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ABSTRACT: Silver molecules are chromophores with diverse
spectra and rich photophysics, and DNA strands act as ligands that
develop specific molecular silver species. For example,
C,AC,T*C,GT, selectively yields a Ag " fluorophore with A/
Aem = 490/550 nm. This single-stranded DNA coordinates and
protects the cluster, and its integrity was challenged by breaking the
phosphodiester backbone at the innocuous T*. The resulting
C,AC,T and C,GT, fragments also develop the same Ag;,**
fluorophore but only when all three components (two fragments +
Ag) are present. This C,AC,T/C;GT,/Ag;,"" complex is favored by
higher DNA concentrations and preferentially forms when hybrid-
ization forces C,LAC,T and C;GT, onto a shared DNA duplex. The
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C,AC,T/C;GT, assembly reverses when the cluster photodegrades, which suggests that the cluster is labile. C,AC,T forms an
alternate cluster at low temperatures, but C;GT, recovers the A = 490 nm fluorophore at higher temperatures. Thus, the
reciprocal interactions between the host DNA strands and the cluster adduct combine to create a highly specific, split- DNA

fluorescent Ag cluster capable of sensing target DNA sequences with high specificity and on—off contrast.

B INTRODUCTION

Reduced, multinuclear silver clusters exhibit strong optical
absorption because their metal-like valence electrons move
between discrete electronic states.'~* Bare silver clusters with
different stoichiometries and charges absorb and fluoresce
throughout the visible spectral range in cryogenic matrices and
in the gas phase, but they decompose outside these pristine
environments.”~’ However, this instability is largely tempered
when silvers coordinate with short, single-stranded DNA, and
the resulting conjugates form a new class of biosensing and
imaging fluorophores with many advantages.*~'* Oligonucleo-
tides with 210 nucleobases bind and sequester limited
numbers of ~10 silvers, often yielding monodisperse
adducts.">™"” DNA strands are scaffolds that assemble around,
template formation of, and protect their embedded fluorescent
silver cluster adducts.'®™*' Beyond acting simply as a
protecting layer, DNA strands nucleate and stabilize emissive
silver clusters through their interactions with both Ag" and
Ag’. As a result, the spectra and photophysics of the composite
cluster are strongly influenced by both DNA structure/
sequence and metal cluster size/electronic structure.”” Strands
with different sequences control the number and geometry of
the silver atoms and thereby tune the cluster spectra from the
near-ultraviolet to the near-infrared.”~* Strands with different
sequences and structures determine cluster size, geometry and,
therefore, electronic structure. Thus, cluster color and
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brightness are drastically altered between hybridized vs
single-stranded oligonucleotides to develop cluster adducts
with up to ~1000-fold emission.””**” Coupled structural and
spectral changes are the foundation of optical biosensors that
activate and “turn on” when target complementary strands
hybridize with a sensing domain in the DNA-—cluster
conjugate.10 Even greater gains in sensitivity are achieved via
dark electronic states that can be optically depopulated.”®
These ps-lived states can be selectively excited via near-infrared
lasers that enhance the visible cluster emission against the
autofluorescence background.””** Building on these advan-
tages, this paper demonstrates that a split-DNA construct and a
green fluorescent silver cluster unite to form a single emissive
DNA-—cluster conjugate, which leads to a two-stranded
fluorescence complementation sensor.

Oligonucleotides are multidentate ligands that coordinate
and encapsulate molecular silver clusters via their nucleo-
bases.”’' As measured with isothermal titration calorimetry,
the electron-rich nucleobase heteroatoms within the DNA
strands bind silver ions with uM dissociation constants, and
their aflinity with silver clusters is governed by their
basicity."®****7** 1t is the interactions of both cationic and
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neutral silvers with the multidentate DNA that makes DNA
such a good template for emissive Ag cluster formation.
Multiple nucleobases anchor a silver cluster, and the DNA
length sets the number of nucleobases. For example, (C,A),
sequences with x > 6 have the requisite length to stabilize a
specific silver cluster fluorophore.” Single-stranded oligonu-
cleotides are flexible heteropolymers whose primary sequence
and secondary structure establish unique three-dimensional
binding sites for specific clusters. Our studies compare a
contiguous single-stranded oligonucleotide and its correspond-
ing pair of fragments. These constructs have identical
sequences and thus form the same cluster. However, the
bifurcated scaffold reveals key interactions within the DNA—
silver cluster complex.

