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Silver nanoclusters (AgNCs) are the next-generation nanomaterials representing supra-atomic structures
where silver atoms are organized in a particular geometry. DNA can effectively template and stabilize
these novel fluorescent AgNCs. Only a few atoms in size — the properties of nanoclusters can be tuned
using only single nucleobase replacement of C-rich templating DNA sequences. A high degree of
control over the structure of AGNC could greatly contribute to the ability to fine-tune the properties of
silver nanoclusters. In this study, we explore the properties of AQNCs formed on a short DNA sequence
with a Cy, hairpin loop structure (AQNC@hpCj,). We identify three types of cytosines based on their
involvement in the stabilization of AQNCs. Computational and experimental results suggest an elongated
cluster shape with 10 silver atoms. We found that the properties of the AgQNCs depend on the overall
structure and relative position of the silver atoms. The emission pattern of the AgQNCs depends strongly
on the charge distribution, while all silver atoms and some DNA bases are involved in optical transitions
based on molecular orbital (MO) visualization. We also characterize the antibacterial properties of silver
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1 Introduction

Silver nanoclusters (AgNCs) are ultra-small metal nanoclusters
consisting of just a few atoms of silver. The AgNCs represent
supra-atomic metal assemblies where ligands stabilizing these
supra-atomic structures influence the shapes and sizes of the
AgNCs. One class of AgNCs is the DNA stabilized hybrid nano-
structures, which involve cytosine-rich single-stranded
sequences encapsulating silver. The optical properties of DNA-
stabilized AgNCs (AgNC@DNA) are dictated by their size,
shape, and stoichiometry." AgNCs comprising only a few silver
atoms exhibit molecule-like optical properties where the
continuous density of electronic energy states breaks up into
discrete levels.>® High fluorescence quantum yield, easy
synthetic procedure, and biocompatibility afforded by DNA
make AgNC@DNA an attractive alternative to conventional
fluorophores in the development of sensing modalities for the
detection of heavy metals," low concentration levels of
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miRNA,"™* cellular imaging," and various DNA sequences.'***
The DNA template is essential for modulating various proper-
ties of AgNC@DNAs. DNA sequences not only contribute to the
stabilization of AgNCs but also perturb the electronic states of
the AgNC@DNA, dictating the absorption and fluorescence
patterns observed.'”*° Various DNA sequences can be utilized to
tune the optical properties of AgNC by adjusting their emission
color in the UV,"?° visible,"”*' and NIR parts of the electro-
magnetic spectrum.>***

Among the possible DNA sequences capable of templating
optically active AgNCs are single stranded DNA,“** hairpin
loops,**?¢ i-motif,**®* and G-quadruplexes.**° Hairpin loop
structures tend to form a cytosine-rich pocket suitable for the
formation of stable AgNCs.?**%3* Our understanding of AgNCs'
properties can be improved by complementing experimental
results with computational studies.*” Both experimental and
computational studies have already contributed to our under-
standing of the shape and size of the AgNC@DNA within the
templating DNA sequence.**** However, structural details of the
AgNC@DNA are still missing despite a few X-ray crystallography
studies identifying the exact structures of different
AgNC@DNA.?*° Computational studies can bridge the gap in
experimental techniques which still cannot reach the level of
materials comprised of only a few atoms. Computational
studies are expected, therefore, to uncover precise contributions
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of nucleobases to the structure and optical properties of
AgNC@DNA. The intimate connection between the silver of the
nanocluster and DNA nucleobases is important but poorly
understood.*® Therefore, studying the details of DNA-silver
contacts in AgNC@DNA is critical to further our understanding,
ability to control various properties of AgNCs, and advancing
their practical applications. One such practical application is
found in the antibacterial activity of AgNC@DNA. We have
previously demonstrated that Cy hairpin loops of different sizes
exhibit variable antibacterial activity.”® While active towards
inhibiting the growth of bacteria, these AgNCs remain non-toxic
to mammalian cells, suggesting a selective antibacterial mode
of action. The degree of antibacterial activity was found to be
insensitive to the size of the loop but linked to the optical
response of AgNC@hpCy.>®

In this study, we combine experimental and computational
studies to further understand the structural and photophysical
properties of AgNCs formed on hairpin looped structure with 12
cytosines in the loop (AgNCs@hpCs,). Our results suggest that
10 atoms are involved in the formation of optically active
AgNCs. Different involvement of 12 cytosines in the loop was
identified as critical, important, or non-essential for the prop-
erties of the templated AgNCs. The connection of optical
properties and biological properties of AgNC@hpCi, is further
explored.

2 Experimental section
2.1 AgNCs@DNA synthesis

Oligonucleotides were purchased from Integrated DNA Tech-
nologies after having been desalted and lyophilized. Upon
receipt, oligonucleotides were resuspended to a 100 pM
concentration and used without additional purification. A
single stranded DNA template, ssC;,, was used as reported
previously.* A hairpin loop DNA template, hpC;, with the
following sequence was used: 5-TATCCGTCCCCCCCCCCC-
CACGGATA. The sequence and the length were chosen due to its
well-documented ability to form fluorescent AgNCs.* Different
stem sequences of hpC;, were observed to have minimal effect
on the binding sites in the C;, loop (refer to Fig. S4t). To
prepare the AgNCs@DNA, 100 uM DNA template, double-
deionized water (ddiH,O, ~18 MQ), 1 mM AgNO; and
100 mM NH,OAc (pH 6.9) were combined to achieve the
following final concentrations: Cpya = 10 UM, Cagno, = 120 uM,
Cnuac = 4 mM. We followed a previously published protocol
where the number of Ag" was adjusted to match the number of
cytosines in the loop according to n-AgNO;:C,,.*® Solutions were
then vortexed, centrifuged, and incubated at 95 °C for 2
minutes. These solutions were quickly transferred to an ice bath
and incubated for 20 minutes. NaBH, solution was prepared
fresh by dissolving NaBH, granules in chilled water to
a concentration of 10 mM and stored on ice until ready for use.
The AgNC@DNA samples were then treated with NaBH, using
an equimolar amount as the Ag". Silver control solution was
prepared identically as the AgNC@DNA samples, with ddiH,O
replacing the DNA template. The concentration of AgNO; and

DNA for AgNC synthesis were optimized by varying
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concentrations independently while observing fluorescence
intensity and pattern in the EEM, Fig. S1.f Following the
synthesis, all solutions were stored at 4 °C away from light for
approximately 16 hours. To remove any excess silver from the
AgNC@DNA solutions, they were washed three times with
a total of 1.2 mL of 4 mM NH,OAc using 3 kDa molecular weight
cut-off filters by centrifuging three times at 14 000 rcf at 4 °C.
The final spin was continued until ~50 pL of AgNC@DNA
solution remained after approximately 25 minutes.

