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Abstract

Photostability, inherent fluorescence brightness, and optical modulation of fluorescence are key
attributes distinguishing silver nanoclusters as fluorophores. DNA plays a central role both by
protecting the clusters in aqueous environments and by directing their formation. Herein, we
characterize a new near infrared-emitting cluster with excitation and emission maxima at 750 and
810 nm, respectively that is stabilized within C3AC3AC3TC3A. Following chromatographic
resolution of the near infrared species, a stoichiometry of 10 Ag/oligonucleotide was determined.
Combined with excellent photostability, the cluster’s 30% fluorescence quantum yield and
180,000 M~1cm™1 extinction coefficient give it a fluorescence brightness that significantly
improves on that of the organic dye Cy7. Fluorescence correlation analysis shows an optically
accessible dark state that can be directly depopulated with longer wavelength co-illumination. The
coupled increase in total fluorescence demonstrates that enhanced sensitivity can be realized
through Synchronously Amplified Fluorescence Image Recovery (SAFIRe), which further
differentiates this new fluorophore.
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Improved fluorescence sensitivity, largely through background reduction, continues to
motivate the development of fluorescence contrast agents in the near infrared spectral
region.! From 700-1000 nm, not only is scattering diminished relative to shorter
wavelengths, but light absorption by hemoglobin, lipids, and water is also minimized.2=3
Furthermore, endogenous chromophores typically have electronic transitions in the
ultraviolet and visible spectral regions, so background autofluorescence is also drastically
reduced using near infrared excitation.! These spectroscopic features in conjunction with
cost-effective instrumentation suggest the great promise of near-infrared based molecular
diagnostics.* However, the true potential of near infrared contrast agents is restricted by
fluorophores with low sustained emission rates at low excitation (brightness), small numbers
of emitted photons (photostability), and/or limited compatibility with biological
environments.®
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Due to their small size (~1 kDa), organic, transition metal, and lanthanide fluorophores both
minimize perturbation of biomolecular interactions and enable high labeling densities to
increase detection sensitivity.® Also contributing to their prevalence is amenability to
synthetic modifications, thereby permitting covalent attachment to specific biomolecules,
enhanced aqueous solubility, and modified spectral properties.>’—2 Genetically expressed
fluorescent proteins are also attractive fluorophores that enable direct and specific
correlations of fluorescence changes with protein activity.19 While a wide array of emitters
spanning the visible spectrum have been created, extension to ~700 nm has only recently
been achieved by using bacteriophytochromes.11:12 However, like traditional organic dyes,
low fluorescence quantum yields currently limit the utility of near infrared-emitting proteins.
Alternatively, despite increased size and potential toxicity concerns, semiconductor quantum
dots are also promising emitters for biological imaging due to their large fluorescence
quantum yields, high molar absorptivities, superior photostabilities, and narrow emission
spectra.13~15 Quantum dot core composition and size influence the bandgap, and near
infrared emitters have been formed using CdTe, InAs and PbSe cores.16-18 The shell
enhances photoluminescence and modification of its surface allows aqueous solubility and
bioconjugation. With a hydrodynamic diameter ranging from 10-40 nm, however, these
chromophores are most amenable to cell-surface labeling or analytical applications, as
restricted membrane transport, toxicity, and aggregation can limit intracellular or in vivo
applications.

Silver clusters are an emerging class of fluorescence contrast agents with distinct
advantages.19722 These few-atom clusters are formed in aqueous environments using DNA
templates, and their sparse energy level structure favors radiative relaxation, as indicated by
fluorescence quantum yields in the 10-60% range. Molar absorptivities in the 100,000 —
400,000 M~1em™1 range in conjunction with high photostability and unobtrusive blinking
make silver clusters promising fluorescence contrast agents.2%:23 Photoinduced transitions to
dark electronic states occur on short us time scales, and near infrared absorption from these
states has been used to optically control the fluorescence intensity in the visible region.24
Central to cluster stability in aqueous environments is coordination by nucleobases of DNA.
Importantly, the type of cluster, and hence its emission spectrum, is tunable by slight
variations in the base sequence. Through tuning the encapsulating ssDNA sequence, we
herein report on a near infrared emitting species whose brightness, photostability, spectrum,
and optically controllable photodynamics establish its promise as a contrast agent for highly
sensitive fluorescence imaging.