Our studies began with C,AC,TC;G because it preferen-
tially develops a silver cluster with 4./A., = 490/550 nm.*®
The coordination environment for this cluster was probed by
substituting, modifying, or eliminating nucleobases, and stark
differences were revealed. Specifically, any excision of cytosine
destroys the cluster, whereas the lone thymine could be excised
and replaced by other nucleobases as well as an ethylene glycol
without altering the cluster spectra or photophysics. We
targeted this seemingly innocuous thymine by cleaving the
covalent phosphodiester backbone at this site. For these
studies, we chose C,AC,TC;GT, because its two similarly
sized fragments—C,AC,T and C3;GT,—can be commercially
synthesized, and the additional thymines do not significantly
perturb the cluster.”® We studied this DNA fragment pair as a
silver cluster scaffold. Optical and mass spectra identify a
C,AC,T/C3GT, complex with a specific cluster that also
develops with the parent C,AC,TC;GT), strand. Higher DNA
concentrations favor the aggregate complex, which develops
when hybridization concentrates the strands onto a shared
DNA template. Photolysis reverses the assembled complex by
selectively exciting and breaking the silver network that links
the DNA fragments. Low temperature regulates the DNA—
cluster formation by controlling how the nucleobases in
C,AC,T and C;GT, coordinate silvers. These experiments
collectively suggest how the DNA fragments collectively
template their fluorescent silver cluster adduct.

B METHODS

Synthesis. Desalted oligonucleotides were purchased from
Integrated DNA Technologies and dissolved in deionized
water. The complete list of DNA sequences is provided in the
Supporting Information (Table S1). The molar extinction
coefficients of these oligonucleotides were calculated on the
basis of the nearest-neighbor approximation, and the DNA
concentrations were determined using the Lambert—Beer
law.”

Buffer solutions controlled the pH and electrostatically
screened the negatively charged DNA backbone.’®” In a
typical synthesis, a 150 uL sodium cacodylate buffer solution
(5 mM, pH 6.95) with 37.5 uM C,AC,TC,GT, and 300 uM
AgNO; (8 mol equiv per DNA) was heated (~80 °C) for §
min and then cooled to room temperature. This sample was
chemically reduced with NaBH, (4 mol equiv per DNA) into
the reaction mixture and vortexed for 1 min. The solution
became yellow due to the formation of Ag clusters. This
solution was then treated with 400 psi of O, for 2—3 h to
eliminate alternate clusters,” and the final product was stored
at 4 °C before use.

The T* in C,AC,T*C;GT, was replaced by uracil and
enzymatically excised with uracil-DNA glycosylase (New
England BioLabs).”> The reaction used 15 uL of 1 mM
oligonucleotide, 7.5 uL of enzyme (3.5 units), and 5 uL of 10X
reaction buffer (from supplier but without dithiothreitol,
DTT) in a total volume of SO L. The resulting solution was
incubated at 37 °C for >1 h and subsequently dialyzed against
water. The extinction coeflicient for the resulting strand was
calculated by the nearest-neighbor method after accounting for
the excised nucleobase.

The synthetic procedures for the split and colocalized silver
clusters were adapted from the ones for their intact analogues
described above. To synthesize the split clusters, we first
prepared a 150 uL sodium cacodylate buffer solution (S mM,
pH 6.95) that contained 37.5 uM C,AC,T (1I), 37.5 uM
C;GT, (III), and 300 uM AgNO; (8 mol equiv per II). The
mixture was heated to ~80 °C for S min and then cooled with
tap water, as described above. The reaction mixture was
reduced with NaBH, (4 mol equiv per II) and vortexed for 1
min. The resulting yellow solution was then treated with 400
psi of O, at 40 °C for ~2 h in a high-pressure reactor, and the
final product was stored at 4 °C before use.

