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This work constitutes the first fluorescent imaging of cells using metal plasmon-coupled probes (PCPs) at single
cell resolution.N-(2-Mercapto-propionyl)glycine-coated silver nanoparticles were synthesized by reduction of
silver nitrate using sodium borohyride and then succinimidylated via ligand exchange. Alexa Fluor 647-labeled
concanavalin A (con A) was chemically bound to the silver particles to make the fluorescent metal plasmon-
coupled probes. The fluorescence images were collected using a scanning confocal microscopy. The fluorescence
intensity was observed to enhance 7-fold when binding the labeled con A on a single silver particle. PCPs were
conjugated on HEK 293 A cells. Imaging results demonstrate that cells labeled by PCPs were 20-fold brighter
than those by free labeled con A.

INTRODUCTION

Molecular fluorescence imaging techniques play critical roles
in the early detection, diagnosis, and treatment of disease, as
well as aid in the studies of biological and biochemical
mechanisms, immunology, and neuroscience on single cells (1-
4). Generally, an imaging agent consists of an organic fluoro-
phore moiety and a targeting functionality, such as an antibody,
peptide, DNA, or a special ligand (5-7). However, most
imaging agents have several limitations: complicated prepara-
tion, strong signal background, fast photobleaching, and single
color.

Recently, the use of fluorescently labeled metal particles has
become attractive due to near-field interaction of the fluorophore
with metal particles (8-17). The metal particle with the sub-
wavelength size usually displays an energy resonance arising
from the collective oscillation of migrated electrons on its
surfaces (18, 19), which is defined as plasmon resonance. The
wavelength of plasmon resonance is closely relevant to the metal
core including metal species, core size, and core shape as well
as the dielectric properties of coating layer (19-21). The
fluorophore can be described as an oscillating dipole to radiate
energy during fluorescence occurrence (22). When it is localized
near the metal particle, the radiating energy is dramatically
altered through coupling with the metal plasmon resonance to
cause a change of the emission properties, which is defined as
radiative decay engineering (RDE) (23-25). Generally, RDE
can lead to an enhancement of intensity to be 101 to 103 times
depending upon both the fluorophore and metal core factors as
well as the distance between them. Besides the intensity
enhancement, the near field interaction of fluorophore with the
metal particle can also result in its shorter lifetime (26), which
leads to less time for the photochemistry while in the excited-
state and thus more excitation-emission cycles prior to pho-
tobleaching. Hence, the fluorophore usually displays a better
photostability near the metal particle (27).

The metal particle is known to have large surface area, good
chemical stability, and homogeneous dispersion in solution (28-
30). The development of surface chemistry can enable versatile
decoration of fluorophores as well as provide targeting func-
tionalities on the metal particle (31, 32). Hence, we can use the

dye-labeled metal particle as a novel fluorescence imaging agent
to satisfy our specific requirements in the measurements.
Because the optical properties of dye-labeled metal particles
can be controlled well by the metal plasmon resonance as
discussed above, we define it as metal plasmon-coupled probe
(PCP). PCP is suggested to be able to offer easier preparation,
higher brightness, better photostability, and multiple colors as
a new generation of fluorescence imaging agent (22, 23). In
this paper, we are concerned with developing a method to make
PCPs and label cells using these PCPs. The fluorescence images
by PCPs were collected using scanning confocal microscopy
at the single cell level and compared with those by unmodified
fluorophores.

Dye-labeled concanavalin A (abbreviated as con A) can bind
to sugars residing on the cell membrane (33-35), so it is
commonly used in cell labeling in culture (36, 37). In this study,
the dye-labeled con A was chemically bound to the silver
particle to generate PCP (Scheme 1). The silver particle was
synthesized in a typical protocol by reduction of silver salt (28).
In order to bind con A, the metal particle was functionalized
by succinimidyl ester at a terminal position via ligand exchange
(30, 38). The con A was bound to the succinimidylated particle
by condensation between the succinimidyl ester on the metal
particle and the lysine residual on the protein molecule. Alexa
Fluor 647-labeled con A was used in the study because of its
efficient enhancement as a near-infrared fluorophore near the
metal substrate (39). HEK 293 A cell line, which is originally
derived from human embryonic kidney and utilized frequently
in in ViVo imaging (40, 41), was conjugated by PCPs, and the
fluorescence imaging was monitored using confocal microscopy.

EXPERIMENTAL PROCEDURES

All reagents and spectroscopic grade solvents were used as
received from Fisher or Aldrich. Alexa Fluor 647-labeled
concanavalin A (con A) was commercially available from
Molecule Probes. HEK293 A cell line was from Invitrogen. RC
dialysis membrane (MWCO 50 000) was purchased from
Spectrum Laboratories, Inc. Nanopure water (>18.0 MΩ cm)
purified using Millipore Milli-Q gradient system was used in
all experiments.