2.2 Fluorescence measurements

The excitation and emission spectra were acquired on a Duetta -
Fluorescence and Absorbance Spectrometer (Horiba, Inc., Chi-
cago, IL, USA). In all the measurements, the concentration of
the templating sequence was kept the same at ~10 pM. Fluo-
rescence measurements were carried out in a Sub-Micro Fluo-
rometer Cell, model 16.40F-Q-10 (from StarnaCells, Inc.,
Atascadero, CA, USA), at room temperature of ~22 °C. The
excitation-emission matrix spectra (EEMS) were recorded with
0.5 nm resolution. Fluorescence spectra were recorded with the
emission wavelength range from 400 nm to 850 nm, the initial
excitation wavelength was set to 350 nm, and the final excitation
wavelength was set to 700 nm with an increment of 0.5 nm.
Matrix data were then used for 2D contour plots using Magi-
cPlot Pro software.

2.3 Bacterial growth inhibition assays

K12 E. coli were grown, from single colonies, in lysogeny broth
(LB) at 37 °C with 200 rpm constant shaking overnight in
a GeneMate Incubated Shaker. The following morning, bacte-
rial cultures were diluted to an optical density at 600 nm (ODggo)
between 0.016-0.019 using LB. 50 puL of diluted bacteria were
added to a sterile 96-well black-walled plate. AgNC@hpCi,,
following the removal of excess silver, were added for a final
concentration of 3 uM. For the Ag-control solutions, 6 pL were
added to each well, replicating the same amount of silver that
would be present in the AgNC@hpC,, solutions if all the silver
had bound to the DNA templates. Carbenicillin was added as
a positive control for a final concentration of 50 pg mL ™. In the
buffer control wells, 10 pL of 4 mM NH,OAc buffer, pH 6.9, was
added. All wells were adjusted to a final volume of 100 pL using
LB. The lid of the plate was hydrophobically treated by filling it
with 10 mL of 20% ethanol, 0.05% Triton-X100 for 30 seconds
before the excess was poured off. The lid was then allowed to dry
upright, in a biosafety cabinet for at least 30 minutes. The plate
and lid were sealed with parafilm prior to microplate optical
density measurements to prevent excess evaporation. Optical
density measurements were obtained using a Tecan Spark
microwell plate reader, with measurements taking place every
15 minutes at 600 nm for 22 hours. The temperature inside the
plate reader was set to 37 °C, and the plate was shaken for 30
seconds after every measurement. A total of five biological
repeats, with four technical repeats each, were completed. The
growth curves are shown as the average ODg, at each time point
with the standard error of the mean (SEM) of each measure-
ment shown as a dotted line above and below each solid line in
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the same color. The mean and SEM of each growth curve was
calculated using GraphPad Prism 9.

2.4 Mammalian cell viability assays

HEK293-FT, HeLa, and MDA-MB-231 cell lines were maintained
in Dulbecco's Modified Eagle Medium (DMEM, Gibco) con-
taining 100 U per mL penicillin, 100 pg per mL streptomycin,
and 10% heat-inactivated fetal bovine serum, at 37 °C and 5%
CO,. Cells were seeded in 96-well plates at a density of 40 000
cells per well 24 hours prior to the introduction of treatments.
The media was removed from each well and replaced with fresh
media containing a final concentration of 3 uM AgNC@hpC;,, 6
uL of Ag-control, or 10 pL of 4 mM NH,OAc buffer, pH 6.9 where
indicated. The plates were then incubated for 24 hours at 37 °C,
5% CO,. Following this incubation, 20 pL of CellTiter 96®
Aqueous One Solution Cell Proliferation Assay (MTS) were
added to each well and returned to incubate at the same
conditions for 75 minutes. The absorbance of 490 nm light was
read for each well using a Tecan Spark microplate reader, with
16 reads per well being averaged to make the final value. Results
are reported as the average of four biological repeats with three
technical repeats each =+ the standard deviation (SD). The mean
and SD of each assay was calculated using GraphPad Prism 9.

2.5 Atomic force microscopy imaging

AFM imaging of AgNCs@DNA was performed on MultiMode
AFM Nanoscope IV system (Bruker Instruments, Santa Barbara,
CA, USA) in tapping mode. Briefly, 5 pL of the AgNC@DNA
solution were deposited on amino-propyl-silatrane (APS)
modified mica for a total of 2 min."*** Excess sample was
washed with DI water and gently dried under a flow of high
purity argon gas and under vacuum overnight. AFM images in
air were then recorded with a 1.5 Hz scanning rate using TESPA-
300 probes from Bruker Nano, Inc. The probes have ~320 kHz
resonance frequency and a spring constant of about 40 N m ™.
Images were processed and analyzed using Fiji (Image]) and
plotted with MagicPlot Pro software. AFM imaging could be
challenging method for unexperienced researchers due to
specific surface chemistry required for reliable deposition of
AgNC@DNA.*® Other alternative methods to assess heteroge-
neity of the samples might be considered, such as reversed-
phase high-performance liquid chromatography (HPLC),*” gel
electrophoresis,® or Transmission Electron Microscopy
(TEM).*

2.6 Energy-dispersive X-ray spectroscopy (EDS) analysis

AgNC@hpC;, solutions prepared as described above were
diluted to 50 pM after filtration. These solutions were deposited
as two 10 pL droplets onto a polished Si wafer and allowed to dry
overnight. Droplet residue was analyzed with a JEOL JSM 6480
SEM and an Oxford Instruments INCA EDS system. The probe
energy was 5 keV. Atomic concentrations were calculated by the
INCA software from P Ko and Ag Lo characteristic X-rays.
Because of the variable drying pattern observed, sample data
with a low substrate signal (<5% atomic percentage) was used
for the statistical analysis. This limits data to droplet residue of
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sufficient thickness where nearly all the signal originates from
the sample.

