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Abstract

Molecular silver clusters conjugated with DNA act as analyte sensors. Our studies evaluate a type
of cluster-laden DNA strand whose structure and silver stoichiometry changes with hybridization.
The sensor strand integrates two functions: the 3’ region binds target DNA strands through base
recognition while the 5" sequence C3AC3AC3TC3A favors formation of a near infrared absorbing
and emitting cluster. This precursor form exclusively harbors an ~11 silver atom cluster that
absorbs at 400 nm and that condenses its single-stranded host. The 3’ recognition site associates
with a complementary target strand, thereby effecting a 330 nm red-shift in cluster absorption and
a background-limited recovery of cluster emission at 790 nm. One factor underlying these changes
is sensor unfolding and aggregation. Variations in salt and oligonucleotide concentrations control
cluster development by influencing DNA association. Structural studies using fluorescence
anisotropy, fluorescence correlation spectroscopy, and size exclusion chromatography show that
the sensor-cluster conjugate opens and subsequently dimerizes with hybridization. A second factor
contributing to the spectral and photophysical changes is cluster transformation. Empirical silver
stoichiometries are preserved through hybridization, so hybridized, dimeric near infrared
conjugates host twice the amount of silver in relation to their violet absorbing predecessors. These
DNA structure and net silver stoichiometry alterations provide insight into how DNA-silver
conjugates recognize analytes.

Keywords

Silver Clusters; Biosensing; Fluorescence

gorresponding Author: jeff.petty@furman.edu, Phone: 864-294-2689.
Henry Keith and Ellen Hard Townes Professor of Chemistry
These authors contributed equally.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the
manuscript.

Supporting Information:

The supporting information contains 8 figures describing spectra associated with alternate recognition sites, the Ag™ stoichiometry
associated with the violet-absorbing species, silver stoichiometry in the conjugates, the chromatographic isolation of the violet and
near-infrared complexes, the relative target concentration in the hybridized sensor, the ionic and salt dependences of the cluster
transformation, the chromatographic isolation of a dimer with two structurally distinct target, and the pH dependence of the cluster
transformation. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petty et al.

Page 2

Sensors based on few-atom clusters of silver conjugated with DNA feature convenient
synthesis, fluorescence-based detection, and discriminate analyte responses. Metallic
clusters are created in aqueous solution via chemical reduction of cationic precursors, like
their nanoparticle counterparts.1=3 Growth is constrained by strongly coordinating ligands,
as illustrated by DNA strands that direct formation of silver clusters with ~10 atoms.*-17
Electron-rich sites in the nucleobases stabilize these small agglomerates, as shown by pH-
dependent emission that correlates with N3 ionization, by coordination-induced shifts in the
core electron energies of heteroatoms in DNA strands, and by favorable complexation with
nitrogen functional groups.>—8 Coordination with different nucleobases in these polymeric
hosts dictates cluster formation when DNA-bound Ag™ is reduced with BH, 11
Additionally, solution pH, oxygen concentrations, and temperature direct reaction outcome
to favor specific clusters.1314.18.19 Thys, a key advantage of silver clusters as analyte
sensors is that sequence-programmable reporters are conveniently synthesized in aqueous
buffers using readily available reagents.

Another appealing aspect of DNA-bound silver clusters is their high molecular brightness
due to fluorescence quantum yields of 10-70% and extinction coefficients from 100,000-
350,000 M~1cm~1-11.12.20 Radiative relaxation within the sparse density of electronic states
is not only efficient but also sustained without intermittent blinking because emissive
excited states are weakly coupled to dark electronic states, thereby enabling detection of
single molecules.?122 Sensitivity and selectivity are further enhanced when secondary lasers
modulate fluorescence by redirecting population back to the emissive manifold of

states. 2324 Silver-based chromophores are particularly distinguished in the near infrared
spectral region where organic dyes have low fluorescence quantum yields in water and
semiconductor nanocrystals are typically large (10 — 40 nm) to achieve small band gaps.2%26
An example is an ~10 atom cluster with Ay = 750 nm and Aoy, = 810 nm that forms with
C3AC3AC3TC3A.27 Optical detection in the near infrared is favored because scattering is
reduced relative to shorter wavelengths, light absorption by hemoglobin, lipids, and water is
minimized, and background autofluorescence from endogenous chromophores is largely
eliminated.28:29 A resulting lower background combined with the inherent brightness of
silver cluster fluorophores facilitates sensitive detection in complex samples.27:30-32
Furthermore, optically-based analysis is also attractive because near infrared emitting diode
lasers are commercially available for selective cluster excitation.33