Chemical and Physical Properties

Building on our earlier studies showing that both cytosine and adenine strongly interact with
silver clusters and that repeated DNA sequences provide excellent templates for fluorescent
clusters in the visible region, the sequence C3AC3AC3AC3A was used as an initial template
for a near infrared emitting cluster.20:25 Although the emitter can be created using this
template, substitution of T for A in the 12" position to give (C3A),C3TC3A dramatically
improved fluorescence spectral purity, stability, and concentration. The cluster that forms
with this oligonucleotide was uniquely characterized by its strong, stable emission at 8310nm
(Aex = 750 nm) (Fig. 1). Similar maxima in the absorbance and fluorescence excitation
spectra indicate that both spectroscopic methods are probing the same electronic transition.
Furthermore, circular dichroism associated with this electronic transition supports cluster
association with its chiral DNA template. Diffusion times derived from fluorescence
correlation spectroscopy provide the size of this DNA-bound cluster (Fig. 2). Two distinct
processes contribute to the fluctuations in fluorescence intensity, and the slowest of these is
attributed to passage of this fluorescent species through the confocally-defined probe
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volume. As the molecular size controls transit time, a size standard provided by the organic
chromophore Cy7 enables the cluster’s hydrodynamic radius to be evaluated:
Ta ¢—DNA _ Ty g—DNA

T ¥

7 o7

in which the t‘s indicate the crossing times and the r’s indicate the hydrodynamic radius of
an equivalent sphere, with the subscripts designating the cluster-DNA conjugate or Cy7. The
cluster is associated with the DNA scaffold, as evident from its longer transit time relative to
that of Cy7. More quantitatively, the derived hydrodynamic radius of 2.4 + 0.3 nm is in the
size range of related DNA-cluster conugates.20

Although often spectrally pure in fluorescence, multiple absorption bands are common
features of this and related cluster-DNA complexes. Spectral evolution with time and
associated isoshestic points suggest that different types of clusters develop during the
synthesis. Chemical identification of these species remains a challenge, with only correlative
methods available to suggest the identity of low population, impure species.19:28 Reversed-
phase high-performance liquid chromatography of these silver clusters, however, enabled
purification and further characterization of the cluster-DNA conjugates of interest (Fig. 3).
Using triethylamine cations as an ion pairing agent, cluster-laden oligonucleotides were
separated based on their interaction with the alkylated stationary phase.2” Three major peaks
are observed through monitoring the absorbance at 260 nm, where DNA is the dominant
contributor to the spectral response. Peak 11 is attributed to oligonucleotides devoid of
silver, as its retention time and absorption spectrum are similar to those of the
oligonucleotide alone. The other two major peaks have spectroscopic signatures that indicate
silver-laden oligonucleotides. Peak | has an absorption maximum of 400 nm, where
prominent absorption also occurs in the crude sample (Fig. 1S). This peak is ubiquitous in
all as-synthesized silver cluster samples. Upon separation, Peak Il is essentially devoid of
this feature, to reveal an absorption spectrum that is dominated by absorption bands
associated with the nucleobases in the ultraviolet region and the silver cluster in the near
infrared (Figs. 3 and 1S). This simplified spectrum highlights the relatively sparse electronic
energy level structure of small silver clusters in the visible and near infrared spectral
regions.28 Further scrutiny of this particular species is provided by its unique near-infrared
emission. This chromatographically resolved species was chemically characterized by
separating it from the effluent and by analysis via inductively coupled plasma-atomic
emission spectroscopy. With the ability to resolve the near infrared emitting species from
the mixture of species, elemental analysis was used to determine the silver and phosphorus
content and thus the relative silver:oligonucleotide stoichiometry of the conjugate. To
account for detection efficiency of the two elements, control samples containing
oligonucleotide and Ag™ were prepared and analyzed in an identical manner as the cluster
samples. For the near-infrared emitting cluster, the relative Ag:oligonucleotide
stoichiometry is 9.6 £ 0.8, strongly suggesting that the empirical Ag:DNA ratio is 10:1.
Further insight into the stoichiometry of the cluster and DNA strand is provided by a
comparison of the absorption bands in the ultraviolet and near infrared, after purification.
The prominent absorption band at 260 nm has an absorption maximum that is similar to that
of DNA alone, which suggests that nucleobase absorption is most significant in this spectral
region. Based on extinction coefficients of 130,000 M~1 cm~1 and 180,000 M~ cm™1 (vida
infra) for the oligonucleotide and cluster, respectively, the similar absorbances for these two
electronic bands suggest a 1:1 stoichiometry of the 10-atom cluster and oligonucleotide.
Given the small size of the DNA strand, it is expected that the bound silvers are strongly
electronically coupled due to their proximity, and thus likely behave as a single cluster. The
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spectrum of this species is distinct from those of other DNA-bound clusters and further
supports a fundamental fluorescent unit comprised of 10 Ag atoms.