2.7 Computational details of AgNCs construction and
geometry optimization

The initial model of Ag;,NC@hpC,, was constructed and edited
in molecular editor Avogadro. All DFT calculations, including
DFT geometry refinement and TD-DFT were performed in
Gaussian 16. The hpC;, was constructed first and optimized
with the Universal Force Field (UFF). Silver atoms were added to
the loop connecting with N3 heteroatoms of cytosines in the
loop at positions 1-5 and 7-11 (5’ to 3") and optimized with UFF.
The Ag-N; bonding was maintained at positions 1-3, 9 and
released at positions 4, 5, 7, 8, 10, 11 according to T-scanning
(see Results section for details). Next, the geometry of the
entire construct was optimized with the UFF in Avogadro with
a 10 x 1077 convergence factor. The geometry was further
refined using the ONIOM method implemented in Gaussian 16.
The “low-level” layer (DNA hairpin) remained geometrically
“frozen”, while “high-level” layer (all silver atoms) were sub-
jected to optimization using DFT with M062X density functional
and LANL2DZ basis set. TD-DFT calculations were performed
using the optimized structures to compute the nanoclusters’
ground-to excited-state optical transitions simulating absorp-
tion spectrum of the AgNCs. TD-DFT calculations used M06-2X
density functional and LANL2DZ basis set for calculations of
both ground- and excited-states. Additionally, a solvent envi-
ronment was simulated with the solvation model based on
density (SMD) for water. Up to 96 excited states were calculated
to cover the energy span of the visible and UV (up to 5 eV).

3 Results and discussion
3.1 Cytosine-rich ssDNA templates

Single-stranded (ss), cytosine-rich DNA oligonucleotides have
been demonstrated to be the most suitable capping agents for
templating stable AgNC@DNA due to high affinity of cytosine's
N; heterocyclic atom to silver ions, Ag'.>* To date, various
sequences have been reported to stabilize AgNCs with unique
optical properties, including bright emission bands in the
visible part of the spectrum.' Distinct colors (e.g., blue, green,
red) of ANC@DNA have been observed based on prevalent
emission wavelengths for a particular nanocluster*® making
AgNC@DNA an exciting new emissive supra-atomic nano-
structure suitable for bioimaging,*>** biosensing,'>** and even
a bioactive material with antibacterial properties.>**

While single-stranded C-rich sequences have high affinity to
silver ions, they can also form alternative non-canonical DNA
structures. For example, a duplex stabilized by silver in a C-Ag-
C pairing rather than canonical Watson-Crick pairing,* or the i-
motif where semi-protonated C-rich oligonucleotides are
arranged in a tetra-stranded structure.** Our previously reported
data suggest that the formation of alternative DNA structures
via strong silver mediated C-Ag-C base paring results in
structural heterogeneity of AgNC@DNA populations.” The
uncontrollable template driven assembly of AgNCs leads to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a heterogeneous population of the observed optical peaks
(Fig. 1A) also suggesting the formation of various sizes and
shapes of AgNCs as confirmed by AFM imaging (Fig. 1C). The
challenge of AgNC@DNA's heterogeneity can be solved by
rational design of the template involving, for example, hairpin-
loop structures rather than sequences containing cytosine-rich
ssDNAs (Fig. 1B). C-rich hairpin loop template is different
from the simple single C-rich strand because it has less chances
to form other secondary structures of DNA mediated by silver
ions. While still providing the binding sites for Ag', the loops
also protect silver atoms while coordinating and trapping them.
Atomic force microscopy imaging validated that the DNA
hairpin-loop design removes structural ambiguity and yields
a uniform functional population of the AgNC@DNA (Fig. 1D).
AFM image analysis produced an almost ideal distribution of
sizes for AgNC@hpC;, (Fig. S2At). While AgNC@ssCy, template
also produces similar to AgNC@hpC;, monomeric size, there is
also a significant presence of larger structures as evident from
the statistical distribution for AgNC@ssC;, complex shown in
Fig. S2B.1 In addition to structural homogeneity, AgNCs tem-
plated on hpC;, loops consistently produce an almost ideal
single peak of “red” fluorescence with the maximum excitation

600
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400 500 600 700 800
Emission, nm

400 500 600 700 800
Emission, nm

Fig. 1 Comparison of C;, template design (a sequence of continu-
ously linked twelve cytosines) as ssCy, oligo or as Cy, loop in a hairpin
structure. (A) EEM of AgNCs formed on a ssC;, sequence. (B) EEM of
AgNCs formed on a hpCy, loop. (C) AFM topography image of AgNCs
formed on a ssCy, sequence, the inset shows zoomed in portion of the
image with size of 100 nm. (D) AFM topography image of
AgNC@hpCi,, the inset shows zoomed in portion of the image with
size of 100 nm. (E) Schematic representation of AQNC formation inside
a Cy, loop of the DNA hairpin structure.
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wavelength at Agxc = 560 nm and maximum emission wave-
length at Agy; = 635 nm (Fig. 1B). This single peak, termed RI,
also suggests the formation of a more homogeneous population
of single AgNC type in terms of the emissive nanocluster's
shape, size, and charge state. Although single, this RI emission
peak for AgNC@hpC;,, slightly extends to longer wavelengths as
excitation increases. This observation implies a possibility of
a small degree of AgNC heterogeneity or, alternatively, the shift
might be associated with the red edge excitation shift
phenomenon for this emissive RI state.'®?**> Notably, both
AgNC@ssCq, and AgNC@hpC,, exhibit emission observed for
excitation wavelengths below 400 nm which can be attributed to
the characteristic broad UV-excited emission commonly
observed for DNA-templated AgNCs.***° Since the hpC;, looped
templates resulted in more homogenous populations of AgNCs,
we have focused on further understanding of AgNC fluo-
rophores and their optical, structural, and biological properties
using hpDNA structures.*®*” Fig. 1E shows schematically the
binding of silver atoms to N; atom of C;, hairpin loop structure
and subsequent formation of AgNC upon reduction with
sodium borohydride.