The foundation of silver cluster-based detection lies in how analytes modulate the
environments of DNA-bound clusters. Two general concepts provide a framework for
interpreting how nucleic acids, proteins, and inorganic cations are identified through their
association with cluster-laden DNA strands.39:34-40 First, analytes that change DNA
structure in turn alter cluster binding sites. As examples, allosteric changes induced by
mismatched base pairs extinguish distantly-located yellow emitting clusters, proximal
positioning of DNA strands influences both the emission rate and spectrum of DNA-bound
clusters, pH guides the assembly of multistranded DNA hosts for red- and green-emitting
clusters, and structural changes in aptamers propagate to DNA-appended red-emitting
clusters.13:31.34,37.41.42 These changes may reflect alterations in a delicate network of
coordination by multiple nucleobases.3:14 Second, new silver species form in response to
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particular DNA environments. Cluster evolution is revealed by fluorescence lifetime
measurements that study static quenching and by fluorescence correlation spectroscopy that
enumerates emitting clusters. Supporting examples of analyte-driven cluster transformation
include amplification in the number of red emitting clusters when a cluster-DNA conjugate
is positioned next to a guanine-rich strand, a loss of emissive clusters when thrombin and
Hg?* associate with their respective sensors, and an increase in number of clusters emitters
when hybridization exposes new binding sites for near-infrared emitting
conjugates.37:39.43.30

In this work, specific DNA sequences are identified by altering the environments of DNA-
bound silver clusters. Oligonucleotides are analyzed because the strength and specificity of
complementary interactions allows attention to be directed to understanding the sensor/
cluster interaction. Target hybridization transforms the cluster environment, as absorption
shifts from the violet to near infrared and strong near infrared emission develops (Fig. 1).
Our studies consider how such stark spectral and photophysical changes are related to the
DNA structure and silver stoichiometry. First, the sensor changes from a folded, single-
stranded precursor to a dimeric, hybridized duplex, as shown by using Na* and
oligonucleotide concentrations to alter reaction progress and by using fluorescence
anisotropy, fluorescence correlation spectroscopy, and size exclusion chromatography to
establish structures. These alternate polymorphic forms of DNA arise through interactions
with their respective silver cluster ligands. Second, the net amount of bound silver doubles
when the precursor strand converts to its dimeric hybrid, as shown by atomic emission
studies of purified conjugates. These two observations emphasize how DNA-bound clusters
act both as reporters of their DNA environment and as ligands that alter DNA structure.

Experimental

Materials

Silver nitrate (Acros) and sodium borohydride (Aldrich) were used as received. The
following oligonucleotides (Integrated DNA Technologies) were received as lyophilized,
desalted samples with no further purification: C3AC3AC3TC3A-CCCGCCGCTGGA (T3-
Sa), C3AC3AC3TC3A-TT-CCCGCCGCTGGA (T3-T2-Sp), C3AC3AC3TC3A-TTTTTT-
CCCGCCGCTGGA (T3-Tg-Sp), TCCAGCGGCGGG (Sac), C3AC3AC3TC3A-TT-
CCCGCC (T3-T»-Sg), GCGGCGGG (Spc), C3AC3AC3TC3A-
TCAACATCAGTCTGATAAGCTA (T3-Sc), and TAGCTTATCAGACTGATGTTGA
(Sce), where the strand polarity is 5" — 3/, T3 is a template for a near-infrared cluster and
refers to the substitution of adenine with thymine in the third C3X motif, Sp and Sc are
recognition sites derived from the genome of bacteriophage lambda and from the 22-base
recognition element for a cancer related microRNA, respectively, Sg is a truncated variant
of Sa, and Sac, Sge, and S are the complements to Sa, Sg, and Sc, respectively,18:27.44:45
In relation to our earlier studies, the two base extension of Sg; relative to the recognition site
Sc does not influence the cluster transformation.18 The 12 base pair duplex Sa:Sac was used
in most of these studies because it is stable in lower ionic strength buffers, as indicated by its
melting temperature of 64 °C when using 30 uM oligonucleotides in a solution with 26 mM
Na+46 Following hydration, the concentration of these solutions were measured using the
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absorbance at 260 nm based on extinction coefficients derived from the nearest-neighbor
approximation, and an 8% hypochomicity associated with base stacking in the duplex
portion Sa:Sac was accounted for in the calculation.?” Concentrations were derived using a
pH = 9.8 borate/boric acid buffer, which disrupts aggregates favored by cytosine-rich
strands.48:49

