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Optical detection and spectroscopy of single molecules and single nanoparticles have
been achieved at room temperature with the use of surface-enhanced Raman scattering.
Individual silver colloidal nanoparticles were screened from a large heterogeneous pop-
ulation for special size-dependent properties and were then used to amplify the spec-
troscopic signatures of adsorbed molecules. For single rhodamine 6G molecules ad-
sorbed on the selected nanoparticles, the intrinsic Raman enhancement factors were on
the order of 10'* to 105, much larger than the ensemble-averaged values derived from
conventional measurements. This enormous enhancement leads to vibrational Raman
signals that are more intense and more stable than single-molecule fluorescence.

Recent advances in ultrasensitive instru-
mentation have allowed the detection,
identification, and dynamic study of single
molecules in low-temperature solids (1-3),
in room-temperature liquids (4, 5), and on
dielectric surfaces (6-9). This capability
opens many opportunities for scientists in
various disciplines such as analytical chem-
istry, molecular biology, and nanostructured
materials (10—12). Current methods for
probing single molecules, however, are re-
stricted to a few basic principles. These
mainly include laser-induced fluorescence
with near-field, far-field, and evanescent-
wave excitation, frequency-modulated opti-
cal absorption at low temperatures (I, 2),
and electrochemical detection of redox-ac-
tive species (13). We report a methodology
based on surface-enhanced Raman scatter-
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ing (SERS) (14) for studying single mole-
cules adsorbed on single nanoparticles at
room temperature. By coupling single mol-
ecules to nanoparticles, we demonstrated
that nanometer-sized particles can amplify
the spectroscopic signatures of single mole-
cules enormously and that the size-depen-
dent properties of nanostructures can be
examined at the single-particle level.
Single-molecule detection by SERS is
expected to extend and complement fluo-
rescence studies. Except in low-temperature
solids (15), fluorescence measurements do
not provide detailed molecular information,
and photobleaching often limits the num-
ber of photons obtainable from a single
molecule. These problems could be over-
come with the use of Raman spectroscopy,
which is capable of providing highly re-
solved vibrational information and does not
suffer from rapid photobleaching. However,
Raman scattering is an extremely ineffi-
cient process, and its cross sections
~107%% cm? per molecule) are about 14
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orders of magnitude smaller than those of
fluorescent dyes (~1071¢ cm? per mole-
cule). To achieve single-molecule detec-
tion sensitivity, the normal efficiency of
Raman scattering must be enhanced 10*%-
fold or more. We demonstrate that such
enormous degrees of signal amplification
can be obtained by exploiting the surface-
enhanced Raman effect and the resonance
enhancement effect. Recently, Kneipp et
al. (16) reported similar magnitudes of
surface enhancement and detected single-
molecule Raman signals with near-infra-
red laser excitation.

An unexpected finding during this
work was that a very small number of
nanoparticles exhibited unusually high
enhancement efficiencies. These particles
emitted bright, Stokes-shifted (toward
longer wavelengths) light and are called
“hot particles.” To screen for these hot
particles in a heterogeneous Ag colloid
solution, we incubated an aliquot of the
colloid with rhodamine 6G (R6G) mole-
cules for an extended period of time (~3
hours) at room temperature. The colloidal
particles were immobilized on polylysine-
coated glass surfaces because of the elec-
trostatic interactions between the nega-
tive charges on the particles and the pos-
itive charges on the surface (17). Other
methods using organosilane and thiol
compounds are also available for immobi-
lizing and dispersing colloidal particles on
surfaces (18). Morphological studies by
transmission electron microscopy and
atomic force microscopy (AFM) showed
that the colloid was a mixture of hetero-
geneous particles with an average particle
size of about 35 nm and a typical concen-
tration of ~10'" particles/ml. With wide-
field laser illumination, about 200 to 1000
immobilized particles were examined in
one field of view or a 100 wm X 100 pm
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sampling area. A small number of the
particles emitted light at longer wave-
lengths relative to the laser line. The laser
scattering and Stokes-shifted signals of im-
mobilized Ag particles were recorded di-
rectly on color photographic film (Fig. 1).
Although superficially similar to fluores-
cence, spectroscopic measurement of indi-
vidual particles with a diffraction-limited,
confocal laser beam reveals that the ob-
served signals arise from Raman scattering
of adsorbed R6G. Fluorescence line nar-
rowing can be ruled out because we are
able to obtain vibrational spectra from
nonfluorescent biomolecules (that is, tryp-
tophan derivatives) and pyridine com-
pounds adsorbed on single Ag particles.
Furthermore, the fluorescence emission of
R6G is quenched by rapid energy transfer
from the excited electronic state to the
metal surface. On the basis of the mea-
sured adsorption isotherms (19), we esti-
mate that about 80% of R6G molecules
are adsorbed on Ag particles and that each
particle carries an average of one analyte
molecule at a R6G concentration of 2 X
107'°M and an average of 0.1 molecule at
2 X 107! M. The number of observed hot
particles increases with the R6G concen-
tration, but the relation is not linear. A
likely reason is that the number of intrin-
sically hot particles is far smaller than that
of the analyte molecules even at these low
concentrations. Most of the R6G mole-
cules are thus adsorbed on inactive parti-
cles and are not detected.