3.2 Role of individual cytosines in the loop

The number of cytosines in the loop defines the fluorescence
pattern of the AgNC@DNA (Fig. S371).>*** This number also
dictates the size of the loop within which AgNC is hosted. hpC;,
contains twelve cytosines and can potentially bind up to 12
silver ions considering a 1:1 stoichiometry. The key factors in
defining the photophysical properties of the clusters are the
intimate interactions between silver atoms of the nanocluster
and DNA ligand-bases.*® To probe the role of individual cyto-
sines in the hpCy, loop for the stabilization of AgNC, we have
replaced one cytosine at a time with a thymine base at all twelve
positions. Thymine has the lowest binding affinity to silver*®
and it does not coordinate the AgNC when the cluster is finally
formed upon reduction.*® Furthermore, thymidine can be
enzymatically removed from the DNA backbone without dis-
turbing the environment of the cluster.*® Therefore, the C — T
replacement was aimed at pinpointing the cytosines which are
critical in stabilizing and coordinating AgNC. Unlike reducing
the number of cytosines in the loop, which also reduces the size
of the loop,**** C — T replacement preserves the same overall
size of the loop, directly probing the effect of a particular cyto-
sine base, especially since the size of thymine is similar to that
of cytosine. The final composition of the resultant loop
remained 12 bases in total “Cy; + T,” with varying positions of
the single thymine. The variants were termed T1-T12, with the
number indicating thymine's position starting from the 5’ end
of the loop next to the double-stranded stem. Fig. 2M shows
a schematic of AgNC@hpC,,, and Fig. 2A-L show the resultant
excitation-emission maps for all twelve “Cy; + T;” modified
hpDNAs. Thymine single base replacement revealed the differ-
ences in the fluorescence pattern of AgNCs@hpDNA exhibited
as obvious changes to the main RI peak, always very distinct for
the AgNC@hpC;, loop. Two samples, T6 and T12, resemble
single red peaks typical for the AgNC@hpC;, loop, suggesting

Nanoscale Adv., 2023, 5, 3500-3511 | 3503
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Fig. 2 Excitation—emission patterns for AQNCs@DNA templated on 12-base loop with just one single C to T replacement 5" — 3": (A) T1, (B) T2,
(C)T3, (D) T4, (E)T5, (F) T6, (G) T7, (H) T8, (1) T9, (J) T10, (K) T11, (L) T12, (M) schematic of the hpC;, showing numbered 6th and 12th nucleobase

positions.

that these two positions in the loop are less important in
stabilizing the AgNCs as shown in Fig. 2F and L, respectively.
The rest of the T-scans show various degrees of variation from
the single RI peak. For example, the red peak is blue-shifted by
~10 nm compared to T6, T12 variants, and the unmodified
hpC;, loop. This peak has Agys = 620 nm and Agxc = 550 nm and
is termed “red II” = RII to differentiate from “red I” = RI peak
observed for the intact AgNC@hpC;,. The most dramatic
differences are observed for T1, T2, T3, and T9, where EEMs
show dual peak featuring RII peak and dominating “orange” =
O peak with emission at Ayax = 600 nm and excitation at Ayax =
485 nm, Fig. 2A-C, and I, respectively. This dramatic change in
the fluorescence pattern suggests critical involvement of C1, C2,
C3, and C9 bases in stabilization of AgNC. The rest of the
variants, positions 4, 7, 8, 10, and 11, are all variations of the RII
peak with only minor shifts of maxima for both excitation and
emission. Perhaps, the only other position that features
a substantial “orange” shoulder is T5. Positions 7 and 8 both
have a faint green peak at Agxc/Apm = 420/535 nm. Interestingly,
the excitation-emission pattern seems to repeat itself in an N + 6
manner. T3 is similar to T9, T4 to T10, T5 to T11, and T6 to T12.
T6 and T12 samples form almost identical pattern as the intact
AgNC@hpC;,. Exceptions are T1-T7 and T2-T8 pairs for which
the resemblance is minimal.

The change in the fluorescence pattern of the variants
suggests that cytosines in positions 6 and 12 do not participate
in the formation of the “red” AgNC@hpC;,. We propose that C6
and C12 do not make any contact with the cluster and posi-
tioned far from making such contacts possible. The rest of the
cytosines are critically involved in stabilization of AgNC@hpC;i,
either through direct or indirect bonding with cytosines. Direct
bonding might take place via Ag to N; heteroatom of cytosine,
while indirect bonding might take place via water bridges
between Ag or other N heteroatoms of cytosines and O. Both
types of bonding are feasible and have been demonstrated to be
involved in cluster stabilization via X-ray crystallography.®®

3.3 EDS studies of Ag/DNA stoichiometry in the nanocluster

Additional confirmation of AgNCs size was obtained using the
EDS analysis. EDS was performed to quantify the number of

3504 | Nanoscale Adv., 2023, 5, 3500-3511

silver atoms bound to the hpC,, template. The samples were
purified to remove any unbound silver from solution and were
deposited onto a silicon wafer for analysis (Fig. 3). The ratio of
the relative atomic percentages of the Ag and P in the EDS
spectrum were used for evaluating the stoichiometric ratio of
silver per hpC,,. Multiple readings were collected and averaged
to provide that each AgNC@hpC;, binds an average of 10.3 £
0.6 silver atoms averaged over 13 independent measurements,
Table S11. We conclude, therefore, that the number of cytosines
in the loop does not correspond to the number of silver atoms
in the bound AgNCs. The EDS measurements indicated that on
average there are ~10 atoms of silver per 12 cytosines in each
AgNC@hpC;,. This cluster size is consistent with previously
reported data on similar sized hairpin loop AgNC@DNAs.** We
have recently used various loop sizes between C,-C;; for
modulating antibacterial activity of AgNC@DNA?® and, inter-
estingly, all the studied loop sizes C,-C,3 contained ~10-11
silver atoms in the final AgNC composition.>*