To synthesize colocalized silver nanoclusters, we first
prepared a 300 pL sodium cacodylate buffer solution (S
mM, pH 6.95) that contained 10.0 uM of each hybridizing
component. The sample was heated to ~90 °C in 1 L of water
for 30 min and then cooled slowly to 0 °C. We mixed AgNO,
(8 mol equiv per strand) into the cooled DNA solution,
injected NaBH, (4 mol equiv per strand) 10 min later,
vortexed the solution for 1 min, and cooled it again
immediately using an ice bath. The resulting solution was
then treated with 400 psi of O, at 0 °C for ~2 h in a high-
pressure reactor, and the final product was stored at 4 °C
before use. Samples were photolyzed with 476 nm irradiation
from an argon ion laser at an intensity of 1 W/ cm? for ~30
min.

Optical Characterization. Absorption spectra of DNA—
Ag cluster conjugates were collected on a Cary 50 UV—vis
spectrophotometer (Varian), and steady-state emission spectra
were collected on a Fluoromax-3 spectrofluorometer (Jobin-
Yvon Horiba). Fluorescence quantum yields (QYs) were
measured using fluorescein as the standard (QY = 95%)."'
Circular dichroism (CD) spectra were acquired on a DSM 17
CD spectrophotometer (Olis).

Time-correlated single photon counting used a pulsed 470
nm laser (PicoQuant) at a pulse repetition rate of 10 MHz.
The excitation beam was vertically polarized, and its power was
adjusted to achieve a detection rate of fewer than 5 photons
per 100 pulses (<5 X 10° Hz). The emission was collected at a
right angle with the emission polarizer set to the magic angle
(~55°) and spectrally filtered using a 525 + 20 nm bandpass
filter. The instrument response function (IRF) was collected
using colloidal silica (Aldrich), and its fwhm was ~150 ps. The
kinetics of fluorescence decay was extracted through IRF
convolution fitting of the measured decay (FluoFit). The
fluorescence anisotropy measurements were made using
vertically (V) polarized excitation along with vertically (V)
or horizontally (H) polarized emission. The G-factor accounts
for the detection efficiency of vertically and horizontally
polarized emission, and it was ~1 for our filter-based
instrument.*” The fluorescence decays under two different
configurations, Iy(t) and Iy (t), were convolved with the IRF

DOI: 10.1021/acs.jpcc.9b03773
J. Phys. Chem. C 2019, 123, 17588—17597


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03773/suppl_file/jp9b03773_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b03773

The Journal of Physical Chemistry C

to calculate the anisotropy decay, r(f), and rotational
correlation time, 7., using the following expression (FluoFit):

O Ea®
)= Ly(t) + 2Lyy(t) (©)

The volume, V, and the hydrodynamic radius (assuming a
quasi-spherical shape), R, of the cluster were calculated using
the following expressions
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where kg = 1.38065 X 1072 J/K is the Boltzmann constant, T
= 298.15 K is the temperature, and # = 0.89 mPa-s is the
viscosity of water at 25 °C.

Fluorescence correlation spectroscopy (FCS) studies were
performed using an apparatus similar to that described in our
earlier reports.”” Briefly, samples were excited at 488 nm, and
autocorrelation analysis of the fluorescence fluctuations (G(7))
was resolved into diffusive (gp(7)) and excited state (gg5(7))
contributions

1
G(r) =1+ NgD(r)gES(T)

where g (7) is based on a 3-D Gaussian model

g, (1) = (1 + TldJ_l(l N (%)Z(é)]—l/z

and

F —T/Tgg

g (1) =1+ ¢ 7ss

In these equations, 7 is the lag time, N is the average number
of fluorescent species in the probe volume, @ is the transverse
radius of the probe volume, z is the height of the probe
volume, 7, is the lag time at which the diffusive autocorrelation
amplitude has decayed to approximately one-half of its
maximum value, G(0), F is the fractional occupancy of the
dark state, and 7gg is the net correlation time for dark state
shelving. The aspect ratio z/w was determined using
fluorescein and set to 6.7 for fitting the DNA—Ag cluster
fluorescence intensity autocorrelations. We used the occupancy
(N) of the probe volume to determine the extinction
coefficient of the clusters. The size of the FCS probe volume
was determined to be ~1 fL from the fluorescence
autocorrelation recorded on fluorescein in water.**