A common practice in bulk SERS stud-
ies has been to activate the colloid by
electrolyte-induced aggregation (14). The
activated colloid contains large clusters of
particles, which are believed to be the
most efficient for Raman enhancement.
However, intense Raman signals can also
be obtained from Ag colloids that are
activated, but not aggregated, by <1 mM
chloride ions (19). To determine whether
the optically hot particles were single par-
ticles or aggregates, we carried out corre-
lated optical and topographic studies of
the immobilized nanoparticles using an
integrated optical and atomic force micro-
scope (20). High-resolution AFM images
of selected hot Ag nanoparticles (Fig. 2)
show that the majority of them are well-
separated, single particles with a narrow
size range of 110 to 120 nm in diameter,
indicating a strong correlation between
enhancement efficiency and particle size.
A minor fraction consists of aggregates,
each containing two to six tightly packed
particles. However, it is not clear whether
aggregation causes the efficient Raman
enhancement or if a hot particle happens
to be trapped in the aggregate (21). The
correlation with particle shape appears to
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be weak because no consistent shape has
been found in the examined hot particles.

Several lines of evidence indicate that
the observed SERS signals arise from single
adsorbed molecules (or conjugated molecu-
lar aggregates that behave as single mole-
cules). At analyte concentrations below
1071° M, single colloidal particles are ex-
pected to contain mostly zero or one analyte
molecule according to a Poisson distribution.
This criterion has been widely used in fluo-
rescence detection of single molecules in
homogeneous liquids (5). However, the col-
loid system was highly heterogeneous, and
most particles did not exhibit efficient Ra-
man enhancement. As measured in situ by
AFM, the optically hot particles were about
three times the average particle size and thus
likely to have nine times the average surface
area. Also, it is not known whether the hot
particles contain adsorption sites or facets of
unusually high affinities, which could pref-
erentially accumulate R6G molecules onto
these particles.

Strong evidence has been obtained from

Fig. 1. Single Ag nano-
particles imaged with eva-
nescent-wave excitation.
Total intemal reflection of
the laser beam at the
glass-liquid interface was
used to reduce the laser
scattering  background.
The instrument setup for
evanescent-wave micros-
copy was adapted from
Funatsuetal. (17). Theim-
ages were directly record-
ed on color photographic
film (ASA-1600) with a
30-s exposure by a Nikon
35-mm camera aftached
to the microscope. (A) Un-
fittered photograph show-
ing scattered laser light
from all particles immobi-
lized on a polylysine-coat-
ed surface. (B) Filtered
photographs taken from a
blank Ag colloid sample
(incubated with 1 mM
NaCl and no R6G analyte
molecules). (C) and (D) Fil-
tered photographs taken
from a Ag colloid sample
incubated with 2 x 1011
M R6G. These images
were selected to show at
least one Raman scatter-
ing particle. Different ar-
eas of the cover slip were

REPORTS

Raman polarization measurements at the
single-particle level. The surface-immobi-
lized nanoparticles have random orienta-
tions, similar to randomly oriented mole-
cules on a glass or polymer surface (6-8).
Excitation-polarization data were obtained
from two particles under identical condi-
tions (Fig. 3). These two particles were
selected to show that intense Raman signals
can be observed with either s- or p-polarized
light (parallel or perpendicular to the plane
of incidence), depending on how a partic-
ular particle is oriented relative to the po-
larization axis. From the electromagnetic
theory of surface plasmon resonance (14),
these two nanoparticles should have or-
thogonal orientations: When one is maxi-
mally excited at the direction of s polariza-
tion, the other is minimally excited, and
vice versa. We believe that the overall ex-
citation polarization contains two contribu-
tions: one from the preferential excitation
of an oriented nanoparticle, and the other
from the preferential excitation of the Ra-
man polarizability tensors of an oriented