3.4 Model of AgNC@hpC,,

Using the results of T-scanning to examine the importance of
each single cytosine in the formation of the AgNC, we have built
a model of AgNC@hpC;, intended to reflect Ag-C interactions
within the loop in order to use it further for DFT computations.
Both the fluorescence pattern and intensity of the fluorescence
remained unchanged for the T6 and T12 variants (Fig. 2F and L)
as compared with the intact AgNC@hpC,, (Fig. 1B). Therefore,
we inferred that cytosines C6 and C12 do not directly participate
in the cluster coordination. It is apparent from the inspection of
the C — T replacement in Fig. 2 that positions 1, 2, 3, and 9
produce the largest variation in the fluorescence. The fluores-
cence pattern now resembles Cy; loop (Fig. S37) - the size with
one less cytosine further corroborating the importance of the
cytosines at these four positions. The “blue” shifts of the main
red peak for the T4, T5, T7, T8, T10, and T11 variants (Fig. 2)
also suggest that contacts of cytosines in positions 4, 5, 7, 8, 10,
and 11 are important for cluster coordination but perhaps not
as critical as 1, 2, 3, 9. Therefore, we ranked the importance of
the cytosine bases in stabilization of AgNCs based on the effect
they produced in T-scanning and grouped them into the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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following three groups: group I (C1, C2, C3, and C9) > group II
(c4, Cs5, €7, C8, C10, and C11) > group III (C6 and C12). This
ranking was also utilized in geometry optimization of the
AgNC@hpC;, described below. Additionally, SEM-EDS
measurements identified that 10 silver atoms are bound to
the hpCj,. Cytosines of the loop bind and concentrate silver
ions before the reduction step. In the first stage of the theo-
retical modeling, we chose to coordinate each silver atom with
group I and group II cytosines, C1-C5 and C7-C11, constituting
an elongated chain of the complexed ions ligated with the Nj
heteroatoms of cytosines. This assumption is reasonable based
on well-established affinity of Ag" to N; of cytosines. The model
at this step resembles a zig-zag type of structure with silver
atoms facing inside the C;, loop structure. The reduction step
induces dispersing and clustering of the silver by competing
between the process of the DNA chelation and silver agglom-
eration.* Partial reduction of the Ag;, construct reorganizes the
DNA host as well as the shape of the cluster itself. Next, for the
geometry optimization, we imposed the following restrictions:
(i) silver atoms near C1, C2, C3, C9 remained directly linked to
N; heteroatom of cytosines with Ag-N distance kept between
2.0-2.1 A; (i) binding of the silver atoms near C4, C5, C7, C8,
C10, C11 nucleobases was relaxed to allow for more positional
freedom in the optimization step; and (iii) neighboring silver
atoms were forced to maintain metal-metal bonds (2.7-2.8 A),
matching the Ag-Ag distances observed in crystal structures of
AgNCs.? This initial structure was then subjected to multiple
runs of geometry optimization using the Universal Force Field
(UFF) at the Molecular Mechanics level of theory. Final refine-
ment of the structure was performed by fixing the geometry of
DNA and allowing the optimization of the embedded cluster
structure with a single run using DFT level of theory (see details
in ESIt). The final optimized model structure of the full
AgNC@hpC;, is shown in Fig. S5.f Fig. 4 shows the final
geometry of the cluster and all 12 cytosines of the loop while the

© 2023 The Author(s). Published by the Royal Society of Chemistry

sugar-phosphate backbone was removed for clarity. The struc-
ture of Ag;oNC resembles very well the “Big Dipper” structure
obtained for AggNC using X-ray crystallography.® At this stage of
optimization, the silver atoms maintained multiple contacts
with the cytosines at the beginning of the loop anchoring the
cluster. The loop forms a framed pocket of cytosines for the core
of the AgNCs to be stably accommodated. Pseudo-trapezoidal
Ags moiety is located within the pocket of the loop sur-
rounded by the cytosines C4, C5, C6, C7, and C8 with C6 rotated
out and making no evident contact with any of the silver atoms.
The distance between Ag and Nj; of the cytosines in the pocket is
relaxed during optimization to larger distances ranging
between 2.88 to 3.53 A. The shortest distance, 2.88 A, was

Fig. 4 Reduced structure of the final geometrically optimized model
of AgloNC@hpClz

Nanoscale Adv., 2023, 5, 3500-3511 | 3505
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observed between C5 and the corresponding Ag atom. Inter-
estingly, the replacement of C5 — T5 also resulted in the
noticeable appearance of an “orange” peak with significant
intensity suggesting more critical role of C5 as compared to
other members of the second group of cytosines (group II). Two
other remarkably close distances are between the tip of the
cluster and carbonyl O, atoms of the C7 and C8 cytosines in the
loop. These two bonds, 2.54 A and 3.05 A for C7 and C8
respectively, were not imposed but were formed during the
geometry optimization. Such distances were observed in crystal
structure of AgNC@DNA for Ag-O, stabilizing bonds.?
Furthermore, at 2.54 A, this distance is close to a typical Ag-O
coordination bond observed in metal-organic frameworks
(MOF).** Both C7 and C8 have common signature when
replaced with thymine (Fig. 2G and H), they both exhibit clear
green peaks at Agxc/Agm = 420/535 nm suggesting similar effect
on optical properties of Ag;, when Ag-O, interaction is desta-
bilized. Recently obtained crystal structures of AgNC@DNA
show critical involvement of water molecules and an extensive
network of hydrogen bonds between O,, N, and silver in
stabilization of the cluster.® Although these interactions are not
obvious in our model (Fig. 4), a more careful inspection
suggests that NH, groups and O, carbonyl atoms are positioned
favorably to form such networks protruding into the minor and
major grooves. We can assume, thus, that our model structure
comes very close to the expected real structure, although veri-
fication of its exact correctness might require further studies
involving mass-spectrometry and X-ray crystallography in the
future. The very small size of AgNC@DNA in the range of only
a few silver atoms presents a difficult task in studying the exact
structures of the nanoclusters. A limited number of studies have
shown resolved structures of AgNCs including X-ray crystallog-
raphy®*® and computational reports.>® Further studies are ex-
pected to uncover more details of structural control and
reproducibility, making it possible to regulate properties of the
nanoclusters both wanted (fluorescence wavelength and inten-
sity) and unwanted (stability).