Photophysical Properties

The fluorescence quantum yield, molar extinction coefficient, and fluorescence lifetime
underscore the distinctive photophysical properties of this particular chromophore relative to
other near-infrared emitting species. Using Cy7 as a reference, the fluorescence quantum
yield of the cluster is 30 + 2%. This value is consistent with other emissive cluster-DNA
conjugates, and its magnitude indicates relatively efficient radiative relaxation, in contrast to
relaxation in larger nanoparticles.2® By comparison, typically used fluorophores such as Cy7
often have low quantum yields (0.13), although significant progress has been made in
developing brighter organic chromophores.3° The Agg extinction coefficient was derived
using the cluster-specific absorbance and the concentration measured by fluorescence
correlation spectroscopy. Powerful features of FCS are the ability to spectrally resolve
species in a complex mixture and to directly quantify their occupancy of the probe volume.
31 Using the amplitudes of the diffusive component of the correlation functions, the average
number of clusters in the probe volume was determined. The interrogated volume was
measured using Cy7 solutions with known concentrations, so that the average concentration
of near-infrared emissive clusters in the bulk solution was determined. In conjunction with
the absorbance attributed solely to the near-infrared emitting species, the extinction
coefficient was determined to be 180,000 (+ 50,000) M~1 cm™2. The molecular brightness
derived from the product of the fluorescence quantum yield and the molar extinction
coefficient demonstrates the distinctiveness of this fluorophore with respect to its
detectability. Relative to other chromophores in this spectral region, its brightness of 60,000
M~ cm™1 is comparable to or exceeds those of spectrally similar organic chromophores.
30,32 The cluster is also predisposed to sensitive detection using high intensity laser
excitation, as indicated by its fluorescence lifetime 1.8 ns (Fig. 3S) and increased relative
brightness compared to dyes having longer-lived dark states that limit sustainable emission
rates (see below, Fig. 2S).

Photostability provides another metric to gauge the suitability of this fluorophore for
imaging applications. For these studies, the cyanine dye Cy7 and the near infrared-emitting
clusters were separately dispersed and immaobilized in polyvinyl alcohol to isolate single
molecules (Fig. 2S). Under conditions of moderate mercury lamp excitation (~20W/cm?),
the silver clusters distinguish themselves in two ways. First, the clusters are twice as bright
as the organic reference dye, which is consistent with relative brightness derived from their
extinction coefficients and fluorescence quantum yields. Second, the clusters exhibit much
greater photostability than does Cy7. While Cy7 exhibits single exponential decay kinetics,
the clusters exhibit biexponential behavior. Based on the amplitudes from the fits, the less
stable species represent 33% of the total population of clusters and have a decay rate that is
1.4 times slower than that of Cy7, yielding about 2.8 times as many total photons. The
major, longer-lived fraction, however, has a decay rate that is 36 times longer than Cy?7,
giving ~70-fold more photons/molecule before photobleaching. The nature of this
biexponential decay could be due to effects of the polyvinylalcohol matrix on the DNA. To
further investigate the relative photostabilities, the two species were also evaluated in
solution. Under identical conditions of 2mW laser irradiation at 690nm in a cuvette over a 2
hour time period, cluster fluorescence exhibited no discernable intensity or spectroscopic
changes while Cy7 exhibited a 50% dimunition in intensity.

Further insight into the electronic structure and dynamics of the near infrared-emitting
cluster is derived from the short time scale process in the fluorescence correlation functions
(Fig. 2). Using a three-level system, the observed correlation times were resolved into
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entrance times to (1) and exit times from (tqg) from this dark state (Fig. 2 and Table 1).33
The effect of laser irradiance provides insight into the coupling of these higher electronic
states. A decrease in 1o, With increasing irradiance follows from the increased population of
the excited emissive state, which in turn drives occupancy of the dark state. More
importantly, tq¢ likewise decreases, which is at odds with a three-level model in which
natural decay is the sole means of relaxation from the dark state to the ground electronic
state. An explanation for the shortening o is that photon absorption provides an alternative
pathway for depopulating the excited dark state. For organic chromophores, nonemissive
states typically have triplet multiplicity, and absorption from these states contributes to the
overall photochemical kinetics when high irradiances needed for single and few molecule
detection are used.34=35 For silver clusters, the dark states have been ascribed to arise from a
charge transfer state that is weakly coupled to the emissive manifold of electronic states, and
they are distinguished by their large action cross section that enables efficient depopulation
using low laser irradiances.36