rapidly screened, and most fields of view did not contain visible particles. (E) Filtered photograph taken from
Ag colloid incubated with 2 X 10~1° M R6G. (F) Fittered photograph taken from Ag colloid incubated with 2
X 1072 M R6G. A high-performance bandpass filter was used to remove the scattered laser light and to pass
Stokes-shifted Raman signals from 540 to 580 nm (920 to 2200 cm~"). Continuous-wave excitation at 514.5
nm was provided by an Ar ion laser. The total laser power at the sample was 10 mW. Note the color
differences between the scattered laser light in (A) and the red-shifted light in (C) through (F).
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molecule. These two components can be
separated by using polarization-scrambled
laser excitation and detecting Raman emis-
sion with a dichroic polarizer (Fig. 4). The
polarized data are in direct contrast with
previous measurements, which show that
bulk SERS spectra are strongly depolarized
(14).

Similar to the fluorescence study of sin-
gle molecules (6-9), Raman polarization
data allow the orientation of a single mol-
ecule to be determined. The intense Raman
signals at about 1657, 1578, 1514, 1365,
1310, and 1184 cm™! arise from the totally

200 nm

symmetric modes of in-plane C-C stretch-
ing vibrations. These vibrational frequen-
cies are similar to solution resonance Ra-
man and bulk surface-enhanced Raman
spectra of R6G (within 3 to 4 cm™'), al-
though the relative spectral intensities are
considerably different. The strong electron-
ic transition excited at 514.5 nm is polar-
ized in the direction of the long molecular
axis of R6G, and the intense Raman lines
are all described by a single component
(o) of the scattering tensor along this axis
(22). If R6G adsorbs on the Ag surface in a
tilted, edge-on configuration (19), the mol-

200 nm

200 nm
<0U nm

Fig. 2. Tapping-mode AFM images of screened Ag nanoparticles. (A) Large area survey image showing
four single nanoparticles. Particles 1 and 2 were highly efficient for Raman enhancement, but particles
3 and 4 (smaller in size) were not. (B) Close-up image of a hot aggregate containing four linearly arranged
particles. (C) Close-up image of a rod-shaped hot particle. (D) Close-up image of a faceted hot particle.

Fig. 3. Surface-en-
hanced Raman spectra
of R6G obtained with a
linearly polarized confo- |‘ &

= 1514

cal laser beam from two
Ag nanoparticles. The
R6G concentration was
2 X 107" M, corre-
sponding to an average
of 0.1 analyte molecule
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ecule measured in Fig. 4 should have its
long molecular axis parallel with the polar-
izer (upper spectrum).

Further evidence for single-molecule be-
havior comes from the observation of sud-
den spectral changes. Photochemical de-
composition or photobleaching is signifi-
cantly reduced for single molecules ad-
sorbed on metal nanoparticles because the
metal surface rapidly quenches the excited
electronic state and thus prevents excited-
state reactions. However, the Raman sig-
nals do suddenly disappear or change after a
few minutes of continuous illumination. In
a series of Raman spectra taken from a
single particle at different times (Fig. 5), the
observed changes in Raman signal frequen-
cies are as large as 10 cm™!. This finding
resembles fluorescence spectral diffusion
observed for single molecules in low-tem-
perature solids (1). Even when sudden spec-
tral changes are not observed, the Raman
spectra obtained from different particles
have slightly different vibrational frequen-
cies (Figs. 3 and 4), suggesting that each
molecule is adsorbed at a different site.

These single-molecule, single-particle
results indicate that the intrinsic enhance-
ment factors in SERS can be as high as 10'4
to 10%%, yielding Raman scattering cross
sections on the order of 107 cm? per
molecule. This value is comparable with or
higher than the optical cross sections of
single-chromophore fluorescent dyes. For a
more direct comparison, we measured the
relative fluorescence and Raman signals
from single R6G molecules under the same

H H
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— 3 CH; N NE.CH,
ichroic &
polarizer axis 2 COOC,H;

|

Raman intensity (arbitrary units)