3.5 Optical transitions of the Ag;,NC@hpC;,

The experimental excitation spectrum of the AgNC@hpC;,
collected in both visible and UV ranges is shown in Fig. 5A.
Several obvious peaks in the spectrum spanning the UV-vis
range indicate that multiple optical transitions are allowed for
the nanocluster. The UV range, 4-5 eV, is an almost continuous
spectrum of excitations without any obvious maxima where
many distinct transitions are possible (Fig. 5A). Previously, UV
excitation for AgNCs was in part assigned to an efficient energy
transfer from DNA to AgNC."® Next, there is a very small, almost
undetectable, peak with the maximum at 3.54 eV at the border
of UV and visible ranges (350 nm). The visible range is domi-
nated by one intense peak with the maximum at E = 2.21 eV.
This peak corresponds to the “red” RI emission peak observed
in the EEM at Agxc/Agm = 560/635 nm. The other obvious feature
is a shoulder to the right of the main peak at higher energy
values. If fitted with the Gaussian function, this shoulder peaks
at 2.56 eV, which corresponds to Agxc/Agm = 485/525 nm band in
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the EEM. A clear asymmetric character of the red peak's exci-
tation shows a longer tail towards the lower energy values on the
left side of the 2.21 eV maximum. Such appearance is associated
with red edge emission shift (REES) which was previously
observed in several cases for AgNCs.">?**® REES usually emerges
when the motion of solvent molecules is restricted and is not
capable of providing fast enough relaxation of excited fluo-
rophore to the lowest vibrational state, such as low temperature
or high viscosity.* This observation suggests complexity of the
AgNC's environment inside the hpC;, loop which may cause
certain unusual optical behavior of the nanoclusters such as
better stability, shifts of the maxima, etc.” The absorption
spectrum shown in Fig. 5B closely resembles the experimental
excitation spectrum (Fig. 5A). The spectrum's UV portion is
dominated by DNA absorption with a maximum at E = 4.7 eV
(~260 nm). The absorption due to DNA is large, and it was
necessary to zoom into the visible region ~100x times to
highlight the characteristics of the spectrum in the visible part
(1.5-4.5 eV). The visible part features a prominent peak at £ =
2.21 eV. This peak coincides with the main peak in the excita-
tion spectrum and corresponds to the excitation of the main
fluorescence transition for the AgNC@hpC;,. Next, there are
obvious peaks in the range between 2.7 and 3.5 eV, most likely
corresponding to the absorption by silver and silver nano-
structures.® Although these peaks are not obvious in the exci-
tation spectrum, they become apparent in the computed
spectrum as shown in Fig. 5C.

The structural model of AgNC@hpC;, created with the help
of T-scanning results and geometry optimization allowed us to
evaluate the absorption spectrum using the TD-DFT approach.>
A partial positive charge is expected for the AgNC upon reduc-
tion with NaBH,, and it was previously proposed that a positive
charge is critical for the existence of the AgNC@DNA.* There-
fore, we begin by placing the smallest possible positive charge, p
= +2, on the entire optimized structure of AgNC@hpCj,, and
increased it by an increment of 2 (p = +4, p = +6, and p = +8).
0Odd overall positive charges, p = +1, +3, +5, +7, and +9, lead to
a triplet electronic configuration and thus were discarded from
consideration as such transition would be spin forbidden.
Simple considerations using a superatom model suggest that
the Ag;oNCs would be stable if they contained 2, 8, 18, 20, ...
electrons on their shared orbitals.> Since each Ag atom can
contribute one electron (from [Kr]4d'°5s" configuration), the
combination of 8Ag° and 2Ag™ in the cluster (Agyo>") results in
a singlet state with closed-shell electronic configuration.*® For
the calculation of the absorption spectrum, the sugar-
phosphate backbone was removed, and only cytosine bases of
the hpC,, were considered (Fig. 4). Ninety-six singlet excited
states were then calculated using TD-DFT with MO06-2X/
LANL2DZ combination of the functional/basis set. ONIOM
procedures in Gaussian 16 allowed to treat the AgNC and the
cytosine bases separately as first set of atoms (high-level layer)
and second set of atoms (low-level layer). We assign a +2 charge
for the Ag;oNC leaving cytosine bases uncharged. The calcu-
lated absorption energies confirm that many different transi-
tions are allowed for a single nanocluster, including several
transitions in the visible and multiple in UV region (Fig. 5C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Excitation spectrum of AgNC@hpCi,, (B) absorption spectrum of AGNC@hpC;,; since absorption of DNA dominates the spectrum

(right panel-UV), the visible portion was magnified by 100 x (left panel-visible) (C) Calculated absorption spectrum of AgQNC@hpC;,, (D) contour
plots of MOs involved in transitions in the calculated spectrum shown in (B): (l) first transition at 1.95 eV, (Il) second transition at 2.21 eV, and (Ill)

third transition at 2.56 eV.

The first main peak is observed at 1.95 eV (635 nm), and two
more transitions are obvious in the visible range at 2.21 eV (560
nm) and 2.36 eV (525 nm), which blend into a continuous
shoulder of the main peak at spectral broadening of ¢ = 0.09 eV
(Fig. 5B). Many closely positioned transitions then follow these
three peaks at higher energies and in the UV region resembling
the experimental excitation spectrum with a multitude of UV
peaks.