The precursor silver conjugate was formed by first combining 8 equivalents of
Ag*:oligonucleotide with a 90 uM solution of oligonucleotide in a 10 mM citrate/citric acid
buffer at pH = 6.5, which gives a [Na*] ~ 26 mM.%0 This solution was heated at 80 °C for 5
mins to disrupt DNA aggregates and then cooled prior to reduction with 4 equivalents of
BH,:oligonucleotide. Prior studies indicate that this relative amount has a minor impact on
the synthetic outcome.8 This solution was immediately transferred to a high pressure vessel
with 500 psi O, at room temperature, and after >3 hrs, the sample was diluted three-fold in a
buffer supplemented with NaClO, to yield a solution with 30 UM oligonucleotide. After
adding the complement, the sample was heated to 50 °C for 20 mins and then cooled to
room temperature for characterization.

Characterization

Absorption spectra were acquired with a Cary 50 (Varian) at a scan rate of 600 nm/min
using an appropriate buffer baseline and using plastic cuvettes that are transparent to UV
and visible light (BrandTech). Emission spectra were acquired with a FluoroMax-3 (Jobin
Yvon) using quartz cells at a scan rate of 2 nm/s and 0.5 s integration, and variations in the
lamp intensity were corrected using a reference detector. Size exclusion chromatography
was conducted with a Shimadzu Prominence high performance liquid chromatography
system using a 300 x 7.8 mm BioSep-SEC-S2000 column (Phenomenex), having 5 pm
particles and a pore size of 145 A. The mobile phase was buffered at pH = 6.5 with 10 mM
citrate/citric acid that was supplemented with NaClO,4 to minimize solute interactions with
the stationary phase.®! To assess hydrodynamic radii, size standards were based on the
thymine oligonucleotides dTyg, dT1s, dT5, and dT3g 1352 For sample isolation, timing
between spectral identification using the absorption spectrometer (SPD-M20A) and the
fraction collection (FRC-10A) was determined using a concentrated solution of dye.
Subsequently, a consecutive series of samples was collected from an injection of a DNA
solution, and the time adjusted chromatogram matched the absorbances at 260 nm in the
collected fractions. To eliminate a preceding DNA species form the desired single-stranded
conjugate with the violet-absorbing cluster, Gaussian fitting was used to temporally resolve
the species (Figure S3A and S3B). The repeatability of the retention times allowed specific
isolation of the desired cluster conjugate. The large size of near-infrared conjugate allowed
its isolation from competing species (Figure S3D and S3E). For both types of clusters,
correspondence between the retention time derived from the DNA absorbance at 260 nm and
the cluster absorbances at 400 nm and 730 nm indicates that no competing species
contaminate the isolated fractions (Fig. S3C and S3D). Following collection, the samples
were analyzed using an inductively coupled plasma — optical emission spectrometer (Optima
7300 DV, Perkin Elmer). Nitric acid was added to a final concentration of 10% (v/v), and a
yttrium reference with emission at 371.03 nm was added to account for variations in the
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sample delivery rate. Silver and phosphorus standards (High Purity Standards) were used to
generate calibration curves, and control samples containing oligonucleotide and Ag* were
used to account for matrix effects.2’” A peristaltic pump delivered the samples to the
nebulizer and the argon plasma. To relate the phosphorus and oligonucleotide
concentrations, the lengths were derived from the DNA sequences, after accounting for the
absence of the 3’ terminal phosphate. Silver and phosphorus were detected using their
emissions at 328.07 and 214.91 nm, respectively, and the optical chamber was purged with
nitrogen to detect the UV emission from phosphorus. Fluorescence anisotropies were
derived using