Dichroic

pobrzoras N AN N~ |
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Fig. 4. Emission-polarized surface-enhanced Ra-
man signals of R6G observed from a single Ag
nanoparticle with a polarization-scrambled confo-
cal laser beam. A dichroic sheet polarizer was
rotated 90° to select Raman scattering signals
polarized parallel (upper spectrum) or perpendic-
ular {lower spectrum) to the long molecular axis of
R6G. (Inserts) Structure of R6G, the electronic
transition dipole (along the long axis when excited
at 514.5 nm), and the dichroic polarizer orienta-
tions. Other conditions as in Fig. 3.
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experimental conditions (Fig. 6). The fluo-
rescence signals arise from R6G molecules
that are directly attached to the dielectric
glass surface and whose fluorescence quan-
tum yields (~0.8) are only slightly lower
than that in ethanol solution (7). The Ra-
man signals are from dye molecules that are
adsorbed on the Ag metal particles, and
their fluorescence is quenched. To prevent
exchange between free and adsorbed R6G
molecules, we incubated the Ag colloid
with R6G and then rapidly dispersed and
dried it on a glass cover slip. Because R6G
fluorescence and Raman spectra overlap in
the spectral range 540 to 580 nm (Stokes
shift, 920 to 2200 cm™!), we used a single
bandpass filter (centered at 560 nm; full
width at half maximum, 40 nm) to record
integrated fluorescence and Raman signals
in this 40-nm spectral region. However, a
continuous background emission is com-
monly observed in SERS (14), and the in-
tegrated Raman signal contains a large
background component (as high as 80% of
the overall signal). After careful, pixel-by-
pixel background subtraction, we estimate
that the Raman signals are about four to
five times higher than the integrated fluo-
rescence of single R6G molecules.

We attribute the large enhancement fac-
tors to the removal of two population-aver-
aging effects. Conventional measurements
over a large ensemble of molecules and

Raman intensity (arbitrary units)

6 £86: 88
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9
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1800 1600 1400 1200 1000

Raman shift (cm')

Fig. 5. Time-resolved surface-enhanced Raman
spectra of a single R6G molecule recorded at 1-s
intervals. Over 300 spectra were recorded from
this particular particle before the signals disap-
peared. Nine spectra were selected to highlight
sudden spectral changes. The Raman signals
abruptly changed in both frequency and intensity
three times, as shown in spectra 2, 5, and 8. The
laser excitation power was about 10 uW, and
other conditions were as in Fig. 3.
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particles yield population-averaged results,
because all molecules and particles are as-
sumed to contribute equally to the observed
signals. The intrinsic enhancement effect
can be 10% to 107 times larger than the
ensemble-averaged value, because only one
out of perhaps 100 to 1000 particles is op-
tically hot (a particle-averaging factor of
10% to 10%) and only one out of 10,000
surface sites on a hot particle shows effi-
cient enhancement (a molecule-averaging
factor of 10*). These estimates are based on
the observed percentage of hot particles as
well as the maximum number of R6G mol-
ecules (about 1.8 X 10%) adsorbed on an
average particle at monolayer coverage.
Consistent with this explanation, other
researchers have reported unusually large en-
hancement factors when statistical averaging
is reduced under special conditions. Hilde-
brandt and Stockburger (19) obtained SERS
spectra of R6G adsorbed on colloidal Ag at
very low concentrations (~107'! M), at
which the molecule-averaging effect should
be significantly reduced. Their results indicate
that the enhanced Raman scattering efficien-
cies can approach those of R6G fluorescence
and that each colloidal particle contains an
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Fig. 6. Direct comparison of laser-induced fluo-
rescence and SERS of a single R6G molecule.
Note that single-molecule fluorescence signals
were observed as diffraction-limited spots (~500
nm in diameter or 6 pixels). The integrated Raman
signal appeared much larger in size, but its full
width at half maximum was similar to that for flu-
orescence. Detailed signal intensities and widths
are shown for lines (A) and (B). Laser wavelength,
514.5 nm; excitation power, 10 mW; integration
time, 5 s.

REPORTS

average of only 3.3 adsorption sites that are
especially efficient for enhancement. This
limited number of active sites agrees with our
own observation that the surface Raman sig-
nals of citrate ions are completely suppressed
at a R6G concentration higher than 10710 M.
In a different study, Kneipp et al. (23) used
SERS for efficient pumping of the excited
vibrational states of R6G adsorbed on colloi-
dal Ag. The observed Raman signals appear to
be dominated by as low as 0.01% of the
adsorbed molecules, and the Raman scattering
cross sections could be as large as 1076 cm?
per molecule. For surface-enhanced nonlinear
optical processes such as hyper-Raman scat-
tering, Van Duyne and co-workers (24) have
reported enhancement factors for pyridine on
the order of ~1013.