The calculated energy of the main first transition, 1.95 eV, is
not the same as the experimentally observed 2.21 eV for the
maximum of excitation wavelengths. This difference of the
underestimate, AE = 0.26 €V, is quite acceptable considering
the possible structural deviations of the nanocluster. Over-
estimates or underestimates of the calculated transitions as
compared with experimental absorption values are often re-
ported in the literature and associated with the choice of an
exchange functional.>*** Our choice of M06-2X functional was
justified by previously reported vertical transition energy values
close to the experimental ones for AgNCs** and other complex
molecules.”® Next, we have compared the computed results
using two other common functionals, B3LYP and B3PW91, and
found that the use of these functional underestimates the
energy of transitions even more than the chosen M06-2X (ESI
Table 1t). Additionally, we used water with Solvation Model
based on Density (SMD) for our computations, while it may not
be the best fit for the dielectric environment of AgNC inside the
hpC;, loop. Restrictive diffusion and complex interplay of the
interactions between Ag and nucleobases may result in less

© 2023 The Author(s). Published by the Royal Society of Chemistry

polar environment shifting, thus, the actual spectrum to lower
energy values (hyperchromic effect) as observed previously for
solvents of various polarities® or water/methanol mixtures.®
Modeling SMD solvent as benzene for our AgNC@hpC,, results
in a shift the maximum of the first transition to 1.92 eV,
cyclohexane to 1.91 eV, acetonitrile to 1.86 eV. These factors can
also affect the quantum yield of the emitting species.®* Another
support for our conclusion that the calculated spectrum is red-
shifted altogether is the energy of the second prominent tran-
sition. If the entire calculated spectrum is shifted by 0.3 eV to
lower energy values, computed peaks coincide very well with the
experimental excitation ones matching 2.25 eV (550 nm - “RII”)
and 2.56 eV (485 nm - “O”) as indicated in Fig. 6C.

Ag1®" (2Ag° and 8Ag") is another expected stable configu-
ration according to the superatom model with 2 electrons filling
2S orbital. 2 (S), 8 (2S + 6P), 18 (2S + 6P + 10D), ... “magic
number” rule applies to symmetric spherical or near-spherical
metal nanoclusters where degeneracy of P and D orbitals are
expected.’” Although we have focused primarily on the supera-
tom model assumption for symmetric near-spherical metal
nanoclusters, we acknowledge that our Ag;,NC@hpC,, model
suggests an elongated shape of the nanocluster with several
elements including a zig-zag handle and a clustered head. The
structural asymmetry of the Ag;,NC@hpC;, cluster will most
likely remove the degeneracy of the higher level, P and D,
orbitals. Without this degeneracy requiring 6€ to completely fill
the P shell of Ag;,NC, magic numbers 2 and 8 are no longer
needed for stability. For example, intermediate Ag;o*" (6Ag° and

Nanoscale Adv, 2023, 5, 3500-3511 | 3507
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assays with the AgNC@hpC;, treatments and corresponding results.

4Ag") and Ag,®" (4Ag° and 6Ag") configurations will also yield
stable singlet states. It is worth noting that experimentally
observed “magic numbers” for DNA-templated AgNCs are N, =
6 and N, = 4.>* N, = 4 emits primarily in “green” and Ny, = 6
emits in “red”, with both structures containing various
numbers of silver ions in their composition.** Interestingly, all
charged species of the Ag;,NC@hpCy, cluster (Agi,>", Agio",
Ag10%", Ag1,®") have similar positions of major bands in the
computed absorption spectrum (ESI Table 2+), suggesting a real
possibility for a “magic” arrangement of silver atoms, Ag;,"",
with Ny = 6 as the core and Nug+ = 4. The visible absorption
spectra for all the charged species show the presence of the
three peaks observed for Ag;,>", albeit with different relative
intensities as indicated by the oscillator strengths of the cor-
responding transitions between ground and excited states. We
notice that the increase in overall positive charge of the
Ag,0@hpC;, results in a slight shift to higher energy values for
all three observed transitions: RI, RII, and O (ESI Table 27).
Silver belongs to group 11 metals with the outermost valence
5s electrons being extremely delocalizable. The electron delo-
calization and complexation with DNA ligands are expected to
result in uneven charge distribution. It is becoming apparent
that not all the silver in a cluster might be actively participating
in the MO building. Some comprise a neutral core, some
comprise a positively charged shell. It has been recently sug-
gested that the core of the “luminescent” cluster may be
different from the size of the full AgNC.** Further visualization
of molecular orbitals involved in the visible transitions
confirmed the highly delocalized properties of the
AgNC@hpCs,. Fig. 5D (I-III) shows molecular orbitals involved
in the three identified visible transitions. It is evident from
Fig. 5D, all of the MOs involved have a delocalized nature. For
example, the transition at 1.95 eV is primarily HOMO to
LUMO+1 transition. HOMO's electron density is smeared over
all the silver atoms of the AgNC and even spills over to nucle-
obases. Small contributions can be observed on cytosines 1, 2, 3,
4,5,7,8,9, 10, and 11. The excited state LUMO+1 also has
delocalized density but with larger involvement of the cytosines,

3508 | Nanoscale Adv, 2023, 5, 3500-35T1

particularly in positions 1, 2, 3, 7, 9, and 10. This observation
coincides well with our previous statement that C1, C2, C3, and
C9 are critically involved in the optical properties of AgNCs, and
replacing them with thymines will surely alter the distribution
of electron density and thus optical transitions, as indicated by
T-scans (Fig. 2A-C, and 2I).

3.6 Biological activity of AgNC@hpC,,

AgNCs as supra-atomic structures have been reported to possess
a variety of interesting properties besides obvious optical
beneficial behavior. We have previously reported that AgNCs
encapsulated in hairpin loops exhibit antibacterial activity
while remaining non-toxic to human cell lines.*® Four different
sizes of the loops (C;, Co, C11, C13) resulted in varied bioactivity
of AgNCs.”® We expected the AgNC@hpC;, to be also quite
bioactive and capable of significantly slowing down the growth
of bacteria.