I, —
p—_VV Gl y
I

+2GI,,

Vv

where I\ and Iy are the vertically and horizontally polarized emissions, respectively,
using vertically polarized excitation and G is the sensitivity factor that describes the
response of the detection system to vertically and horizontally polarized light.5:>3 Ten
background-corrected intensity measurements were used. The anisotropy of the duplex
sensor was measured using the dimeric cyanine dye YOYO-1 (Invitrogen), which has a high
affinity for duplex DNA.245° As in an earlier studies, fluorescence correlation spectroscopy
was conducted using diode laser excitation at 690 nm, and cluster concentrations were
derived using a solution of Cy7 to calibrate the probe volume.30

The sensor has two general components (Fig. 1). We chose the sequence
CCCGCCGCTGGA (abbreviated Sp) for the 3’ region because it forms a stable duplex with
its target complement over a range of salt and oligonucleotide concentrations. However,
recognition sites are interchangeable, as demonstrated by sensors with Sg and S¢ that
exhibit similar spectral changes (Fig. S1).18 We chose C3AC3AC3TC3A (abbreviated T3) as
the leading 5’ sequence because it is a template for an ~10 silver atom cluster with strong
near infrared absorption and emission.2’ The composite strand acts as a sensor because two
spectroscopically-distinct silver clusters interconvert when a target associates with the
recognition site, as signaled by a shift in absorption from 400 to 730 nm and recovery of 790
nm emission (Fig. 1). Our studies show that these spectral and photophysical changes
emanate from changes in both DNA structure and the amount of bound silver.

Sensor Design

One factor underlying the analyte response is the structure of the sensor. This contribution
was first explored by modulating coupling between the two sensor components. Three
sensors with thymine spacers (bolded) between the cluster template (T3) and recognition site
(Sp) are evaluated: C3AC3AC3TC3A-CCCGCCGCTGGA (T3-Sp), C3AC3AC3TC3A-TT-
CCCGCCGCTGGA (T3-T2-Sp), and C3AC3AC3TC3A-TTTTTT-CCCGCCGCTGGA
(T3-Tg-Sp) (Fig. 2). Thymine was chosen because it does not support emissive silver
species at neutral pH and because it’s flexibility facilitates DNA folding.6:56 Resulting DNA
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environments for both violet and near infrared clusters were monitored by absorption
spectroscopy. The violet absorbing cluster is selectively generated by controlling three
factors: stoichiometries <10 Ag*:oligonucleotide limit agglomeration, oxygen eliminates
competing species possibly through oxidative etching, and low ionic strength disfavors
alternate clusters that form aggregated DNA hosts (Figs. 2 and S2).18:57 All three sensors
have similar A3y Values, which suggest that thymine modifications are inherently
innocuous. However, the number of intervening thymines direct the amount of cluster
produced and its extent of conversion, which suggests that the cluster environment is
defined by the relative positions of the 5" and 3’ sensor components. Based on the high
absorbance at 400 nm and its near extinction due to hybridization, the TT-linked sensor (T3-
To-Sa) was chosen for subsequent studies. A favored 1 target:sensor stoichiometry shows
that hybridization drives this transformation, but a tempered response over the range of
target concentrations suggests that target binding is inhibited (Fig. S4).

