tests and their statistical signifi-
cance are indicated. A total of three biological repeats (n = 3) were con-
ducted in two independent experiments for cell imaging.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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