To assess the differences in bacterial growth between treat-
ments, the time it takes each culture to reach half its maximal
optical density is calculated, along with its 95% confidence
interval using a non-linear fit of the data. The AgNC@hpC;,, at
a concentration of 3 pM, was able to significantly slow the
growth of K12 E. coli in liquid cultures (Fig. 6A). There was
a minimal difference between the buffer treated cells, Ag
control-treated cells, and the untreated bacteria culture, which
all reached half their maximum growth after approximately 4.3
hours. The E. coli treated with the AgNC@hpCj,, however, did
not reach half of their maximum growth until 15.2 + 0.2 hours
had passed. From the growth curves, it is also apparent that the
treatment with AgNC@hpC;, lowered the maximum amount of
bacterial growth in the culture, as the untreated cells reached an
ODgoo of approximately 0.9 while the AgNC@hpC,, treated
bacteria were only able to achieve an ODg, of 0.6 over 22 hours.
This same concentration of AgNC@hpCs,, 3 uM, was found to
not decrease the viability of three different mammalian cell
lines that were tested (Fig. 6B). These results are consistent with
that of our previously reported work using similar ACNC@DNA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hairpin structures.”® The non-toxic nature of AgNC@DNASs is
critical to their potential advancement in biomedical
applications.

Although it is evident that AgNCs@hpC;, possess antibac-
terial activity, it is not obvious what the mechanism of such
activity is. So far, various mechanisms have been proposed,
including oxidative release of Ag" similar to AgNPs.® We have
previously outlined several possible explanations of such useful
bioactivity.>® The ability of AgNC@DNA to act as antibacterial
agent might be related to the composition of AgNCs which have
both silver atoms (Ag°) and silver ions (Ag"). Further oxidation
can change the ratio of Ag*/Ag® modulating the antibacterial
activity of AgNC@DNA. Another possibility is related to AgNCs'
reactivity towards oxygen. AgNCs react with oxygen which is
apparent when AgNCs age. Molecular oxygen, O,, is inert and
exists in the ground stable triplet state. Metal nanoclusters with
closed shell configurations, forming singlet spin states, are ex-
pected to be inert towards molecular oxygen.®® For such a reac-
tion to proceed - a spin accommodation is required.*® We
hypothesize that AgNC@hpC,, is capable of such a spin
accommodation and thus gets oxidized with molecular oxygen
(aging) and H,0, which promotes AgNC@hpC;, to a “dark”
state (Fig. S6t1). It has been previously reported that nano-
structured silver can generate large amounts of intracellular
reactive oxygen species contributing to the antibacterial activity
of AgNCs.* Both theoretical®” and experimental®* studies indi-
cate that certain shape, composition, and charge states of
AgNC@DNA can form optically “dark” states with high-spin
multiplicity. We have computed several excited triplet states
for the model of AgNC@hpCj,. Indeed, several triplet states
have energies comparable to the energies of visible transitions.
Fig. S71 shows a comparative diagram of three main singlet
state transitions and three computed triplet state transitions
found in the same visible region. Each singlet excited state of
AgNC®@hpC;, appears to have a corresponding triplet excited
state suggesting the possibility of intersystem crossing from *Sy
to *Ty. Therefore, it is reasonable to propose that the singlet
excited state of AgNCs may interact with abundant triplet
oxygen stimulating the transition of triplet to singlet oxygen,
%0, — '0,, while converting from '(AgNC) to *(AgNC) via an
accelerated intersystem crossing. Efficient intersystem crossing
with the help of molecular oxygen has been recently demon-
strated,” and molecular oxygen is known to accelerate S — T
transition in fluorophores.® In reaction with triplet molecular
oxygen, the generation of singlet '0,* is allowed whenever the
energy gap between S — T exceeds 0.98 eV.* This amount of
energy is required for the conversion from *0, to "0, *” and has
been observed experimentally in optical spectra of oxygen.*** It
is tempting to hypothesize that *S; — *T; intersystem crossing
shown in Fig. S5t with energy gap of 0.96 eV is close enough to
0.98 eV (AE = 0.02 eV), considering computational error, and
that such transition can be accelerated according to the
following reaction:

*S3(AgioNC) + 0, = *T (Ag)(NC) + '0,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Since singlet oxygen is far more reactive as compared to
triplet oxygen, this can explain why AgNC@DNA is toxic to
bacteria.”® While it is a reasonable hypothesis, more details will
be needed to further clarify the role of ISC in ROS formation and
the contribution of this pathway to cell viability.

4 Conclusions

Structural, optical, and antibacterial properties were evaluated
both experimentally and computationally for AgNCs formed using
C;, hairpin loop DNA structure as a template. Both experimental
and computational results indicate that the hpC,, loop templates
the formation of a 10-atom AgNC within the loop. Not all the
cytosines in the loop participate equally in stabilizing the AgNCs.
At least three different roles of cytosines were identified. Four
cytosines are critically involved in stabilization of the cluster and
its optical properties, six cytosines are important for stabilization
but not critical for its optical properties, and two cytosines don't
participate in the formation of AgNCs. Geometrically optimized
structure of Ag;oNCs@hpC,, in the shape of “Big Dipper”
suggests that the two parts of the nanocluster handle and pseudo-
trapezoidal head might contribute differently to optical and bio-
logical properties of AgNCs. Molecular orbital visualization shows
almost equal electron density distribution spread over all silver
atoms with small contributions from DNA bases. The degree of
contribution from the DNA bases matches very well the roles of
cytosines identified in optical experimental measurements.
Computational analysis suggests the richness of possible elec-
tronic transitions, which may contribute to a variety of colors
observed for AgNC with well-defined peaks in the red, orange, and
green parts of the visible spectrum. We observe reasonable
agreement of computational results with experimental suggesting
the close match of the optimized geometry to the expected one.
The high antibacterial activity of Ag;,NC@hpC;, identified in this
study is most likely associated with the charged character of AgNC
and its ability to interact with environmental oxygen generating
harmful to bacteria singlet oxygen species.
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