Sensor Opening and Aggregation

Large-scale DNA reorganization accompanies the spectral changes of the associated
clusters. The violet and near infrared clusters that track the analyte response were monitored
using their spectroscopic signatures. The structures of their associated DNA hosts were
evaluated by size exclusion chromatography. Native single-stranded T3-T,-Sa and duplex
T3-T,-Sa:Sac Were used as references. Structural perturbation is first evident for the
precursor T3-T»-Sa, whose association with the violet-absorbing cluster produces a longer
retention time and a 30% smaller hydrodynamic radius (Fig. 3A:a’—a). This conjugate
elutes earlier with addition of the complement (Fig. 3A:a — 3B:b), and a parallel shift for
the native sensor supports duplex formation in both cases (Fig. 3A:a’ — 3B:b’). However,
this new duplex-cluster conjugate mimics its precursor because it retains a violet absorption
band (Figure 3C:a—b) and it is folded relative to its native host T3-T,-Sa:Sac (Fig. 3B:b
’—b). Thus, this preservation of the electronic and structural environment for the violet
absorbing cluster demonstrates that target recognition through hybridization is not solely
responsible for formation of the near infrared cluster.

Salt triggers the requisite structural change that guides cluster transformation (Fig. 3C:b—c).
Supplementing the 10 mM citric acid/citrate buffer with 300 mM NaClO,4 produces an even
shorter retention time for the resulting near infrared conjugate, thus supporting an
aggregated DNA motif in relation to the native duplex T3-T»-Sa:Sac (Fig. 3B:b—c). This
reaction is inhibited in reverse order when the salt concentration is increased first without
the complement (Fig. S5a). Similar spectral responses with NaClO,4 and NaNOj3 indicate
that Na* electrostatically stabilizes the DNA host (Fig. S5b). 58 The conversion is restrained
by reducing the oligonucleotide concentration 100-fold from 30 to 0.3 uM, which indicates
intermolecular strand association in the duplex sensors (Fig. S5¢).

Fluorescence anisotropy, fluorescence correlation spectroscopy, and size exclusion
chromatography measurements establish the aggregate structure. A fluorescence anisotropy
of 0.31 £ 0.01 for the near infrared emitting silver cluster conjugate is interpreted using two
references. First, the organic fluorophore Cy7 (Aeyx = 750 nm/hem, = 790 nm) in glycerol has
an anisotropy of 0.38 + 0.01, and similarly large values suggests that a large DNA matrix
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constrains the near infrared cluster while the viscous solvent limits mobility for the organic
dye. Second, a fluorescence anisotropy of native T3-T»-Sa:Sac Was measured using
YOYO-1 that intercalates with the duplex Sa:Sac portion.>* This strongly associating dye
only emits when bound to DNA and is thus expected to fluorescently track the global
motions of its DNA host. A low concentration of 1 dye:sensor limits DNA structural
changes.5® A relatively small fluorescence anisotropy of 0.11 + 0.01 is expected for a small
oligonucleotide and provides further support for the large size for the near infrared
conjugate.8:59.60

The cluster:strand stoichiometry is deduced from the absorption spectra of purified
conjugates. The contributions of each chromophore to the observed absorbances is evaluated
from their respective extinction coefficients. The extinction coefficient of the near infrared
cluster is 270,000 + 30,000 M~1 cm~1 at 730 nm, based on concentrations derived from
fluorescence correlation spectroscopy (Fig. S6). The extinction coefficient of native T3-T,-
SA:SAc is 335,600 M~tcm™ at 260 nm, based on nearest neighbor coupling between the
nucleobases and hypochromicity associated with the duplex. The Apax for this band is not
altered in the cluster complex, so relative amounts of DNA and cluster are inferred from the
independent absorbances of these two chromophores. Using five separately prepared and
chromatographically resolved samples, the relative absorbance is 2.4 + 0.2 for the electronic
transitions at 260 and 730 nm, respectively. This matches a ratio of extinction coefficients of
2.5 derived using one cluster associated with two hybridized sensors (Figures 4C).

Modified complements further substantiate sensor dimerization. A dT tail on the 5/
terminus of the target sequence distinguishes the hybridized complex by its larger
hydrodynamic radius (Fig. 4A). This appendage is removed from the cluster binding site
because the complement forms an antiparallel duplex with the recognition site. As with its
unmodified counterpart, this larger complement generates the same near infrared conjugate
only with earlier elution. These modified and unmodified targets were mixed in equal
proportions, and a distinctive triplet pattern emerged (Fig. 4B). The outer peaks have
retention times that match the two control samples, thus indicating that the central peak
arises from an aggregate incorporating both complements. Relative absorbances follow a
1.1: 2.0: 1.0 pattern, which is similar to a statistical weighting expected of a dimer with two
equivalent binding sites. The species associated with the central peak was isolated and
subsequently heated to reestablish the triplet pattern, which supports noncovalent assembly
in the aggregate (Fig. S7). Cluster development as high as pH = 10 suggests that interstrand
linkage is not strongly dependent on base protonation (Fig. S8).61