Mass Spectrometry. The stoichiometry and charge of
DNA—Ag cluster conjugates were characterized by electro-
spray ionization mass spectrometry (Q-TOF G2-S, Waters).
Samples were diluted with deionized water to ~0.3 uM and
were infused via a syringe pump operated at a flow rate of 20
uL/min. The spectra were collected in the negative ion mode
with a capillary voltage of —2.7 kV, a sampling cone voltage of
—15 V, an extraction cone voltage of 10 V, a cone gas flow of
45 L/h, and a desolvation gas flow of 450 L/h. The source
temperature was 80 °C, and the desolvation temperature was
150 °C. Mass calibration was performed using aggregates of
sodium formate in the 400 < m/z < 2000 range. The spectra
were analyzed using MassLynx V4.1.

B RESULTS

A Ternary C,AC,T/C5GT,/Ag;,®" Complex. Our studies
were based on C,AC,TC;GT, that preferentially forms a A,/
Aem = 490/550 nm fluorophore (Figure 1). This sequence can
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Figure 1. Absorption (A), fluorescence (B), and circular dichroism
(C) spectra of Ag;,** synthesized using C,AC,TC,GT, (black) and
C,AC,T/C;GT, pair (red). The vertical line at A = 490 nm highlights
the match between the spectra.

be divided, and the breakpoint was identified enzymatically.
The central thymine was replaced with a uracil, which was then
excised using uracil-DNA glycosylase.”>* The resulting
C,AC,DC,GT, has an abasic site, D, that preserves the
phosphodiester backbone, and this modified strand forms the
same A = 490 nm cluster (Figure S1). Thus, this thymine does
not bind the cluster and may lie in a flexible, folded region of
the strand, as also found in the analogous C,AC,TC;G
strand.>®*® We decided to break the strand at this site, and the
resulting C,AC,T/C;GT), pair and the parent C,2AC,TC;GT,
form the same chromophore with an identical absorption
maximum and line width (Figures 1A and S2A). The single
absorption band sug§ests that both types of scaffolds favor only
one chromophore.” Neither C,AC,T nor C,GT, alone
produces this species (Figure S3). Thus, despite severing the
strand at the thymine base, C,AC,T and C;GT, mimic the
intact C,AC,TC,GT, scaffold and collectively coordinate the 4
= 490 nm cluster. However, the site of interruption is
important; when C,AC,TC;GT, was alternatively severed at
the adenine, the C,A/C,TC;GT, pair yielded a different
cluster (Figure S4).

A reduced silver cluster binds with both C,AC,TC;GT, and
the C,AC,T/C;GT, pair, and these complexes were analyzed
by electrospray ionization mass spectrometry (Figure 2). DNA
molecular formulas as well as cluster stoichiometries and
charges were determined from the isotopic fine structure of the
different charge states (Figure 2C)."> 1847 The intact
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Figure 2. Mass:charge spectra of C,AC,TC;GT, (A) and C,AC,T/
C;GT, (B) complexes with Ag,,** in —6, —5, and —4 charge states
(CS, dashed boxes). Complexes with Ag* alone are also marked: “a”
and “b” are C,AC,TC;GT, with 4 and S Ag" (—4 CS), respectively;
“c” and “d” are C,AC,T with 3 and 4 Ag* (=3 CS), respectively; and
“e” and “f” are C;GT, alone and with 1 Ag* (=2 CS), respectively.
(C) Isotopologue distributions for C,AC,TC;GT,/Ag,,*" (black) and
C,AC,T/CyGT,/Ag** (red) complexes (—4 CS). The blue ticks
describe isotopologue distributions predicted on the basis of
Cie9H220110N53P17Ag10 (A) and Cy0H,30105N53P16AG10 (B).-

