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Abstract
DNA-encapsulated silver clusters are readily conjugated to proteins and serve as alternatives to
organic dyes and semiconductor quantum dots. Stable and bright on the bulk and single molecule
levels, Ag nanocluster fluorescence is readily observed when staining live cell surfaces. Being
significantly brighter and more photostable than organics and much smaller than quantum dots
with a single point of attachment, these nanomaterials offer promising new approaches for bulk
and single molecule biolabeling.

INTRODUCTION
Fluorescent probes can be utilized for highly site-specific labeling to study both bulk and
single molecule dynamics. Unfortunately while various methods can be used to mark
particular biological processes via either genetic encoding with green fluorescent protein or
by incorporating exogenous fluorophores, standard dyes suffer from fast photobleaching and
low emission rates (1,2). Combined with fluorescence intermittency (3) and O2 sensitivity
(4), these issues severely limit single molecule experiments (5,6). One approach to improve
sensitivity through increasing fluorophore brightness has been to employ semiconductor
quantum dots (QDs) as contrast agents (7). QDs are usually prepared in nonpolar organic
solvents, however, and require further modification to improve their solubility in aqueous
systems. While there have been numerous applications of QDs in cellular imaging (8-11),
the large particle size upon functionalization (∼20nm), tendency to aggregate, and potential
toxicity prevent them from being versatile cellular labeling agents (12). The emergence of
fluorescent silver clusters that possess advantages of both small size and good brightness
opens a complementary path toward biological labeling (13-15). In contrast to QDs, silver
clusters protected with short peptides can diffuse through cell membranes into live cells,
giving bright cell staining (16). Unfortunately, the fluorescence quantum yield (ΦF) of these
initial species was quite low (∼3%), and studies to improve the ΦF are underway.
Alternatively, DNA also shows strong affinity for silver (17,18), but with much higher ΦF’s.
Recently, we have produced spectrally pure silver clusters encapsulated in ssDNA, ranging
from blue to near IR emission, exhibiting up to 40% fluorescence quantum yields while
maintaining small size (19). Herein, we demonstrate the applicability of bright DNA-
encapsulated silver clusters to biological imaging in a more specific way through cell
surface labeling.
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MATERIALS AND METHODS
Materials and cell culture information are reported in accompanying Supplementary
Material.

Conjugation of avidin-DNA
The disulfide protected 24mer cytosine (C24, 50 μM) was deprotected with tris(2-
carboxyethyl)phosphine (1 mM) at room temperature in phosphate buffered EDTA (PBE,
phosphate 100 mM, sodium chloride 137 mM, potassium chloride 2.5 mM, EDTA 5 mM) in
a 1000 MWCO dialysis tube (Spectrum Laboratories). The dialysis tube was then suspended
in PBE overnight at 4 °C, followed by the addition of avidin (EZ-Link®Maleimide
Activated NeutrAvidin™ Protein, Pierce, 270 μM). The mixture was kept at 4 °C for
another 8 hrs and the protein was concentrated and washed with deionized water 5 times to
remove free DNA in a 10,000 MWCO centrifugal ultrafiltration vial (Vivascience,
Stonehouse, UK).

Staining with Avidin-C24-Ag
Cells seeded on coverslips in 12-well-plates were fixed with pre-cooled methanol for 10
min, washed with phosphate buffered saline (PBS, pH 7.9) three times, and some were
incubated with biotinylation agent (800 μM in PBS) for 15 min, before being washed with
PBS five times. Both the non-biotinylated and the biotinylated cells were incubated with
Avidin-C24-Ag (5 μm) for 20 min, then washed with PBS four times and mounted onto
slides for microscope. Live cells seeded on coverslips in 6-well-plates were incubated with
Sulfo-NHS-LC-Biotin (80 μM) in PBS-Mg (Na2HPO4 20 mM, NaCl 150 mM, MgCl2 5
mM, pH 7.9) at 4 °C for 15 min to maintain maximum cell viability. The biotinylated cells
were washed with ice-cooled PBS-Mg and incubated with Avidin-C24-Ag (1 μM) at 4 °C
for 10 min, washed with PBS-Mg and mounted onto thick glass slides (Erie Scientific,
Portsmouth, NH, USA) with a depression filled with DMEM (Dulbecco’s Modified Eagle’s
Medium) to keep the cells alive.