Silver Stoichiometry

A second factor contributing the analyte response is large-scale reorganization of bound
silver. Relative silver:DNA stoichiometries were determined using atomic emission from
silver and the surrogate phosphorous, respectively.38:62 This analysis used spectrally and
chemical pure complexes that were isolated based on their distinctive structures by size
exclusion chromatography. The folded precursor sensor harbors 11.1 + 1.1 Ag/T3-T»—Sp,
and alternate templates that are 2 bases shorter (T3-Sa) and 8 bases longer (T3-S¢) have
11.0£1.1 Ag: and 10.7 + 1.0 Ag:oligonucleotide, respectively. These similar silver
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stoichiometries are higher relative to earlier studies that used absorption spectroscopy to
measure oligonucleotide concentrations, and the discrepancy may be attributed to cluster-
induced folding that alters nucleobase conformations and their extinction coefficients,18:47
Atomic emission studies that measure both silver and phosphorus concentrations are
expected to be more reliable, and two further variations were considered. First, a mobile
phase with a lower concentration of 40 mM NaClO, also effectively separated the complex,
and 10.9 + 1.0 Ag/T3-T,-Sp was again derived through atomic emission. Second, reversed-
phase separation using a binary gradient of methanol and 50 mM triethylamine acetate
isolated a complex with 11.2 + 0.9 Ag/T3-T»-Sa. Similarities across different
oligonucleotides and alternate separation conditions indicate that the cluster has ~11 silver
atoms. This preferred stoichiometry is also reflected in the initial Ag* concentrations (Fig.
S2). Up to 10 Ag*, only a single optical transition with Amax = 400 nm is observed, and its
increasing absorbance at a constant Amax is consistent with cluster development in a
particular binding site. At higher stoichiometries, cluster growth is no longer constrained,
and alternate species develop with longer wavelength absorptions.

Chromatographically-purified, hybridized near infrared conjugates have 11.5 + 1.2 Ag/T3—
To—-Sa:Sacand 11.7 + 1.1 Ag/T3-Sa:Sac, consistent with previous results (Fig. S3D).18
These empirical stoichiometries are similar to the ~11 silver atoms associated with their
respective predecessors, and this consistency through hybridization suggests that a favored
binding site within the C3AC3AC3TC3A sequence is conserved. Because fluorescence
anisotropy, fluorescence correlation spectroscopy, and size exclusion chromatography
studies support a dimeric hybridized sensor host for the near infrared cluster, the net
stoichiometries are 23.0 £ 1.7 AgQ:(T3-T2-Sa:Sac)2 and 23.4 + 1.6 Ag:(T3-Sa:Sac)2. Recent
mass spectral studies have also identified cluster-DNA conjugates with similar amounts of
silver.63

Discussion

A 330 nm red-shift in absorption and a background-limited enhancement in near infrared
emission occurs when a silver cluster-DNA conjugate hybridizes with its complementary
target. One factor associated with this spectral and photophysical switching is unfolding and
dimerization of the sensor strand. Analogously, conformational changes are the linchpin of
molecular beacons, in which target oligonucleotides open the sensor and sever coupling
between terminally-labeled organic dyes.%* Silver clusters are distinctive chromophores
because they not only signal but also direct their DNA environments. An ~11 atom cluster
that associates with T3-T»-Sp distinguishes this precursor sensor through its condensation
relative to the native conformation as well as its associated violet absorption. Folding may
be driven by electrostatic neutralization of the phosphate backbone, as the oxidizing agents
0, and H,0, used to produce this cluster may yield a cationic species.8 Prior studies have
established the stability of such cations and their propensity to form crosslinks within
biopolymer substrates.13.14.65 Additionally, intrastrand condensation may emanate from
nucleobase coordination. Ag* favors linear coordination complexes with nucleobases, and
silver clusters may interact similarly with multiple nucleobases within a strand, as suggested
by cluster effects on the sizes and electrophoretic mobilities of their DNA hosts,13:14.66
Beyond the innate impact of a metallic ligand, folding is also guided by strand
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modifications. Two implications are considered from the effects of adjoining thymines
between the cluster template and analyte recognition moieties (Fig. 2). First, the number of
intervening thymines determines how the cluster forms and transforms, and we are
interested in understanding whether concepts that explain DNA hairpin folding might be
applicable to silver cluster conjugates.®” Second, strand association with the cluster-laden
sensor is mildly inhibited, so cluster-induced folding may sequester the recognition site in
the sensor (Fig. S4). We are interested in understanding how noncanonical metal-nucleobase
interactions could be utilized to distinguish closely related analytes.86.68-71