C,AC,TC,GT, almost exclusively forms a 10-silver complex
with 6 Ag' and 4 Ag’ (Figure 2A). In relation to this
C,AC,TC,GT,/Ag,,™", C,LAC,T and C,GT, collectively form
the analogous Ag;,*" complex. This C,AC,T/C3GT,/Agy* is
lighter because the C,AC,T/C;GT, pair lacks the §'-
phosphate that links the parent C,LAC,TC;GT, strand (Figures
2C and SS). Both types of DNA also bind Ag* alone, but
Ag,,* is the only silver cluster/chromophoric species in the
mass spectra.” Subsequently, photochemistry further links the
Ag " cluster to the 1 = 490 nm chromophore.

The electronic and mass spectra suggest that the C,AC,T
and C,GT, fragments are rejoined by Ag;,**, and this three-
component emitter was investigated by time-resolved fluo-
rescence anisotropy (Figure S6). The embedded cluster is a
fluorophore with A../A., = 490/550 nm, and such species have
well-defined absorption transition dipoles that can be
selectively excited with polarized light (Figure 1B).* The
polarized emission dephases with rotational correlation times
(,) that depend on the molecular volume and are dominated
by the shape of the bulky DNA host.*” As a reference, the
C,AC,TC,GT,/Ag,,"" complex has a value of 7, = 2.55 + 0.02
ns, and this time constant reflects the rate of tumbling by the
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DNA host, as found with similar strands labeled by organic
dyes.””*" The C,AC,T/C;GT, complex with Ag;,** has an
identical value of 7, = 2.53 + 0.06 ns. Thus, matching 7, values
suggest that C,AC,T and C;GT, reassemble with Ag,,** and
mimic the overall shape of C,AC,TC,GT,/Ag;,"". Therefore,
the covalent break in C,AC,T/C;GT,/Ag,"" seems innoc-
uous, so we now probe the cluster coordination environment.

The DNA-bound Ag,** has a circular dichroism peak at 490
nm that coincides with its absorption band, and the inherent
circular dichroism (k) was derived from the ellipticity
normalized by the absorbance (Figure 1C).** Similar « values
of 0.3 X 107 and 0.4 X 107 with the C,AC,T/C,GT, and
C,AC,TC;GT, scaffolds, respectively, suggest that a similar set
of chiral nucleosides coordinates Ag,,** in both scaffolds.”
Comparable « values have also been measured for other DNA
sequences.54’55

The selectivity of C,AC,T/C;GT, for binding Ag,,** was
assessed by measuring emission spectra with varied excitation
wavelengths (Figure §7).° The emission spectra are
independent of excitation wavelength for 4., = 440—540 nm.
Furthermore, the absorption profile overlaps with the
excitation spectrum (Figure S2B), thus supporting a dominant
fluorophore. In line with the metal-centered emission from
other DNA-bound chromophores, fluorescence quantum
yields (¢b¢) of 22 + 3 and 28 + 4% and average lifetimes
(z)) of 1.6 and 1.9 ns with C,AC,T/C;GT,/Ag;,"" and
C,AC,TC;GT,/Ag,,*, respectively, signify similar coordina-
tion environments in the two types of DNA scaffolds (Figure
S8 and Table §2).233¢%7

Fluorescence correlation spectroscopy identified dark
excited electronic states with ~pus lifetimes that provide a
longer temporal snapshot of the coordination environ-
ment.”****” Electronically excited C,AC,T/C;GT,/Ag;,*"
complexes cross into a dark state, of which the steady-state
population increased and the lifetime decreased with increasing
laser irradiance, as observed in other DNA-—cluster fluo-
rophores (Figure $9).”>% Similar decay rates and populations
between the intact and split DNA scaffolds support their
similar coordination environments. The correlation functions
also yield the extinction coeflicients. The amplitude of the
diffusive portion of the correlation function was extrapolated to
zero lag time and is inversely proportional to the number of
fluorophores in the probe volume. The resulting statistically
averaged concentrations, along with the absorbances from the
bulk solutions, determined extinction coefficients of 48,000 +
5000 and 43,000 = 7000 M~ cm™! at 488 nm for clusters with
intact and split DNA strands, respectively. Comparable
extinction coeflicients have also been reported for other
green-emitting silver cluster conjugates with DNA."’