The ability to exert laser control of the dark state occupancy offers the opportunity to
enhance the detectability?4 of the near-infrared emitting cluster. For these experiments, a
690 nm laser induced fluorescence within the emissive manifold, while a 905 nm laser
sequentially promoted excitation from the dark state. If coupling of this higher lying state
with the fluorescent manifold is sufficiently strong, then reverse crossing followed by rapid
relaxation to the ground electronic state will enhance the overall population in the
fluorescent manifold and hence increase the fluorescence intensity (Fig. 2).3437 The choice
of wavelengths was based on two considerations. First, minimal fluorescence background is
expected from the longer wavelength excitation, and spectral filtering isolates the cluster
emission to efficiently reject interference from laser scattering. Second, transient absorption
spectra of related cluster-DNA conjugates show the dark states have broad absorption
profiles that arise from electrons that are weakly bound to the nucleobases.3¢ These spectra
suggest that dark state absorption at 905 nm could be sufficiently strong to promote
absorption. A 10% maximal enhancement of the fluorescence was observed using 9 kW/cm?
and 110 kW/cm? at 690 and 905 nm, respectively (Fig. 4). As detected emission is higher
energy than the secondary laser, no significant emission is observed upon 905 nm excitation
alone, demonstrating that photobrightening requires both lasers. Despite the small
magnitude of this effect relative to the overall signal (~10%), modulation coupled with
Fourier analysis reveals the distinctive fluorescence signature of the cluster (Fig. 4). Given
the short ps lifetime of the dark state, steady state populations are rapidly established, thus
permitting modulation of the fluorescence on a wide range of time scales. Even using slow,
4.3 Hz square wave modulation of the 905 nm laser, the fluorescence signal is shifted away
from the low frequency background that contributes to overall detection noise from
unmodulated sources, thereby improving detection sensitivity. This resolution of the desired
signal from the background suggests that the detection of this species in more challenging
environments holds great promise.

In conclusion, DNA-encapsulated silver clusters offer the following advantages as
fluorescence contrast agents: high fluorescence quantum yields, strong molar absorptivities,
photostability over long time periods, persistent emission on long time scales, and relatively
small sizes. Significantly, selective modulation of their emission via excited state absorption
provides additional promise for discrimination in high background environments. DNA
matrices stabilize clusters in aqueous environments and direct formation of specific cluster
types. These studies report the formation, isolation, and identification of a near-infrared
emitting, 10-Ag atom cluster that forms within (C3A)2C3TC3A. Its electronic transitions
occur in the optimal window for biological imaging where absorption and scattering from
endogenous substances is minimized. Besides this spectral advantage, this chromophore
features high molecular brightness and photostability, short-time scale blinking, and
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efficient light-driven depopulation of its dark state at wavelengths longer than the collected
fluorescence. An important advance in characterizing cluster conjugates with DNA is the
use of liquid chromatography for separation. From atomic emission studies of the near-
infrared species, a relative stoichiometry of 10 Ag/oligonucleotide was derived. These
studies provide the motivation to determine the stoichiometry of other silver cluster:DNA
conjugates to more fully understand the factors that influence the significant variations in
emission spectra that accompany changes in the DNA sequence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fluorescence excitation and emission (left axis) and circular dichroism (right axis) spectra of
the near infrared emissive silver cluster that forms with (C3A),C3TC3A. The abscissas for
the fluorescence spectra are relative intensities.
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Figure 2.

(A) Fluorescence autocorrelation functions for Cy7 (black) and the silver-DNA conjugate
(red) emphasize the longer diffusion time of the latter through the laser probe volume. (B)
Dependence of the shorter time scale dynamics on laser irradiance at 730 nm. Proceeding
from the left, the irradiances are 0.3, 2, 5, and 30 kW/cm2. (C) Schematic energy level
diagram rationalizing the photophysical behavior of the cluster-DNA conjugates.
Fluorescence is derived from cycling through the ground and emissive states. Transitions
into and from the dark state are determined by 1o, and ¢, respectively. Decay from this
state is occurs by both natural decay and optical excitation.
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Figure 3.

(Top) Chromatograms derived using the absorbance at 260 nm (left axis) and 800nm

Wavelength (nm)
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fluorescence (right axis) for the cluster-DNA conjugates. (Bottom) Spectra for the fractions
associated with Peaks I, Il, and Il from the above chromatogram.
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Figure 4.
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(Top) Fluorescence intensity (counts/0.01 s bins) of the cluster when illuminated by a 690
nm laser and a 4.3 Hz modulated 905 nm laser. Smoothed data (blue trace) help demonstrate

the periodic intensity changes. (Bottom) Fourier analysis of modulated fluorescence

intensity data.
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Table 1
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Comparison of 14, and t4¢ for the dark state associated with the near-infrared emitting silver cluster under
730nm cw excitation (no secondary laser).

Ton (08) | Torr (S) | Irradiance (kW/cm?)
14 7 1.6

8 6 2.2

6 5 4.8

5 45 8

5 4 14

5 3 66
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