Preparation of Tiopronin-Coated Silver Nanoparticles.
N-(2-Mercaptopropionyl)glycine (abbreviated as tiopronin)-* Corresponding author. E-mail: lakowicz@cfs.umbi.umd.edu.
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coated silver nanoparticles were prepared using a modified Brust
reaction with a mole ratio of tiopronin/silver nitrate) 1/6 in
methanol using an excess amount of sodium borohydride as
reducing agent (42-44). Removal of the solution by filtration,
the residual precipitated solid was washed with methanol and
acetone, respectively, to obtain the metal particles. The particles
(1 mg/mL) and tiopronin (10 mM) were codissolved in water,
and the solution was stirred for 24 h to anneal the particles (45,
46). The water was removed under vacuum and the residue was
washed thoroughly with methanol and acetone. The solid
tiopronin-coated particles were further purified through dialysis
against water (MWCO 50 000).

Functionalization of Silver Particles. (2-Mercapto-propio-
nylamino)acetic acid 2,5-dioxo-pyrrolidin-1-yl ester was syn-
thesized as previously reported (47). A 4 × 10-8 mol amount
of this compound was codissolved with a 4× 10-8 mol amount
of tiopronin-coated silver particles in water and stirred for 72 h
at room temperature for ligand exchange. Some tiopronin
molecules were expected to be displaced by the succinimidyl
ester molecules on the metal cores in a mole ratio of 1/1 (38).
Unbound compounds were removed by dialysis against water
(MWCO 50 000), and the resultant metal particles were obtained
under vacuum.

Binding con A onto Silver Particles. Alexa Fluor 647-
labeled concanavalin A (con A) was chemically bound on the
succinimidylated metal particle by condensation between the
terminal succinimidyl ester on the metal particle and the lysine
residue on the con A (35, 36). The metal particles (2× 10-8

M) and dye-labeled con A (2× 10-8 M) were codissolved in
molar ratio of 1/1 in water and stirred for 2 h at room
temperature. One drop of ammonia was added to the solution
to block the nonreacting succinimidyl ester on the metal particle.
The solution was centrifuged at 5000 rpm/s to remove the
aggregates in the reaction and then dialyzed against 10 mM
glucose-BAS buffer solution to remove the impurities.

Conjugating Dye-Labeled con A and PCPs on Cell Lines.
HEK293 A cell lines were suspended in 500µL aliquots of
250 g/mL con A solutions made in 0.01 M PBS buffer (pH)
7.2) and agitated for 1 h atroom temperature (37). PCPs were
incubated with the cells at the same fluorophore concentration
and for the same incubation time as the unmodified dye-labeled
con A. All cell samples were washed three times with PBS
buffer solution before using imaging measurements.

Spectra and Imaging Measurements.Absorption spectra
were monitored with a Hewlett-Packard 8453 spectrophotom-
eter. Ensemble fluorescence spectra were recorded with a Cary
Eclipse Fluorescence Spectrophotometer. Transmission electron
micrographs (TEM) were taken with side-entry Philips electron
microscopy at 120 keV. Samples were cast from water solutions
onto standard carbon-coated (200-300 Å) Formvar films on
copper grids (200 mesh) by placing a droplet of a 10-fold diluted
aqueous sample solution on the grids. The size distribution of
the metal core was analyzed with Scion Image Beta Release 2
counting at least 200 particles. For fluorescence imaging
measurements, the diluted samples were dispersed on a pre-
cleaned glass coverslip. The coverslips (18× 18 µm, Corning)

were first soaked in a 10:1 (v:v) mixture of concentrated H2-
SO4 and 30% H2O2 overnight, thoroughly rinsed with water,
sonicated in absolute ethanol, and dried with an air stream. All
the single-molecule measurements were performed using time-
resolved confocal microscopy (MicroTime 200, PicoQuant).
Briefly, it consists of an inverted confocal microscope coupled
to a high-sensitivity detection setup. A single mode pulsed laser
diode (635 nm, 100 ps, 40 MHz) (PDL800, PicoQuant) was
used as the excitation light. An oil immersion objective
(Olympus, 100×, 1.3NA) was used both for focusing laser light
onto the sample and collecting fluorescence emission from the
sample. The fluorescence that passed a dichroic mirror (Q655LP,
Chroma) was focused onto a 75µm pinhole for spatial filtering
to reject out-of-focus signals. The emission signals were
discretely focused onto single photon avalanche diodes (SPAD)
(SPCM-AQR-14, Perkin-Elmer Inc). The data collected using
the TimeHarp 200 board was stored in the time-tagged time-
resolved mode (TTTR), recording every detected photon with
its individual timing, which is the basis for the following single-
molecule analysis.