Steering the C,AC,T/C;GT,/Ag;°* Assembly. Higher
DNA concentrations favor the C,AC,T/C,GT,/Ag;,** com-
plex. When the amount of C;GT, increases from 0.5 to 10 mol
equiv per C,AC,T strand, both the cluster absorbance and
concentration increase, on the basis of parallel absorption and
fluorescence correlation spectroscopy studies (Figure S10).
Despite the 10-fold excess concentration, C;GT, does not
disrupt the Ag;,** cluster, so it may be the weaker partner in
the complex. Instead of letting the strands naturally assemble,
an alternative strategy guided the reaction by specifically
forcing C,AC,T and C;GT, together. We wanted to
understand if these constrained sequences would still assemble
and create the Ag;,** cluster. Both strands were appended with
sequences that hybridized either with each other or with two
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Figure 3. (A) Schematic representation of a quaternary duplex/C,AC,T/C;GT,/Ag;,*" conjugate. The color of each component matches the color
in Table S1. (B, C) Fluorescence spectra and photograph of clusters synthesized with or without a BRAF template.

halves of a shared DNA template (Figures 3 and S11). The
latter constructs were based on a segment of the proto-
oncogene B-Raf (BRAF) or the DNA sequence of a subtype of
Influenza A virus (HIN1).® Our studies utilized four
characteristics of canonical DNA duplexes. First, the >20-
nucleotide appendages form stable duplexes with their
complements, so the appended C,AC,T and C;GT, are pulled
together when the duplex anneals (Figure 3A).°" Second, the
short duplexes locally concentrate the C,LAC,T and C;GT, and
promote DNA assembly. Third, the complementary strands are
polar, so C,AC,T and C;GT, can be attached to the same 3'—
S’ end or opposite 5'—5’ ends of antiparallel duplexes to
control their proximity.”> Fourth, the strands can readily be
extended with inert thymines to offset the C,AC,T and C,GT,
positions.

We designed a set of experiments to probe the quaternary
duplex/C,AC,T/C5GT,/Ag;*" complexes. C,AC,T and
C,GT, only assemble and form Ag;,* when they are on the
same end of the duplex, and they cannot bypass this stiff,
intervening duplex (Figure S12a and b). Being strongly bound
to each other, the duplex is an inert platform whose sequence
does not influence C,AC,T and C;GT,, presumably because
base pairs occlude silver clusters (Figures S11 and S12).*!
Increasing amounts of complement correspondingly increases
the cluster yield, which indicates that the duplex concentrates
the reactants and guides the reaction (Figure S12c and d). By
incorporating a flexible eight-thymine spacer, even offset
C,AC,T and C,GT, sequences still assemble and nucleate
the cluster (Figure S12a and c). Reversing the CCCGTTTT
sequence to TTTTGCCC, however, produced a different
cluster instead, so specific sequences are still needed even
though the two strands have the same numbers and types of
nucleobases (Figures S12a and d). Thus, colocalizing and
concentrating the strands promotes C,AC,T/C;GT,tem-
plated formation of the emissive Ag;,"" adduct. Analogous to
DNA-templated organic reactions, the silver clusters form via
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constructs that control the strand concentrations, positions,
and orientations.*>**