Global constraint imposed by the violet cluster is relieved by hybridization. Beyond simply
opening, the hybridized sensors dimerize to create two equivalent target recognition sites,
and this higher-order DNA assembly now features near infrared absorption and emission
(Fig. 4). Self-association originates through C3AC3AC3TC3A, as suggested by sensors with
alternate recognition sites that yield similar spectral changes (Fig. S1). One possible
structural arrangement is a four-stranded, i-motif, which is favored by such cytosine-rich
sequences when the solution pH is similar to the pK, of cytosine (4.5).47:61 However,
alternate models are needed for the cluster conjugates because only two sensors assemble
and cluster transformation is robust at high pH where cytosine N3 protonation is strongly
disfavored (Fig. S8).48 These observations suggest that the near infrared cluster drives DNA
structural change, a characteristic shared with its violet absorbing precursor. Two
possibilities with parallel and antiparallel arrangements are considered in Figure 4C, and
these might be distinguished via steric interactions between larger thymine appendages on
the complements. Recent studies have identified dimeric strand-cluster conjugates by
electrospray ionization mass spectrometry.83 While droplet evaporation might promote
strand association through solute concentration, our studies indicate that such species are
stable in dilute solution conditions.

A second factor contributing to the cluster transformation is a two-fold increase in the
amount of bound silver. This assessment is based on chromatographically isolating
chemically and spectrally pure conjugates followed by elemental analysis to determine the
relative amounts of silver and DNA.24.72.73 Empirical stoichiometries are conserved with
both T3-T»-Sp and T3-T2-Sa:Sac binding ~11 Ag. However, the latter hybrid forms a dimer
(T3-T2-Sa:Sac)2 and thus hosts twice the amount of silver. Similar empirical stoichiometries
suggest that two violet-absorbing clusters assemble to produce near infrared absorption and
emission (Fig. 4D). Resulting cluster segregation or coalescence is considered based on
studies with C3AC3AC3TC3A (T3).27 Both (T3-T5-Sa:Sac)2 and the abstracted T3 provide
analogous electronic and chemical environments for clusters with similar near infrared
spectra. Additionally, the two hosts have comparable empirical amounts of silver when
measurement uncertainties are considered, as 9.6 + 0.8 Ag atom complex with
C3AC3AC3TC3A. However, T3 and (T3-T»-Sa:Sac); are distinguished by their monomeric
and dimeric strand stoichiometries, respectively. Thus, similar empirical silver
stoichiometries but differing strand compositions suggests that two distinct clusters within
(T3-T2-Sa:Sac)2 mimic the single cluster bound to monomeric T3 (Fig. 4D). Proximal
clusters in (T3-T»-Sa:Sac)2 could have altered spectral properties due to electronic coupling,
as suggested by a measured extinction coefficient of 272, 000 M~cm™1 that is less than
twice the value of 180,000 M~1cm™1 for the T3-bound cluster. Further evidence of
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electronic perturbation are the shifts in the absorption maxima from 750 nm to 730 nm and
emission maxima from 810 to 790 nm when comparing T3 and (T3-T2-Sa:Sac)2,
respectively. This model for silver organization suggests that nucleobase coordination
restrains metal agglomeration, and we are working to address this question by modifying the
sequence of the cluster template.24 Higher resolution studies using mass spectrometry may
provide important insight into the cluster changes.%3