RESULTS AND DISCUSSION

The tiopronin-coated silver particles displayed a typical silver
plasmon absorbance at 405 nm in water (Figure 1) (43). The
average diameter of the metal cores was 20 nm as measured
from 200 transmission electron micrographs images (TEM,
Figure 2a), and theiraVerage chemical compositions were
estimated to be ca. (Ag)2.5×105(Tio)5.0×103. The silver particles
were succinimidylated via ligand exchange using (2-mercapto-
propionylamino)acetic acid 2,5-dioxo-pyrrolidin-1-yl ester. Typi-
cally, such ligand exchange occurs in a molar ratio of 1/1 on
the surface of metal particles according to Murray et al. (38),
so we suggest that there exists average one succinimidyl ligand
on each metal particle even though the ligand exchange is
completely accomplished. The reason for one succinimidyl ester
ligand/per particle is to compare the cell imaging by PCPs and
unmodified con A at the same quantity of fluorophore. In future
work, we can conjugate more dye-labeled con A molecules to

Scheme 1. Tiopronin-Coated Silver Particles Were Succinimidylated via Ligand Exchange and Then Chemically Bound by Alexa
Fluor 647-Labeled Con A via Condensation

Figure 1. Normalized absorbance spectra of tiopronin-coated silver
particle and con A-bound silver particles in water.
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get PCPs with higher brightness and more capability to capture
on the membranes of cells.

Alexa Fluor 647-labeled con A was chemically bound to the
silver particle via condensation reaction (Scheme 1). Because
only one succinimidyl ester was expected to bind per metal
particle, each metal particle was bound maximally by one con
A molecule. No significant cross-linking was observed from
TEM images (Figure 2b). Even if cross-linking had occurred
in the con A binding, the aggregate was removed by the
centrifugation. The con A-bound silver particles, so-called PCPs,
displayed a blue-shifting of fluorescence wavelength from 672
to 667 nm with the binding, accompanied by simultaneous band
broadening (Figure 3). However, the binding did not alter the
metal plasmon absorbance (Figure 1), which was principally
due to the limitation of the con A amount on each metal particle.
This result is consistent with what we require for PCPs in this
case.

In order to obtain the exact amount of con A on each metal
particle, the metal cores of PCPs (1× 10-6 M) were removed
by adding dropwise sodium cyanide (32). The concentration of
con A in the residual solution was measured to be 8× 10-7 M

according to the fluorescence intensity. Hence, the molar ratio
of bound con A/metal particle was estimated to be 0.8, showing
that one metal particle was bound by less than one con A. TEM
images of PCPs (Figure 2b) displayed an insignificant change
from the tiopronin-coated particles (Figure 2a), indicating that
the above surface reactions did not obviously influence the metal
core. Furthermore, TEM results also confirmed that there was
not significant cross-linking between the metal particles and con
A molecules as described earlier.

Fluorescence images were collected by scanning confocal
microscopy. Tiopronin-coated silver particles displayed light-
scattering images with typical photoblinking behavior, which
take on ‘streaky” appearances and the spots no longer appear
as full and round shapes (Figure 4a). The streaks are not noise,
having intensity levels significantly greater than the background.
The strong blinking behavior may arise from temporal variations
in the emission rate during illumination, most likely from strong
“nondestructive” silver blinking as confirmed by our previous
result (48). Contrarily, full and round spots were observed from
the unmodified con A with an average intensity at 50 kHz
(Figure 4b). A representative time trace was given as gradual
intensity decay (Figure 5), indicating that each con A molecule
consists of multiple dye molecules. After binding con A to the
silver particle, the fluorescence of PCPs became more intense
(Figure 4c), about 7 fold brighter than that of unmodified con
A. This enhancement efficiency is in good agreement with the
value obtained from the ensemble spectra in solution (6 fold).
Most of the unmodified con A molecules were bleached away
within 15 s (Figure 5), while at least half of the PCPs were
monitored indefinitely without photobleaching, implying that
the fluorophores on the metal particles became more photostable.
Enhanced brightness and lengthened photostability are typical
properties of metal-enhanced fluorescence as in our previous
description (24, 25).

HEK293 A cell lines were conjugated with either unmodified
con A or PCPs. The imaging was monitored with confocal
microscopy at the single cell level (Figure 6). At least 50 images
were collected for each sample. Although the cells were
measured under dry conditions, the averaged size of the HEK293
A cells was in the range of 5-10 µm, close to those of living
cells on a glass substrate, reported by Zeng, et al. (49). It was
difficult to distinguish the individual bright spots on the cells,
implying that the probes were packed densely on the cell
membranes in both situations. The brightness was analyzed on
the basis of the average value of the cell images. It is shown
that the image brightness of cells by unmodified con A (Figure
6d,e) is identical to that of free unmodified con A (Figure 4b),
implying that the conjugation cannot significantly alter the
brightness of the probe on the cell. However, the image
brightness of cells labeled by PCPs (Figure 6a-c) is 20-fold
greater than that of free unmodified con A. Theses images by
PCPs are even 4-fold brighter than those by unconjugated PCPs,
which is most likely attributed to the coupling effect of PCPs
on the cell membrane (42).