A Photoexcited Ag;®*. C,AC,T and C;GT, combine to
jointly template the final emissive Ag;,** cluster, but unlike the
emitter formed from the full-length DNA strand, this three-
component complex is broken through photolysis. When
irradiated, silver clusters can be fluxional and labile, as
illustrated by Ag, with a bond dissociation energy of 1.7 eV
(750 nm).” Ag,,** also appears to photodissociate upon
extensive irradiation, but its path depends on its host DNA.
C,AC,TC;GT,/Ag;,*" was selectively excited via its 1 = 490
nm transition, and this feature was replaced by a new band
with A, ~ 340 nm. Furthermore, the Ag,,** adduct in the
mass spectrum was eliminated to yield more oxidized
products—largely Ags®* with smaller amounts of Ag,’",
Ag;’*, and (Ag"), adducts (Figure 4A).°° Prior studies suggest
that even numbers of reduced silvers are favored, while the
numbers of oxidized silvers can vary.*>” These spectra suggest
that irradiation selectively excites and partially degrades the
Ag;,™ cluster. The Ag,,** within C,AC,T/C;GT, was also
irradiated, and it likewise loses its 490 nm absorption in lieu of
a shoulder at ~340 nm. However, no remnant of the silver-
linked DNA pair remains (Figure 4B). These results suggest
that the cluster links the two strands, which is consistent with
cross-linking and folding in a related intact strand.*

Temperature Reveals Distinct Ligands. Temperature
changes the course of the reaction and reveals differences
between the C,AC,T and C;GT, ligands. Two samples were
prepared either with only C,AC,T or with a 1:5 mixture of
C,AC,T and C;GT,, and these samples were combined with
Ag" and chemically reduced at 0 °C (Figure S). A species
developed with 4, ~ 430 nm and lower emission relative to
the 4 = 490 nm cluster (Figure S13), but this new
chromophore does not form with C;GT, alone (Figure S3).
The two samples were then heated to 45 °C. While the cluster
with only C,AC,T decomposed, the same cluster with both
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absorption spectra.
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Figure 5. Absorption spectra of C,AC,T—silver cluster complexes
with 4., = 430 nm at 0 °C (dashed) and 45 °C (solid). The spectra
were acquired with C,AC,T alone (A) and C,AC,T with S equiv of
C,GT, (B).

C,AC,T and C;GT, converted to the 490 nm chromophore
(Figure S). These observations suggest that C,AC,T
preferentially binds silvers at low temperatures and kinetically
traps the alternate 430 nm cluster, despite the large excess of
C;GT,. However, this cluster decomposes without C;GT,.
Thus, the two strands have distinct roles—C,AC,T alone
preferentially nucleates a different silver cluster, while it can
pair with C;GT, at higher temperatures to specifically stabilize
the Ag;,*" adduct.

B DISCUSSION

The single-stranded C,AC,TC;GT, selectively develops a
green fluorescent silver cluster, but this oligonucleotide can be
broken into two fragments that collectively form the same
cluster. We now consider the insights and opportunities
afforded by this bifurcated DNA template. We discuss how the
breakpoint was chosen on the basis of an innocuous site within
the contiguous parent strand. The resulting set of fragments
naturally reassembles, but their assembly can also be directed.
We thus developed a two-stranded fluorescence complementa-
tion reporter in which hybridization pulls the fragments
together to activate the cluster formation and emission. The
DNA assembly can be reversed by photolysis. Within the
complex, the two DNA fragments are distinct polydentate
ligands with dominant and subservient roles in the aggregate
complex.

The C,AC,T/C;GT, pair yields the same cluster chromo-
phore as the intact stand, which suggests that it is a
supramolecular assembly (Figures 1 and 2). Intact oligonu-
cleotides can fold into hairpin-like structures to coordinate
silvers, and key signatures of intermolecular DNA-—silver
cluster—DNA complexes have been previously eluci-
dated.'®'*?*>*79%% They have specific numbers and arrange-
ments of the constituent strands. For example, derivatives of
C;AC;AC,TC;A dimerize and form a cluster with near-
infrared absorption and emission. The strands have antiparallel
orientations and do not fully overlap. Even higher-order dimer-
of-dimer structures have been identified in solid- and solution-
phase studies of A,C,.”" The dimeric subunits have parallel
A,C, orientations, and the two dimers have antiparallel
orientations in which adenines swap between the two domains.
Furthermore, supramolecular DNA-—cluster constructs are
molecules with particular numbers of silvers. The
(C3AC;AC,TC,A), and (A,C,), aggregates bind 20 and 19
silvers, respectively. We suggest that the C,AC,T/C;GT, pair
is an analogous complex, but it is distinctive because it is a
heterodimer. We subsequently discuss how the two different
ligands open the possibility in tuning the cluster environment.