Conjugation of anti-HS ab C24
(a) Anti-Heparin/Heparan Sulfate (anti-HS, clone T320.11, Millipore, MAB204, 0.1 mL)
was added with Sulfo-SMCC(0.6 mg, Sigma) dissolved in 0.06 mL PBS (pH 7.2, 10 mM)
and stored at 4 °C for 2 hrs, and then purified over a Sephadex G100 column with nitrogen-
degassed PBS buffer as eluant. (b) 9 mg TCEP and 1600 nmol thiolated C24 DNA (IDT)
were mixed in 0.6 mL borate buffer (pH8.5) and stored at 4 °C for 4 hrs, and then purified
over a Sephadex G50 column with nitrogen-degassed PBS buffer as eluant. (c) The above
two products were mixed in the presence of an extra 2 mg of TCEP and then reacted at 4 °C
for 48 hrs, followed by concentration with 5k mwco membrane centrifugal tubes (Vivaspin)
and purified over a Sephadex G100 column. Anti-HS ab C24-Ag was prepared in a manner
identical to nanocluster formation in free ss-DNA(17,18), but using the Anti-HS ab C24
conjugate as the scaffold. Briefly, protein-C24 conjugate and silver nitrate were mixed at a
molar ratio of two bases of DNA to one silver nitrate and reduced with aqueous sodium
borohydride.

RESULTS AND DISCUSSION
Modified proteins, either genetically or chemically, are widely applied for specific staining,
yet for long term studies or those involving low copy numbers in the presence of high
background, available labels limit experimental observations. The ssDNA scaffold affords a
single point of attachment, while simultaneously stabilizing the few-atom, strongly emissive
nanoclusters. Since the DNA chain can be easily modified with a thiol group, this thiolated
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DNA is conveniently covalently conjugated to any protein activated with maleimide.
Capitalizing on the strong biotin-avidin interaction (20), an avidin-C24 conjugate was
prepared through maleimide coupling (EZ-Link®Maleimide Activated NeutrAvidin™
Protein, Pierce, 50 μM) to disulfide-protected 24mer oligocytosine (5′-/5ThioMC6-D/
CCCCCCCCCCCCCCCCCCCCCCCC-3′, Integrated DNA Technologies (IDT), Coralville,
IA, USA, abbreviated as C24, 50 μM), after deprotection with tris(2-
carboxyethyl)phosphine (TCEP) (21). Labeling was intentionally kept low to ensure <1
label/avidin tetramer. Creation of avidin-C24 conjugate was confirmed with MALDI-TOF
mass spectrometry (Figure 1, inset). The avidin-C24 conjugate was then mixed with silver
nitrate and chemically reduced as reported in unconjugated DNA to prepare fluorescent
silver clusters (Avidin-C24-Ag) (14). The silver clusters show similar photophysics as those
protected with C24 alone (C24-Ag), i.e., a major emissive species with emission maximum
at 634 nm and an excitation spectrum centered at 580 nm is observed (Figure 1) with a
fluorescence lifetime of 2.86 +/- 0.01 ns. Without conjugated ssDNA, we see no emission
from avidin when subjected to identical cluster creation conditions. The photophysical
similarity of silver clusters protected with avidin-C24 conjugate or C24 alone further
indicates that the silver ions are predominantly bound to DNA even in the presence of
covalently linked protein, promising wide applicability of silver nanocluster biolabeling. As
observed for free DNA-encapsulated nanoclusters, those conjugated to avidin exhibit
excellent photostability and brightness (∼20,000 counts/s/molecule excited at 568-nm CW
laser with an excitation intensity of 2 kW/cm2,Figure 2), in line with the regular bright,
stable, essentially non-blinking ssDNA-encapsulated silver clusters (22). Single molecule
intensity autocorrelations yield a fast decay (∼12 μs) characteristic of the very short-lived
dark state of silver nanocluster emitters (22), indicating the independence of nanocluster
photophysics upon protein conjugation. Detected single molecule emission rates easily
exceed 40,000 counts/sec with a further 2-fold excitation intensity increase.

The avidin-biotin interaction has been widely used for molecular targeting and
supramolecular assembly (23,24). Biotin can be conjugated to targets via chemical reactions
or specifically targeted using biotin ligase (25). Here sulfosuccinimidyl-6-(biotinamido)
hexanoate (EZ-Link®Sulfo-NHS-LC-Biotin, Pierce) was used to react with exposed primary
amines (lysine residues) to biotinylate cellular proteins. This reaction was first tested on
methanol fixed NIH 3T3 cells. As shown in Figure 3, the fixed cells exhibit quite different
fluorescence images, in which the biotinylated cells (Figure 3a) show much higher
fluorescence intensity than the non-biotinylated cells (Figure 3b) when both are stained with
Avidin-C24-Ag (5 μM). The application of Sulfo-NHS-LC-Biotin to fixed cells (800 μM)
was too harsh for live cells, therefore the concentration was lowered to 80 μM to maintain
cell viability. Biotinylated live cells loaded with Avidin-C24-Ag were examined at room
temperature shortly after preparation, as shown in Figure 3c. The silver clusters were bound
to the cell surface yielding diffuse labeling with some bright aggregates, possibly resulting
from endocytic uptake. However, the non-biotinylated live cells showed only weak
emission, indicative of autofluorescence alone.