Figure 2. Transmission electron micrographs (TEM) images of (A)
tiopronin-coated silver particles and (B) con A-bound particles.

Figure 3. Ensemble fluorescence spectra of Alexa 647-labeled con A
and con A-bound silver particle in water.

Figure 4. Scattering/fluorescence images (a) tiopronin-coated silver particles, (b)Alexa Fluor 647 labeled con A, and (c) con A-bound silver
particles.
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In order to understand the possible interactions between the
metal particles and cells, we utilized the tiopronin-coated metal
particles instead of PCPs in the incubation experiment. The
metal particles were hardly observed near the cells after washing,
implying that PCPs were conjugated on thee cultured cell
basically through the interaction of bound con A instead of the
silver particles. However, bulky PCPs may meet stronger steric
hindrance when being proximate to and conjugating to the cells.
The quantity of PCP on the cell surface must be less than that
of unmodified con A. Because there is only one con A on each
PCP, the quantity of fluorophore by PCP is proposed to be less
than that by unmodified con A on the cell membrane. Therefore,
the intensity enhancement of fluorescence on the cell images
by PCPs is most probably attributed to the coupling effect
among PCPs (24). In fact, when the metal particles are in close
proximity to each other, the electric fields have been estimated
to become more intensive due to overlapping from the individual
fields (50), and the fluorophore localized in these overlapped
fields is enhanced more efficiently (43). This result reveals that

the signal intensity on the cell membrane can be enhanced not
only as individually but more efficiently as coupled when PCPs
are conjugated.

The coupling effect of PCPs also displays a better photosta-
bility on the cell membrane. Real-time intensity traces illustrate
that almost half of the unmodified con A molecules on cells
were bleached out in 5 s, while intensities of PCPs decay more
gradually (Figure 7). If the fluorophores are supposed to be
bleached proportionally with time as shown in the decay curves,
we can propose that the photostability of PCPs on the cell
membrane is at least 10 times longer than that of unmodified
con A.

The coupling mechanism of fluorophore with metal particles
can be discussed by lifetimes. It is known that the interaction
between the fluorophore and metal particles can result in a
dramatic change of radiating energy that is expressed as an
apparent increase of intrinsic decay rate (25). Such an increase
of intrinsic decay rate can be monitored by the lifetime of a
fluorophore. In this study, the lifetime data were collected from
the time traces using single molecule time-corrected single
photon counting (TCSPC). The lifetime of unmodified con A
was estimated to be 2.5 ns and furthermore shortened to be 1.2
ns when bound to the metal particles, affirming the existence
of interaction between fluorophores and metal particles. When
the fluorophore was associated on the cells as an unmodified
state or PCP, the intensity was observed to decay differently in
which the decay by PCP was more rapid than that by unmodified
con A (Figure 8), and the lifetimes were estimated to be 1.1 ns
(PCPs) and 2.4 ns (unmodified con A), respectively. It is
uncertain why the lifetime did not further shorten when
associating PCPs on the cells membrane. Many factors including
the distance between the PCPs and environmental changes for
the fluorophore, etc., may be partially responsible.

The tiopronin-coated metal particles with an average diameter
of 20 nm were decorated quantitatively by Alexa Fluor 647-
labeled con A in a molar ratio of 1:1 to generate metal plasmon-
coupled probes (PCPs) as fluorescence imaging agents. HEK293
A cells were conjugated by PCPs and unmodified dye-labeled
con A, respectively, and fluorescently imaged using scanning

Figure 5. Respective time traces of unmodified con A and bound silver
particles.

Figure 6. Representative fluorescent images of HEK 293 A cell lines (a-c) labeled by PCPs, and (d and e) labeled by unmodified con A.
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confocal microscopy at the single cell level. The fluorescence
images of cell lines by PCPs were 20 times brighter than those
by unmodified con A, and the photostability was 10 times
longer. These results reveal that the PCPs can work efficiently
as brighter and more photostable imaging agents. In this case,
the dye-labeled con A is only bound to the silver particles in a
molar ratio of 1:1 for research convenience. Actually, with
increasing the binding number of con A on each metal particle
to an optimal value, PCP is supposed to be brighter up to
hundreds of times than unmodified con A. The high number of
con A on PCP can increase its capability to catch the target on
the cell membrane. One metal particle can also be decorated
readily by more than one kind of fluorophore, so multicolor
PCP will be investigated in further work. In addition, PCP
displays a longer photostability, so it can be utilized in long-
range diagnosis and treatment of disease.
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