The quaternary duplex/C,AC,T/C;GT,/Ag;*" complex
shows that DNA strands can both form clusters and direct
cluster synthesis (Figure 3). Such constructs link specific
biomolecular recognition with cluster formation and could
serve as a model for optical biosensors. For example,
fluorescence complementation sensors have been developed
by dissecting green fluorescent proteins and DNA aptamers at
sacrificial loops.”'~”* The resulting fragments are joined by
biomolecules that associate and fuse the two fragments. As
another example, dark DNA—cluster complexes gain >1000X
emission when an activator strand hybridizes with the
target.'”’* Such sensors offer a sensitive and cost-effective
alternative to molecular beacons and have been used in a wide
range of applications, and an improved understanding of their
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mechanism of fluorescence enhancement could expand their
applicability.> ="

The Ag;,** chromophore is somewhat labile as the complex
dissociates upon continuous cluster photoexcitation (Figure
4). This result highlights interactions within the two strand—
cluster complex. Previous X-ray spectroscopy and diffraction
studies suggest that the silvers with DNA—cluster complexes
can segregate.”>’®’® These results suggest that the Ag,,*"
cluster within the C,AC,T/C;GT,/Ag;** complex may
cross-link the two strands.”*”*~* Various silver species that
disperse within their DNA hosts are further supported by
electronic spectra and theoretical calculations,”>*>%7788 Ag
silvers are known to bind to DNA nucleobases and the spacing
between DNA bases closely matches Ag—Ag metallic bond
distances, DNA provides an excellent coordination environ-
ment for emissive Ag cluster formation.”® Further, our
photolysis studies suggest that the silver cluster may link the
fragments, as photoexcitation breaks the two-strand complex
apart. Importantly, coupled cluster excitation and DNA
dissociation suggest the possibility of photoreversible com-
plementation.””

Relative to C,AC,T that preferentially develops a 4 = 430
nm cluster, C;GT, appears to be a weaker ligand that requires
higher concentrations to yield the two-stranded complex for
the 4 = 490 nm fluorophore (Figure S). Other dominant/
subservient DNA pairs have also been characterized through
thermodynamic and spectroscopic studies.”””” The dominant
strands are longer oligonucleotides that integrate two
functions—one end develops a dim silver cluster chromo-
phore, and the other end hybridizes with shorter, comple-
mentary strands.'®?”>>”® These single-stranded oligonucleo-
tides encapsulate and stabilize the silvers within their cluster
adduct."®* The subservient strands are the complements
because they must have sufficient length and affinity to intrude
into the folded complexes. Once hybridized, these comple-
ments only change the cluster shape and thereby activate the
cluster emission.”® We suggest that C;GT, acts similarly by
fine-tuning the cluster environment to favor the 4.,/ = 490/
550 nm cluster. The limited length of this strand suggests that
systematic changes in its sequence could further modulate the
cluster spectra and photophysics.*

B CONCLUSION

C,AC,T/C,GT,/Ag,,*" reveals concepts that further our
understanding of DNA-—silver cluster fluorophores and
sensors. This complex depends on reciprocal interactions.
On one hand, Ag;,** is not a passive adduct that resides in a
DNA binding pocket, but the recent first crystal structure of an
emissive DNA—Ag cluster clearly shows that the complex
depends on both nucleobase—Ag and Ag—Ag interactions and
that flexibility in the encapsulating DNA strands is crucial for
cluster formation.”® On the other hand, the DNA strands are
multidentate ligands, and different constituent strands in a
heterodimer scaffold could have distinct roles. We focused on a
specific sequence/cluster conjugate, but our results could be
translated to other DNA—cluster systems. Viable breaks in
their phosphodiester backbones could be identified by excising
innocuous nucleobases, such as thymines. The resulting
fragments could also be localized, oriented, and assembled
using DNA hybridization, thus expanding the toolset of
fluorescence complementation sensors. In summary, bifurcated
DNA pairs suggest new paths to understand and develop the

distinctive optical properties of DNA-based silver cluster
chromophores.
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