Although the cell surface was readily stained with Avidin-C24-Ag under these conditions,
the somewhat indiscriminate biotinylation agent was still rather toxic to NIH 3T3. The
affinity to and permeability of NIH 3T3 cells to DNA are low, resulting in poor staining of
cells by C24-Ag alone (supplementary information). Targeting membrane-bound
components enables effective cell surface labeling and uptake via receptor mediated
endocytosis (26). Heparin sulfate (HS) is a linear, polysulfated, and highly negatively-
charged polysaccharide attached to the cell surface and extracellular matrix proteins (27).
Cellular uptake of a wide variety of extracellular ligands such as fibroblast growth factor
and cell penetrating peptides are facilitated through initial electrostatic interaction between
the negatively-charged HS and positively-charged ligands, therefore HS proteoglycan is
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recruited as a plasma membrane carrier (28). To better maintain cell viability, we conjugated
C24 ssDNA to a heparin sulfate antibody and labeled with emissive Ag nanoclusters. In this
paper, cells incubated with anti-HS-C24-Ag (4 μM) at 4 °C for 15 min showed staining of
only the cell surface (Fig 4a - 4c), with no internalization. While most labeling was diffuse,
some aggregation on the cell surface was observed, resulting in a few bright spots. Longer
incubation time and higher antibody concentration induces denser and more even surface
staining. Silver clusters were quickly internalized when the above cells were incubated at
37°C and emission is concentrated in the nuclei (Fig 4d - 4f). Likely, the antibody silver
cluster conjugate first bonds to cell surface HS followed by endocytosis (29), as further
indicated by the lack of observed fluorescence from cells incubated with C24-Ag only at
either 4°C or 37°C. The internalization of silver clusters illustrates that silver clusters can be
applied not only to label cell surface proteins to investigate extracellular dynamics, but also
potentially as a reporter of endocytic uptake and vesicular transport.

In summary, the oligoDNA protected silver clusters are readily covalently conjugated to
proteins such as avidin, and primary antibodies without significant interference of either
biological function or nanocluster photophysics. As silver cluster label size is significantly
less than 10% of labeled protein molecular weight, and overall isolated label size is quite
small (19), proteins are likely minimally perturbed by cluster-based labeling. Employing
either avidin-biotin or antibody/antigen interactions, these silver clusters can stain the cell
surface and be internalized, possibly enabling studies of transmembrane transport or drug
delivery. Because silver nanocluster-based labels simultaneously exhibit small size,
excellent photostability, and bright emission, they offer new opportunities in high sensitivity
biolabeling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Excitation and emission spectra of aqueous avidin-C24 silver clusters solution. Emission
(solid) was excited at 580 nm, and excitation (dotted) was detected at 640 nm. Inset:
MALDI mass spectrum of avidin-C24 conjugate.
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Figure 2.
Emission rate of single avidin-C24 silver nanocluster. Left: fluorescence intensity trajectory
of a single avidin-C24 silver cluster excited at 568-nm CW with an excitation intensity of
2.0 kW/cm2 for the first 75 sec and 4.1 kW/cm2 thereafter. Diminution of intensity with time
results from slight defocusing of the microscope. Right: autocorrelation trace and fit of the
lower intensity level of the left time trace showing a 12 μs decay.
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Figure 3.
Fluorescence images of NIH 3T3 cells stained with Avidin-C24-Ag. a, Fixed cells,
biotinylated; b, Fixed cells, non-biotinylated; c, Live cells, biotinylated. All cells were
stained with Avidin-C24-Ag before imaging. Images a to c were recorded on Zeiss Axiovert
200 microscope with a CoolSNAP CCD camera (Roper Scientific). Scale bar 30 μM.
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Figure 4.
Fluorescence images of live NIH 3T3 cells stained with anti-HS-C24-Ag. Live cells
incubated with anti-HS-C24-Ag at 4 °C for 20 min (a, bright field; b, silver clusters; c,
merge), or at 37 °C for 6 min (d, bright field; e, silver clusters; f, merge). Images a to f were
recorded on Zeiss LSM 10 confocal microscope. The fluorescence images were taken at 543
nm excitation. Scale bar 25 μm.
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