Conclusion

These studies consider a hybrid sensor in which silver clusters are conjugated with DNA
strands. The key observation is that high contrast spectral and photophysical changes
accompany association of analyte strands with the cluster-laden sensor. These changes occur
because these metallic ligands alter the shape and structure of their DNA hosts and because
the organization of bound silver changes. The extent to which these concepts apply to other
types of DNA-bound silver clusters may provide an avenue understanding their analyte
signaling capabilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Hybridized Near-Infrared Absorbing Cluster
Dimerized DNA Host
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The reaction summarizes how the structure of the sensor strand and the stoichiometry of the
cluster are linked with the changes in the absorption (solid lines — left axes) and emission
(dotted lines — right axes) spectra in the lower panels. (Left) The sensor is comprised of a

cluster template (black portion=C3AC3AC3TC3A) and a recognition site (red

portion=CCCGCCGCTGGA) and is folded by an ~11 silver atom cluster (violet) with Apax
=400 nm and undetectable near infrared emission. (Right) Addition of the complementary
strand (green) with salt opens the sensor strand with ensuing dimerization via cluster
crosslinking. The absorption of the resulting cluster red-shifts to 730 nm, and high-contrast
detection is also accomplished by a background-limited enhancement of the near infrared
emission. The relative silver stoichiometry is conserved, thereby doubling the net amount of

bound silver in the aggregated sensor.
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Linkage between the cluster template and the recognition site was controlled by varying the
length of thymine spacers in three sensor strands: T3-Sa (black), T3-T,—Sa (red), and T3-
Te—Sa (blue). The violet-absorbing precursor forms and has similar absorption maxima with
all three strands, indicating that this cluster is supported in similar electronic environments
(dotted lines). After adding the complement, all three sensors support conversion to the near-
infrared cluster (solid lines). Based on high cluster absorbance at 400 nm and large spectral
contrast associated with the complement, T3-To—Sp was chosen for subsequent studies.
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Figure 3.
Size exclusion chromatography shows that development of the near infrared cluster depends

on hybridization between the recognition site of the sensor and its complement and on the
concentration of Na*. Chromatograms were acquired for T3-T,—Sp alone (A:a’-black dotted
line), its conjugate with the violet-absorbing cluster (A:a-dashed violet line), the monomeric
duplex T3-T»-Sa:Sac alone (B:b’-dotted black line), and its monomeric conjugate with the
violet-absorbing cluster (B:b-solid violet line) that were prepared in low ionic strength 10
mM citrate/citric acid buffer. In relation to their single-stranded analogs, these hybridized
analogs have shortened retention times that support formation of the duplex with the
recognition site. The violet absorption is retained through duplex formation (C:a—b), and
both T3-T»-Sp and T3-T2-Sa:Sac are condensed by the violet absorbing cluster in relation
to their native forms (A:a—a’ and B:b—b’). The near-infrared cluster (B:c and C:c-solid
dark red line) develops when salt is added, and the still earlier elution of this conjugate
supports its large size in relation to the duplex.
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Figure 4.

Size exclusion chromatograms acquired by monitoring the cluster-specific absorbance at
730 nm and using two complementary strands without and with a 5’ dTo appendage (solid
green extension from the complementary strand). In the top panel, each complement yields a
distinct peak with near-infrared absorption when it binds to the sensor strand, and the
difference in retention times is due to a larger hydrodynamic radius associated with the
thymine tail. In the bottom panel, a mixture of these two complements produces a triplet
pattern, and the vertical lines show the correspondence between the control samples in the
top panel and the outer peaks in the bottom panel. The intermediate peak is ascribed to an
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aggregate incorporating both types of complements, and a statistically weighted pattern
supports two equivalent binding sites in a crosslinked dimer. (C) Parallel and antiparallel
models for the organization of the hybridized dimeric sensors, with the polarity of the sensor
strand indicated. The designation Agy represents either case in Figure 4D for the cluster
organization. The color scheme for the components of this sensor follows that used in Figure
1. (D) Models for the cluster organization based on distinct vs. coalesced clusters, in which
X /2 11 silver atoms.
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