Optimization of the colloid-preparation
and activation procedures should allow
SERS single-molecule studies of a broader
range of systems such as nonfluorescent he-
moproteins, nucleotides, and pyridyl com-
pounds. The resonance-enhancement ef-
fect, which is present in the R6G spectra
excited at 514.5 nm, may not be necessary
because surface enhancement is clearly the
dominant factor. For better control of par-
ticle size and shape, Ag and Au nanostruc-
tures could be prepared by electrochemical
deposition with a scanning tunneling mi-
croscope (STM) (25), synthesis in the pores
of nanoporous membranes (26), and metal
vapor deposition on latex nanospheres (27).
Recently, Sun and co-workers used STM-
directed lithography to fabricate microme-
ter-sized Ag particles and measured the op-
tical properties of single particles (28).

The methods and instrumentation of this
report also open the possibility of studying the
size-dependent properties of single organic
nanostructures  (26) and  semiconductor
nanocrystals (29). Single CdSe quantum dots
have been shown (30) to emit luminescent
light intermittently with a characteristic time
scale of about 0.5 s. This intermittency has
been suggested to arise from photoionization
and charge neutralization of the semiconduc-
tor nanocrystal. However, our time-resolved
studies of individual, hot Ag nanoparticles
also reveal an irregular on and off photon
emission behavior on a similar time scale. In
these Ag metal particles, photogeneration of
electron-hole pairs is not possible, and light
emission arises from SERS, not photolumines-
cence. Further research should yield impor-
tant insights into the intrinsic properties of
single molecules and nanostructures.
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A 250-pl aliquot of Ag colloid prepared by the pro-
cedure of P. C. Lee and D. Meisel [J. Phys. Chem.
86, 3391 (1982)] was incubated with R6G and ~1
mM NaCl in a 1.5-ml plastic microcentrifuge tube.
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Direct Measurement of Single-Molecule
Diffusion and Photodecomposition
in Free Solution

Xiao-Hong Xu and Edward S. Yeung*

Continuous monitoring of submillisecond free-solution dynamics of individual rhoda-
mine-6G molecules and 30-base single-stranded DNA tagged with rhodamine was
achieved. Fluorescence images were recorded from the same set of isolated molecules
excited either through the evanescent field at the quartz-liquid interface or as a thin layer
of solution defined by micron-sized wires, giving diffraction-limited resolution of inter-
connected attoliter volume elements. The single-molecule diffusion coefficients were
smaller and the unimolecular photodecomposition lifetimes were longer for the dye-DNA
covalent complex as compared with those of the dye molecule itself. Unlike bulk studies,
stochastic behavior was found for individual molecules of each type, and smaller dif-

fusion coefficients were observed.

A variety of approaches have recently been
demonstrated for single-molecule detection
(SMD) (1-9). SMD is a way to study and
characterize detailed physical and chemical
properties that allows the testing of funda-
mental principles and may lead to techno-
logical and methodological developments
with applications in medicine, biotechnol-
ogy, and molecular biology (5, 8, 10). The
detection of single molecules in solution
has become relatively straightforward.
However, continuous monitoring of a single
molecule in free solution remains a chal-
lenge (6-9, 11). We report here that real-
time observation of individual rhodamine-
6G (R6G) and rhodamine-labeled 30-base
single-stranded DNA (ssDNA) (DNA-
R6G) (12) molecules in water solution can
be achieved by the simple combination of
an optical microscope and an intensified
charge-coupled device (ICCD) camera. De-
pending on the arrangement, molecular dy-
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namics either at the quartz-liquid interface
or in the bulk liquid can be followed with
submillisecond time resolution.

To increase the signal-to-noise ratio in
SMD, one can reduce the observation vol-
ume (2, 6, 13), thereby increasing the ef-
fective concentration of the molecule of
interest. Miniaturization helps to isolate in-
dividual molecules, allowing the signal to
be assigned to distinct entities. However,
fixing a small observation volume and al-
lowing a molecule to diffuse into and out of
the region requites either statistics (5) or
deconvolution with respect to the many
possible paths (7) in order to extract mo-
lecular motion and other kinetic informa-
tion. One must follow the same molecule
continuously because assembly of a large
number of single-molecule signals for inter-
pretation (11) cannot reveal characteristic
differences among molecules as opposed to
just mapping out the shape of the probabil-
ity distribution. The data rate is important
in free solution because confinement such
as that provided by rigid media (4), lipid
membranes (14), or gel matrices (15) is not
available. These requirements suggest the
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